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Abstract 
The Green (Chemistry) Environment: Developing and Assessing Green Chemistry Curricula 

and Student Outcomes in the General Chemistry Laboratory 

by 

Laura B. Armstrong 

Doctor of Philosophy in Science and Mathematics Education 

University of California, Berkeley 

Professor Anne Baranger, Chair 

 
Climate change and the resulting and related environmental and humanitarian outcomes are 
some of the fundamental challenges of the 21st century. Green chemistry, a relatively recent 
addition to the chemistry family, aims to reframe chemistry so that chemistry ethically and 
responsibly attends to its own environmental and human health impacts and becomes a 
contributor to sustainable development and innovation within and outside of chemistry. 
Integrating green chemistry in undergraduate education provides students with an ethical 
framework for doing chemistry, gives more meaning and relevance to chemical learning, 
showcases new ways of approaching chemical problems, and allows students to participate 
in more authentic problem solving and inquiry.  
 
The general chemistry classroom is an ideal yet often underused course for introducing 
students to green chemistry – especially for non-chemistry majors who may not take any 
further chemistry courses. One major goal of this dissertation was to develop a robust green 
chemistry curriculum for the wide-reaching non-chemistry majors’ general chemistry 
laboratory course at UC Berkeley. This was an opportunity to introduce more explicit green 
chemistry content and practices into the general chemistry laboratory all while utilizing a 
constructivist learning science framework – knowledge integration – to design a green 
chemistry curriculum that attended to both content and pedagogy. Additionally, this 
curriculum work leveraged the Berkeley general chemistry laboratory structure to engage in 
iterative curricular revision through a utilization-focused evaluation design. Together, this 
work contributes to a larger understanding of how to develop coherent green chemistry 
curricular materials and efficiently assess and revise the curriculum by carefully evaluating the 
implementation process and resulting student outcomes. 
 
The second focus of this dissertation was to develop a series of fixed and free-response items 
to probe different facets of green chemistry ability (both green chemistry content knowledge 
and practices) that could be administered and analyzed for thousands of students. While 
many green chemistry courses do assess student attitudes and self-reported learning more 
work is needed to measure demonstrated understanding of green chemistry. Even when 
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methods other than self-reported items are used (e.g., achievement tests, course 
assignments) they often do not focus on green chemistry outcomes but rather general 
science or lab technique/skill outcomes. Especially for large enrollment courses, alternative 
modes of assessment, such as short answer and multiple-choice content questions, are 
needed to assess green chemistry student learning outcomes more fully. Thus, nearly a 
dozen fixed and free-response green chemistry items were created to examine how students 
were able to define and use green chemistry and make green chemistry decisions. 
Additionally, additional Likert and Guttman items were iteratively designed to measure 
students’ self-reported green chemistry ability, and several open-ended reflection items were 
used to examine how students valued green chemistry.  
 
Overall, the results of this analysis showed an increased ability to define green chemistry and 
apply green chemistry concepts to a novel scenario after completing the green general 
chemistry laboratory course at UC Berkeley. Students reported that their ability to define 
green chemistry and green chemistry principles, identify and reduce hazards and waste, and 
identify factors that make a reaction green all increased significantly after completing the 
general chemistry laboratory course. Many students also reported that green chemistry was 
the most valuable component and most meaningful connection of this introductory course. 
However, not all green chemistry terms were equally easy for students to integrate into their 
existing knowledge schema. More targeted instruction is needed for green concepts that 
already have usage or meaning in general discourse. Additionally, while students entered the 
general chemistry course with various levels of prior green chemistry understanding, almost 
all students made gains in green chemistry understanding after completing the course. These 
gains were even across gender, underrepresented minority status, and first-generation 
college status.  
 
Finally, this research showed that both general and organic chemistry students engaged in 
sophisticated green chemistry reasoning when provided with traditional and green data and 
metrics. When asked to decide between two alternative methods students used the given 
data to justify their choice in ways that showed their green chemistry knowledge and modes 
of reasoning. Overall, both general and organic chemistry students’ overwhelmingly chose 
and correctly justified the ‘greener’ method choice – showing similar value for and ability in 
making green chemistry decisions. This was especially impressive given that organic 
chemistry students received no additional green chemistry instruction through their 
chemistry courses after general chemistry. The fact that organic chemistry students would 
choose the green chemistry option on a high-stake summative exam indicated the value they 
still held for green chemistry and the confidence they had in their understanding of green 
chemistry principles and practices even two or more semesters after learning about green 
chemistry.
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Chapter 1: Introduction to Green Chemistry Practices, 
Assessment, and Pedagogy 

“The best time to plant a tree was 20 years ago. The second best time is now.” – unknown 

Introduction to Green Chemistry 
Climate change and the resulting and related environmental and humanitarian crises 
have made it clear that the status quo is not tenable. Chemistry and chemical 
products and processes have both helped and harmed our health, safety, and 
environment and chemists and chemical engineers, with their unique knowledge and 
skills, have a critical role to play in developing a truly environmentally just future. 
From solar panels to carbon capture to prevention of waste and harm instead of 
remediation so many of the necessary changes and advancements needed for a 
more sustainable future come from within chemistry. Chemistry as a field and industry 
needs improve its own sizable environmental impact, but the field also offers many 
technological and scientific innovations that are critical for sustainable development. 
Students who enter chemistry courses right now do so at pivotal moment in time. It is 
not enough to simply instruct them on traditional chemistry content or practices. All 
students deserve an education that prepares them to not only enter chemistry as it is 
right now but to have the vision, ethics, and skills to imagine and create chemistry as 
it should be for their future.  

What Is Green Chemistry? 
Green chemistry positions itself as the framework for sustainable chemical practices. 
A relatively recent addition to the chemistry family, green chemistry is a philosophy 
for all chemistry; it is not a separate field of chemistry, but rather a way of doing 
chemistry that attends to the safety of people and the environment. Green chemistry 
is a process that “requires looking across systems and across life cycles to design 
products and processes that are benign to both people and the environment” 
(Anastas, 2011). Green chemistry was designed from within chemistry by practicing 
chemists who saw a need for a different approach to chemistry (Woodhouse & 
Breyman, 2005). These chemists recognized that chemical processes, by-products, 
waste, pollution, and industrial chemicals were adversely affecting human health and 
the environment (Anastas, 2011; Anastas & Beach, 2009). Prior to green chemistry, 
chemicals were designed without evaluating environmental and health impacts (Iles, 
2011) and the chemical industry was (and still is) one of the biggest sources of 
pollution and environmental hazards (Epicoco et al., 2014; Woodhouse & Breyman, 
2005). Green chemists (as they would be come to known) envisioned a new 
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framework for chemistry that would initiate a new relationship between chemistry and 
the environment and society at large (Bodner, 2016). Green chemistry works within 
chemistry to move the field towards developing and using renewable feedstocks 
(Epicoco et al., 2014; Woodhouse & Breyman, 2005), creating chemical processes 
that are less energy-intensive, and finding and promoting safer alternatives (Epicoco 
et al., 2014).  

Development and Growth of Green Chemistry Education  
Mirroring the growth of green chemistry over the past decades, there has been a 
steady increase in interest and development of green chemistry and sustainability 
curricula, instruction, and courses (Andraos & Dicks, 2012; Haack & Hutchison, 2016). 
Within education contexts, green chemistry has been used to improve the cost and 
safety of instructional laboratory spaces or classes, provide students with an ethical 
framework for doing and learning chemistry, and/or enhance student learning of or 
experiences with chemistry. Traditional instructional laboratories are often ideal 
spaces for green chemistry – both to improve the safety of the physical 
spaces/experiments as well as providing authentic chemistry contexts, content, and 
practices for student learning. Many teaching experiments use toxic, carcinogenic, 
and corrosive substances, which can translate to high costs for waste disposal and 
ventilated laboratory space (Haack & Hutchison, 2016). Moving towards greener 
alternatives not only provides students with a safer (and potentially more cost 
effective) learning environment but also decreases the environmental impact that 
these teaching laboratories have on the local and global communities. 
 
Ideally, this implicit introduction of green chemistry to courses and laboratories is 
coupled with explicit green chemistry instruction. Green chemistry allows students to 
see the impact that chemistry can and should have toward solving some of the grand 
challenges of sustainability. Green chemistry provides students with an ethical 
framework for doing chemistry (Andraos & Dicks, 2012), brings relevance to the 
chemistry classroom (Bodner, 2016), and provides more meaning to chemical 
learning (Burmeister, Rauch, & Eilks, 2012). Green chemistry can also enhance 
student thinking and chemistry abilities (Andraos & Dicks, 2012) as it often calls for a 
comparative analysis between two or more options. Green chemistry allows students 
to participate in more authentic problem solving and inquiry, as there are often a 
variety of options that need to be evaluated. There is usually no one correct answer 
that instructors can offer students. In some cases, there is a range of appropriate 
green chemistry solutions and, in other cases, the answer is not even known by the 
chemistry community (Andraos & Dicks, 2012). Authentic green chemistry questions 
and research require optimizations and tradeoffs (DeHaan, 2009; Kitchens et al., 
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2006) and this comparative analysis leads to deeper analyses and richer discussions 
(Andraos & Dicks, 2012).  

Green Chemistry Courses and Curricula 

Most green chemistry curricular design has occurred in elective courses or has been 
integrated into preexisting chemistry courses with occasional cross-curricular 
implementations of green chemistry principles (Andraos & Dicks, 2012). Stand-alone 
green chemistry courses are relatively rare since, while they can cover green 
chemistry topics in detail, they require dedicated instructor time and space within 
current departmental sequences (Andraos & Dicks, 2012). Integrating green 
chemistry into preexisting courses does reduce the amount or depth of green 
chemistry that can be covered but often can reach many more students than an 
elective green chemistry course. However, most pedagogical materials have been 
designed for organic chemistry courses (Andraos & Dicks, 2012; Aurandt & Butler, 
2011; Beltman et al., 2015; A. E. Marteel-Parrish, 2014; Morra & Dicks, 2016; Roesky 
et al., 2009), which means that there is still a large population of science, technology, 
engineering, and math (STEM) majors who are never introduced to green chemistry. 
 
Regardless of the exact placement of green chemistry in the curriculum, the practice 
of green chemistry involves constantly weighing tradeoffs and making decisions 
(Burmeister et al., 2012). To allow students to begin making these decisions, many 
green chemistry courses ask students to change a single aspect of an existing 
synthesis or process to improve greenness (Guron et al., 2016). These courses are 
typically designed for novice students and limited to one principle or dimension of 
green decision making. However, while accessible for novice students, this approach 
doesn’t accurately represent the complexity of green chemistry decisions and doesn’t 
provide students with the real tools or reasoning they need to make these decisions 
in the future. To bridge this gap, instructors have developed different frameworks of 
increasing complexity that scaffold the use and application of the 12 Principles of 
Green Chemistry to make green decisions (Machado, 2015). However, many 
educators believe that green chemistry curricula need to extend beyond the 12 
Principles of Green Chemistry to include societal factors (Burmeister et al., 2012). 
Some courses ground these societal impacts to a local geographic area or introduce 
students to green chemistry through case studies (Karpudewan et al., 2012c). Others 
advocate for the application of green chemistry (or related ideas) to social justice 
problems and the development of humanistic approaches to chemistry (Burmeister et 
al., 2012; Sjostrom et al., 2016; Sjostrom & Talanquer, 2014). 
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Barriers to Green Chemistry Education 

Green chemistry can face many internal and external barriers to implementation in 
courses and departments. Typically, when green chemistry is introduced, it is usually 
the result of a “bottom-up” rather than “top-down” implementation. Without 
institutional support, these courses are dependent on the motivations of particular 
instructors and are often dropped once instructors stop teaching the class (Bodner, 
2016). Additionally, there’s a lack of uniform demand or pull for green chemistry from 
academic and industrial stakeholders (Haack & Hutchison, 2016), which makes it 
difficult to develop focused educational materials. The limited number of educational 
materials combined with few educators with the experience or capacity to implement 
change in the curriculum (Haack & Hutchison, 2016) means that green chemistry is 
often introduced in ways that are most convenient, such as incorporating it into 
existing courses (Bodner, 2016). These courses already cover a large volume of 
material, which means that green chemistry is introduced at a superficial level. 
Additionally, the main general and organic chemistry textbooks and the ACS 
standardized exams have been slow to introduce green chemistry topics or metrics 
(Haack & Hutchison, 2016) though that has changed over the last five years (ACS 
Green Chemistry Module Development, 2021). 
 
This lack of green chemistry education has real implication for academia and industry. 
Matus et al. (2012) notes that “while green chemistry has made significant progress, it 
is unknown or misunderstood by a large number of chemists.” Since green chemistry 
is not part of the standard curricula in most schools (though this is changing) few 
chemists, and even fewer managers or people working in chemical sales, marketing, 
or operations have any exposure to green chemistry (Matus et al., 2012). However, it 
is important to realize that general awareness of green chemistry may not be enough 
for people or groups to adopt or enthusiastically use green chemistry. Chemists have 
many different roles, which can influence whether or not they accept green chemistry 
(Howard-Grenville et al., 2017). For example, some chemists might be attracted to 
green chemistry because it provides them with practical tools to solve problems. 
However, green chemistry is often presented as an ethical imperative, which suggests 
a degree of commitment that is uncomfortable and perhaps impossible for pragmatic 
chemists (Howard-Grenville et al., 2017). Thus, it is important to not only teach green 
chemistry, but also consider how green chemistry’s values and goals are 
communicated and framed.  
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Green Chemistry Assessment 
Green chemistry education is a relatively new addition to the chemical education 
landscape and the assessment of these green chemistry courses and curricula is an 
even more recent development. Green chemistry assessment has an important role in 
the iterative improvement of existing courses (Garner, Huwer, et al., 2015; Andraos & 
Dicks, 2015; Garner, Siol, et al., 2015; Lee et al., 2014; A. E. Marteel-Parrish, 2014; 
Paluri et al., 2015) and lend validity to new curricula (Aurandt & Butler, 2011; Gron et 
al., 2013; A. E. Marteel-Parrish, 2014), which can increase buy-in from faculty and 
students. Green chemistry assessment can also allow instructors and researchers to 
measure student (self-reported and/or demonstrated) learning of and attitudes 
towards green chemistry. 
 
Green chemistry curriculum designers and researchers have explored student (and 
occasionally instructor) knowledge (Gron et al., 2013; Guron et al., 2016; 
Karpudewan et al., 2012a, 2015a, 2015b, 2016; Mandler et al., 2012; Shamuganathan 
& Karpudewan, 2017); attitudes, motivation, and values (Guron et al., 2016; 
Karpudewan et al., 2012a, 2015a, 2015b; Mandler et al., 2012; Shamuganathan & 
Karpudewan, 2017); and laboratory skills (Gron et al., 2013) in the context of green 
chemistry courses. Surveys with Likert items, often with an additional free response 
section are one of the most common methods for assessing green chemistry 
outcomes (Gron et al., 2013; Guron et al., 2016; Purcell et al., 2016). Some 
researchers – especially those in smaller (Beltman et al., 2015) to mid-sized (Gron et 
al., 2013; Lee et al., 2014) enrollment courses – also supplement survey results with 
student course work as evidence of mastery of the material while others have used 
interviews or focus groups to provide a more comprehensive picture of student 
learning and attitudes (Karpudewan et al., 2015a, 2015b; Shamuganathan & 
Karpudewan, 2017). While this work is valuable there is still a lack of research around 
student demonstrated – instead of self-reported – understanding of green chemistry 
principles and practices in large enrollment courses leading to an incomplete picture 
of how students learn green chemistry. 
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Dissertation Roadmap 

Green Chemistry at UC Berkeley 
As outline above, green chemistry is often introduced in elective courses or organic 
laboratory courses (Andraos & Dicks, 2012) with less focus on introductory general 
chemistry courses. Although many laboratory experiments have been designed for 
general chemistry courses (e.g., Purcell et al., 2016; Buckley et al., 2013), fewer 
“green” general chemistry lecture (Prescott, 2013) or laboratory (Gron et al., 2013) 
courses have been developed. Introducing green chemistry into the general 
chemistry curriculum, rather than a more advanced course like organic chemistry, 
impacts the broadest range and number of future STEM professionals; at Berkeley, 
over 50% percent of the total STEM majors on campus complete at least one 
semester of general chemistry. 
 
In response to this gap and the growing interest in solving complex sustainability and 
green chemistry issues, the UC Berkeley College of Chemistry developed a new 
green chemistry focused general chemistry laboratory series. This redesign was 
initially driven by Dr. Michelle Douskey and Dr. Marty Mulvihill who, with funding from 
the California Environmental Protection Agency, created several new general 
chemistry laboratory experiments focused on one or more dimensions of green 
chemistry. The success of these initial experiments led to the expansion and 
continued funding of this project by the Dow Foundation. This project eventually 
expanded to include a team of researchers – professors, graduate students, and 
undergraduate students – who designed and tested over 30 new green chemistry 
experiments (Buckley et al., 2013; Purcell et al., 2016). These experiments use green 
chemistry principles as motivational contexts and cover topics such as biodegradable 
polymers, extraction and analysis of plant-based antibiotics, ecotoxicity, fuel cells, 
solar cells, and biodiesel synthesis.  

Motivation and Dissertation Scope 
This original set of green general chemistry experiments and accompanying 
curriculum served as the foundation for this dissertation; it was a rich context for 
iteratively developing and refining additional green chemistry curriculum and 
assessing student understanding of green chemistry with thousands of students over 
multiple semesters. As discussed above, general chemistry is an ideal yet underused 
course for introducing students to green chemistry especially for non-chemistry 
majors who may not take any further chemistry courses. Additionally, even students 
that continue with chemistry may not experience more green chemistry instruction 
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unless there is a coordinated green chemistry progression within chemistry courses. 
Thus, it’s important to ensure when green chemistry is introduced (wherever it occurs) 
both the content and pedagogy are thoughtful and relevant as it might be a student’s 
only chance to learn about green chemistry within a formal instructional setting. 
 
Thus, one major goal of this dissertation research was to assess the implementation 
and outcomes of the original green chemistry laboratory curriculum and use those 
results to guide the development of a more robust green chemistry curriculum for 
this wide-reaching laboratory course. This was an opportunity to introduce more 
explicit green chemistry content (green chemistry principles, lifecycle and systems 
thinking components) and practices (chemical design strategies, life cycle impacts, 
hazard and risk assessment) into the general chemistry laboratory with the ultimate 
goal of supporting students in using green chemistry principles and practices to 
identify and evaluate the criteria needed to make greener chemical decisions. 
 
It was also an opportunity to engage in more rigorous green chemistry curriculum 
design and implementation assessment. The 12 Principles of Green Chemistry 
(Anastas & Warner, 1998) and systems thinking (Constable et al., 2019) are necessary 
knowledge components of green chemistry but are not a pedagogy for green 
chemistry. Many published green chemistry courses and experiments discuss the 
green chemistry themes, metrics, or principles used in the course (Eissen, 2012; 
Kennedy, 2016), the assignments used to gauge student learning (Kennedy, 2016; 
Lee et al., 2014), the projects or experiments that allow students to use or apply 
green chemistry (Graham et al., 2014; Guron et al., 2016; Lee et al., 2014; Paluri et al., 
2015; Purcell et al., 2016), the timelines for content and project development 
(Graham et al., 2014) , and even staffing needs for these courses (Graham et al., 2014; 
Lee et al., 2014) – often in service of describing the overall curricular changes that 
have led to the greener version of the course. However, while these green courses 
often describe in detail what and why green chemistry will be taught few describe the 
pedagogical framework for how it will be taught. Some courses and experiments do 
list learning goals and approaches for instructor and staff technical guidance (e.g., 
Graham et al., 2014) or discuss inquiry-based teaching and learning (e.g., Paluri et al., 
2015) but most do not present an explicit framework for supporting students in 
developing and integrating new green chemistry ideas and practices into their 
existing knowledge schema. Developing new curricular materials for this dissertation 
was an chance to utilize a true constructivist learning science framework – knowledge 
integration (Linn & Eylon, 2006, 2011) –  to design a green chemistry curriculum that 
attended to both content and pedagogy.  
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Additionally, many published green chemistry courses and curricula focus on simply 
describing a single implementation; they do not engage in (or at least publish) the 
iterative process of curriculum development though there are some exceptions (e.g., 
Marteel-Parrish, 2014). This dissertation research leveraged the structure of the 
Berkeley general chemistry laboratory to engage in iterative curricular revision 
through a utilization focused implementation evaluation design (Patton, 2008). Since 
chemistry courses are often structured as year-long series it can take several years to 
fully evaluate multiple implementations of a curriculum. However, the general 
chemistry laboratory at UC Berkeley is offered every semester (including summer 
session) which allowed for three curricular iterations within the span of one year. 
Together, this work contributes to a larger understanding of how to develop coherent 
green chemistry curricular materials and efficiently assess and revise the curriculum 
by carefully evaluating the implementation process and resulting student outcomes. 
 
While many newly developed green chemistry courses do engage in assessment of 
student attitudes (Aubrecht et al., 2015; Eissen, 2012; Guron et al., 2016) and self-
reported learning (Eissen, 2012; Graham et al., 2014; Guron et al., 2016; Kennedy, 
2016; Purcell et al., 2016) more work is needed to measure student demonstrated 
understanding of green chemistry especially in large enrollment courses. Even when 
methods other than self-reported items are used (e.g., achievement tests, course 
assignments) they often do not focus on green chemistry outcomes but rather 
general science (Aurandt & Butler, 2011; Karpudewan et al., 2016; Lee et al., 2014; 
Paluri et al., 2015) or lab technique/skill outcomes (Gron et al., 2013; Lee et al., 2014). 
Thus, another focus of this dissertation was to develop a variety of fixed and free 
response items to probe different facets of green chemistry ability (both green 
chemistry content knowledge and practices) that could be administered and 
analyzed for thousands of students. While interviews and focus groups provide 
detailed qualitative information, they are time intensive to conduct and analyze and 
thus can often only be used with a small number of students. Especially for large 
enrollment courses, alternative modes of assessment, such as short answer and 
multiple-choice content questions, are needed to assess green chemistry student 
learning outcomes more fully. 

Dissertation Outline and Research Questions 
This dissertation is focused on both curriculum development and assessment of 
student understanding of green chemistry. The first research chapter (Chapter 2) 
explores changes in general chemistry student understanding (both self-reported 
and demonstrated) after completing the original green chemistry laboratory 
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curriculum. It also analyzes the original green chemistry curriculum to identify areas 
for future curricular development. 
  

Chapter 2 
Initial Development of a Green Chemistry Focused General Chemistry Laboratory 

Curriculum: What Do Students Understand and Value About Green Chemistry? 
 

1. Do students believe they have learned green chemistry? Do students value 
green chemistry? 

2. Does students’ understanding of green chemistry increase after completing 
the general chemistry laboratory, given a limited introduction of green 
chemistry into the curriculum?  

3. Are students with different levels of prior green chemistry knowledge able to 
reach similar levels of understanding after completing the general chemistry 
laboratory?  

 
The second research chapter (Chapter 3) builds on the original green chemistry 
curriculum analysis to iteratively develop a more explicit green curriculum for the 
general chemistry laboratory (general chemistry green curriculum or GC2) using the 
Knowledge Integration framework (Linn & Eylon, 2006, 2011). This chapter also 
presents the development and validation of a set of fixed response survey items to 
measure student self-reported understanding of green chemistry. This instrument 
was then used to measure if students believed they had learned green chemistry after 
completing the redesigned green chemistry laboratory curriculum.  
 

Chapter 3 
Iterative Development of an Integrated Green Chemistry General Chemistry 

Laboratory Curriculum 
 

1. In what ways does the General Chemistry Green Curriculum (GC2) need to be 
modified to better meet the needs of the students and instructors? 

2. To what extent are the GC2 goals clearly defined and aligned between 
developers and instructors/students?  

a. Do students believe they have learned green chemistry after completing 
GC2? 

b. Do students see value in green chemistry outside of the course? 
 
The final two research chapters explore student understanding of green chemistry 
(Chapter 4) and student green chemistry decision making (Chapter 5) in the context 



 10 

of this new green chemistry curriculum (GC2). This necessitated the careful selection 
of assessment methodology as general chemistry at UC Berkeley is large enrollment 
course with thousands of students. The qualitative methodologies utilized in other 
studies (e.g., Mandler et al., 2012) were not possible with such a large course while 
still retaining a representative sample of students. Thus, a combination of fixed and 
free response green chemistry items was created to assess how general chemistry 
students were able to define and use green chemistry. This work also investigated the 
impact that student’s background (gender, first-generations status, underrepresented 
minority status) and/or prior chemistry or green chemistry experience has on the gains 
they made in green chemistry understanding after completing the new GC2 
laboratory course.  
 

Chapter 4 
What’s in a Word? Student Beliefs and Understanding About Green Chemistry 

 
1. In what ways do students' abilities to define and use green chemistry change 

after completing a general chemistry green chemistry (GC2) laboratory 
course?  

2. In what ways do these changes differ based on a student’s background 
(gender, first-generations status, underrepresented minority status) and/or 
prior chemistry or green chemistry experience? 

 
The fifth and final chapter (Chapter 5) builds on the analysis and results of the 
previous chapter (Chapter 4) to explore how students make and justify green 
decisions when presented with real data and metrics. This chapter includes both 
general chemistry students (who had just completed the new GC2 laboratory course) 
and organic chemistry students (half of whom had previously completed an earlier 
iteration of GC2), which allowed for a comparison in green decision making between 
students who had more and less chemistry experience.  
 

Chapter 5 
Assessing the Complexity of Student Green Chemistry Decision Making 

 
1. How do general chemistry students reason about green chemistry choices? In 

what ways do students use data to support their choices? 
2. How do organic chemistry students reason about green chemistry choices? 

How does this reasoning compare to students who have only completed 
general chemistry?  
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Chapter 2: Initial Development of a Green Chemistry 
Focused General Chemistry Laboratory Curriculum 

Introduction 
Green chemistry and sustainability are increasingly important components of 
industrial and chemistry education practices (Benvenuto & Bodner, 2017; Haack & 
Hutchison, 2016; A. Marteel-Parrish & Newcity, 2017). International sustainable 
development goals depend on the innovations and solutions offered by green 
chemistry, particularly to address the global energy and environmental crises. To 
reach these goals it is imperative that a wide range of professionals understand and 
use green chemistry principles (Burmeister et al., 2012). Recognizing this need, 
UNESCO established a Decade of Education for Sustainable Development from 
2005-2014 (United Nations Decade of Education for Sustainable Development, 2005).  
 
As a result, there has been a growing international effort to develop educational 
materials focused on green chemistry and sustainability principles; however, the 
development of green chemistry curricular materials has occurred unevenly. Most 
green chemistry curricular design has occurred in elective courses or organic 
laboratory courses (Andraos & Dicks, 2012; Aurandt & Butler, 2011; Beltman et al., 
2015; A. E. Marteel-Parrish, 2014; Morra & Dicks, 2016; Roesky et al., 2009) with 
much less focus on introductory general chemistry courses. Although a number of 
laboratory experiments have been designed for general chemistry courses (e.g. 
Purcell et al., 2016; Buckley et al., 2013; Klingshirn et al., 2008; Bopegedera and 
Perera, 2017; Klara et al., 2014; Rand et al., 2016; Galgano et al., 2012), there have 
been few comprehensive green chemistry general chemistry lecture (Prescott, 2013) 
or laboratory (Gron et al., 2013; Henrie, 2017; Klingshirn & Spessard, 2009) curricular 
designs.  
 
With this gap in mind, the general chemistry laboratory course in the College of 
Chemistry at the University of California – Berkeley was redesigned around 
sustainability and green chemistry practices. Over 30 experiments were developed 
that use green chemistry principles as motivational contexts and include topics such 
as biodegradable polymers, extraction and analysis of plant-based antibiotics, 
ecotoxicity, fuel cells, solar cells, and biodiesel synthesis. Introducing green chemistry 
into the general chemistry curriculum, rather than a more advanced course like 
organic chemistry, allowed for the broadest range and number of future STEM 
professionals to be impacted as over 50% percent of the total STEM majors on 
campus complete this course. The aim was to present green chemistry in the context 



 12 

of real-world problems to deepen student engagement, participation, and 
connection of the material to their future studies. Ultimately, it was hoped that some 
of these students would eventually go on to research solutions to sustainability issues 
and legislate, promote, and/or teach these critical ideas and practices. 
 
General chemistry is a foundational science course that surveys many different 
chemistry topics and techniques. The curriculum redesign was mindful to maintain 
canonical general chemistry learning goals alongside the new green chemistry 
learning goals. This cross-curricular implementation meant that students had a 
necessarily limited exposure to green chemistry principles. Thus, an objective, in 
additional to the curriculum design, was to measure the effect this bounded green 
chemistry curriculum had on student understanding and attitudes towards green 
chemistry. Systematic assessment of student learning of green chemistry is limited, 
especially for large enrollment courses like this general chemistry laboratory. 
Therefore, a series of assessment items were developed that could be efficiently used 
with thousands of students and still provided valuable and nuanced information 
about student learning and attitudes.  

Green Chemistry Pedagogy and Assessment 
The field of green chemistry was developed in the 1990’s by chemists who were 
concerned that processes, by-products, waste, pollution, and industrial chemicals 
were adversely affecting human health and the environment (Anastas & Warner, 
1998). In subsequent years, there has been an increased international commitment to 
integrate green chemistry and sustainability in industrial practices and educational 
programs (Benvenuto & Bodner, 2017; A. Marteel-Parrish & Newcity, 2017). To build 
the next generation of green chemists (and informed consumers and citizens) 
students must be equipped with the necessary tools to support and promote 
innovative green chemistry solutions (Burmeister et al., 2012; Kitchens et al., 2006; 
Rauch, 2015). While students cannot solve environmental or energy crises during 
their time in general chemistry, they can be introduced to principles and practices 
that they can ultimately use to make a meaningful impact on these global problems. 
 
In addition to teaching students green chemistry concepts and methods, the 
integration of green chemistry into the curriculum provides students with an authentic 
context within which to learn chemistry. Green chemistry is not a separate field of 
chemistry, but rather an approach to chemistry that prioritizes safety of humans and 
the environment by considering complex green chemistry metrics and societal 
factors. (Eissen, 2012; Tucker, 2010). For example, students may be asked to justify 
which synthesis route to choose in organic chemistry (Graham et al., 2014; Lee et al., 
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2014) or to evaluate the green chemistry properties of commercial products (Purcell 
et al., 2016). There is often no one “right” answer that instructors can offer students, 
but rather a range of appropriate green chemistry solutions (Andraos & Dicks, 2012; 
Khuong, 2017; Machado, 2015). This comparative analysis exposes students to a 
more accurate and nuanced understanding of the nature of science and leads to 
deeper analysis and greater chemistry understanding (Andraos & Dicks, 2012; 
Sandoval, 2005). 
 
While green chemistry education has potentially important cognitive and 
pedagogical significance there is a dearth of systematic assessments of student 
learning of green chemistry, especially for cross-curricular courses. Most assessments 
of student knowledge of and attitudes towards green chemistry utilize surveys in 
which students are asked Likert style questions to self-assess their learning and 
attitudes towards green chemistry (Armstrong et al., 2018). However, since 
respondents often overestimate their abilities (e.g. von Blottnitz et al., 2015), it is 
important to supplement self-assessments with other methods such as student course 
work or observations. For example, Gron and coworkers (2013) complemented 
survey results with course results to assess green chemistry in an introductory 
chemistry majors laboratory course. Karpudewan and coworkers (2015b) were 
interested in motivational outcomes from green chemistry curricula in secondary 
teacher education programs and therefore, conducted interviews along with 
chemistry achievement tests. Mandler and coworkers (2012) assessed a high school 
chemistry module by asking students to pose four questions of interest about 
chemistry in an environmental context, before and after completing the module. 
Although these assessment methods are generally more time-consuming than 
surveys, it is important to develop an assessment plan that strive to measure the 
range of desired outcomes of a curriculum accurately and reliably.  

Green Chemistry Curriculum Development at UC Berkeley   

Goals of Curriculum 

Over the past decade there has been a growing interest in solving complex 
sustainability and green chemistry issues on the UC Berkeley campus. In response to 
this interest, the College of Chemistry created several general chemistry laboratory 
experiments focused on one or more dimensions of green chemistry. The success of 
these initial experiments led to the redesign of the entire the general chemistry 
laboratory sequence around green chemistry and sustainability principles. 
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This new laboratory curriculum targeted several outcomes: 1) to educate students 
about sustainable practices applicable to their future work in the chemical sciences in 
academia and in industry, 2) provide students with a knowledge of exciting chemical 
applications and problems that are relevant to their interests, and 3) give students a 
more authentic experience of chemistry. The course was redesigned so that green 
chemistry principles were integrated into each multi-week experimental module 
while still retaining traditional general chemistry laboratory learning goals. These 
multiweek modules allowed the curriculum to progressively build towards more 
complex concepts and skills while retaining the same learning context week-to-week. 
The multiweek and modular structure also gave instructors the ability to customize 
their laboratory schedule as best fit their teaching practices. 

Description of Original Green Curriculum 

The development of the new curriculum followed an iterative design process 
involving a team of undergraduate assistants, graduate students, and faculty 
members. A constructivist framework (Bodner, 1986) was used to create guided-
inquiry experimental modules (Farrell et al., 1999; Spencer, 1999) with the Model–
Observe–Reflect–Explain (MORE) thinking framework used as a guide for the new 
laboratory curriculum (Rickey & Stacy, 2000). All of the new experiments asked 
students to use their data or pooled class data to answer novel questions while a 
subset of experiments allowed students to create their own hypotheses and 
experimental procedures (Fay et al., 2007). The use of multiweek experiments 
progressively built towards more complex concepts and skills while retaining the 
same learning context. Green chemistry was used as both a motivational context for 
the experiments and informed the criteria for selection of reagents and procedures 
utilized in the course (Anastas & Warner, 1998). Nearly every experiment now uses 
non-toxic (or less hazardous) chemicals and reduces waste production or produces 
non-toxic waste (e.g., using food dyes instead of heavy metals). Many of the 
experiments are presented in green chemistry contexts and ask students to connect 
green chemistry to the experiment they are completing.  
 
In addition to green chemistry experimental procedures, a written curriculum that 
covers many green chemistry principles was created. An introduction to green 
chemistry is included at the beginning of the laboratory manual, which describes the 
goals of green chemistry, the 12 Principles of Green Chemistry, and explicitly lists the 
principles that apply to each experiment they will complete during the semester. 
Each experiment includes a paragraph in the introduction outlining the relevant 
green chemistry principles. When needed, additional sections introduce green 
chemistry content or methods (e.g., dose response curves, LD50). Finally, most 
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experiments include at least one green chemistry focused prelab or postlab 
questions. Table 2.1 illustrate the chemistry and green chemistry principles that apply 
to each general chemistry laboratory module.  
 
For example, one of the longest running modules is a three week biofuels unit that 
was inspired by published procedures (Levy, Irv, 2017; Thompson, 2013). During the 
first week of this module, students are introduced to toxicology, including the use 
and limitations of LD50 values. They make standard dilutions of several biofuels and 
prepare a simple radish seed germination assay to quantify the potential ecotoxicity 
of each of the fuels. The ecotoxicity assay allows students to appreciate the subtlety 
of designing safer chemicals and to see that even though all the fuels come from 
renewable feedstocks, that they have significantly different effects on radish seed 
germination.  
 
Students also synthesize biodiesel from soybean oil during the first week of the 
module and then isolate their biodiesel sample through separation, aqueous 
extraction, and drying during the second week. They measure the viscosity of their 
fuel and compare it to the starting materials. In addition to introducing techniques of 
synthetic chemistry, this experiment focuses on concepts of stoichiometry, limiting 
reagents, and reaction yield. The discussion of reclaiming used cooking oil 
introduces a waste prevention strategy as well as using renewable feedstocks. The 
base-catalyzed transesterification reaction is both solvent-less and atom economical. 
In the final experiment of the module, students determine the heat of combustion of 
their synthesized biodiesel using a simple soda can thermometer. This introduces 
heat transfer and asks students to consider the relationship between the heat of 
combustion of a fuel and efficiency of a fuel.  Soybean-based biodiesel has a much 
lower flash point than other alcohol-based biofuels, making the combustion reaction 
inherently safer. Measuring the heat of combustion allows students to evaluate the 
energy efficiency of biofuel and compare it to other fuels. 
 
The module themes are synthesized in a final argumentation worksheet.  Students 
write a short paper comparing biodiesel and one other biofuel as alternative 
transportation fuels. They use the data they collected over the last three weeks along 
with supporting information from scientific sources to support their argument for the 
best fuel.  This argumentation exercise gives students a chance to reflect on what they 
have learned, engage in critical scientific discourse, and consider how green 
chemistry applies to the energy challenges facing our society.  
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Table 2.1. Experimental Module, Chemistry Principles, and Green Chemistry Principles for Each 
Redesigned Experiment Used in the General Chemistry Laboratory Course at UC Berkeley 

Module (# of Weeks) General Chemistry Principles Green Chemistry Principles 

How the nose knows (1) Functional groups, physical properties, formal 
charges, bond-line notation, VSEPR 

Designing safer chemicals, renewable feedstocks 

Polymers: Properties and 
Applications (1) 

Functional groups, density, solubility, structure-
function relationship, dissolution, hydrolysis 

Waste prevention, designing safer chemicals, 
design for degradation 

Polymers: Cross-Linking and 
Toy Design (2) 

Cross-linking reactions, intermolecular interactions, 
bonding, mass ratios in mixtures 

Inherently safer chemistry, safer solvents, renewable 
feedstocks, atom economical 

Polymers: Density of Liquids 
and Solids (2) 

Precision and accuracy, systematic and random error, 
solubility, experimental design, polymer structure 

Waste prevention, designing safer chemicals, and 
designing for degradation 

Biofuels (3) Transesterification, combustion and calorimetry, 
solubility, extraction, Ccal and Hcomb 

Designing safer chemicals, renewable feedstocks, 
catalysis, safer solvent, atom economical, inherently 
safer chemistry, energy efficiency 

Spectroscopy: Food dyes 
and riboflavin in beverages 
(1) 

UV-Vis and fluorescence spectroscopy, Beer’s Law, 
extinction coefficients, calibration curves, error 
propagation 

Inherently safer chemistry  

Extraction of curcumin and 
spectroscopic analysis (1) 

Transmission, absorbance, extraction and separation, 
calibration curves, linearity of data 

Safer solvent, energy efficiency, waste prevention 

Equilibrium (1) Solubility, acid/base equilibria, gases, Le Châtelier’s 
Principle, pH measurements 

Renewable feedstocks, safe solvents and auxiliaries, 
designed for degradation 

Depolymerization and 
Titration (2) 

Ester hydrolysis, dimensional analysis, ICE tables, 
indicator and potentiometric titrations 

Renewable feedstocks, designed for degradation 

Acids in the Environment (3) Solubility equilibria, acid/base titrations, gases and 
equilibrium, Le Châtelier’s Principle, buffers 

Real-time analysis for pollution prevention, less 
hazardous chemical syntheses, waste prevention   

Extraction from Thyme 
Leaves (2)a 

Extraction, IMFs, polarity, chromatography, diffusion, 
extraction, standard addition, uncertainty  

Waste prevention, design for degradation, use of 
renewable feedstocks 

Extraction and Analysis of 
Limonene (2)b 

Chromatography, boiling points, sublimation, triple 
point, polarity, mass spectrometry, standard 
calibration curves, uncertainty 

Pollution prevention, safer solvents, energy 
efficiency, renewable feedstocks, design for 
degradation, safer chemistry and solvents 

Methanol/Glucose Fuel Cells 
and Dye-Sensitized Solar 
Cells (2) 

Electrochemistry, galvanic cells and batteries, 
catalysis and enzymes, cell potentials, net free energy 
calculations 

Energy efficiency, catalysis, renewable feedstocks, 
design for degradation, inherently safer chemistry 

Kinetics: Bleaching Organic 
Dyes and H2O2 
Decomposition (2) 

Catalysis, reaction rates, kinetics, reaction order, 
method of initial rates, visible spectroscopy, Beer’s 
Law 

Catalysis, designing safer chemicals, inherently safer 
chemistry 

Computational and 
experimental investigation 
of pesticides (2) 

MO theory, computer-based molecular modeling, 
solubility, UV-Vis and fluorescence spectroscopy 

Waste prevention, designing safer chemicals, real-
time analysis for pollution prevention  

aSee Buckley et al., 2013. bSee Klingshirn et al., 2008. 
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Assessment of Student Learning 

The new general chemistry laboratory curriculum provides a green chemistry context 
for each experiment, outlines the green chemistry principles relevant to each 
experiment, and asks the students to evaluate complex green chemistry outcomes 
while maintaining most of the traditional general chemistry learning goals and 
chemistry content. However, developing the new curriculum was only the first step; 
the next step was to determine whether this targeted introduction of green chemistry 
into a traditional general chemistry laboratory would lead to an increase in student 
understanding of green chemistry.  
 
The 12 Principles of Green Chemistry (Anastas & Warner, 1998) and systems-thinking 
(Constable, 2017) served as the framework for the green chemistry assessment 
design. The item design and administration were refined over the years with input 
from course instructors, curriculum designers, graduate students, and undergraduate 
students both within and outside of the course. The purpose of this research was to 1) 
understand students’ attitudes towards their own green chemistry knowledge and 2) 
measure how students’ understanding and application of green chemistry concepts 
and principles changed after completing the redesigned general chemistry 
laboratory course. Specifically, this work was designed around the following research 
questions:  
 

1. Do students believe they have learned green chemistry? Do students value 
green chemistry? 

2. Does students’ understanding of green chemistry increase after completing 
the general chemistry laboratory, given a limited introduction of green 
chemistry into the curriculum?  

3. Are students with different levels of prior green chemistry knowledge able to 
reach similar levels of understanding after completing the general chemistry 
laboratory?  

 
The choice of assessment methodology had to be carefully considered due to the 
number of students who take general chemistry laboratory each year. Since over 
2000 students complete our laboratory course each year it was impossible to 
personally interview or observe every student. Online surveys and in-class 
assignments and exams were important data sources for evaluation of student 
attitudes and learning. These tools allowed every student to be evaluated while not 
requiring an enormous investment in research time. When possible, fixed response 
items were utilized for faster analysis, but certain assessment questions required 
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open-ended student responses or interviews with students to answer. This approach 
allowed efficiently assessment of thousands of students, while still gaining valuable 
and nuanced information about student learning and attitudes.  
 

Methods 

Study Design 

This study focused on the first semester of general chemistry for non-chemistry 
majors laboratory (Chem 1AL). This course is divided into a lecture (Chem 1A) and 
laboratory (Chem 1AL) course with separate instructors. Chem 1AL has a weekly lab 
lecture from an instructor, weekly lab experiments, and an end of term written lab 
exam. Chem 1AL is offered year-round and has an approximate enrollment of 100 
students in summer, 800 students in spring, and 1200 students in fall.  
 
This study focused on Chem 1AL for the Fall 2013-2017 semesters and the item 
design and administration underwent iterative updates over these semesters. First, an 
online survey that contained several green chemistry items was administered at both 
at the beginning and end of each semester. After collecting and analyzing this data 
for several semesters, additional free-response survey and in-class items were added 
for the Fall 2016 semester. The research was approved by the university’s Institutional 
Review Board, and all student participants consented to participate. Each student was 
assigned a pseudonym to report any specific examples or findings.  

Administration of Assessment Items 

Online Survey 

Students completed a comprehensive online survey at the beginning (first three 
weeks) and end (final two weeks) of the semester using either SurveyMonkey or 
Qualtrics. This survey covered a range of questions probing student chemistry 
concept and technique knowledge, green chemistry knowledge, attitudes towards 
chemistry, confidence in chemistry abilities, and demographic and course evaluation 
information.  
 
Students were incentivized to complete the survey for two course bonus points. If 
they did not wish to complete the survey, they could complete an alternate 
assignment. The survey had, on average, a 65% response rate after removing 
duplicate respondents and students who declined to provide identifying information 
to verify enrollment in the course (Table 2.2).  
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Table 2.2. Response rates for administered surveys in Chem 1AL 

  Response Rate 

Semester Total number of 
students in course Pretest Posttest 

Fall 2013 1,108 552 (50%) 958 (86%) 

Fall 2014 1,158 578 (50%) 678 (59%) 

Fall 2015 1,121 690 (62%) 836 (75%) 

Fall 2016 1,053 686 (65%) 824 (78%) 

Fall 2017 1,197 687 (57%) 986 (82%) 

 
Four items from the online survey were used to measure student familiarity with and 
attitudes towards green chemistry (Table 2.3). These questions allowed for quick 
assessment of students’ self-reported green chemistry knowledge and attitudes. Of 
these, three free response items were iteratively refined during the initial semesters 
of this project and were finalized during the Fall 2016 and 2017 semesters. 
 
Table 2.3. Online Survey Items Relevant to Student Self-Reported Green Chemistry Knowledge and 
Attitude toward Green Chemistry 

Green Chemistry Survey Item Response Type Pretest/Posttest Semesters analyzed 

I know what the term Green 
Chemistry means. Fixed responsea Both Fall 2013 – Fall 2017 

What will you take from this 
course into other classes or life? Free response Posttest Fall 2016, Fall 2017 

What was the most valuable 
thing you gained from lab? Free response Posttest Fall 2016, Fall 2017 

Describe a connection that was 
meaningful to you. Free response Posttest Fall 2017 

aThe fixed-response categories are Strongly Disagree, Somewhat Disagree, Somewhat Agree, and Strongly Agree. 

 

Student chemistry content knowledge was measured using 21 fixed response survey 
items (Appendix I). Sixteen Likert items were used to measure students’ self-
assessment of their chemistry content knowledge and technique ability and five 
multiple choice chemistry content question were used to measure students’ 
knowledge of core general chemistry concepts (e.g., intermolecular interactions, 
absorbance, titration curves). These items were analyzed for the Fall 2016 semester 
concurrent with the green chemistry item analysis. 
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In-class Green Chemistry Assignment 

In addition to online surveys, students also completed an in-class green chemistry 
assignment at the beginning and end of the Fall 2016 semester. Students were asked 
to respond to the question: In your own words, define green chemistry. Students 
were given 10 minutes to complete this written assignment during the first laboratory 
lecture of the semester and during the last laboratory section of the semester. They 
were advised that this assignment would be graded based only on effort and that if 
they did not know what the term green chemistry meant, they should state “I don’t 
know what green chemistry is, but my best guess is….”  
 
Nearly every student enrolled in the course completed these assignments (1,086 
students completed the pretest and 1,017 students completed the posttest). 
Administering this question in-class assessed student understanding of green 
chemistry without access to search engines or other outside resources.  

Exam Question on Green Chemistry 

Students also completed a green chemistry question on their laboratory exam during 
the Fall 2016 semester (Figure 2.1). This was a closed book exam administered in-
class at the end of the course. Students were given 90 minutes to complete 25 free 
response and multiple-choice questions. The green chemistry question was worth 4% 
of their overall grade for the exam. All of students enrolled in the course completed 
this exam.  
 
This question assessed students’ use of higher-order thinking strategies and green 
chemistry understanding through the exploration of a novel real-world problem that 
included the primary sustainability themes taught in the laboratory course. The 
question allowed us to discern student proficiency of green chemistry in their own 
words, without access to search engines or other outside resources. 
 

 
Figure 2.1. Green chemistry question included on the Fall 2016 exam 

 

Glycerol can be converted to hydrogen gas using a new PtReC based catalyst.  The 
reaction is performed at high temperatures using water as a solvent. 

 
 
 
 

 
Why is this exciting from a green chemistry perspective? 
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Student Interviews 

Students were asked on the online survey if they were willing to be contacted for 
interviews. All students who were willing to be interviewed were emailed an invitation 
to schedule an interview. Students were chosen based on scheduling constraints and 
promptness of response. Interviews were conducted with 12 Chem 1AL students 
during the final two weeks of the Fall 2016 semester. Out of the 12 students 
interviewed, there were seven male and five female participants. There were three 
Asian, two Latinx, and five White participants; two students did not provide ethnicity 
data. Interviews lasted no more than 30 minutes. 
 
The purpose of the interviews was to validate the administered green chemistry 
items. Students were asked to reflect on their responses to the in-class green 
chemistry assignment. They were prompted to describe what they were thinking 
when they answered the question and why their answer changed or stayed the same 
between their pretest and posttest responses.  

Analysis of Assessment Items 
For all items results were considered significant at the 95% level. Respondents with 
missing data and those who did not consent to participate in the research study were 
dropped from the dataset. All analysis was completed using StataSE 14.2. 

Fixed Response: Online Survey 

The fixed response green chemistry item (Table 2.3) was assigned numerical values 
for further analysis. Strongly disagree was assigned a value of 0, somewhat disagree a 
value of 1, somewhat agree a value of 2, and strongly agree a value of 3. The means 
and standard deviations for each semester for the pretest and posttest were 
calculated. Paired two-sample t-tests were used to compare the mean pretest and 
posttest scores for each item.  

Free Response: Online Survey 

Three free response online survey items (Table 2.3) were coded for green chemistry 
themes. These questions did not directly prompt students to discuss green chemistry 
but after coding a subset of responses it became clear that green chemistry (and 
related topics such as biofuels, chemical safety, energy, and sustainability) were 
common response topics. Three main themes arose after this initial coding: explicit 
inclusion of green chemistry, connections to the environment/climate, and direct 
mentions of the green chemistry focused experiments used in the course (biofuels, 
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ocean acidification). An additional round of coding revealed three more common 
categories related to energy/catalysis, waste/byproducts, and material lifecycle.  
 
From this initial coding, subcategories with detailed inclusion criteria were developed 
for each of the main themes. The number of times each of these criteria were 
mentioned (words or phrases) for each response were counted using Excel. The 
validity of this coding was confirmed against a human coder for the first 50 responses. 
The Excel text analysis was refined until 100% agreement was reached with the 
human coder. This text analysis allowed for quick coding of thousands of student 
responses over two semesters. 

In-class Green Chemistry Assignment 

A randomized sample of 50 student responses was qualitatively coded, and several 
emergent themes arose including minimizing hazards, minimizing waste, energy, 
material lifecycle, and research and development. This coding scheme was applied to 
additional student responses and discussed with a larger group of researchers. 
Several categories were added including discussing green chemistry philosophy and 
mentioning buzzwords (words or phrases that students used that were not connected 
to actual green chemistry content, e.g., ‘efficiency’ or ‘environmental friendliness’).  
 
To refine the coding scheme, two researchers independently coded approximately 
25 student responses and then discussed their results to achieve 100% coding 
agreement. The main categories, inclusion criteria, and exclusion criteria were 
revised and clarified based on these results. This process was repeated until no more 
changes to the codebook were produced. The two researchers then independently 
coded 20% of the student responses and achieved a high rate of agreement (Cohen’s 
κ of above 0.90 for all coding categories). The two researchers then each individually 
coded half of the remaining responses. Any responses that were ambiguous to an 
individual researcher were flagged and discussed by both researchers until 
agreement was reached. 
 
A total item score was assigned to each response by summing the individual coding 
categories. A blank or off-topic/irrelevant response received a score of 0. All other 
responses received a score of 1 point plus 1 point for each specific green chemistry 
category present in the response. Thus, a response that only mentioned “green 
buzzwords” received a score of 1 while a response that discussed reducing chemical 
hazards and laboratory waste would receive a score of 3. McNemar’s test for paired 
dichotomous data was used to compare the pretest and posttest proportions for each 
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coding category. Paired two-sample t-tests were used to compare the mean pretest 
and posttest total item score.  

Exam Question on Green Chemistry 

A randomized sample of thirty student responses to the green chemistry exam 
question (Figure 2.1) were qualitatively coded and four emergent themes arose: 
hazard reduction, waste prevention, renewability, and catalysis. This coding scheme 
was applied to 20% of the total student responses and discussed with additional 
researchers. The main themes were revised and divided into “general” (e.g., 
“reduced damage to the environment”) and “specific” (e.g., “water as a safer solvent”) 
subcategories. Several categories for common incorrect responses were also added.  
 
Using this new coding scheme, two researchers independently coded an additional 
set of student responses and discussed their results to achieve 100% agreement. The 
inclusion and exclusion criteria were revised based on these results. This process was 
repeated until no additional changes to the codebook were produced. The 
remaining student responses were coded by both researchers and disagreements 
were discussed until consensus was reached. A total green exam question score was 
assigned to each response by summing the correct general (1 point each) and 
specific (2 points each) categories and subtracting the number of incorrect (1 point 
each) categories. 

Prior Understanding of Green Chemistry 

For the Fall 2016 semester, students were divided into two groups based on their 
total definition score for the pretest in-class green chemistry assignment. Students 
were categorized as having “low prior green chemistry knowledge” if they had a total 
item score of 1 or lower and as having “high prior green chemistry knowledge” if they 
had a score of 2 or higher. A total item score of 0 indicated a blank or off-
topic/irrelevant response while a score of 1 indicated a correct but non-specific 
definition. A score of 2 or above indicated that the student definition included at least 
one specific green chemistry category. Independent sample t-tests were used to 
compare the mean posttest total item scores of the low and high prior green 
chemistry knowledge groups.  

Student Interviews 

Student interviews were audio recorded and then analyzed in a qualitative manner of 
data inspection and thematic analysis.  
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Results and Discussion 
General chemistry at UC Berkeley serves thousands of students each year. These 
students come from diverse backgrounds and thus, capturing the growth in their 
knowledge and experiences was an important feature of this study. Given the size of 
the course and the challenge of teaching green chemistry, the assessment focused 
on student self-evaluation of their green chemistry knowledge, demonstrated 
knowledge of green chemistry, and spontaneous discussion of green chemistry. This 
approach illustrated the impact of the redesigned curriculum on student confidence 
in their green chemistry knowledge as well as their demonstrated green chemistry 
ability.  
 
Course and study demographics. Chem 1AL is the first semester general chemistry 
laboratory course at UC Berkeley and is typically taken by incoming non-chemistry 
majors. Students in Chem 1AL have diverse backgrounds and prior chemistry 
experience. The students encompass a wide range of intended majors including, but 
not limited to, life sciences, bioengineering, nutrition science, public health, and civil 
engineering. Typically, the majority (~75%) of students come from middle to upper-
middle class households and about half of them have at least one parent with a 
graduate degree. Nearly every student has taken at least one semester of chemistry 
prior to their entry into the university. About half of the students have completed two 
semesters and ~40% have completed four or more semesters of chemistry before 
entering Chem 1AL. Approximately half of the students have taken honors chemistry 
(55%), AP chemistry (46%), and/or AP physics (44%). The course typically has more 
female (60%) than male (40%) students. Most students are of Asian descent (~45%) 
with White (~25%), Latinx (~15%) and African American (~2%) students comprising 
the remainder of the class. The gender and ethnicity of the study respondents is 
representative of the course demographics with detailed demographic data 
presented in Appendix II.  

Do Students Believe They Have Learned Green Chemistry and Value 
Green Chemistry?  

Student Self-Assessment of Green Chemistry Knowledge 

One of the main goals for the curriculum redesign was to teach students green 
chemistry principles and applications. As with many large-scale course changes, it 
was important to check that the goals of the curriculum were readily apparent to the 
students (Meyers & Nulty, 2009) and that students left the course believing they 
gained green chemistry knowledge. The students were asked how much they agreed 
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with the statement “I know what the term Green Chemistry means” at the start and 
end of the course. This fixed response item allowed student self-assessment of green 
chemistry knowledge to be quickly measured for thousands of students over many 
different semesters. As hoped, students’ self-reported understanding of green 
chemistry increased significantly between the beginning and end of the semester 
(Table 2.4). This trend held across many semesters with different instructors, TAs, and 
experiment orders.  
 

Table 2.4. Mean Student Response Scores to the Question “I Know What the Term Green Chemistry 
Means” before and after Completing Chem 1AL 

Semester Pretesta Posttesta 
Significance 

p-Value t-Value 
Degrees of 
Freedom 

Fall 2013 1.35 2.19 p < 0.001 –17.45 385 

Fall 2014 1.34 2.11 p < 0.001 –17.34 397 

Fall 2015 1.93 2.17 p < 0.001 –6.23 554 

Fall 2016 2.13 2.49 p < 0.001 –9.31 416 

Fall 2017 1.93 2.31 p < 0.001 –8.93 466 
aThis scale was used for responses: 0, Strongly Disagree; 1, Somewhat Disagree; 2, Somewhat Agree; 3, Strongly Agree. 

 
While all semesters showed a significant increase in students’ self-reported 
understanding of green chemistry there were differences in mean pretest scores 
between different semesters of the course. Differences in instructor pedagogy may 
help explain these variations. Students in Fall 2015-17 courses had much higher 
mean pretest scores than the Fall 2013-14 semesters. The Fall 2015-17 instructor was 
one of the designers of the new green chemistry curriculum and thus was intimately 
familiar with not just green chemistry but the purpose and structure of each new 
experiment. Her first lab lecture introduced students to the 12 principles, explained 
the redesign of lab curriculum, and gave an example of new green chemistry lab 
experiments. Students interviewed at the beginning of the Fall 2015 semester 
confirmed this description of the first lab lecture and stated that they had complete 
the initial survey after attending the first lab lecture.  

Students Reported That Green Chemistry Was Meaningful to Them 

In addition to students’ increased confidence in their green chemistry knowledge, a 
goal of the course was to give students tools to bring to their future classes, research, 
and careers. Several free response survey items were used to investigate whether 
students found the curriculum meaningful and would consider applying what they 
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learned to future courses and professions. These questions probed what students’ 
value about the course and what they will bring with them to future courses (Table 
2.3).  
 
None of these questions directly asked students about green chemistry and yet many 
students, unprompted, mentioned green chemistry in their answers. When asked, 
‘What will you take from this course into other classes or life?’ one quarter to one third 
of students in Fall 2016 and 2017 semesters, respectively, stated that they planned to 
use green chemistry in their future courses or daily life (Figure 2.2). Surprisingly, when 
asked, ‘What was the most valuable thing you gained from lab?’ close to 10% of 
students from both years identified green chemistry as the most valuable thing they 
gained. That even a fraction of students decided that green chemistry was the most 
valuable part of the course, instead of basic laboratory skills, is evidence of the impact 
of green chemistry in the curriculum. 
 
Based on results from these questions, a new item was added in the Fall 2017 
semester to determine what connection in the course was most meaningful to 
students (Figure 2.2). Once again, this question did not specifically ask students 
about green chemistry and yet three quarters of the students stated that green 
chemistry was the most meaningful connection from the course. Together, these 
results indicate that students highly value learning green chemistry in Chem 1AL and 
plan to use these green chemistry principles and methods in future courses or in their 
daily life.  
 

 

Figure 2.2. Percentage of student responses that included green chemistry (or related 
words/phrases) after completing Chem 1AL (N = 750 for Fall 2016, N = 715 for Fall 2017) 

8%

26%

8%
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What was the most valuable
thing you gained from lab?

What will you take from this
course into other classes or
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To What Extent Do Students Understand Green Chemistry?  

In-Class Green Chemistry Assignment  

While it was encouraging that students believed they understood green chemistry 
after completing Chem 1AL, it was important to ensure that they were also truly 
improving their green chemistry abilities especially since self-assessment of 
knowledge is often not a reliable measure of cognitive learning (Davis et al., 2006; 
von Blottnitz et al., 2015) and is instead a better measure of affective components 
(Sitzmann et al., 2010). Thus, the open-ended question “In your own words, define 
green chemistry” was used to measure green chemistry understanding. The open-
ended structure of this question allowed respondents to demonstrate a wide range of 
green chemistry knowledge. Additionally, this item was ideal as a pretest because it 
did not assume prior chemistry knowledge. Students were encouraged to make it 
clear if they were guessing on their response which provided a measure for their 
confidence in understanding green chemistry. 
 
Student responses were first analyzed for correctness, guessing, and only mentioning 
“buzzwords” (Figure 2.3). “Buzzwords” were defined as words students may have 
heard in their daily life without any surrounding green chemistry content, such as 
“sustainability” or “environmental friendliness.” At the beginning of the semester, 80% 
of respondents stated their response was a guess, 32% only mentioned “buzzwords,” 
and 25% gave an incorrect definition. Responses such as “I’m not sure but my best 
guess is that it’s the chemistry of organic compounds” or “My best guess is that green 
chemistry is chemistry that is good for the environment” were emblematic of the level 
of confidence and green chemistry understanding students were able to exhibit. 
However, after completing the new general chemistry laboratory curriculum students 
were wholly confident in their definitions of green chemistry; no student stated that 
they have 
guessed for their 
posttest response. 
This confidence 
was well earned 
since no students 
gave an incorrect 
definition of green 
chemistry at the 
end of the 
semester.  
 

Figure 2.3. Percentage (N = 801) of pretest and posttest response 
categories for the question “In your own words, define green chemistry.” 
McNemar tests showed that the pretest and posttest proportions were 
significantly different for each category, p < 0.001 (exact). A solid line ( – ) 
represents a statistically significant difference from pretest to posttest.   

 

a. Guessed definition b. Only mentioned ‘buzzwords’ c. Incorrect definition
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Students not only gave more correct definitions of green chemistry, but also showed 
an increased level of sophistication as they were able to identify and describe more 
components of green chemistry (e.g., reducing waste, minimizing hazards, material 
lifecycle considerations) after completing Chem 1AL (Figure 2.4). In contrast to 
students’ pre-semester responses, of which 52% were incorrect or only mentioned 
buzzwords, student’s post-semester responses mentioned at least one specific 
component of green chemistry 77% of the time. Minimizing hazards, material lifecycle 
considerations, and minimizing waste were the most common green chemistry 
components discussed in student responses. There were significant differences in all 
three of these categories between the pretest and posttest proportions (p < 0.001).  
 
While less common than the previous three categories, students also demonstrated 
an increased understanding of the practice and philosophy of green chemistry. At the 
beginning of the course, very few students understood that green chemistry strives to 
create new technologies, methods, and other innovations (research and 
development) but by the end of the course 22% of students were able make this 
connection. Similarly, at the start of the course only 3% of students acknowledged 
that green chemistry targets all aspects of a chemical process (reactants, reaction, 
products/byproducts), but by the end of the semester 14% of students considered 
multiple components 
of the reaction. 
Additionally, after 
completing Chem 
1AL, 11% of students 
discussed how green 
chemistry is a 
philosophy for all 
chemistry – not just a 
niche topic – 
demonstrating a 
more nuanced 
understanding of 
green chemistry as a 
metadiscipline.  
 
Comparing one 
student’s pre- and 
posttest responses 
illustrates how 
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Figure 2.4. Percentage (N = 801) of pretest and posttest response 
categories to the question “In your own words, define green 
chemistry.” McNemar tests showed that the pretest and posttest 
proportions were significantly different for each category (p < 0.001, 
exact) except for Reduce energy use/catalysis (p = 0.061, exact). A 
solid line ( – ) represents a statistically significant change and a dashed 
line ( • • • ) represents a non-significant change from pretest to 
posttest.   
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students were able to build more sophisticated definition of green chemistry after 
completing Chem 1AL. Penny’s pretest response emphasizes the idea that green 
chemistry should not harm the environment, but does not contain specific 
components of green chemistry: 
 

Green chemistry means sustainable chemistry. It aims to teach chemistry 
practices that do not harm the environment. Green chemistry aims to benefit 
the environment and not contribute to global warming. 

 
After completing Chem 1AL, Penny was able to add and integrate more specific 
components of green chemistry into her original understanding of what green 
chemistry encompasses: 
 

Green chemistry involves performing environmentally friendly tasks while in the 
lab. This includes minimizing waste, preventing toxic substances from leaving 
the lab, and also exploring ways in which to perform experiments that do not 
harm the environment. Another goal of green chemistry is to spread knowledge 
of environmentally friendly chemistry practices and also to inspire scientists to 
formulate ways to help the environment. For example, in this lab course, we 
learned about alternative fuels sources in our biofuels lab and how green 
chemistry can be applied to the real-world concept of fuel usage. In summary, 
green chemistry is the promotion of environmentally safe practices to help steer 
towards a greener and safer and more sustainable future.     

 
She was able to name specific components that promote environmental friendliness 
in a chemistry laboratory (minimizing waste, preventing toxic substances from leaving 
the lab, and exploring ways in which to perform experiments that do not harm the 
environment) and provide an example for how scientists can use green chemistry 
practices to innovate. She also shows a complex understanding that green chemistry 
involves both practical and innovative principles.  
 
While not all students had as sophisticated a posttest response as Penny, 66% of 
students gained at least one point from their pre to posttest scores. Students, even 
those with a strong understanding of green chemistry, were not expected to include 
all the coding categories in their definition of green chemistry. The coding scheme 
was created to capture the breadth of categories that could be included in a 
definition. Nevertheless, a total item score was created to compare how student’s 
ability to define green chemistry changed from the beginning to the end of the 
course.  A total item score was assigned to each student’s responses by summing the 
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individual coding categories. A blank or off-topic/irrelevant response received a 
score of 0. All other responses received a score of 1 plus 1 point for each specific 
green chemistry category present in the response.  
 
The mean pretest score was 1.50 points indicating that, on average, students did not 
include a specific green chemistry category in their definition. However, by the end of 
the semester the mean total item score had increased significantly to 2.79 (p < 0.001, 
t = 19.97, d.f. = 800) showing that students were able to integrate, on average, nearly 
two specific green chemistry categories into their definition. These results show that 
not only do students believe they know more about green chemistry after completing 
Chem 1AL, but they have also gained demonstrable green chemistry knowledge.  
 
Interviews with 12 students were also conducted at the end of the semester to 
qualitatively explore the responses to this in-class green chemistry assignment. All 
interviewees stated that they believed their understanding of green chemistry 
improved after completing Chem 1AL. Eight of 12 students stated that they had a 
general understanding of green chemistry at the beginning of the semester, relating 
it to “buzzwords” such as “environmental friendliness”, but at the end of the semester 
they had a more specific knowledge of green chemistry. Students also talked about 
how they were able to learn about green chemistry by reading the laboratory manual 
and applying green chemistry principles and concepts in the experiments they 
completed in Chem 1AL. Many of them were able to give examples of green 
chemistry principles during the interviews (such as atom economy) and how they 
used these principles in specific Chem 1AL experiments (such as the biofuels 
module), which is consistent with our quantitative assessment results.  

Exam Question on Green Chemistry 

Improving students’ understanding of green chemistry is one of the fundamental 
goals of Chem 1AL. Instructors often include green chemistry questions on their final 
written laboratory exam to assess student mastery. During the Fall 2016 semester, 
students were asked to analyze why a particular reaction, shown in Figure 2.1, was 
exciting from a green chemistry perspective. This question was an excellent 
complement to the Fall 2016 dataset because it probed students’ use of higher-order 
thinking strategies and green chemistry understanding of the primary sustainability 
themes taught in Chem 1AL through a novel real-world scenario. This question also 
allowed assessment of student proficiency of green chemistry in their own words, 
without access to other outside resources.  
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There were multiple correct approaches to answer to this question and thus analysis 
of this item aimed to descriptively capture the variety of ways students responded to 
this problem (Figure 2.5). The responses were first categorized the general 
statements students provided. These ranged from statements that the materials 
involved in the reaction were less hazardous/toxic (e.g., “CO2 is a greenhouse gas, 
but it is not radioactive or extremely dangerous”) to the broad idea that using a 
catalyst is in alignment with green chemistry principles (e.g., "This reaction is exciting 
because it uses a catalyst”). Most students (77%) made at least one general statement 
in response to this question though a minority (22%) included multiple general 
statements in their response.  
 
Additionally, 64% of the student responses included at least one specific correct 
reason for why this reaction was exciting from a green chemistry perspective and 
approximately a quarter of the respondents (27%) were able to provide two or more 
specific correct ideas. There are multiple specific reasons this reaction is exciting 
including 1) it utilizes a safer solvent (water), 2) it utilizes a waste product from biofuel 
synthesis (glycerol), 3) one of the reactants (glycerol) can be sourced from renewable 
feedstocks, and/or 4) it utilizes a catalyst which can reduce the 
energy/pressure/temperature needed for the reaction and is superior to 
stoichiometric reagents. 
 

 

 
The most common student response (45%) included both general and specific 
statements about the green chemistry properties of this reaction. A minority (32%) 
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only mentioned general categories while an even smaller proportion (19%) only 
included specific statements. For example, Cami covered multiple specific 
(renewable feedstock – glycerol, useful product – fuel cell, catalyst – E, P, time) and 
general (less hazardous reagents) ideas in her response: 
 

Glycerol can be derived from renewable resources (as we showed thru our 
biofuels extraction using vegetable oil). This is a greener way to isolate H2 
molecules that can be used in hydrogen fuel cells that can power engines, like 
cars. Using H2 in cars is a much cleaner option, as it doesn’t emit harmful 
molecules like NOx and SOx. Using a catalyst in this reaction reduces the 
amount of energy needed for it to happen, which is also green. 
 

She was also able to connect this this new reaction to an experiment she had 
completed earlier this semester showing an ability to transfer learning from the 
laboratory to a novel situation.  
 
Most students (63%) mentioned that this reaction was exciting because it was less 
hazardous than traditional reactions (e.g., “Because these reagents are cheap and 
safe to use, this reaction is economically efficient and safe to perform which means it 
can be performed in a variety of lab settings”) with 17% specifically discussing that 
water was a safer solvent. (e.g., “This reaction only requires water, a safe and 
inexpensive reagent, to convert glycerol, another cheap and safe reagent, into the 
desired product.”). Students also recognized that hydrogen was a useful product for 
fuel cell vehicles (26%) and that one of the reactants (glycerol) was a waste product 
from biofuel synthesis (24%). Encouragingly, only 22 respondents (<1%) had 
completely incorrect answers. This indicated that most students were able to not only 
define but also apply green chemistry principles to a novel scenario. 
 
Approximately 20% of the total respondent population incorrectly applied the 
principle of atom economy to this reaction (this reaction was not atom economical, 
but students stated it was, e.g., “one mole of glycerol leads to seven moles of h2 [sic] 
which is efficient”). However, the most interesting and unanticipated issue arose from 
the presence of CO2 as a product. Nearly 16% the students either explicitly or 
implicitly stated that the production of CO2 was benign or even beneficial with 40 
students (8%) stating that CO2 was a beneficial/desired product and 37 (7%) arguing 
that the products were natural and therefore beneficial. For example, Dax tries to 
justify the production of carbon dioxide by saying it can be used by plants. While this 
is not an untrue statement it is certainly not a reason that this reaction is exciting from 
a green chemistry perspective: 
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This is exciting from a green chemistry perspective because the reactants and 
products used are safe for human use and do not have a negative impact on the 
environment. Water is safe and necessary for life, CO2 can be used by plants, 
the desired product (H2) is made, and excess reactants can be safely disposed 
of since H20 and glycerol are safe compounds. 

 
The unexpected prevalence of this justification may indicate that students still have 
difficulty understanding that tradeoffs are inherent to green chemistry decision 
making. As Andraos and Dicks (2012) state “the evaluation of ‘greenness’ is a relative 
comparison and not an absolute one” yet these students seem to have been viewing 
the reaction through an absolute perspective. This may indicate that students need 
more opportunities within the course to grapple with real (and complex) green 
chemistry scenarios. 

Are students With Different Levels of Prior Green Chemistry 
Knowledge Able to Reach Similar Levels of Understanding After 
Completing Chem 1AL?  
Chem 1AL is a large and diverse class with students from many different 
backgrounds. Students enter the general chemistry laboratory with widely varying 
levels of prior green chemistry knowledge. Some students have already completed 
environmental or sustainability focused chemistry courses while others have never 
heard of the term green chemistry. The outcomes of both high and low prior 
knowledge students were compared to assess whether the new curriculum could 
close the gap in knowledge between these students. Based on their pretest 
responses to the question “In your own words, define green chemistry”, students 
were grouped into two categories: low and high prior green chemistry knowledge. 
Students were categorized as low prior knowledge if they answered this question 
incorrectly (total item score of 0) or with a superficial response (total item score of 1) 
on the pre-test.  
 
After completing the redesigned general chemistry laboratory, low prior knowledge 
students were able to define green chemistry at the same level as high prior 
knowledge students (Figure 2.6) At the beginning of the semester, the difference in 
means between the high and low prior knowledge groups was estimated as 2.22 with 
a 95% confidence interval from 2.04 to 3.91 (p < 0.001, t = 25.03, d.f. = 260). 
However, by the end of the semester this difference in means was estimated as only 
0.15 with a 95% confidence interval from -0.20 to 0.50; there was no longer any 
significant difference in the mean scores for these two groups (p = 0.4078, t = 0.92, 
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d.f. = 260). Additionally, both low and 
prior knowledge groups made gains 
from pretest to posttest scores though 
only the low prior knowledge group 
had statistically significant gains (p < 
0.001, t = 16.52, d.f. = 134). The low 
prior knowledge group saw an 
estimated 2.27-point increase from the 
mean pretest to posttest scores with a 
95% confidence interval from 2.00 to 
2.55.  
 
Similar results were found for student 
performance on the green chemistry 
exam question. There was no significant 
difference in the mean scores on the 
green chemistry exam question 
between the low and high prior green 
chemistry knowledge groups (p = 
0.4078, t = 0.923, d.f. = 260). The 
difference in means was estimated as 
0.41with a 95% confidence interval 
from -0.06 to 0.87. Together, these 
results show that regardless of prior 
green chemistry knowledge, students 
reach similar levels of green chemistry understanding after completing Chem 1AL.  
 

Conclusions 
The new general chemistry laboratory curriculum was developed to introduce 
students to the concepts and skills of green chemistry while maintaining traditional 
chemistry content. The green chemistry context of each experiment, introductory 
materials, and laboratory lecture material were designed to familiarize students with 
green chemistry concepts and practices, while the pre-lab and post-lab questions 
provided opportunities students to integrate and apply that knowledge to relevant 
chemistry problems. The integration of green chemistry into the curriculum provided 
students with an authentic context within which to learn chemistry. Green chemistry 
expands the boundaries of traditional ‘reductionist’ chemistry (Constable, 2017); it is 
not a separate field of chemistry, but rather a philosophy to chemistry that prioritizes 
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Figure 2.6. Pretest and posttest total definition 
score for low and high prior knowledge students. 
Based on their responses to the pretest question “In 
your own words, define green chemistry”, students 
were grouped into low and high prior green 
chemistry knowledge categories. The gap in ability 
to define green chemistry between low (N = 135) 
and high (N = 127) prior knowledge students was 
significantly reduced after completing Chem 1AL. A 
solid line ( – ) represents a significant change and a 
dashed line ( • • • ) represents a non-significant 
change from pretest to posttest.   
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safety of humans and the environment by considering complex green chemistry 
metrics and societal factors (Eissen, 2012; Tucker, 2010). The systems-thinking 
approach of green chemistry allowed students to see chemistry as an interconnected 
system that has uses and impacts outside of their classroom laboratory (Constable, 
2017).  
 
The new general chemistry laboratory curriculum succeeded in providing an 
environment in which students learned green chemistry concepts and realized that 
chemistry has connections to their future courses and professions. Recognition of the 
value and relevance of green chemistry content is predicted to be important for long 
term sustained interest and learning (Savery & Duffy, 1995). A quarter to a third of the 
students identified green chemistry as concepts they would take to another class, 
while three quarters identified green chemistry as a connection that was meaningful 
to them. This was achieved without significantly reducing the traditional learning 
goals for general chemistry laboratory. However, further longitudinal studies are 
needed to determine if green chemistry remains relevant to students as they 
progress through their education. 
 
In addition to students’ self-reported gains, it was also important to measure the 
degree to which students learned green chemistry from the necessarily limited 
introduction of green chemistry principles and practices into the course. The goal was 
to introduce green chemistry concepts and skills so that students could begin 
approaching chemical issues from a systems-thinking approach. Students entered the 
course familiar with certain general terms related to sustainable practices, such as 
eco-friendliness or efficiency. Importantly, most students were aware of the weakness 
of these answers and identified them as guesses. After completing the course, most 
students offered correct or partially correct specific definitions of green chemistry 
and a smaller percentage included practices and philosophy related to green 
chemistry. In contrast to students’ starting green chemistry definitions, over 75% of 
student’s final definitions of green chemistry mentioned at least one specific green 
chemistry component.  
 
Additionally, students also demonstrated their ability to apply green chemistry 
principles to a novel scenario through a green chemistry exam question. This high 
stake assessment ensured that students put their best effort into preparing for and 
answering this question. More than three quarters of the students included a general, 
correct statement, more than half included a specific correct statement, and more 
than a quarter of the students included two or more specific correct statements. In 
general, students moved towards a more holistic systems thinking approach in their 
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final responses. After completing the course, they shifted from focusing only on 
isolated chemical reactions to sourcing and end of life consideration as shown in their 
definitions of green chemistry (e.g., waste, hazards, total reaction, material life cycle) 
and their responses to the green chemistry scenario exam question (end of 
life/waste).  
 
Importantly, students with little prior knowledge of green chemistry ended the course 
with a similar level of understanding as those students who started the course with a 
better understanding of green chemistry. In a general chemistry non-majors 
laboratory course student usually enter the course from high school with highly 
variable backgrounds. Not surprisingly, some students entered the course with a 
stronger green chemistry background, while most others had little prior exposure to 
green chemistry. It is important that all students are served by the newly developed 
curriculum. Thus, an important finding is that the gap in students’ understanding and 
ability to apply green chemistry principles was closed by the end of the semester. 
Students who entered the course with little knowledge of green chemistry ended the 
course with the same level of understanding of green chemistry as those students 
who had significant prior green chemistry knowledge.  
 
After completing the redesigned laboratory course students better understood green 
chemistry concepts and applications and highly valued the introduction to green 
chemistry. This is especially impactful as over 2000 STEM majors complete the 
general chemistry laboratory at Berkeley each year. The hope is that students can use 
the principles and practices they learned during their time in general chemistry to 
ultimately make a meaningful impact on both large and small scale environmental 
and energy issues and be more informed citizens. Green chemistry presented in the 
context of real-world problems will hopefully deepen student engagement, 
participation, and connection of the material to their future studies. While students 
cannot solve environmental or energy crises during their time in general chemistry, 
they can be introduced to principles and practices that they can ultimately use to 
make a meaningful impact on these global problems.  

Next Steps 
Overall, the new general chemistry laboratory course succeeded in providing an 
environment in which students learned green chemistry concepts and realized the 
connection of green chemistry to chemistry and their future course and profession. 
This was achieved without significantly reducing the traditional learning goals for 
general chemistry laboratory. However, this assessment also showed that there are 
still additional opportunities to add depth to student knowledge and increase the 
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impact of the curriculum. Students often discussed only select green chemistry 
principles (for example, reducing hazards, material lifecycle, waste prevention), 
suggesting the need for more exposure to green chemistry in a diverse range of 
situations and more opportunities for comparative analysis to support a more 
nuanced understanding (Andraos & Dicks, 2012; Sandoval, 2005). Students also had 
trouble reconciling the tradeoffs associated with green chemistry, which suggested 
that students need more exposure to more real green chemistry scenarios and 
metrics and the idea that there is no single “right” answer to a green chemistry 
problems (Andraos & Dicks, 2012; Khuong, 2017; Machado, 2015).  
 
Additionally, even though it was an intentional design choice to introduce a limited 
amount of green chemistry content into the redesigned general chemistry laboratory 
curriculum, an analysis of the green chemistry content of the curriculum did show 
room for improvement. The original goal of this curricular redesign was to integrate 
“sustainability and green chemistry concepts into every aspect of the curriculum.” 
This was accomplished by situating each experiment in a green context and including 
introductory material explaining the green chemistry principles relevant to each 
experiment, with the goal of highlight the inherent interconnectedness of chemistry 
to other systems and disciplines (such as toxicology). 

However, green chemistry was only one of the learning goals for the course; the 
chemistry content and technique outcomes for this course remained in place to 
prepare students for their future coursework and research positions. Additionally, 
many different faculty, graduate students, and undergraduate students were involved 
in the design of the curriculum. Therefore, once the written curriculum was finalized, 
it was important to critically examine the final written laboratory curriculum to ensure 
this curriculum was in alignment with the original design goals.  
 
For each experiment used during the Fall 2016 semester, every prelab question, 
procedural prompt, and postlab question was coded for instances when students 
demonstrated knowledge of green chemistry content or methods of analysis. This 
analysis showed that 11% of the prelab and postlab questions in the written 
curriculum focused on green chemistry (Table 2.5). Seven of these questions 
addressed toxicity and nine addressed waste disposal. However, only one question 
explicitly mentioned green chemistry (see Appendix III for a detailed description of 
each curriculum question). Overall, students complete 175 questions during the 
semester with only 20 of these questions covering green chemistry content or 
practices.  
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This analysis highlighted the mismatch between the original curriculum design goals 
and the implemented laboratory curriculum. While many of the Chem 1AL laboratory 
experiments used greener reagents or had green chemistry contexts (e.g., biofuels) 
there wasn’t the corresponding explicit introduction of green chemistry concepts and 
metrics in the written laboratory curriculum. This finding, coupled with the gaps in 
student green chemistry outcomes, prompted a redesign of the green chemistry 
learning outcomes for Chem 1AL and the creation of new green chemistry curriculum 
for the Fall 2018 and future semesters. 

Table 2.5. Percentage of questions that address green chemistry in each Chem 1AL experiment 
during the Fall 2016 semester. The Fall 2016 curriculum was representative of the curriculum used for 
the past five years. 

Experiment Green chemistry 
questions (%) Total # of questions Total # of green 

chemistry questions 

Biofuels 1 58% 12 7 

Biofuels 3 20% 10 2 

Developing a Model Airbag 14% 7 1 

Polymers: Crosslinking and 
Toy Design 1 13% 16 2 

Acids in the Environment 1 11% 18 2 

Acids in the Environment 3 11% 18 2 

Polymers: Crosslinking and 
Toy Design 2 8% 13 1 

Biofuels 2 5% 20 1 

Acids in the Environment 2 5% 20 1 

Extraction of Curcumin and 
Spectroscopic Analysis  

4% 27 1 

How the Nose Knows 0% 14 0 

Total # of Questions 175 20 
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Chapter 3: Iterative Development of an Integrated 
General Chemistry Green Curriculum 

Introduction 
For the past 25 years, there has been both a growing interest in using green 
chemistry to solve complex sustainability issues and a parallel concerted effort to 
develop educational materials focused on and around green chemistry and 
sustainability principles (Andraos & Dicks, 2012; Haack & Hutchison, 2016). In 
response to a growing interest and need, the undergraduate general chemistry 
laboratory curriculum at Berkeley was iteratively redesigned to focus on sustainability 
and green chemistry principles starting in 2008. Over 30 new experiments were 
developed using The Twelve Principles of Green Chemistry (Anastas & Warner, 1998) 
as a guiding framework for experiment context and content. These experiments 
aimed to introduce students to green chemistry principles within the context of 
authentic green chemistry contexts such as biodegradable polymers, extraction and 
analysis of plant-based antibiotics, ecotoxicity, fuel cells, solar cells, and biodiesel 
synthesis.  
 
Introducing green chemistry into general chemistry was a deliberate choice; green 
chemistry curricula are usually designed for elective or organic laboratory courses 
(Andraos & Dicks, 2012) with much less attention paid to introductory general 
chemistry courses. Although a number of laboratory experiments have been created 
for general chemistry courses (e.g., Buckley et al., 2013; Purcell et al., 2016), far fewer 
“green” general chemistry lecture (Prescott, 2013) or laboratory  courses have been 
developed. General chemistry serves the largest and broadest range of future STEM 
professionals; at UC Berkeley over 50% percent of the total STEM majors on campus 
complete general chemistry. Targeting general chemistry as a site for green 
chemistry education, rather than more advanced courses like organic or inorganic 
chemistry, means that the greatest number of students will have the opportunity to 
learn about a vitally important topic. 
 
This first phase (2013-2017) of introducing green chemistry into the UC Berkeley 
general chemistry laboratory showed many positive student outcomes (as discussed 
in detail in Chapter 2 and Armstrong et al. (2019)) as well as several areas for 
curricular improvement. Greening the UC Berkeley general chemistry laboratories 
was a substantial undertaking that spanned nearly a decade with many different 
faculty, graduate students, and undergraduate students involved in the design, 
testing, and refinement of a written lab manual and experimental procedures. While 
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all the experimental procedures used greener reagents (e.g., safer/no solvents, 
innocuous reactants/products) and/or green chemistry contexts (e.g., biofuels, acids 
in the environment) the laboratory manual only implicitly touched on green 
chemistry. Out of over 180 total questions, only 11% of the prelab and postlab 
questions in the written curriculum focused on green chemistry and only a single 
question explicitly said the words “green chemistry.” 
 
The original goal of introducing green chemistry into the Berkeley general chemistry 
laboratory, as stated in the original grant application to the California Environmental 
Protection Agency, was to “integrating sustainability and green chemistry concepts 
into every aspect of the curriculum” and yet the implemented laboratory curriculum 
only briefly introduced green chemistry concepts and metrics and had few 
opportunities for students to build, explore, and demonstrate their green chemistry 
understanding. Thus, the next phase of this project aimed to achieve the original goal 
of this curriculum more fully by redesigning the laboratory manual to explicitly 
integrate green chemistry into the prelab questions, in-lab observation prompts, and 
postlab questions.  

Iterative Curricular Redesign Process 
How can a general chemistry laboratory curriculum be developed that 1) utilizes 
green chemistry as a relevant context for learning and doing chemistry and 2) 
connects and integrates green chemistry and chemistry concepts and practices into a 
coherent laboratory curriculum? These were the guiding questions for the redesign 
of the green chemistry general chemistry laboratory curriculum. Starting from the 
original (2013-2017) green chemistry curriculum, the green chemistry portion of the 
general chemistry laboratory curriculum for non-chemistry majors (Chem 1AL) was 
reimagined (Figure 3.1). Through discussion and collaboration with a variety of 
stakeholders at Berkeley and from the larger green chemistry community, three goals 
were chosen to help structure the green curriculum redesign: 
 

1. Expose students to a wider range of green chemistry principles and provide 
them with more opportunities to grapple with the tradeoffs (or comparative 
analyses) inherent to green chemistry.  

2. Ensure that new green content introduces students to normative green 
chemistry ideas while also valuing their prior knowledge and giving them 
opportunities to evaluate the new ideas they encounter. 

3. Use green chemistry contexts and practices to show students the value of 
(green) chemistry both inside and outside of the classroom. 
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These outcomes along with the KI framework (Linn & Eylon, 2011) were used to guide 
the development of new green chemistry laboratory curriculum: General Chemistry 
Green Curriculum (GC2).  
 
GC2 was built on the foundation of the original (2013-2017) green chemistry 
laboratory curriculum whenever possible and utilized the same green chemistry 
laboratory procedures. GC2 was piloted during the Fall 2018 semester (GC2 v1a) 
along with a new mixed method study design that included a green chemistry 
focused student and graduate student instructor (GSI) survey, student interview 
protocol, and in-class assessment items (to be discussed in Chapters 4 and 5). The 
new green chemistry curriculum was iteratively refined based on student and 
instructor feedback for the Spring 2019 semester (GC2 v1b) and later more 
extensively revised for the Fall 2019 semester (GC2 v2).  

 
 

Figure 3.1. Overview of development and refinement of the General Chemistry Green Curriculum 
(GC2) for Chem 1AL. All redesigned curricula were based on the original (2013-2017) Chem 1AL 
green chemistry curriculum. The first version of the General Chemistry Green Curriculum (GC2) was 
piloted during the Fall 2018 semester (GC2 v1a), updated for the Spring 2019 semester (GC2 v1b), 
and finalized for the Fall 2019 semester (GC2 v2). 
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Theoretical framework 

The Issue of Context and Relevance 
Chemistry instructors often struggle with aligning their curriculum and pedagogy with 
the needs of their students. This is especially true for students who, in the future, will 
not be chemistry researchers but will need a strong scientific background to become 
scientifically literate citizens (Hofstein, Eilks, & Bybee, 2011) and pursue science, 
technology, engineering, or math (STEM) careers. Chemistry curricula often suffers 
from an overload of chemistry content, a lack of coherence and relevance, and an 
inadequate emphasis for future learning (Gilbert, 2006). This emphasis leads students 
to view science as a series of isolated facts with little relevance to their daily lives. As a 
result, students aren’t able to apply this knowledge outside of the classroom and 
participate in socioscientific discussions (Gilbert, 2006; Hofstein et al., 2011). 
Additionally, this lack of perceived relevance decreases student motivation and 
interest in chemistry (Hofstein et al., 2011). 
  
Some chemistry curricula have attempted to address this deficit in coherence and 
relevance by contextualizing chemistry (Bennett & Lubben, 2006; Schwartz, 2006), 
but there are still many different ideas of what constitutes a good context for 
chemistry learning. Duranti and Goodwin (1992) define context as “a focal event 
embedded in its cultural setting” while others are more specific that contexts should 
introduce “authentic societal debates of a controversial character to increase the 
relevance of science” (Sjöström & Eilks, 2017). Gilbert (2006) states that in order for 
contexts to be used effectively they need to be chosen such that they cover the most 
important chemistry topics and “provide the basis for the development of coherent 
‘mental maps’ of the relationship between these concepts by students.”  
 
Regardless of the specific context chosen it should be a relevant context. However, 
what is considered relevant can vary widely between times, places, personal 
backgrounds, ages, prior knowledge, etc. For example, Van Aalsvoort (2004) 
provides four categories for relevance: 1) personal relevance—connecting science to 
students’ lives, 2) professional relevance—connecting science to possible professions 
that students can pursue in the future, 3) social relevance—connecting science to 
human and social issues, and 4) personal/social relevance—connecting science to 
being responsible citizens. Similarly, Stuckey et al.’s (2013) three dimensions of 
relevance include 1) the individual dimension—matching students’ interests and 
teaching useful skills for their daily live and futures, 2) the societal dimension—helping 
students develop skills to be responsible participatory citizens and contribute to 
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sustainable development, and the 3) vocational dimension—preparing students for 
future professions and careers or further academic or vocational training.  
 
Determining which dimensions or categories are most relevant depends on both the 
course content and student population, which is especially challenging for large 
classes with diverse student interests and needs like UC Berkeley’s general chemistry 
laboratory curriculum for non-chemistry majors (Chem 1AL). Chem 1AL serves 
thousands of non-chemistry major students each year who will go on to pursue many 
different degrees (e.g., biology versus engineering) and careers (e.g., dentists, 
pharmacists, doctors, engineers, biologists, researchers). Additionally, it is important 
to remember that what is relevant to an instructor or curriculum developer may not 
be (as) relevant to students (Hofstein et al., 2011).  

Green Chemistry as a Relevant Context  
Green chemistry, in addition to being vital content and practice for chemistry in the 
21st century, also serves as a viable relevant context for introductory chemistry 
education. While chemistry majors may be intrinsically motivated to learn chemistry 
concepts and practices, non-chemistry majors don’t necessarily share this same drive. 
Teaching chemistry within the context of green chemistry helps non-chemistry majors 
see how chemistry is relevant to their personal, professional, and/or societal interests 
(Bodner, 2016). Green chemistry expands the boundaries of traditional chemistry by 
asking students, instructors, and researchers to consider how the entire lifecycle of 
their work impacts human health and the environment. It requires looking at chemical 
reactions and processes as interconnected systems with far reaching impacts and 
affordances (Anastas, 2011; Anastas & Allen, 2016; Anastas & Beach, 2009; 
Constable, 2017). It allows students to work towards solving some of the grand 
challenges of sustainability through the use of chemistry (Haack & Hutchison, 2016) 
and often aligns with their personal ethics regarding stewardship of the environment 
(Bodner, 2016; Haack & Hutchison, 2016).  
 
Ultimately, using green chemistry as a relevant context for introductory chemistry 
serves two goals: 1) to increase student motivation and interest in chemistry and 2) to 
increase student understanding of green chemistry. Green chemistry introduces 
students to ideas, skills, and practices that support them in engaging critically with 
socioscientific issues in their current lives and hopefully in their futures as responsible 
citizens, researchers, and professionals.  
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Curriculum Framework: Knowledge Integration  
Knowledge integration (KI) was used as the theoretical framework for redesigning the 
original (2013-2017) green chemistry curriculum and assessing the resulting student 
outcomes. When used as a guide for curriculum development, this framework helps 
ensure that the curriculum elicits students’ prior knowledge in order to build on their 
ideas, promotes discovering and distinguishing between prior knowledge and/or 
new ideas, and supports reflection on newly constructed knowledge (Linn & Eylon, 
2006). Students who are taught using a curriculum built on a KI framework learn by 
building on their knowledge and exploring new content in the context of their initial 
ideas. Knowledge integration encourages students to make valid and coherent 
connections between scientific concepts, using evidence and reasoning (Linn & 
Eylon, 2011). 
 
Knowledge integration is an ideal framework for curriculum development as it 
necessitates that curriculum designers value and leverage the prior knowledge and 
experiences that student bring to the course. One of the challenges with using green 
chemistry as a relevant context is that not all contexts are equally relevant and 
interesting to students due to their unique backgrounds and future aspirations. 
Knowledge integration allows for (and indeed expects) that students come into the 
classroom with different backgrounds and that those backgrounds are powerful 
building blocks for learning.  
 
Additionally, a curriculum built using knowledge integration provides opportunities 
for students to add, distinguish, and reflect on their prior ideas and new knowledge. 
This prioritization of connections between new and old ideas can help students find 
relevance between their prior interests and knowledge and the context and content 
of their classroom. This emphasis also allows students to iteratively form connections 
within and between chemistry concepts and green chemistry concepts, practices, and 
applications within a curriculum.  

Implementation Framework: Utilization-Focused Evaluation 
The design of GC2 was guided by the KI framework while the evaluation of the 
implementation of GC2 was derived from a utilization-focused evaluation (UFE) 
framework (Patton, 2008). UFE centers on ensuring that the evaluation results/data 
are useful for the intended users, which means it is critical to identify and engage 
users early and often. Patton argues that users are more likely to use evaluation 
findings if they understand the evaluation process, which is built through active 
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involvement. Thus, “by actively involving primary intended users, the evaluator is 
preparing the groundwork for use” (Patton, 2008).  
 
There were many intended users of the redesign of the general chemistry general 
chemistry laboratory curriculum, but the primary intended users were the course 
instructor, graduate student instructors (GSIs), and enrolled students. Thus, the 
redesign the green chemistry curriculum was conceptualized as a multi-semester 
iterative process that would necessarily involve participation and feedback from 
instructor, graduate student instructors (GSIs), and students in the course each 
semester. Ultimately, some of these participants would go on to implement the next 
phase of the green chemistry curriculum the following semester. The involvement of a 
wide range of stakeholders helped to both better understand the implementation 
process of the curriculum and ensure that the evaluation findings were utilized by the 
instructor for each subsequent semester.  

Guiding Implementation and Outcome Evaluation Questions 

Derived from utilization-focused evaluation, two guiding questions were used to 
focus the iterative evaluation process each semester: 
 
Implementation phase (Fall 2018 and Spring 2019 semesters) 
 

• In what ways does the General Chemistry Green Curriculum (GC2) need to be 
modified to better meet the needs of the students and instructors? 

 
Outcome phase (Fall 2019 semester) 
 

• To what extent are the GC2 goals clearly defined and aligned between 
developers and instructors/students?  

o Do students believe they have learned green chemistry after completing 
GC2? 

o Do students see value in green chemistry outside of the course? 
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General Methods 

Iterative Curriculum Redesign Overview 
The General Chemistry Green Curriculum (GC2) was iteratively developed and 
refined over the Spring 2018 – Fall 2019 semesters. The first version of GC2 was 
piloted during the Fall 2018 semester (GC2 v1a), updated for the Spring 2019 
semester (GC2 v1b), and finalized for the Fall 2019 semester (GC2 v2). Approximately 
50 new prelab and postlab green chemistry questions were created using the KI 
framework (Linn & Eylon, 2006), which were later refined to approximately 40 
questions over 10 experiments. New green chemistry content was also created for 
the lab manual introduction and for the introduction to each experiment. GSI notes 
and solutions were provided for all new content and questions.  
 
During the Fall 2018 semester (GC2 v1a) student and GSI surveys, individual student 
interviews, and weekly feedback from the course instructor and GSIs were used to 
refine the questions/content for the subsequent Spring semester. This led to the 
creation GC2 v1b for the Spring 2019, which had more introductory material covering 
green chemistry principle and metrics, several new in-lab observation prompts 
focused on green chemistry, and the clarification of several postlab question sets. 
 
During the Spring 2019 semester, student and instructor input was once again used 
to refine GC2, which led to the design of new green chemistry introductory content, 
the replacement of several postlab green chemistry question sets with more 
integrated content, the restructuring of the layout of the entire postlab report sheet, 
the development of dozens more green chemistry in-lab observation prompts. The KI 
framework was once again used to design these new questions and prompts with the 
goal of helping students link and reflect on the chemistry and green chemistry 
concepts they learned or experience during their in-lab experience. This work 
culminated in the final version of the GC2 used during Fall 2019 (GC2 v2). 

Course Context  

General Chemistry at UC Berkeley 

This iterative curriculum redesign took place within a general chemistry laboratory 
course for non-chemistry majors (Chem 1AL) at UC Berkeley between the Fall 2018 – 
Fall 2019 semesters. Chem 1A/L is divided into a lecture (Chem 1A) and laboratory 
(Chem 1AL) course with separate instructors. Most students take the two courses 
simultaneously, but students can complete the courses sequentially. Chem 1AL 
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includes a 1-hour laboratory lecture (taught be the course instructor) and a 3-hour 
laboratory section (taught by a GSI) each week. Chem 1AL has approximately 1200 
students in Fall and 800 in Spring. 

Original (2013-2017) green chemistry curriculum 

The redesigned General Chemistry Green Curriculum (GC2) was built upon a base set 
of general chemistry experiments (Table 3.1) developed between 2008-2013 and the 
original green chemistry laboratory manual (2013-2017) for Chem 1AL. Sustainability 
and the 12 Principles of Green Chemistry (Anastas & Warner, 1998) were used both to 
‘green’ the Chem 1AL laboratory experiments (e.g., use of safer reagents, reducing 
waste) and as motivational contexts for the experiments.  
 

Table 3.1. The experimental module, chemistry principles, and green chemistry principles for the base set 
of experiments used in the general chemistry laboratory course at UC Berkeley (Chem 1AL) 

Module (# weeks) General Chemistry Principles Green Chemistry Principles 

How the nose knows (1) Functional groups, physical properties, 
formal charges, bond-line notation, VSEPR Designing safer chemicals, renewable feedstocks 

Polymers: Properties and 
Applications (2) 

Functional groups, density, solubility, 
structure-function, dissolution, hydrolysis  

Waste prevention, designing safer chemicals, 
design for degradation 

Polymers: Cross-Linking, 
Toy Design (2) 

Cross-linking reactions, intermolecular 
interactions, bonding, mass ratios in mixtures 

Safer chemistry, safer solvents, renewable 
feedstocks, atom economical 

Biofuels Synthesis and 
Combustion (3) 

Transesterification, calorimetry, solubility, 
extraction, Ccal and Hcomb  

Designing safer chemicals, renewable feedstocks, 
catalysis, safer solvent, atom economical, safer 
chemistry, energy efficiency 

Extraction of curcumin and 
spectroscopic analysis (1) 

Transmission, absorbance, extraction, 
calibration curves, linearity of data Safer solvent, energy efficiency, waste prevention 

Equilibrium (1) Solubility, acid/base equilibria, gases, Le 
Châtelier’s Principle, pH measurements 

Renewable feedstocks, safe solvents and 
auxiliaries, designed for degradation 

Acids in the Environment 
(2-3) 

Solubility equilibria, acid/base titrations, 
equilibrium, Le Châtelier’s Principle, buffers 

Real-time analysis for pollution prevention, less 
hazardous chemical syntheses, waste prevention   

Data Collection and Analysis 

Participants 

Participants were mainly general chemistry students in Chem 1AL during the Fall 
2018, Spring 2019, and Fall 2019 semesters. Consent rates were high with more than 
90% of students consenting to be part of the study (Table 3.2). Additionally, during 
the Fall 2018 semester 21 Chem 1AL GSIs (out of a total of 29) participated in the 
curriculum implementation study. The instructor for the course (consistent across all 
three semesters) also provided feedback on the current implementations of the 
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curriculum and collaborated on the initial design (GC2 v1a) and subsequent 
refinement (GC2 v2) of the green chemistry curriculum for the course. All research was 
approved by the university’s Institutional Review Board (Protocol ID 2012-09-4666). 
 
Table 3.2. Number of general chemistry laboratory students involved in study during Fall 2018 – Fall 
2019 semesters 

Semester Number of students in course Number of students in study 
   

Fall 2018 1086 1010 

Spring 2019 598 582 

Fall 2019 1031 1040a 

a The total number of students in the study acceded the total number of students in the course due to attrition during the 
semester. The total number of enrolled students is calculated at the end of the semester while the number of students in the 
study comes from both the pretest and posttest surveys. 

Description of Evaluation Tools 

Online student survey. Online pretest and posttest survey were used to assess 
student self-reported green chemistry understanding. These surveys covered a range 
of topics including green chemistry (13 fixed response items) and chemistry 
knowledge (20 fixed response items), green chemistry and chemistry attitudes (12 
fixed response items), green behaviors (10 fixed response items), demographics and 
prior green chemistry experience (11 fixed response items), and course feedback (18 
fixed and 6 free response items). The attitude and behavior sections were inspired 
and adapted from the Environmental Attitudes Inventory (Milfont & Duckitt, 2010) 
and the New Environmental Paradigm Scale (Dunlap, 2008). Course feedback 
questions were only included on the post survey and demographic questions were 
only included on the pre survey. A mixture of fixed response (Likert, Guttman, and 
multiple choice) and free response questions were used (see Appendix IV for an 
example of the surveys used during the Fall 2019 semester).  
 
Student interviews. A semi-structured interview protocol was developed for current 
Chem 1AL students during the Fall 2018 semester. This protocol (Appendix IV) asked 
the student to reflect on their overall impressions of the course, the amount of time 
they spent on coursework, their impression of the green chemistry curriculum, and 
the usefulness of the resources provided to support the curriculum 
 
GSI written questionnaire. A short written GSI questionnaire (Appendix IV) that 
covered topics such the length of the lab section and prelab lectures, the most 



 49 

common interactions GSIs have with their students in lab, GSI usage of green 
chemistry both during and after their lab sections (i.e., office hours), and GSI prior 
experience with green chemistry was administered during the Fall 2018 semester.  
 
Course instructor debrief. An in-person debrief was held with the course instructor 
near the end of each semester along with other informal feedback opportunities 
throughout the semester. This debrief unstructured (i.e., no interview protocol was 
used) though each course experiment was sequentially reviewed by the instructor 
and lead researcher of this project. 

Data Collection 

Online student survey. The online student survey was administered using Qualtrics. 
The link to the survey was distributed through a personalized bCourses 
announcement. The course instructor was also asked to announce the survey during 
their lectures if possible. Two reminder announcements were posted for each survey 
– one several days before the due date and one the day the survey was due. The 
respondents had between 7 – 10 days to complete the survey. The pretest survey was 
administered during the first two weeks of the semester and the posttest survey was 
administered during the last two weeks of the semester. All respondents received 
course bonus points for completing the online survey. If students did not want to 
complete the survey but still would like to receive the course bonus points, they could 
instead write a one-page essay on a recent green chemistry innovation.  
 
Student interviews. Interviews were conducted with 11 Chem 1AL students 
approximately two-thirds of the way through the Fall 2018 semester. These students 
had a diverse range of prior chemistry/lab experience (seven students had taken AP 
chemistry, two had taken IB, one was a community college transfer, and one had only 
taken high school chemistry) though all had above average scores in Chem 1AL at 
the time of the interviews. All interviews were 30 minutes. Interviewees were assured 
that their course instructor and GSI would not be privy to any information divulged in 
the interview. Students were not offered any incentive for completing this interview. 
 
GSI written survey. A written questionnaire was administered to the Chem 1AL GSIs 
during their last GSI meeting of the Fall 2018 semester. GSIs were not required nor 
incentivized to complete this survey but it was communicated that their feedback 
would be used to improve the course for the next semester. The majority of the GSIs 
(26 out of 30) completed the questionnaire. GSIs were not offered any incentive for 
completing this questionnaire. 
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Course instructor debrief. An in-person debrief was held with the course instructor 
near the end of each semester along with other informal feedback opportunities 
throughout the semester. This debrief was unstructured but typically lasted at least 
one hour. The course instructor shared their any notes from each GSI meeting and 
student office hours that pertained to the new green chemistry content and question 
in the laboratory manual. The instructor also shared their own impressions of the new 
content as well as their perceptions of GSI and student response to the curriculum.  

Data Analysis 

Online student survey. All fixed response survey items were assigned numerical 
values for analysis (e.g., strongly disagree was assigned a value of 0, somewhat 
disagree a value of 1, neither agree nor disagree a value of 2, somewhat agree a value 
of 3, and strongly agree a value of 4). The means and standard deviations for the 
pretest and posttest scores were calculated and Wilcoxon signed rank sum tests were 
used to compare changes in pretest and posttest scores. For all analyses, results were 
considered significant at the 95% level for all items. Respondents with missing values 
and those who did not consent to participate in the research study were dropped 
from the dataset. All analysis was completed using StataSE 14.2. 
 
Student interviews. Hand-written notes were taken for every student interview 
conducted during Fall 2018. Common responses and themes were noted from these 
notes and used to inform quantitative survey results and helped inform curricular 
changes for the next semester.  
 
GSI written survey. All the fixed response questions on the GSI questionnaire were 
quantified and the free response items were categorized. The 23 unique responses 
were categorized based on topic (e.g., the frequency of questions or discussions, and 
what prompts discussions) and sentiment (e.g., positive, negative).  
 
Course instructor debriefs. Notes were taken for each instructor debrief conducted 
during Fall 2018 – Fall 2019. These notes, along with the instructor’s own running 
notes from the semester (shared with the lead researcher on this project), were 
compared to student and GSI responses and together were used to inform curricular 
changes for the next semester.  
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Assessment of Initial Curriculum Implementation 

Curricular Design for GC2 v1a in Chem 1AL 
The implementation and assessment of the original (2013-2017) green chemistry 
curriculum during the Fall 2016 semester showed room for growth within the 
curriculum. The original goal of greening the general chemistry laboratory courses 
was to “integrate sustainability and green chemistry concepts into every aspect of the 
curriculum.” While the principles of green chemistry had certainly been used to 
develop each new general chemistry experiment these design choices were not 
made explicit to the students who completed the course.  
 
In the original curriculum, explicit green chemistry content had been added in ways 
that least disrupted the original structure and goals of a traditional laboratory course 
(i.e., traditional chemistry content was privileged over the introduction of new green 
chemistry content), which is documented phenomena in green chemistry education 
(Bodner, 2016; Burmeister et al., 2012; Haack & Hutchison, 2016). While this 
approach has the benefit of directly contributing to sustainability (by, for example, 
reducing chemical waste) it doesn’t explicitly teach students skills to contribute 
towards sustainable development (Burmeister et al., 2012). 
 
Thus, the redesign of the original green chemistry laboratory curriculum focused on 
explicitly teaching students the basic chemical principles behind sustainable and 
green chemistry, which would also highlight the chemical principles inherent to every 
day processes making chemistry more meaningful to students (Burmeister et al., 
2012). This redesign, termed the General Chemistry Green Curriculum or GC2, built 
off the original green experiments leading to a curriculum that not only contributed 
to sustainability through the experiment design but also endowed students with 
knowledge and practices to eventually contribute themselves. 

Learning Goals for GC2 v1a 

The first step in the curriculum redesign process was to critically review the green 
chemistry learning outcomes for the general chemistry laboratory to ensure that they 
met the needs of the course and learners. The original (2013-2017) green chemistry 
learning outcomes for Chem 1AL spanned a range of green chemistry content and 
practices:  
 

1. Identify, evaluate, and minimize the use of hazardous chemicals.  
2. Understand the origins and the fate of chemicals in the environment.  
3. Design safer and more efficient chemical reactions and processes. 
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4. Gather data and effectively use both qualitative and quantitative metrics. 
5. Communicate scientific data and concepts to both experts and the public.  

 
These learning outcomes covered both specific green chemistry practices (learning 
goals 1-3) to more general chemistry practices (learning goals 4-5). The first three 
learning outcomes did cover the majority of the 12 Principles of Green Chemistry 
(Anastas & Warner, 1998) but were overly ambitious about what one could 
reasonably accomplished with a one-unit introductory laboratory course. For 
example, students would not be able to design safer reactions (outcome 3) until they 
had taken more advanced courses such as organic chemistry and, while they might 
understand that one should minimize the use of hazardous chemicals (outcome 1), 
they did not have the power to change the reagents used within Chem 1AL. 
 
Thus, new learning outcomes were developed by soliciting feedback from a wide 
variety of stakeholders (chemistry education professors, post-docs, graduate 
students, and undergraduate students) on what they believed were important and 
reasonable green chemistry outcomes for a general chemistry course. Additionally, 
the implicit green chemistry content of each experiment was used to inform which 
principles of green chemistry could be easily introduce throughout the laboratory 
course. Together this led to a first draft of new green chemistry outcomes for Chem 
1AL. These were then shared with the course instructor who added two additional 
main outcomes: lifecycle and hazard analysis.  
 
The outcomes were further informed from the ACS Green Chemistry Institute Design 
Principles for Sustainable Green Chemistry and Engineering (ACS Green Chemistry 
Institute, 2015) and the rise of systems thinking within green chemistry education 
(Aubrecht et al., 2019; Constable et al., 2019; Dicks et al., 2019; Hutchison, 2019; 
Mahaffy et al., 2019; Orgill et al., 2019). Generally, systems thinking is defined as “the 
ability to understand and interpret complex systems” (Evagorou et al., 2009) which 
has made it popular among green chemists and educators as a way of explaining and 
understanding the numerous complex and interrelated factors involved in both 
practicing green(er) chemistry and educating learners (Mammino, 2019). Thus, the 
final updated green chemistry outcomes focused on three main categories:  
 

1. Maximizing resource efficiency and using life cycle thinking (including 
sourcing, reaction, products, and waste) 

2. Eliminating or minimizing hazards and pollution 
3. Understanding that (green) chemistry is a complex system 
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Each outcome had several sub-outcomes that ranged from simple awareness to 
identification and finally evaluation (Table 3.3). These outcomes were specifically 
designed to match the constraints of a first-semester general chemistry laboratory 
course. For example, one of the original learning goals for the course was for 
students to “identify, evaluate, and minimize the use of hazardous chemicals.” This is 
a worthwhile goal aligned with many green chemistry principles, but it was more 
appropriate for an upper-division class or as a terminal degree outcome. The 
framework of this outcome was kept but clarified that students should first 
understand what it means for chemicals/experiments/reactions to be less hazardous, 
then identify and/or compare hazards, and finally suggest ways to make something 
less hazardous. These outcomes were specifically designed to allow them to be built 
upon as the laboratory course progressed. 

New Curriculum Design for GC2 v1a 

The updated green chemistry learning outcomes were used to create new green 
chemistry prelab and postlab question and introductory material (Table 3.4). This new 
content not only covered a range of green chemistry principles and introduced 
students to normative chemistry and green chemistry ideas but also gave students 
meaningful contexts to learn chemistry and allowed them to grapple with interesting 
green chemistry data and issues.  
 
The updated green chemistry learning outcomes were mapped to each relevant 
experiment in Chem 1AL and used to determine what material (prelab questions, 
postlab questions, and/or introductory material to the written experimental 
procedure) needed to be added or revised to address these outcomes appropriately. 
Then, a specific green chemistry context that was most relevant for that learning 
outcome was chosen. Often, the context was the experiment itself (e.g., biofuels, 
acids in the environment) but related topics were also identified to help illustrate 
green chemistry principles or connect the experimental context to a relevant real-
world issue. For example, students design a polymer-based children’s toy in the third 
and fourth week of the laboratory course. This provided an opportunity to also 
introduce them to the wide range of polymer applications including plastics and 
plastic waste.  
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Table 3.3. Redesigned green chemistry learning outcomes for Chem 1AL 

Learning outcomes (applicable 
green chemistry principle) Students should be able to… 

Maximize resource efficiency 
and use life cycle thinking  

1. [Awareness] Understand that chemistry has far reaching effects 
(humans + environment) 

2. [Awareness] Understand that material and energy inputs should be 
renewable and minimize the depletion of natural resources 

3. [Awareness] Understand that chemistry research should go beyond 
current or dominant technologies; improve, innovate and invent 
(technologies) to achieve sustainability 

Sourcing  
(renewable resources) 

 

1. [Awareness] Understand that reagents have economic, environmental, 
human health impacts 

2. [Awareness] Understand that a raw material or feedstock should be 
renewable rather than depleting whenever technically and 
economically practical 

3. [Identify/compare/evaluation] Identify the environmental impact, 
human health and safety factors, and/or economic impact of obtaining 
a given reagent 

Reaction  
(atom economy, 
catalysis, design for 
energy efficiency, 
alternatives, derivatives)  

1. [Awareness] Understand what it means for a reaction to be 'green' or 
'greener’ 

2. [Identify/compare] Identify factors that make a reaction 'green' and 
measure greenness of a reaction 

3. [Evaluate] Suggest improvements to make a specific reaction greener 

Product and Waste  
(atom economy, 
prevention, design for 
degradation) 

1. [Awareness] Understand that waste should be minimized/prevented 
(not cleaned up or treated) 

2. [Awareness] Understand what happens to waste and how to monitor 
waste 

3. [Identify/compare] Identify what waste is produced from each 
experiment 

4. [Evaluate] Suggest ways to minimize or prevent the generation of 
waste 

Eliminate and minimize hazards 
and pollution (inherently safer 
chemistry, less hazardous 
synthesis, designing safer 
chemicals, safer solvents, 
persistence, prevention) 

1. [Awareness] Understand what it means for 
chemicals/experiments/reactions to be less hazardous 

2. [Identify/compare] Identify and/or compare hazards (environmental 
and human health and safety) 

3. [Evaluate] Suggest ways to make something less hazardous 

Systems-thinking 1. [Awareness] Understand the purpose of green chemistry 
2. [Awareness] Understand the connections between different (green) 

chemistry principles/goals 
3. [Awareness] Understand boundaries of chemistry/green chemistry 
4. [Awareness] Understand who gives feedback and how feedback 

influences chemistry 

 



 55 

Table 3.4. Overview of new green chemistry content for Chem 1AL (GC2 v1a and v1b) 

Experiment # of GC 
Prelab Qs 

# of GC 
Postlab Qs 

New GC 
material 

Guiding GC 
question(s) for prelab 

Guiding GC question(s) 
for postlab 

      

Developing a 
Model Airbag No prelab 5 Yes  

What does it mean for a 
reaction to be green? 

How the Nose 
Knows No prelab 5 Yes  

What does it mean to 
sustainably source 
chemicals? 

Polymers: 
Crosslinking 
and Toy 
Design 1 

2 3 Yes 
How do you identify 
and dispose of waste? 

What happens to the waste 
after it leaves the lab room? 
How can we better manage 
waste in our daily lives? 

Polymers: 
Crosslinking 
and Toy 
Design 2 

2 5 Yes 

How do you reduce 
waste before it occurs? 
How do you balance 
safety and 
performance when 
designing a product? 

How do you balance safety 
and performance when 
designing a product? 

Biofuels 1 3 4 Yes 
How do you quantify 
hazards/toxicity? 

What additional metrics, 
besides LD50, are used to 
describe hazards/toxicity?  

Biofuels 2 3 2 Yes 

What chemical 
properties can be used 
to model 
environmental harm? 

What chemical properties 
can be used to model 
environmental harm? 

Biofuels 3 3 3 Yes 
What does it mean for 
a reaction to be energy 
efficient? 

What does it mean for a 
reaction to be energy 
efficient? 
What does it mean for a 
reaction to be green? 

Acids in the 
Environment 
1, 2, 3 

6 8 Yes 
What contributes to 
acids in the 
environment? 

How can real-time analysis 
be used to reduce 
pollution? 

Extraction of 
Curcumin and 
Analysis   

4 3 Yes 

What health and safety 
information are 
available for different 
chemicals? 

What are the components 
of a green extraction? 
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Once green chemistry learning 
goals and a relevant context were 
chosen, the specific curricular 
materials or questions for each 
experiment or multi-week 
experimental module were created 
using the KI framework (start by 
eliciting student ideas, allow 
students to add and evaluate ideas, 
and have them reflect on their new 
understanding). This entire process 
is shown in Figure 3.2 and an 
example of one postlab question 
redesign and revision using the KI 
framework is shown in Appendix V. 
Appendix VI shows a summary of 
all the new green chemistry 
questions and details all the green 
chemistry curriculum questions for Chem 1AL in the Spring 2019 and Fall 2019 
semesters. 

Methods: Implementation of GC2 v1a in Chem 1AL 

Implementation 

The first version of GC2 was piloted during the Fall 2018 semester (GC2 v1a) with 
approximately 1100 students (1010 of whom consented to be a part of this study), 30 
GSIs, and one lab instructor. Approximately 50 new prelab and postlab green 
chemistry questions and in-lab observation prompts were created using the KI 
framework (Linn & Eylon, 2006) and new green chemistry content was created for the 
lab manual introduction and for the introduction to each experiment (see Appendix 
VI for a summary of the green chemistry content for GC2 v1a). Instructor notes and 
solutions were provided for all new content and questions.  
 
The curriculum was provided to the course instructor several months before the Fall 
2018 semester for review and feedback. The GSIs were given the laboratory manual 
with instructor notes/solutions one week before the start of the semester during their 
orientation week. The course instructor held weekly GSI meetings to introduce the 
new experiment and answer questions about the previous and upcoming 
experiments. The lead researcher for this project attended each of these meetings to 

Figure 3.2. Design process for new green chemistry 
curricular materials with the goal of producing more 
coherent and relevant curriculum 

Revise green chemistry learning outcomes for course

Match green chemistry learning outcomes to experiments

Outline where to introduce/revise material to match chosen 
learning outcomes for each experiment
• Prelab questions, postlab questions, new introductory material

Decide on context for new questions
• Either using green chemistry context from experiment or 

introducing a new but related context for the questions

Design the progression of questions/material for each 
experiment or multi-week experimental module 
• Elicit, add, evaluate, reflect
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first introduce the study and then introduce the new green chemistry curricular 
questions and answer any specific green chemistry questions that arose each week.  
 
Each week students attended a lab lecture given by the course instructor, which 
introduced the upcoming experiment content and techniques; the course instructor 
would highlight certain green chemistry contexts and practices present in the 
experiments (e.g., biofuels, atom economy). Students also received a GSI prelab 
lecture at the start of each weekly 3-hour long laboratory experiment. This prelab 
lecture typically focused on procedural aspects of the experiment (e.g., where to get 
reagents, dispose of waste, how to use equipment). Students then completed their 
weekly in-lab experiment with a student partner.  
 
Students also completed weekly prelab and postlab questions before and after they 
attended their laboratory session respectively. Students completed prelab questions 
through an online system that allowed for automated and immediate feedback on 
multiple choice questions. Students were allowed three attempts on their prelab 
questions with the highest overall score counting towards their course grade. 
Students then completed more detailed free response postlab questions after 
finishing their laboratory procedure. These questions were completed individually 
and turned in one week after the experiment they referenced. GSIs graded each 
postlab question and provided students with written feedback. Students completed 
one 90-minute summative in-class exam after completing all their laboratory 
experiments.  

Guiding Assessment Questions 

Derived from utilization-focused evaluation (Patton, 2008), one main guiding 
question was used to focus the iterative implementation evaluation process each for 
GC2 v1a (Fall 2018):  
 

• In what ways does the General Chemistry Green Curriculum (GC2) need to be 
modified to better meet the needs of the students and instructors? 

 
During the Fall 2018 semester (GC2 v1a) student and GSI surveys, individual student 
interviews, and weekly and summative feedback from the course instructor were used 
to explore this question and ultimately revise the curriculum for the next semester.  

Data Collection and Analysis 

Student survey. As detailed in the “General Methods,” an online survey was 
administered to students near the end of Chem 1AL. One free response item asked 
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students “What would you want to change about the green chemistry portion of this 
course?” and was coded for green chemistry themes to better understand the student 
green chemistry experience within the course. A total of 842 responses were received 
for this item and 20% of these responses were randomly chosen to be coded and 
analyzed.  
 
Initial coding showed two major areas of focus: 1) course/experiment 
organization/instruction and 2) lab manual organization/content. Further coding 
revealed additional common categories related to students desiring more real-life 
application of green chemistry, revised pre/postlab questions and introductory green 
chemistry content, and better integration of green chemistry into the 
course/experiment (e.g., “Instead of separating the sections between green chemistry 
and the lab, I would recommend integrating as a vital part of the lab."). A subset of 
responses also desired more green chemistry emphasis in the course while another 
subset desired the reduction/removal of green chemistry from Chem 1AL. And finally, 
even though this question explicitly asked students about desired changes to the 
course, some responses stated that the green chemistry portion of the course was 
already satisfactory and they would not recommend any changes. A detailed coding 
scheme for this item can be found in Appendix VII. 
 
Student interviews. As detailed in the “General Methods”, 11 student interviews (30 
minutes) were conducted approximately 2/3 of the way through Chem 1AL during 
the Fall 2018 semester.  
 
GSI questionnaire. As detailed in the “General Methods”, a questionnaire was 
administered at the end of the semester to all the GSIs who taught Chem 1AL.  

Results: Assessment of GC2 v1a in Chem 1AL 

In What Ways Does GC2 v1a Need to be Modified to Better Meet the Needs of 
the Students and Instructors? 

Student survey. Student feedback on what could be improved about the green 
chemistry portion of Chem 1AL were varied but responses overwhelmingly provided 
constructive criticism and suggestions (Figure 3.3). Only 7% of responses said that 
green chemistry should be removed or reduced from Chem 1AL (with the majority 
wanting it reduced and not eliminated) while 79% of responses provided suggestions 
for improvement and 17% said that the green chemistry content in Chem 1AL was 
already satisfactory.  
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Figure 3.3. Coded Chem 1AL student survey responses to the end of semester survey question “What 
would you want to change about the green chemistry portion of this course?” for the Fall 2018 
semester (N = 168) 

Feedback revolved around two main categories: the overall course/experiments and 
the written laboratory manual. Many students (14%) expressed a desire for a larger 
green chemistry emphasis or focus within the course (e.g., "add more emphasis on 
green chemistry concepts and include them on the exam") or explicitly stated that 
they wished their GSI or course instructor had discussed green chemistry more often 
or in more detail (e.g., "I believe it should be more a part of the lab lecture part of lab, 
when the GSI is first talking about the lab for that day").  
 
However, the most frequent comment came from students wishing that green 
chemistry was better integrated into the course. Nearly a quarter of responses 
indicated that green chemistry should be better connected to specific experiments or 
to the overall course material. For example, one survey responses said: 
 

I think the green chemistry in the course can be reapplied to be more 
integrated within the course rather than just [postlab] questions at the end of 
the report. For example, the biofuels labs were a really good application of this, 
but for labs such as acid rain, we simply did titrations, which was only tied into 
green chemistry in the [postlab] extension questions. 

 
Additionally, students provided feedback on the written laboratory manual. Student 
responses (15%) mainly focused on the prelab or postlab green chemistry questions; 
feedback was usually vague but focused on clarifying, shortening, and/or making 
questions more relevant/connected to a given experiment’s purpose/theme. Some 
students (4%) also suggested revisions to the green chemistry introduction for each 
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experiment; most of this feedback was vague (e.g., "Make the green chemistry of 
each experiment more clear [sic] in the lab introduction. Ex. 2 paragraphs isn't 
enough in my opinion.") though some responses did focus on specific green 
chemistry topics or practices (e.g., atom economy, LD50) they would like to see 
introduced or explained in more detail.  
 
Student interviews. Interviews with 11 Chem 1AL students were conducted during 
the latter half of the Fall 2018 semester. Overall, interviewees appreciated the 
experiment context/order and the lecture/instructor with five of the 11 students 
mentioning how they enjoyed the type and order of the experiments used in Chem 
1AL. Student feedback on green chemistry was varied but most stated that green 
chemistry made chemistry more interesting and relevant. Students thought that 
green chemistry was “better than just chemistry” as it provided motivation and real-
world application and was linked to their personal interests or majors (e.g., 
environmental science, sustainability). One student stated that it was a “new 
perspective and they plan to use in their own research” and another said that it was 
“cool focus since most other schools don't have it.”  
 
However, as seen in the student survey responses, interviewees also stated that they 
would like to see green chemistry more fully integrated into each experiment 
especially for the experiments at the beginning of the semester. They also wanted to 
see better integration of 12 principles in each experiment procedure/postlab, green 
chemistry observation prompts within the actual experimental procedure, and more 
green chemistry content in GSI prelab lectures. Most students found the green 
chemistry postlab questions easy to answer and interesting, liked that there was no 
single ‘correct’ answer, and that these questions helped contextualize the 
experiments. However, some interviewees also mentioned how this could lead to 
confusion (what does the GSI want to hear? what is the question trying to ask?). 
 
GSI questionnaire. GSIs completed a questionnaire at the end of the Fall 2018 
semester that covered, among other items, their experience teaching green 
chemistry that semester. Responses showed that GSIs most often discussed green 
chemistry during their prelab lectures with 61% of the GSIs discussing green 
chemistry during at least one prelab lecture and 35% discussing it during another 
time while in-lab with the students (Figure 3.4). However, the vast majority of GSIs 
only discussed or explained green chemistry topics or questions for a single 
experiment or module. The majority (11 GSIs) discussed green chemistry only during 
their prelab lecture(s) for the biofuel module. Additionally, when asked about their 
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experience with green chemistry 
prior to Chem 1AL, 57% (13 of 23 
GSIs) said that they had never 
heard or used green chemistry 
prior to being a GSI for this 
course.  
 
Course instructor debrief. The 
feedback provided by the course instructor covered many of the same themes seen 
from GSI and student feedback. During student interviews, several specific green 
chemistry postlab questions were identified as confusing/redundant which was 
confirmed by the instructor’s own conversations with students during office hours. 
Additionally, the instructor identified several additional question sets that had been 
unclear or confusing to GSIs and/or students. The instructor provided suggestion for 
redesigning these questions and reviewed all updated green chemistry question sets 
before they were implemented the following semester.  

Discussion: Revisions for GC2 v1a in Chem 1AL 
Student response to the new green chemistry curriculum (as seen through surveys 
and interviews) was generally positive though there was room for improvement. 
Students recognized that course lab manual emphasized green chemistry principles 
and practices and wanted to see their instructors mirror at least a portion of that 
content. This was supported by feedback from the GSIs as most GSIs said they only 
discussed green chemistry during one of their prelab lectures and nearly 40% of GSIs 
never mentioned green chemistry at all. 
 
Additionally, one of the most common pieces of feedback from students (and several 
GSIs) for GC2 v1a was that they wished there was a greater green chemistry emphasis 
in the course (14%) and that there were more connections between green chemistry 
and the rest of the course concepts and themes (23%). This desire for better green 
chemistry integration was seen in both student survey and interview responses and 
often focused on the idea that the green chemistry prelab and postlab questions 
seemed ‘tacked on’ to the non-green chemistry questions. Indeed, the green 
chemistry questions were the last section on the prelab and postlab report sheets 
and often focused on extensions of the laboratory experiments instead of connecting 
directly to the experiment the students had just completed.  
 
Additionally, students noted that they were rarely prompted to think about green 
chemistry during their laboratory experiment. Instead, they only encountered it 

Figure 3.4. GSI responses to questions about green 
chemistry in Chem 1AL, Fall 2018 semester (N = 23) 
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before and after their in-lab section when they completed their prelab and postlab 
questions. An analysis of the GC2 v1a showed that there were no green chemistry in-
lab prompts that asked students to connect green chemistry contexts or content 
while they were collecting data or making observations in lab. The majority of green 
chemistry questions were either asked before or after students were in lab – not while 
they were actually performing the experiment. While there were 25 in-lab green 
chemistry prompts they all asked the same three questions about laboratory waste 
(e.g., proper disposal, reducing waste).  

Curriculum Revisions 

Based on student, instructor, and GSI feedback GC2 v1a was revised for the Spring 
2019 semester. First, specific green chemistry questions were revised or removed 
based on specific feedback from students, GSIs, and the course instructor (see 
Appendix VI for all Spring 2019 green chemistry questions). Next, student concerns 
about green chemistry integration for each experiment was addressed through the 
addition of 19 new green chemistry in-lab prompts. These prompts were situated 
within the written procedure for each experiment and were immediately relevant to 
what students were doing for that procedural step. Students weren’t required to write 
responses to these prompts but they were encouraged to discuss them with other 
students and their GSI during the lab section.  
 
Additionally, new green chemistry introductory material was added to the first several 
experiments in the laboratory manual, which had been noted by interviewees as 
having especially low green chemistry integration. This material introduced both local 
and global laboratory waste production and disposal (e.g., the 5.5 million metric tons 
of plastic waste generated from bioscience labs in 2014) before asking students to 
consider how they could reduce their own waste footprint in the laboratory. Finally, 
each experiment’s introductory green chemistry section was rewritten to ensure that 
the green principles highlighted in these sections were clearly connected to the 
experiment at hand.  
 
To increase GSI discussion of green chemistry during their laboratory sections, new 
GSI notes were added to the instructor version of the laboratory manual. Since nearly 
half of the GSIs for the Fall 2018 semester had no prior experience with green 
chemistry it was important to provide instructor material that helped support GSI 
integration of green chemistry into their teaching practices. These instructor notes 
gave suggestions for green chemistry topics to introduce or review during prelab 
lectures.  
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Curricular Updates for GC2 v1b in Chem 1AL 
Based on the Fall 2018 curriculum pilot and resulting data collection and analysis, a 
new version of GC2 was developed for the subsequent semester. GC2 v1b  
maintained the same overall structure, green chemistry outcomes, and question 
design as GC2 v1a but built upon the previous curriculum. The main changes (as 
detailed in the previous section) were the addition of introductory material covering 
green chemistry principle and metrics, the addition of 19 new in-lab observation 
prompts to help student reflect on the green chemistry topics or practices present in 
their experiments (or different variables they could optimize to make their experiment 
greener), and the clarification of several postlab question sets (Appendix VI provides 
a summary of these changes). Additionally, suggestions for green chemistry topics 
and questions for the GSIs to cover during their prelab lectures were provided. 

Methods: Implementation of GC2 v1b in Chem 1AL 

Implementation 

GC2 v1b was piloted during the Spring 2019 semester with approximately 600 
students (582 of whom consented to be a part of this study), 20 GSIs, and the same 
lab instructor as for the previous semester. The overall course structure remained the 
same as the previous semester. 

Guiding Assessment Questions 

As for GC2 v1a (Fall 2018), the main guiding assessment question focused on 
curricular improvement for GC2 v1b: In what ways does the curriculum need to be 
modified to better meet the needs of the students and instructors? An online student 
survey and end-of-semester feedback from the course instructor were used to 
explore this question and produce revisions to the curriculum for the subsequent and 
final semester of this project. 

Data Collection and Analysis 

Student survey. As detailed in the “General Methods” and in the previous section for 
GC2 v1a, an online survey was administered to students near the end of Chem 1AL. 
One free response item asked students “What would you want to change about the 
green chemistry portion of this course?” This question was coded for green chemistry 
themes as described in the previous section for GC2 v1a. A total of 356 responses 
were received for this item and 20% of these responses were randomly chosen to be 
coded and analyzed.  



 64 

Course instructor debrief. As for the Fall 2018 semester, a debrief session was 
conducted with the course instructor at the end of the Spring 2019 semester. The 
instructor reviewed and shared their notes from conversations with GSIs and students 
over the course of the semester that were pertinent to the green chemistry 
curriculum. The instructor was actively involved in green chemistry question redesign 
during Summer 2019 and reviewed all updated green chemistry question sets before 
they were implemented the following semester.  

Results: Assessment of GC2 v1a in Chem 1AL 

In What Ways Does GC2 v1b Need to be Modified to Better Meet the Needs of 
the Students and Instructors? 

In contrast to the previous semester, the new GC2 version showed significantly 
different student feedback to the post-survey question “what would you want to 
change about the green chemistry portion of the course?” (Figure 3.5). The desire for 
better green chemistry integration with the rest of the course materials decreased by 
over 15% from the previous semester, as did the suggestions to revise/update the 
prelab or postlab green chemistry questions. This indicated that the changes made to 
create GC2 v1b were effective at addressing student concerns around these areas. 
Additionally, the percentage to students who said no change was desired for the 
green chemistry curriculum increased by 5% from v1a (17%) to v1b (22%).  
 
However, there were three main feedback categories that increased in prevalence 
during the second iteration of the curriculum. Most noticeably, students desired more 
connection between green chemistry and their in-lab experiments. In contrast to the 
previous semester, most of these responses indicated that they didn’t simply want to 
hear or read about green chemistry during their experiment but rather wanted 
opportunities to engage in green chemistry practices during their in-lab experiments 
(e.g., “There should be a portion of every lecture that specifically addresses what can 
be improved on in terms of chemistry from lab to lab.”) or improve the ‘greenness’ of 
the reactions or procedures they were using (e.g., “Get more into the green chemistry 
with using materials [during the in-lab experiment]. I had used so many plastic 
pipettes and solutions and it was very wasteful.”). 
 
Additionally, while students found the green chemistry curriculum more integrated 
with the rest of the course material, they still expressed a desire for more GSI 
attention towards green chemistry, often connecting it to the desire for more green 
chemistry emphasis during their in-lab experiment (e.g., “I want the gsi [sic] to discuss 
what [green chemistry] principles we are using for each lab, before lab so we can 
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keep them in mind as we do lab.”) This was mirrored in student comments about 
revising the green chemistry introductions for each laboratory experiments. Students 
still desired more explicit pedagogy around green chemistry and suggested that 
more green chemistry related readings might help bridge that gap either alone (e.g., 
“More outside articles like the excerpts from biofuel unit. Pro and anti biofuel [sic]. 
They were very informative.”) or in combination with additional instructor focus (e.g., 
“More detailed definitions and examples of each principle in Green Chemistry. We 
can also go over the concept during the lecture or spend more time talking about it 
during lab.”).  

 
Figure 3.5. Changes from Fall 2018 (N = 168) to Spring 2019 (N = 74) semester for coded Chem 1AL 
student survey responses to the end of semester survey question “What would you want to change 
about the green chemistry portion of this course?” A positive increase change indicates that category 
was coded more often for Spring 2019 compared to Fall 2018 while a negative change indicates that 
category was coded less often for Spring 2019. 

Discussion: Overall Revisions for GC2 v1a and v1b in Chem 1AL 
Designing the General Chemistry Green Curriculum (GC2) was an iterative process 
that relied heavily on stakeholder involvement from the course. Derived from 
utilization-focused evaluation (Patton, 2008), the one main guiding question that was 
used to focus the iterative implementation evaluation process revolved around the 
ways in which the curriculum could and should be modified to better meet the needs 
of the students and instructors. Thus, feedback from the instructors and students in 
the course was critical for the development and improvement of the curriculum.  
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Student responses showed just how critical it is to holistically integrate green 
chemistry into the curriculum (and course) in order for students to view it as a 
valuable and useful practice. Students don’t just want to think about green chemistry 
during their prelab and postlab questions; they want to see green chemistry in action 
during their in-lab experimental procedures and learn about it from their instructors. 
While curricular changes (e.g., increased in-lab green chemistry prompts) did 
improve student perceptions of green chemistry integration, students still desire 
more green chemistry connections during the in-lab experimental procedures and 
from instructor/GSI discussions. Thus, two new potential approaches were identified 
for the final version of GC2 for the Fall 2019 semester: 
 

• Distribute the green chemistry questions throughout the prelab and 
postlab question sets instead of having a separate ‘green chemistry’ 
section at the end of each question set. For GC2 v1a and v1b, the last section 
of each prelab or postlab question set consisted of the ‘green chemistry 
extension’ questions. Since most of the green chemistry questions were 
developed with a focus on real world relevance they often served as a bridge 
between the experiment content and a current societal or environmental issue. 
This made them an appropriate coda to each experiment while also 
explicating naming the green aspects of each experiment. However, this 
structure segregated the experiment into green chemistry and chemistry 
sections and may have made the green chemistry extensions appear ancillary 
since they were positioned at the end of each experiment. 
 

• Provide additional support so GSIs can cover more green chemistry topics 
during their prelab lecture each week. One piece of student feedback, 
consistent across both semesters, was the desire to have their instructors talk 
more about green chemistry. Introducing additional green chemistry content 
and revising the existing content to the lab manual is important but not wholly 
sufficient, as the lab manual is only one aspect of a course. Instructor buy-in 
and use of the new green chemistry curriculum is a key component to obtain 
true green chemistry integration into every aspect of the course. This makes it 
critically important to support GSIs in including green chemistry practices in 
their pedagogy. However, GSIs already cover many different chemistry content 
and technique topics to prepare their students for each experiment so adding 
additional content to their lecture is challenging. This dualism was brought up 
specifically by one GSI on the Fall 2018 GSI questionnaire as they stated that 
“it’s really hard to cover both green chemistry and the experiment in the lab 
section. However, I think the questions in the report are still important.” One 
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potential solution was to have the course instructor ask the GSIs how they plan 
to incorporate green chemistry topics into their prelab lecture for the 
upcoming experiment or have GSIs reflect and/or share how they discussed 
green chemistry during previous prelab lectures. This both helps normalize the 
presence of green chemistry in the course and leverages peer feedback to 
help GSIs learn how best to integrate green chemistry into their lab lectures.  

 
Ultimately, the former approach was adopted for the final summative implementation 
of GC2 during the Fall 2019 semester as this was the last semester available for the 
lead researcher for this project to make major changes to the written laboratory 
manual. The course instructor planned to implement the latter approach in 
subsequent semesters once the written student curriculum was finalized.  
 
In addition to stakeholder feedback, GC2 v1b was also revised upon reflection and 
incorporation of green chemistry and learning sciences frameworks. Regardless of 
the exact placement of green chemistry questions in the curriculum, the practice of 
green chemistry involves constantly weighing tradeoffs and making decisions 
(Burmeister et al., 2012). The analysis of student learning for the original (2013-2017) 
green chemistry curriculum showed that students needed more practice applying 
green chemistry in a diverse range of situations, more exposure to more real green 
chemistry scenarios and metrics and tradeoffs (Armstrong et al., 2019). Indeed, one 
of the guiding principles for the curriculum redesign was to expose students to 
provide them with more opportunities to grapple with the tradeoffs (or comparative 
analyses) inherent to green chemistry. However, one of the difficulties with 
introducing green decision making in an introductory class is that evaluating 
‘greenness’ is an inherently complex and multidimensional task. To allow students to 
begin making these decisions, many green chemistry courses ask students to change 
a single aspect of an existing synthesis or process to improve greenness (e.g., Guron 
et al., 2016). The drawback to this approach is that, while it is accessible for novice 
students, it doesn’t accurately represent the complexity of green chemistry decisions 
and doesn’t provide students with the real tools they need to make these decisions.  
 
Thus, Machado et al.’s (2015)  holistic framework ‘green’ reaction evaluation along 
with the KI framework (Linn, 2006; Linn & Eylon, 2006, 2011) served as a guide for the 
design of new green chemistry ‘decision’ questions as well as the revision of existing 
questions that provided opportunities to engage in evaluation or application of green 
chemistry principles. Machado et al.’s (2015) holistic framework aimed to bridge the 
gap between overly simplified single dimension/principle evaluations of reaction 
greenness and overly complex (for novice learners) lifecycle analyses traditionally 
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used by green chemists to evaluate how green a reaction or process is. Machado and 
co-authors used the 12 Principles of Green Chemistry (Anastas & Warner, 1998) to 
create visual metrics of increasing complexity to help guide students to towards a 
more sophisticated evaluation of the overall greenness of chemical processes.  
 
While Machado et al.’s visual metrics weren’t replicated exactly for the next and final 
version of GC2 (GC2 v2), the idea of using the 12 Principles as explicit scaffold for 
making green decisions (and adding increasing complexity to how students evaluate 
if a process was acceptable for a given principle) was integrated into several 
questions sets throughout the semester. Starting from the very first experiment in GC2 
v2, students are asked to make green chemistry choices or recommendations (in this 
case, which reaction would they recommend for inflating a car airbag). To help 
students make this choice, they are guided through a green metric (atom economy) 
calculation and then asked to compare this metric (one of the 12 Principles) for both 
possible reactions. They are asked to think about what other measures are important 
to gauge the true efficiency of a reaction and compare the hazard for both reactions. 
Finally, they are asked to make a recommendation for one airbag reaction 
considering all their in-lab observation, data collection, and theoretical calculations.  
 
Subsequent question sets now build upon this framing. During a lab module focused 
on polymers, students are asked to choose between five provided options for 
reducing plastic waste. They are given outside resources to incorporate into their 
argument and then asked to explicitly consider and respond to potential 
counterarguments to their choice. Later, they are asked to consider what it means for 
a reaction to be green by identifying which of the 12 Principles of Green Chemistry 
apply for the biofuels synthesis that they have just completed. To help students 
incorporate more systems thinking they apply the 12 principles not just to the 
biofuels reaction but to the sourcing of materials and eventual biofuel product and 
byproduct production. In the final experiment of the semester, students are asked to 
rank extraction methods from best to worst identifying their own criteria to make this 
choice. They are then asked to explicitly incorporate environmental and health 
impacts into this choice (if they haven’t already done so) and explain their updated 
ranking. And once again, they’re asked to reflect on their choice by considering 
counterarguments.  
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Implementation of Final Curriculum: Student Perceptions 

Curricular Design for GC2 v2 in Chem 1AL 
As detailed in the previous section, during the Spring 2019 semester, student and 
instructor input along with theoretical reframing was once again used to refine GC2, 
which culminated in the final version of GC2 used during the Fall 2019 semester (GC2 
v2). This version introduced new  green chemistry introductory content, restructured 
the layout of the postlab question sets, added additional in-lab prompts, revised or 
replaced existing questions with new questions that more directly connected to the 
in-lab experiment and data, provided more scaffolding for quantitative and 
qualitative data analysis and comparison, and provided additional opportunities to 
distinguish and reflect on how to make green chemistry decisions (see Appendix VI 
for all new green chemistry questions for the Fall 2019 semester). Knowledge 
integration (Linn & Eylon, 2011) was once again used as the framework to design 
these new questions and prompts with the goal of helping students link the chemistry 
and green chemistry concepts they learned or experience during their in-lab work 
and gain more experience making green chemistry decisions. 

Methods: Implementation of GC2 v2 in Chem 1AL 

Implementation  

GC2 v2 was implemented during the Fall 2019 semester with approximately 1000 
students (1040 of whom consented to be a part of this study), 30 GSIs, and the same 
lab instructor as for the previous two semesters. The overall course structure 
remained the same as the previous semesters.  

Guiding Assessment Questions 

The main question used to focus the evaluation process for the final and summative 
curriculum implementation shifted away from curriculum improvement and towards 
the degree to which the overall curriculum goals had been achieved. The overarching 
goal of the General Chemistry Green Curriculum was to introduce students to green 
chemistry concepts and practices with the hope that they see value in these ideas for 
their future courses, careers, and research. Thus, these goals would be met if students 
believed they had learned green chemistry after completing Chem 1AL and if they 
saw value in green chemistry beyond the course.  
 
Student perceptions of their green chemistry understanding/learning gains was 
assessed using nearly a dozen fixed response items from the online student surveys 
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administered during the Fall 2019 semester. Additionally, data from two free 
questions were used to explore if students valued green chemistry once they 
completed Chem 1AL. These items had been administer starting in the Fall 
2016/2017 semesters, which allowed for a limited comparison of GC2 to the original 
(2013-2017) green chemistry curriculum.  

Data Collection and Analysis 

Student survey: Free response. Two free response survey items (Table 3.5) were 
used to explore student perceptions of green chemistry after completing Chem 1AL. 
These two items had been administered during the Fall 2016/2017 semesters and 
thus allowed for a limited comparison between the original (2013-2107) green 
chemistry curriculum and the updated General Chemistry Green Curriculum (GC2) 
used in the subsequent semesters.  
 
These two free responses items did not directly prompt students to discuss green 
chemistry but from previous analyses (Armstrong et al., 2019) it was known that green 
chemistry (and related topics such as biofuels, laboratory safety, energy, and 
sustainability) were common response topics. From previous analysis during from the 
Fall 2016 and 2017 datasets, three main themes were noted: explicit inclusion of 
green chemistry, connections to the environment/climate, and direct mentions of the 
green chemistry focused experiments used in the course (biofuels, ocean 
acidification). An additional round of coding revealed three more common 
categories related to energy/catalysis, waste/byproducts, and material lifecycle. 
From this initial coding, a list of green chemistry related words was developed for 
each theme along with anticipated variations of each word (e.g., sustainable versus 
sustainability). The number of times each of these words were mentioned for each 
student response was counted using Excel’s SEARCH function. A response was coded 
as having “green aligned” content if it returned at least one of the defined green 
chemistry aligned words. More strict inclusion criteria were used to code for explicit 
mentions of green chemistry. A response was coded as having explicit green 
chemistry content if it returned the term “green chemistry” or any variation of 
“sustainability.” The validity of this coding was confirmed against a human coder for 
20% of the Fall 2018 responses to the questions “What was the most valuable thing 
you gained from lab?”. The Excel text search returned results within 2% of the human 
coder. This text analysis was then used for the remaining items over all semesters, 
which allowed for rapid coding of thousands of student responses. 
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Table 3.5. Free response posttest survey items  

Green Chemistry Survey Item Response Type Semesters analyzed 

What was the most valuable 
thing you gained from lab? Free response Fall 2016, Fall 2017, Fall 2018, Spring 

2019, Fall 2019 

Describe a connection that was 
meaningful to you. Free response Fall 2017, Fall 2018, Spring 2019, Fall 

2019 

 
Student survey: Fixed Response. Green chemistry understanding was measured 
using a pretest and posttest survey designed to capture changes in understanding 
after completing Chem 1AL. A combination of eight Likert and three Guttman items 
from the online pretest and posttest student surveys were used to measure student 
self-reported understanding of green chemistry (Table 3.6 and Table 3.7). These 
items were assigned numerical values for further analysis (e.g., strongly disagree was 
assigned a value of 0, somewhat disagree a value of 1, somewhat agree a value of 2, 
and strongly agree a value of 3). These items were specifically designed to cover a 
range of green chemistry competencies from simple definitions or recall of green 
chemistry principles to evaluating the greenness of reactions and suggesting 
changes to make a reaction greener. The means and standard deviations for each 
semester for the pretest and posttest were calculated. Wilcoxon signed rank sum 
tests were used to compare changes in pretest and posttest scores for each item.  
 
Table 3.6. Self-reported green chemistry understanding survey items. All items used a Likert scale of 
Strongly Disagree, Somewhat Disagree, Somewhat Agree, and Strongly Agree. 

Green chemistry item Item name Response type 

I know what the term green chemistry means.  LK_GCDef Likert 

I can define green chemistry principles (e.g., atom economy, 
catalysis, renewable feedstocks).  LK_GCPrin Likert 

I can identify hazards associated with a reaction or experiment.  LK_IdHaz Likert 

I can suggest ways to make a reaction or experiment less hazardous.  LK_RxnHaz Likert 

I understand how to minimize chemical waste.  LK_MinWaste Likert 

I understand what happens to waste after it leaves the laboratory.  LK_DipWaste Likert 

I can identify factors that make a reaction 'green'.  LK_IdRxn Likert 

I can suggest improvements to make a reaction greener.  LK_ImRxn Likert 
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Table 3.7. Self-reported green chemistry understanding survey items. All items used unique Guttman 
scales. 

Green chemistry 
item Item name Response type 

How well can you 
define green 
chemistry? 

GUT_DefGC I cannot define green chemistry.  
I can define green chemistry in broad terms, but I cannot provide 
explanations or examples.  
I can define green chemistry and provide simple explanations or 
examples.  
I can define green chemistry and provide a few detailed 
explanations or examples.  
I can define green chemistry and provide many detailed 
explanations or examples.  

How well can you 
define green chemistry 
principles (e.g., waste 
prevention, energy 
efficiency, atom 
economy)? 

GUT_GCPrin I cannot define green chemistry principles.  
I can define a few green chemistry principles.  
I can define about half of the green chemistry principles.  
I can define most green chemistry principles.  
I can define most green chemistry principles and provide examples 
for these terms.  

How well can you 
evaluate the 
‘greenness’ of a 
chemical reaction? 

GUT_Rxn I don't understand how green chemistry can be used to evaluate 
something.  
I can identify that evaluation is needed but I might not know what 
principles to apply to the reaction. I could probably make some 
broad suggestions.  
I can identify a few factors or principles to evaluate the greenness of 
the reaction. I might struggle with identifying all of the needed 
factors.  
I can identify the needed factors or principles to evaluate the 
greenness of the reaction.  
I can identify the needed factors or principles and make 
recommendations to improve the greenness of the reaction.  

 
Additionally, previous work during the Fall 2016 semester led to the development of 
a construct map and a set of items to measure student understanding of green 
chemistry. This construct map and items were developed using a measurement 
model approach; the ‘four-building blocks’ described by Wilson (2005) – construct, 
item responses, outcome space, and measurement model (Figure 3.6) – helped 
ensure the content validity of instrument and provides a pathway for instrument 
design and improvement. The design of the original instrument encompassed one 
(or one and half) iteration of this outlined process. The construct map and items were 
designed, item responses were obtained, the outcome space (scoring of items and 
mapping back to the construct map) was defined, and the Rasch partial credit 
measurement model was used to evaluate the construct. After going through one 
cycle of this process the results of the measurement model were used to redesign the 
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construct and redefine the outcome 
space. The Rasch measurement 
model was once again used to 
evaluate and refine the redesigned 
construct. This produced a final 
construct map with three main levels 
of green chemistry understanding: 
Intuiting, Applying, and Analyzing 
(Figure 3.7).   
 
Level 1: Intuiting 
At this lowest level of green chemistry 
understanding, students have little to no understanding of green chemistry. If they do 
attempt to define green chemistry or use green-aligned language or terms, they relie 
on guesses/inferences and/or is supported with colloquial ‘green’ language and does 
not incorporate more specific normative knowledge of green chemistry. Often 
respondents specifically state (or choose the response that indicates) that they don’t 
know what green chemistry or related terms/practices mean or how to apply them. 
 
Level 2: Applying 
At this level, students can define and apply green chemistry using normative green 
chemistry knowledge and practices. At this level, students are familiar and 
comfortable with green chemistry, use green chemistry vocabulary correctly, and can 
provide clarifying statements and general applications of green chemistry principles. 
There can be a mix of specific and colloquial green language (e.g., eco-friendly, 
sustainability, good for the environment) but specific green chemistry terms or 
examples are used to clarify/support these more general statements and/or provide 
clarifying explanations, examples, or applications. 
 
Level 3: Analyzing 
At this level, students can both define green chemistry/terms and apply that 
understanding to novel situations. Students understand that green chemistry should 
be used to analyze systems and understand the applications of green chemistry (e.g., 
develop sustainable processes, chemicals, chemistries, products). They can apply 
general knowledge to real or hypothetical problems or scenarios. Students can 
analyze/evaluate situations from a green chemistry perspective and can apply green 
chemistry principles correctly. They understand multiple metrics should be used to 
make decisions and that green chemistry deals with tradeoffs and optimizations. They 

Construct Item 
responses

Measurement 
model

Outcome 
space

Causality 

Inference

Figure 3.6. Iterative process of designing an 
instrument (Wilson, 2005) 
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also understand the likely contributors to the environmental footprint of a product 
from a systems thinking perspective. 
 

Direction of increasing green chemistry understanding 

Levels Respondents 
 

Responses to Items 

Level 3: 
Analyzing 
Understands 
how to use 
green chemistry 
to analyze 
systems; 
understand 
green chemistry 
applications  

3:  Can analyze/evaluate 
situations from a green chemistry 
perspective; can apply green 
chemistry principles to new 
situations; understands the likely 
contributors to the environmental 
footprint of a product from a 
systems thinking perspective; 
understand multiple metrics should 
be used to make decisions 

Uses green chemistry principles to 
evaluate systems; can use metrics for 
decision making analysis; evaluates 
systems based on performance, 
efficiency, minimized human health and 
environmental hazards; can analyze 
processes, chemicals, products; 
understands multiple metrics/principles 
should be used  

Level 2: 
Applying 
Able to define 
and apply 
green chemistry  

2: Familiar and comfortable with 
green chemistry; uses green 
chemistry vocabulary correctly; 
can provide clarifying statements 
and general applications of terms 

Use green chemistry vocabulary; can 
provide examples of green chemistry 
and can explain the meaning and 
general use of green chemistry 
principles 

Level 1: 
Intuiting 
Little to know 
understanding 
of green 
chemistry 

1: Intuit a naïve meaning of green 
chemistry from name; students 
define green chemistry using 
colloquial terms 

Responses indicate students have a 
vague idea about green chemistry; 
ideas do not align with normative green 
chemistry terms 

Direction of decreasing green chemistry understanding 
 

Figure 3.7. Construct map for green chemistry understanding in the general chemistry classroom 

Respondent Characteristics 

A sample of 630 students from Chem 1AL was used for this analysis (Table 3.8). The 
majority of these students were female (67%), were not the first in their family to 
attend college (72%), were not underrepresented minority (URM) students (86%), and 
spoke English as a primary language (89%). Students who did not complete all the 
pretest and posttest items were dropped from the dataset. Those that did not give 
consent were also dropped from the dataset. 
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Table 3.8. Sample demographic characteristics (N = 630) 

 Number of students Percentage of students (%) 
URM Status   

Non-URM student 540 86 
URM student 90 14 

   

Gender   
Female 424 67 
Male 206 33 
   

First-generation status   
Not first-generation student  454 72 
First-generation student 176 28 

   

Language   
English as a primary language  562 89 
English as an additional 
language 68 11 

   

Total 630  

Categorizing Items and Scoring  

The construct map shown in Figure 3.7 served as the framework for analyzing and 
interpreting the student responses for each item. Each item was individually mapped 
back onto the construct map (Table 3.9) using the previous measurement model 
results from Fall 2016. This prior analysis had shown that defining and applying green 
chemistry are not necessarily hierarchical ideas. Instead, a basic level of 
understanding is needed to apply green chemistry and applying green chemistry in 
turn informs overall green chemistry understanding. Thus, the construct map (and 
resulting scoring guide) that emerged from this initial analysis allowed for 
respondents to simultaneously define and apply green chemistry at various levels, 
which led to items (theoretically) spanning the full range of the construct (Table 3.9).  

Data analysis 

A Rasch Partial Credit Model (Masters, 1996; Masters & Wright, 1981; Masters, 1982) 
was used for this pre-post analysis to calibrate item difficulties and student ability 
levels (WinSteps 4.8.2 was used for all item response analysis). This model was ideal 
since it is a polytomous version of the Rasch model that can calibrate ordered 
polytomous scale items (Likert and Guttman) that score at two or more levels. For this 
analysis, there were 11 items that had 4-5 levels and 3-4 step parameters (Guttman 
items had 5 levels and 4 step parameters while Likert items had 4 levels and 3 step 
parameters). These 11 items had previously been developed using a measurement 
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model (Wilson, 2005) approach and had shown a high degree of validity and 
reliability with item thresholds that spanned the range of respondent abilities.  
 
Table 3.9. Scoring guide for fixed response items 

Item Name Step Threshold 
Construct Level 

Level 1: Intuiting Level 2: Applying Level 3: Analyzing 
LK_GCDef Pr(³1) X   

 Pr(³2) X X  
 Pr(³3)    

GUT_DefGG Pr(³1) X   
 Pr(³2) X   
 Pr(³3)  X  
 Pr(³4)   X 

LK_GCPrin Pr(³1) X   
 Pr(³2)  X  
 Pr(³3)   X 

GUT_GCPrin Pr(³1) X   
 Pr(³2)  X  
 Pr(³3)  X  
 Pr(³4)   X 

LK_IdHaz Pr(³1) X   
 Pr(³2)  X  
 Pr(³3)   X 

LK_RxnHaz Pr(³1) X   
 Pr(³2)  X  
 Pr(³3)   X 

LK_IdRxn Pr(³1) X   
 Pr(³2)  X  
 Pr(³3)   X 

LK_ImRxn Pr(³1) X   
 Pr(³2)  X  
 Pr(³3)   X 

GUT_Rxn Pr(³1) X   
 Pr(³2)  X  
 Pr(³3)   X 
 Pr(³4)   X 

LK_MinWaste Pr(³1) X   
 Pr(³2)  X  
 Pr(³3)   X 

 
However, prior to any interpretations, the fit of the data to the model was once again 
examined (Table 3.10). The outlier-sensitive fit statistics mean square (outfit mean 
square) and information-weighted fit statistics mean square (infit mean square) 
ranged from 0.86-1.31 for the pretest and 0.65-1.44 for the posttest with a mean infit 
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and outfit mean square of near 1 for both tests. While there is no absolute limit for fit 
indexes, a lower bound of 0.75 (3/4) and an upper bound of 1.33 (4/3) are commonly 
used (Adams & Khoo, 1996). Most items were within these bounds except for three: 
LK_IdHaz, LK_IdRxn, and LK_DipWaste. The first two items showed posttest infit and 
outift mean squares, respectively, below the lower bound indicating that the 
observed variance was less than expected. In contrast, the third item had both 
posttest infit and outfit mean square values above the upper bound indicating the 
observed variance was greater than expected (Wilson, 2005). 
 
Table 3.10. Green chemistry understanding items calibrated at pretest and posttest with mean-square 
variance–ratio fit statistics (SE = standard error). Cells highlighted in red indicate infit or outfit mean 
square values outside the lower and upper bounds (Adams & Khoo, 1996).  

Item name 
Calibration (logit (SE)) Infit Mean Square Outfit Mean Square 

Pretest Posttest Pretest Posttest Pretest Posttest 
LK_GCDef -1.86 (0.1) -0.78 (0.09) 1.00 0.94 0.98 0.96 

GUT_DefGG 0.36 (0.07) 0.04 (0.07) 1.16 1.15 1.17 1.17 

LK_GCPrin 0.01 (0.08) -0.39 (0.09) 0.86 0.86 0.84 0.84 

GUT_GCPrin 1.34 (0.07) 0.73 (0.06) 1.08 1.16 1.04 1.21 

LK_IdHaz -0.88 (0.08) -0.32 (0.09) 0.95 0.7 0.92 0.83 

LK_RxnHaz -0.14 (0.08) -0.37 (0.09) 0.89 0.86 0.89 0.85 

LK_IdRxn -0.72 (0.08) -0.53 (0.1) 0.90 0.71 0.89 0.66 

LK_ImRxn -0.06 (0.08) -0.08 (0.09) 0.91 0.82 0.93 0.78 

GUT_Rxn 1.2 (0.07) 0.52 (0.07) 1.06 1.12 1.05 1.10 

LK_MinWaste -0.19 (0.08) -0.52 (0.1) 0.91 0.91 0.91 0.88 

LK_DipWaste 0.95 (0.07) 1.71 (0.07) 1.24 1.38 1.31 1.44 

 
Differential item functioning. Since the goal of this analysis was a pre-post 
comparison of student abilities, it was important to evaluate the differential item 
function (DIF) to ensure item stability for the pre-post comparisons. .  shows the DIF 
for the pretest versus the posttest and Table 3.11 provides the estimated item 
difficulty differences (absolute values) and statistical significance between the pretest 
and posttest as both statistical significance and effect size need to be considered for 
DIF (Wilson, 2005). In terms of Rasch models, Peak and Wilson (2011) propose that a 
difference in item difficulty of less than 0.426 logits is considered ‘negligible’ while a 
value over 0.638 logits is considered ‘large’ (values in between are considered 
‘intermediate’). 
 
Most items had similar difficulty estimates between the pretest and posttest with 
several items estimated to be significantly less difficult on the posttest compared to 
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the pretest (items below the identity line). However, item #11 (“I understand what 
happens to waste after it leaves the laboratory”) was significantly more difficult on the 
posttest compared to the pretest (t = -8.62, p < .001). Of the items that had 
statistically significant logit differences two had item differences of ‘negligible’ DIF, 
one had an item difference of ‘intermediate’ DIF, and only one – Item #11 – had a 
‘large’ DIF. Thus, this item was dropped from the dataset for all subsequent pre-
posttest analysis. 
 
Table 3.11. Differential item functioning (DIF) for pretest and posttest. Step item difficulties 
highlighted by Paek and Wilson’s (2011) criteria and report of statistically significant DIF based on 
confidence interval overlap. Cells in red indicate a “large” (>|.638|) difference while cells highlighted 
in green indicate a “negligible” (<|.426|) difference.   

Item name Estimated item difficulty differences 
(absolute values) p-value 

LK_GCDef 0.244 0.071 

GUT_DefGG 0.048 < 0.001 

LK_GCPrin 0.553 0.070 

GUT_GCPrin 0.140 0.002 

LK_IdHaz 0.212 < 0.001 

LK_RxnHaz 0.175 0.149 

LK_IdRxn 0.188 0.703 

LK_ImRxn 0.427 0.119 

GUT_Rxn 0.445 < 0.001 

LK_MinWaste 0.348 0.242 

LK_DipWaste 0.889 < 0.001 

 
Rasch learning gain calculations. Rasch measures of change must be done with 
items that function the same in both pretest and posttest conditions. When 
measuring ‘learning gains’ one expects (or hopes) that the students will change from 
time 1 to time 2 but care must be taken to ensure that the test items and rating scales 
are consistent throughout those two time points. Traditional “raw scores” learning 
gains typically assume that the test items and rating scales remain constant from 
pretest to posttest. However, both persons and items may change from time 1 to time 
2, both must be put on the same “frame of reference” for both time points to ensure 
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that these changes 
have “unambiguous 
numerical 
representation and 
substantive meaning” 
(Wright, 1996).  
 
The first step in this 
process, was to 
analyze the pretest 
and posttest data 
separately to eliminate 
any obvious errors 
and verify scale 
stability (see above 
analysis). However, 
this analysis also 
revealed that the 
items did indeed 
change with time (i.e., 
they are time dependent). The lower scale categories were frequently endorsed on 
the pretest and then rarely used on the posttest; this was an expected shift as 
students gained knowledge and confidence in their green chemistry abilities, but it 
still changed the rating scale structure of the items between the two timepoints. Thus, 
the next step in this process was to obtain a rating scale calibration (step difficulties) 
that were most consistent with the pretest (time 1) and posttest (time 2,) which were 
then used as the anchor rating scale calibration for the final pre-post analysis (Table 
3.12). This was accomplished by stacking pre and posttest data vertically so that each 
student appeared twice and each item once.  
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Figure 3.8. Differential item functioning (DIF) between the pretest and 
posttest. The dashed line represents the identity line while the solid lines 
represent the 95% upper and lower confidence intervals. The identity 
line is not a line of best fit by rather indicates X = Y across the X- and Y-
axes. 
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Table 3.12. Pooled (simultaneous analysis of pre/posttest) rating scale threshold measures 

Item Name Item Category Thurstonian threshold measure (logits) 
LK_GCDef 1 0 0 

 1 1 -3.47 
 1 2 -1.25 
 1 3 4.72 

GUT_DefGG 2 0 0 
 2 1 -4.94 
 2 2 -1.45 
 2 3 1.69 
 2 4 4.7 

LK_GCPrin 3 0 0 
 3 1 -3.25 
 3 2 -0.83 
 3 3 4.08 

GUT_GCPrin 4 0 0 
 4 1 -4.74 
 4 2 -0.01 
 4 3 1.02 
 4 4 3.73 

LK_IdHaz 5 0 0 
 5 1 -3.37 
 5 2 -1.17 
 5 3 4.54 

LK_RxnHaz 6 0 0 
 6 1 -3.57 
 6 2 -0.87 
 6 3 4.44 

LK_IdRxn 7 0 0 
 7 1 -3.23 
 7 2 -1.16 
 7 3 4.39 

LK_ImRxn 8 0 0 
 8 1 -3.61 
 8 2 -0.81 
 8 3 4.42 

GUT_Rxn 9 0 0 
 9 1 -4.43 
 9 2 -1.29 
 9 3 1.83 
 9 4 3.89 

LK_MinWaste 10 0 0 
 10 1 -3.82 
 10 2 -0.59 
 10 3 4.41 
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Table 3.13. Pooled item difficulties (simultaneous analysis of pre/posttest) used to estimate student 
abilities estimated using common rating scale thresholds (Table 3.12) 

Item Number Item Name Pooled Item Difficulty (logits) 

1 LK_GCDef  -1.53 (easiest) 

2 GUT_DefGG  0.07  

3 LK_GCPrin  -0.12  

4 GUT_GCPrin  1.25 (hardest) 

5 LK_IdHaz  -0.27  

6 LK_RxnHaz  0.19  

7 LK_IdRxn  -0.58  

8 LK_ImRxn  0.27  

9 GUT_Rxn  0.88  

10 LK_MinWaste  -0.17  

Results: Assessment of GC2 v2 in Chem 1AL 

Do Students Believe They Have Learned Green Chemistry After Completing GC2 
v2? 

For any course or curriculum it is important to ensure that the designer’s goals 
translate and are readily apparent to the actual users of the curriculum (Meyers & 
Nulty, 2009), e.g. the students. In general, the overarching goal of the GC2 was to 
increase student understanding of green chemistry principles and practices and 
therefore one way to measure achievement of this goal was to ask students if they felt 
like they had a better understanding of green chemistry after completing Chem 1AL. 
To test this alignment, three of the learning outcomes originally used to design GC2 
were identified and mapped to 11 fixed response pretest and posttest green 
chemistry survey items (Table 3.14).  
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Table 3.14. Learning outcomes for GC2 mapped to 11 fixed response survey items. Item scale is 
indicated as Likert or Guttman; for additional information on items and scales please see Table 3.6 
and Table 3.7 

Learning outcome Survey item 

Reaction greenness  
• understand what it means for a reaction to be 

green 
• identify factors that make a reaction green 
• Suggest improvements to increase reaction 

greener 

1. How well can you evaluate the 
‘greenness’ of a chemical reaction?  

2. I can identify factors that make a reaction 
'green'.  

3. I can suggest improvements to make a 
reaction greener. 

Chemical waste generation  
• understand that waste should be prevented 
• identify waste produced from experiments and 

understand how that waste is disposed 
• Suggest ways to minimize waste generation 

4. I understand what happens to waste after 
it leaves the laboratory.  

5. I understand how to minimize chemical 
waste. 

Chemical hazards  
• understand what it what it means for 

chemicals/reactions to be less hazardous 
• identify/compare hazards of reaction 
• Suggest ways to make reaction less hazardous 

6. I can identify hazards associated with a 
reaction or experiment.  

7. I can suggest ways to make a reaction or 
experiment less hazardous. 

General green chemistry understanding and 
systems thinking 
• Understand the purpose of green chemistry 
• Understand the connections between different 

(green) chemistry principles 
• Understand boundaries of chemistry/green 

chemistry 
• Understand that chemistry has far reaching 

effects 

8. How well can you define green 
chemistry? 

9. How well can you define green chemistry 
principles (e.g., waste prevention, energy 
efficiency, atom economy)? 

10. I know what the term green chemistry 
means.  

11. I can define green chemistry principles 
(e.g., atom economy, catalysis, renewable 
feedstocks). 

 
Analysis of these survey items showed that students self-reported that, overall, their 
understanding of green chemistry increased significantly from the beginning to the 
end of the semester. Students’ self-reported ability to define green chemistry and 
green chemistry principles, identify and reduce hazards and waste, and identify 
factors that make a reaction green all increased significantly between the beginning 
and end of the Fall 2019 semester (Figure 3.9 and Figure 3.10), which closely 
matched the intended learning outcomes for the GC2.  
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Figure 3.9. Mean pretest and posttest scores for eight green chemistry Likert items on the student 
survey. Wilcoxon signed-rank tests showed that there were statistically significant changes in student 
scores for each category before and after completing Chem 1AL (p < 0.001, N = 648). 

For both Likert and Guttman item types, students were most confident in their ability 
to define green chemistry at the beginning and end of the course though a significant 
change in self-reported understanding still occurred from the pretest to the posttest 
(Likert: z = -14.48, p < 0.001; Guttman: z = -20.35, p < 0.001). This was reasonable as 
students were introduced to green chemistry at the beginning of the semester (near 
the time of the pretest survey administration) and then, it could be argued, all the 
subsequent course material served to build upon and provide more nuance to that 
original introduction of green chemistry.  
 
Interestingly, this confidence didn’t extend to student’s self-reported ability to define 
green chemistry principles. At the beginning of the course students rated their ability 
to define the 12 principles relatively low – below their ability to identify reaction 
hazards and identify factors that make a reaction green (as measured using Likert 
items, Figure 3.9) though this trend had mostly disappeared by the end of the 
semester. Students also rated this competency the lowest for the three Guttman items 
both before and after they had completed the course. 
 
This trend was not fully anticipated since many of the other items rated higher by the 
students required a solid foundation within the 12 Principles (for example, evaluating 
the greenness of a reaction not only requires a good understanding of the 12 
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principles but also the 
ability gather, consider, 
and weigh data related 
to those factors and 
consider other green 
metrics). However, 
students may have 
expressed lower 
confidence in their 
competency with this 
item due to the word 
define and the specificity 
that entails with the 12 
Principles (each of which 
have distinct definitions). It’s not surprisingly that at the beginning of the semester 
students would not be fully familiar with the 12 principles and thus would not be able 
to define them (especially for the Guttman item which had detailed criteria around 
exactly how many principles students should be able to define for each category 
level). However, at the end of the semester while students would certainly be more 
aware of these principles, they may still not be confident in their ability to define all 
these terms without any external reference.  
 
Item response theory. Item response theory allowed for a detailed, direct 
comparison between respondent scores and item difficulties, making this a more 
informative way to understand student self-reported green chemistry ability instead 
of simply comparing mean pretest and posttest item scores. The Wright map 
provides a detailed picture of individual student green chemistry ability and item 
threshold levels (Figure 3.11). A lower (i.e., increasingly negative) threshold value 
indicates that an item is easier for a respondent to endorse (or that a respondent of a 
lower ability level is more likely to endorse the item at that particular threshold level). 
A higher (i.e., increasingly positive) threshold value indicates that the item is harder 
for a respondent to endorse (or that a respondent of a lower ability level is less likely 
to endorse the item at that particular threshold level). The Wright map shows that 
item thresholds extend the full range of respondent pretest abilities, but that many 
student posttest abilities extend past the highest item thresholds. The horizontal 
dotted lines on the Wright map indicate qualitative transitions from one construct 
threshold level to another: Level 1: Intuiting, Level 2: Analyzing, and Level 3: 
Applying.  
 

Figure 3.10. Mean pretest and posttest scores for three green 
chemistry Guttman items on the student survey (see Table 3.7 for 
full item scales). Wilcoxon signed-rank tests showed that there 
were statistically significant changes in student scores for each 
category before and after completing Chem 1AL (p < 0.001, N = 
648). 
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Figure 3.11. Wright map of pretest and posttest student abilities and item thresholds. The horizontal 
dotted lines on the Wright map indicate qualitative transitions from one construct threshold level to 
another: Level 1: Intuiting, Level 2: Analyzing, and Level 3: Applying.  

The lowest qualitative threshold (Level 1: Intuiting) corresponds to the lowest pretest 
student abilities (-5 to -2 logits). At this intuiting level, student understanding of green 
chemistry is either not present or based on naïve or colloquial understanding of 
greenness. These students only can endorse or agree with the lowest scale choices 
(e.g., “strongly disagree/somewhat disagree” or “I cannot define green chemistry/ I 
can define green chemistry in broad terms, but I cannot provide explanations or 
examples”) indicating little to no understanding of green chemistry and/or 
confidence in their green chemistry abilities. Within the “Intuiting” level there is one 
higher threshold (LK_GCDef) indicating that these students have an approximately 
50% chance of “somewhat agreeing” that they can define green chemistry, which is 
consistent with this level having a colloquial understanding of green chemistry. On 
the posttest, virtually no students fall within this bottom “Intuiting” level. Instead, 
students have decisively shifted to “Level 2: Analyzing” or “Level 3: Applying.” 
 
Indeed, even most pretest student abilities fall within this mid-level threshold of 
“Analyzing” (-2 to 2 logits). At this level, students can define and apply normative 
green chemistry vocabulary; students have a 50% probability ‘somewhat agreeing’ 
that they can, for example, identify reaction hazards or minimize chemical waste or 
suggest ways to make a reaction greener. On the posttest, a minority of students have 
abilities that correspond to this middle level, but most students have clearly reached 
the highest “Level 3: Applying” threshold. At this level, students can apply green 
chemistry knowledge and practices towards new green chemistry scenarios and 
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applications. Students found it easy to ‘strongly agree’ that they could, for example, 
suggest ways to make reaction less hazardous and suggest improvements to make a 
reaction greener. They could “define most green chemistry principles and provide 
examples for these terms” and “identify the needed factors or principles and make 
recommendations to improve the greenness of the reaction.”  
 
This shift in student ability from the beginning to end of the semester was also seen 
through the mean student pretest and posttest abilities. Overall, student ability 
increased from a mean pretest ability of 0.03 logits to mean posttest ability of 3.16 
logits. This showed that, on average, students had moved from the middle construct 
level of “Analyzing” to the highest (currently defined) construct level of “Applying.” In 
fact, many students on the posttest had estimated abilities that exceeded the highest 
threshold difficulty indicating that they had a much greater than 50% chance of 
endorsing the highest threshold (almost no students exhibited this ability level on the 
pretest). While this was encouraging to see in terms of student posttest abilities it also 
indicated the need for more items that matched the actual posttest abilities of the 
students. This, along with the lack of distinction between the highest Guttman item 
thresholds, indicates the existence and need for at least one additional construct level 
and corresponding item development to capture more advanced green chemistry 
understanding.  

Do Students See Value in Green Chemistry Outside of the Chem 1AL? 

In addition to simply introducing students to green chemistry content, another 
overarching goal of GC2 was to for the introduction of green chemistry concepts and 
practices to serve as a guide, inspiration, or springboard for students’ future courses, 
careers, interests and/or research. The hope was that situating Chem 1AL within the 
larger framing of green chemistry would enable students to see that chemistry had an 
impact outside of this one course, as green chemistry brings chemistry into a 
dialogue with the environment, people, and society.  
 
For the past several years, both before and during the development of GC2, students 
were asked “What was the most valuable thing you gained from lab?” on the posttest 
survey. Before the development of GC2 (pre-Fall 2018) students reported that green 
chemistry was the most valuable thing they gained from the course in 3-4% of 
responses (Figure 3.12). When all green aligned words/phrases were included (e.g., 
mentions of biofuels, safety, environment, waste) this percentage increased to 7-8%. 
However, once GC2 was implemented15% responses indicated that green chemistry 
was the most valuable thing they gained from the course. If all green aligned terms 
are included, then 23% of all responses expressed this sentiment. This dramatic 
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increase continued for the subsequent GC2 implementations culminating in 19% of 
student responses explicitly stating (and 29% implicitly stating) that green chemistry 
was the most valuable thing that they gained from Chem 1AL during the Fall 2019 
semester (Figure 3.12). 

 
Figure 3.12. Coded Chem 1AL student survey responses to the end of semester survey question 
“What was the most valuable thing you gained from lab?” for the Fall 2016 – Fall 2019 semesters 

Even in semesters prior to the implementation of GC2, it was always surprising and 
encouraging that even a fraction of students decided that green chemistry was the 
most valuable part of the course. Chem 1AL serves as the gateway course for learning 
laboratory content and techniques and is often the only chance students have to gain 
any hands-on experience in a laboratory during their first semester on campus. The 
fact that nearly a quarter of students now say that green chemistry, instead of basic 
laboratory skills, is the most important part of the course is evidence of the impact 
that green chemistry has in general as well as the specific impact that the GC2 
curriculum has had on the student experience in Chem 1AL.  
 
Starting in the Fall 2017 semester, students were also asked to “Describe a 
connection that was meaningful to you” on the posttest survey. Interesting, during 
Fall 2017, before the development of GC2, 78% of student responses mentioned 
green chemistry or other green aligned terms in response to this question. Unlike the 
previous question about value, which saw a marked increase in green chemistry 
mentions upon the introduction of GC2, this item saw a decrease in how many 
responses identified green chemistry aligned terms as a ‘meaningful connection’ for 
Chem 1AL. While the initial level of enthusiasm from the Fall 2017 semester was hard 
to match even with the introduction of GC2, green aligned terms were still 
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encouragingly observed in nearly half of all responses for subsequent semesters 
(Figure 3.13). Additionally, explicit mentions of green chemistry remained consistent 
between semesters regardless of the curriculum employed.  
 

 
Figure 3.13. Coded Chem 1AL student survey responses to the end of semester survey question 
“Describe a connection that was meaningful to you.” for the Fall 2017 – Fall 2019 semesters 

Further exploration of this item showed that one of the reasons for this difference 
between the Fall 2017 semester and subsequent semesters was due to how often 
students referenced specific laboratory experiments. During the Fall 2017 semester, 
nearly 50% of student responses mentioned two of the main green chemistry lab 
modules: Biofuels and Acids in the Environment. In contrast, during the Fall 2019 only 
28% of responses mentioned these modules – a decrease of 21%.   
 
Additionally, to better understand what may have led to the decrease in frequency of 
green chemistry aligned terms after the Fall 2017 semester, a random sample of the 
responses that did not mention green chemistry were coded for emergent themes for 
the Fall 2017 (N = 82, 50% of non-green responses) and Fall 2019 (N = 72, 20% of 
non-green responses) semesters. The most notable difference between the two 
semesters was the increased prevalence of a meaningful connection being defined 
by “human connection.” There was a 19% increase between the Fall 2017 and Fall 
2019 semesters for responses that mentioned that the most meaningful connection 
made was the literal connection between people within the course (between peers 
and with GSIs/instructors) and that friendship/relationship building was a vital 
component of the course and individual advancement (e.g., “Interacting with the 
[teacher scholar] and peers because it allowed me to not only meet more people, but 
be more comfortable to ask questions.”).   
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Limitations.  In addition to the curricular changes between the Fall 2016/17 
semesters (original green chemistry curriculum) and subsequent semesters (GC2), the 
posttest survey also changed drastically between semesters. While the two questions 
explored above remained consistent across semesters the surrounding structure and 
focus of the survey did not. During the Fall 2016/17 semester the posttest survey only 
had one explicit green chemistry item; the rest of the survey focused on chemistry 
content and technique ability and nature of science/experimental design ability. 
Starting in the Fall 2018 semester, the survey was redesigned to focus on green 
chemistry ability, attitudes, and behaviors with a reduced focus on chemistry 
outcomes and the removal of all experimental design items. Additionally, different 
free response questions preceded and proceeded the two questions analyzed above 
for the different survey versions. Thus, it’s possible that the differences in responses 
between the Fall 2016/17 and Fall 2018 – Fall 2019 semesters are due, at least in part, 
to survey changes instead of/in addition to curricular changes.  
 
Conclusions 
The implementation and assessment of the original (2013-2107) green chemistry 
curriculum during the Fall 2016 semester showed room for improvement in both the 
amount and design of explicit green chemistry content. The original goal of 
‘greening’ the general chemistry laboratory courses was to “integrate sustainability 
and green chemistry concepts into every aspect of the curriculum.” While the 
principles of green chemistry had certainly been used to develop each new general 
chemistry teaching experiment this design was not made explicit to the users of the 
curriculum.  
 
The General Chemistry Green Curriculum (GC2) aimed to build off the original green 
chemistry curriculum to realize more fully ‘an integrated green chemistry curriculum’ 
for the general chemistry laboratory at UC Berkeley. The original curriculum already 
had a robust set of teaching experiments – each designed using green chemistry 
principles; the creation of GC2 meant that the general chemistry laboratory now both 
directly contributed to sustainability and equipped students with the basic chemical 
ideas and practices inherent to green chemistry. The creation of GC2 highlighted the 
connections between chemistry and every day decisions, products, and processes, 
which is theorized to make chemistry more meaningful to students (Burmeister et al., 
2013). 
 
The development of GC2 was an iterative process that spanned three semesters and 
involved thousands of participants. Over 50 new green chemistry postlab questions, 
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25 new green chemistry prelab questions, and 47 green chemistry in-lab prompts 
were developed for the final version of GC2. This curriculum also contained an 
enhanced introduction to green chemistry and systems thinking, green chemistry 
introductory material for each experiment, and instructor notes and solutions for all 
new green chemistry content and questions. Over the three iterations, the new green 
chemistry questions were refined to allow students opportunities to reflect on and 
expand upon in-lab data and observations as well as provide a connection to relevant 
external societal contexts or issues, provide scaffolding for quantitative and 
qualitative data analysis and comparison, and allow students to distinguish and 
reflect on how green chemistry decisions are made. Knowledge integration (Linn, 
2006; Linn & Eylon, 2011) was used as the main framework for the development of 
GC2 as its core structure (elicit, add, distinguish, reflect) explicitly supports the 
development of connections between normative scientific ideas, which made it an 
ideal framework to link green chemistry and chemistry concepts, practices, and 
contexts within the new curriculum.  
 
Curricular Goals and Outcomes. Ultimately, the goal of this curriculum development 
process was to 1) utilize stakeholder feedback to iteratively improve GC2 and 2) 
ensure that theoretical goals of the curriculum were actually realized during the final 
implementation GC2 (Meyers & Nulty, 2009). The main goals of GC2 were to teach 
students about green chemistry concepts and practices and provide them with 
opportunities to use that knowledge to engage in green chemistry decision making – 
a core green chemistry activity (Andraos & Dicks, 2012). Ultimately, it was hoped that 
students would leave the course feeling like they had gained green chemistry 
knowledge and ability and that they had been able to discover how green chemistry 
was useful and valuable inside and outside of the classroom.  
 
Overall, these goals successfully translated from curriculum designer to student as 
students reported that their ability to define green chemistry and green chemistry 
principles, identify and reduce hazards and waste, and identify factors that make a 
reaction green all increased significantly after completing GC2. Many students also 
reported that green chemistry was the most valuable component and most 
meaningful connection of the course. During student interviews students stated that 
green chemistry was interesting and relevant. Students thought that green chemistry 
was “better than just chemistry” as it provided motivation and real-world application 
and was linked to their personal interests.  
 
The emergence of green chemistry as a valuable course component and meaningful 
connection was not unexpected as many previous studies have shown the value 
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(cognitive and affective) that green chemistry brings to chemistry education. Green 
chemistry can provide students with an ethical framework for doing chemistry 
(Andraos & Dicks, 2012), bring relevance to the chemistry classroom (Bodner, 2016), 
and provide more meaning to chemical learning (Burmeister et al., 2013). Green 
chemistry is a new and ever evolving field that still has many more questions than 
solutions, which allows students to see the process of how scientific knowledge is 
constructed and modified – that is, scientific knowledge evolves, reflects scientists’ 
perspectives, and provides opportunities for students to construct their own 
understanding of scientific knowledge (Andraos & Dicks, 2012). Ultimately, green 
chemistry provides meaning to chemistry classrooms by allowing students to learn 
about and work toward solving some of the grand challenges of sustainability using 
chemistry and often aligns with students own personal ethics towards environmental 
responsibility.  

Design Process Lessons 
This curriculum project relied on a robust learning sciences framework – knowledge 
integration – for the initial GC2 design and subsequent iterations. The application of 
this framework was vital for the overall structure and success of the curriculum. While 
this was, at its heart, a green chemistry focused curriculum it was critical that the 
design of the green chemistry questions and supporting material occurred through 
an intentional and concerted process. The KI framework helped ensure that the 
questions were designed to elicit students’ prior knowledge, promote discovering 
and distinguishing between prior knowledge and new ideas, and support reflection 
on newly constructed knowledge (Linn & Eylon, 2006). As the curriculum iterations 
progressed, the KI framework helped restructure curricular material to support 
students in 1) discovering and building connections within and between chemistry 
and green chemistry concepts, practices, and applications and 2) in learning how to 
make ‘greener’ choices by engaging in comparative analysis and critical reflection on 
a given choice. Ideally, these ideas and applications would extend outside of the 
classroom with students finding connections and value between their 
interests/aspirations and the green chemistry they learned through GC2. 
 
In addition to using the KI framework for curriculum design, utilization-focused 
evaluation (Patton, 2008) was used as a guide to monitor the implementation of all 
versions of GC2 and ultimately assess if the main goals of the curricular redesign had 
been met. The goal of UFE is to ensure that the evaluation results are used and useful, 
which means involving intended users (in this case, students and instructors) early 
and often. This framing shifted the role students played in the curriculum 
implementation from simply ‘learners’ to valuable contributors to curriculum 
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development and improvement. Indeed, much of the iterative curricular changes 
were motivated from student feedback from their experience with GC2.  

GC2 Curricular Lessons  
One of the main themes to emerge from the iterative design and redesign of GC2 was 
the idea of ‘green chemistry integration’ into the curriculum. This theme of integration 
arose de novo from student survey and interview responses and shifted in focus and 
prevalence over the three semesters as curricular changes were made. Responses 
indicated that the green chemistry content and questions in the curriculum should be 
better connected to specific in-lab experiments and/or to the overall course material. 
In general, this theme revolved around the desire to see green chemistry in all 
aspects of the course – not just as extension or application questions at the end of a 
set of postlab questions. Students wanted to not only think and learn about green 
chemistry in theory, but also gain hands-on experience with green chemistry 
laboratory practices and decision making. In later semesters, a number of student 
responses stated that they wish they’d been able to apply green chemistry principles 
during their in-lab experiments. For example, students wanted the ability to reduce 
the amount of plastic waste they produced or to at least identify and explore real-time 
decision points that could lead to greener experimental procedures.  
 
In many ways, the complexity of green chemistry education mirrors the complexity of 
green chemistry as field or metadiscipline. Green chemistry is a wide and diverse 
field that can encompass many different methods and processes (Anastas, 2011; 
Anastas & Allen, 2016). Ultimately, it’s argued that green chemistry is a philosophy for 
all chemistry; it is not a separate field of chemistry but rather a way of doing or 
thinking about chemistry that attends to the safety of people and the environment 
(Anastas & Kirchhoff, 2002; Epicoco et al., 2014; Linthorst, 2009). This idea holistic 
integration of green chemistry into chemistry parallels the students’ desire to have 
green chemistry fully integrated into their chemistry course. However, how that 
integration should occur for both green chemistry and green chemistry education is 
not well defined and can hold different meanings for different people. Ultimately, 
holistic integration of green chemistry into chemistry education requires immense 
time and effort for instructors and departments and relies on both ‘top-down’ and 
‘bottom-up’ implementation for full adoption (Bodner, 2016; Burmeister et al., 2012). 
These changes entail both adaptations to written curricular materials and instructor 
practices, and hopefully occur not just in isolated courses but in a logical progression 
through an entire departmental (or inter-departmental) sequence.  
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Future work 
The iterative process used to create the final version of GC2 provided many curricular 
insights. Overall, the development of GC2 focused on enhancing the written 
laboratory material used for Chem 1AL. This included designing new prelab and 
postlab questions, instructor solutions and notes, and green chemistry introductory 
material for each experiment, which was well received by the students overall. 
However, introducing green chemistry content to a written curriculum is only one 
dimension of a course. Feedback from instructors and students alike made it clear 
that more alignment was needed between the green chemistry focus of the written 
curricular materials and the in-lab practices of instructors. Green chemistry needs to 
be integrated into all aspects of the course (laboratory manual, prelab and postlab 
questions, in-lab procedure, instructor discussions) for students to feel like the 
curriculum is coherent and green chemistry is truly an integral part of chemistry. 
 
Thus, obtaining instructor buy-in for a green chemistry curriculum is a key component 
to truly integrate green chemistry into the entire course. However, green chemistry 
has historically been a contentious topic for individual and systematic adoption 
(Haack & Hutchison, 2016; Howard-Grenville et al., 2017; Iles, 2013; Woodhouse & 
Breyman, 2005). Indeed, while green chemistry has become much more prevalent (in 
research and education alike) it is still misunderstood by many chemists; since green 
chemistry is not part of the standard curriculum in most schools (though this is 
beginning to change) few chemists have exposure to green chemistry (Matus et al., 
2012). This pattern was readily apparent for graduate student instructors for GC2 (Fall 
2018) as over half had never heard of green chemistry before becoming an instructor 
for Chem 1AL. 
 
Thus, it cannot be assumed that all chemistry educators have a uniform background 
in green chemistry, which makes it critical that any green chemistry curriculum is 
designed to support and guide instructors in teaching (and in some cases learning 
themselves about) green chemistry. While there are examples of integrating green 
chemistry into instructor preparatory classes most of this work has focused pre-
service teachers (Karpudewan et al., 2009, 2012b), whose training is structurally 
different than that of university instructors and graduate student instructors. Thus, 
future work should focus on how best to prepare and support university instructors 
who add green chemistry content and practices to their courses to ultimately achieve 
a more robust adoption and integration of green chemistry into the undergraduate 
curriculum. 



 94 

Chapter 4: What’s in a Word? Student Beliefs and 
Understanding About Green Chemistry 

Introduction 

What is Green Chemistry? 
Green chemistry is a relatively recent addition to chemistry and has been developed 
and codified over the past 25 years (Anastas, 2011; Anastas & Beach, 2009). Green 
chemistry was conceptualized to address acute environmental and societal issues 
within chemistry and the chemical industry. The chemical industry was (and still is) 
one of the biggest sources of pollution and environmental hazards (Epicoco, et al., 
2014; Woodhouse & Breyman, 2005) and, prior to green chemistry, chemicals were 
often designed without evaluating long-term environmental and health impacts (Iles, 
2013; Iles et al., 2017; Martin et al., 2021; Woodhouse & Breyman, 2005). The 
chemical industry still relies on and promotes largely non-renewable petrochemicals 
as feedstocks (Epicoco et al., 2014; Woodhouse & Breyman, 2005), is energy-
intensive, and responsible for producing, using and transporting many harmful 
substances (Epicoco et al., 2014). In short, traditional ways of practicing chemistry 
have not been fully accountable to society (Iles, 2011). Green chemistry aims to 
provide a framework or philosophy for chemistry that initiates a new relationship 
between chemistry, the environment, and society at large (Bodner, 2016). 
 
The field of green chemistry is widely considered to have been codified by Paul 
Anastas and John Warner’s Twelve Principles of Green Chemistry in 1998 (Anastas 
and Warner, 1998). Most simply, green chemistry is a process, which as Anastas 
(2011) states “requires looking across systems and across life cycles to design 
products and processes that are benign to both people and the environment.” The 
Twelve Principles of Green Chemistry are often used as a framework or series of 
guidelines for what constitutes green chemistry design and development. 
 

12 Principles of Green Chemistry (Anastas & Warner, 1998) 

1.     Waste Prevention 
2.     Atom Economy 
3.     Less Hazardous Synthesis 
4.     Design Benign Chemicals 
5.     Benign Solvents and Auxiliaries 
6.     Design for Energy Efficiency 
7.     Use of Renewable Feedstocks 

8.     Reduce Derivatives 
9.     Catalysis (vs. Stoichiometric) 
10.  Design for Degradation 
11.  Real-Time Analysis for Pollution Prevention 
12.  Inherently Benign Chemistry for Accident 

Prevention 
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Green Chemistry Curricula and Courses 
With the advent of green chemistry, there has been a corresponding interest and 
effort in developing educational materials focused on green chemistry and 
sustainability principles (Andraos & Dicks, 2012; Haack & Hutchison, 2016). The goals 
for introducing green chemistry into courses and curricula vary depending on the 
instructor and institution but often fall into several main categories: 1) improving the 
cost/safety of laboratory spaces or classes, 2) teaching students the basic chemical 
principles behind sustainability and green chemistry, and/or 3) enhancing student 
learning or their experience with chemistry through the use of green chemistry 
practices and contexts.  
 
Laboratory courses are often the first step in integrating green chemistry into a 
chemistry program. Traditional chemistry instructional experiments often use toxic, 
carcinogenic, and corrosive substances, no longer accurately represent the type of 
chemistries used in academic or industrial settings, and are very expensive to operate 
with high costs for waste disposal and well ventilated laboratory space (Haack & 
Hutchison, 2016). Using green chemistry principles to conduct science education 
laboratory work (e.g., creating chemistry teaching experiments that use less 
hazardous reagents) has the benefit of directly contributing to sustainability by, for 
example, reducing chemical waste. However, this approach does not explicitly teach 
students skills to contribute towards sustainable development (Burmeister et al., 
2012).  
 
Many chemistry teaching laboratories not only use green chemistry to ‘green’ their 
reactions and reagents but also bring green chemistry to the forefront of the student 
experience. Indeed, there are many examples of  green chemistry curricula for 
elective courses or organic laboratory courses (Andraos & Dicks, 2012; Aurandt & 
Butler, 2011; Beltman et al., 2015; A. E. Marteel-Parrish, 2014; Morra & Dicks, 2016; 
Roesky et al., 2009). While less common than their organic chemistry counterpart, 
there are several comprehensive green chemistry general chemistry lecture (Prescott, 
2013) or laboratory (Gron et al., 2013; Henrie, 2017; Klingshirn & Spessard, 2009) 
curricular designs and a number of green chemistry laboratory experiments for 
general chemistry courses (e.g. Purcell et al., 2016; Buckley et al., 2013).  
 
Bringing green chemistry ideas and practices into the laboratory curriculum helps 
highlight chemical principles behind every day processes making chemistry more 
meaningful to students (Burmeister et al., 2012). Additionally, green chemistry 
provides students with an ethical framework for conducting chemistry (Andraos & 
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Dicks, 2012), which often aligns with students own personal ethics towards the 
environment and can help engage students who previously saw chemistry or 
chemicals as polluting or dangerous (Haack & Hutchison, 2016). Green chemistry 
brings relevance to the chemistry classroom (Bodner, 2016) and provides more 
meaning to chemical learning (Burmeister, Rauch, & Eilks, 2012) by allowing students 
to learn and do chemistry in the context of some of the grand challenges of 
sustainability (Haack & Hutchison, 2016). 

Green Chemistry Assessment  
While green chemistry has gained a robust standing within the chemistry education 
community over the last two decades the corresponding assessment of these green 
curricula and courses and resulting student outcomes is in a more nascent stage of 
development. The development of green chemistry courses and resources is often 
treated as the end goal with the assessment of student learning taking a secondary 
position. While the creation of robust green chemistry curricula is needed and 
appreciated, it is equally important to document the outcomes, both expected and 
unexpected, from these courses to ensure the goals of the curricula are being met 
and that they are serving all of the students in the course. This is especially important 
for a field like green chemistry education that often is the result of a ‘bottom-up’ 
rather than a ‘top-down’ interest and drive (Bodner, 2016). Additionally, assessment 
not only informs and improves the development of new curricula (e.g., Andraos & 
Dicks, 2015; Garner et al., 2015; Marteel-Parrish, 2014; Paluri et al., 2015) but also 
provide evidence for why sustained support and institutional investment is 
worthwhile for these courses.  
 
Over the past decade, there has been a steady growth in publications focused on 
assessing green chemistry student learning outcomes. Since most green chemistry 
courses and curricula are designed for post-secondary students, correspondingly 
most assessment has occurred at the undergraduate level though there are also 
some examples of high school (Mandler et al., 2012) and pre-service teacher 
(Karpudewan et al., 2012b) studies. The focus of this work has ranged from assessing 
student knowledge (Gron et al., 2013; Guron et al., 2016; Karpudewan et al., 2012a, 
2016, 2015b, 2015a; Mandler et al., 2012; Shamuganathan & Karpudewan, 2017); to 
attitudes, motivation, and values (Guron et al., 2016; Karpudewan et al., 2012a, 
2015a, 2015b; Mandler et al., 2012; Shamuganathan & Karpudewan, 2017); to 
laboratory skills (Gron et al., 2013) in the context of green chemistry courses.  
 
While there is variety in the type of green chemistry topics assessed the method of 
assessment tends to rely heavily on surveys or questionnaires (Armstrong et al., 2018) 
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that utilize Likert and sometimes free response items (Aubrecht et al., 2015; Gron et 
al., 2013; Purcell et al., 2016). The choice of assessment method obviously depends 
on many factors including both time and available resources (both for data collection 
and analysis). An advantage of Likert style items is their ease of analysis relative to 
other assessment methods, which can be especially important for an instructor who is 
developing, implementing, and assessing a new green chemistry curriculum 
themselves and/or for large enrollment courses (e.g. Purcell et al., 2016). However, 
this type of question requires respondents to self-assess their own knowledge or 
skills, allowing the researcher to capture only what students believe they know about 
a given topic. As many have found, self-assessments of knowledge is often not a 
reliable measure of cognitive learning (Davis et al., 2006; von Blottnitz et al., 2015) 
and instead provides a measure of affective components (Sitzmann et al., 2010).  
 
In addition to surveys, there are also more and more examples (e.g. Andraos & Dicks, 
2015; Galgano et al., 2012; Gron et al., 2013; Marteel-Parrish, 2014) of researchers 
using student course work (often in addition to survey results) to explore student 
outcomes. Additionally, interviews and focus groups have also been used to provide 
a more holistic picture of student understanding (Karpudewan et al., 2015a, 2015b; 
Mandler et al., 2012; Shamuganathan & Karpudewan, 2017). While interviews and 
focus groups provide detailed qualitative information, they are time intensive to 
conduct and analyze and thus can often only be used with a small number of 
students. Especially for large enrollment courses, alternative modes of assessment, 
such as short answer and multiple-choice content questions, are needed to assess 
green chemistry student learning outcomes more fully. 

Green Chemistry at UC Berkeley 

General Chemistry Green Curriculum (GC2) 

For more than a decade, the UC Berkeley College of Chemistry has invested in 
greening teaching laboratories and developing a corresponding green chemistry 
curricula (Armstrong et al., 2019; Buckley et al., 2013; Purcell et al., 2016). Over 30 
new green chemistry focused experiments have been developed for general 
chemistry non-chemistry majors’ and chemistry majors’ laboratory courses. These 
experiments cover topics such as biodegradable polymers, extraction and analysis of 
plant-based antibiotics, ecotoxicity, fuel cells, solar cells, and biodiesel synthesis. 
Since 2018, a new green chemistry curriculum (General Chemistry Green Curriculum) 
was designed to accompany these experiments for the non-major’s general chemistry 
laboratory course.  
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The General Chemistry Green Curriculum (GC2) was designed to equip students with 
the chemical ideas, principles, and practices inherent to green chemistry (Chapter 3). 
This curriculum includes dozens of new green chemistry postlab questions, green 
chemistry prelab questions, and green chemistry in-lab prompts designed to 
highlight or connect to specific aspects of the 12 Principles of Green Chemistry. GC2 
also contains an enhanced introduction to green chemistry and systems thinking, 
green chemistry introductory material for each experiment, and instructor notes and 
solutions for all new green chemistry content and questions. The knowledge 
integration framework (Linn, 2006; Linn & Eylon, 2011) guided the development of 
GC2; knowledge integration’s core structure (elicit, add, distinguish, reflect) explicitly 
supports the development of connections between scientific ideas, which made it an 
ideal framework to link green chemistry and chemistry concepts, practices, and 
contexts within the new curriculum. The new green chemistry questions were 
developed to allow students opportunities to reflect on and expand upon in-lab data 
and observations as well as provide a connection to relevant external societal 
contexts or issues, provide scaffolding for quantitative and qualitative data analysis 
and comparison, and opportunities to distinguish and reflect on how green chemistry 
decisions are made.  

Assessing Student Understanding of Green Chemistry 

Just as teaching green chemistry is complex and multidimensional so too is 
evaluating what students understand about green chemistry. GC2 was developed 
using a constructivist framework – Knowledge Integration (Linn, 2006; Linn & Eylon, 
2011) – and the ensuing assessment of student learning also utilized a constructivist 
approach. Constructivism is a theory of learning based on the idea that people are 
not ‘blank slates’ that simply absorb information from others, but rather actively 
construct their own understanding of the world through the interplay of their prior 
knowledge, observations and experiences, and reflection (Bada & Olusegun, 2015; 
Bodner, 1986; Honebein, 1996; Hyslop-Margison & Strobel, 2007; Phillips, 1995). 
Constructivism posits that learning occurs when meaningful connections are made 
between prior knowledge and new knowledge and that these connections are 
mediated by both cognitive and affective considerations (Bada & Olusegun, 2015; 
Bodner, 1986; Phillips, 1995). Green chemistry education and assessment inherently 
aligns with some of the pedagogical goals of constructivist learning environments 
such as embedding learning in realistic contexts and providing opportunities to 
evaluate alternative solutions from multiple perspectives (Honebein, 1996).  
 
The development of GC2 provided an opportunity to investigate demonstrated 
student understanding of green chemistry with a large enrollment class. This new 
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green chemistry curriculum provided a context to explore both the green chemistry 
ideas and beliefs students brought into the classroom as well as changes to their 
understanding of green chemistry after completing the laboratory course. A main 
goal of this project was to create assessment items that would allow students to 
demonstrate their understanding of green chemistry and related concepts, apply 
green chemistry principles to novel scenarios, and make decisions based on green 
chemistry practices.  
 
Both free and fixed response items were developed to explore the depth and bread 
of student green chemistry knowledge (Figure 4.1). Two free response items were 
developed to explore students’ holistic understanding of green chemistry and ability 
to make decisions between two competing processes and justify their choice from a 
green chemistry perspective. The free response items were intentionally designed to 
be open-ended to give students the opportunity to demonstrate any and all of their 
knowledge about green chemistry, which would help surface their prior ‘green’ 
knowledge and beliefs at the start of the course and illustrate in what ways normative 
green chemistry ideas were integrated into their understanding after completing 
GC2. Several fixed response items were also developed to probe specific green 
chemistry concepts or to investigate how students applied green chemistry principles 
to novel scenarios. While these items were more constrained than the free response 
design, they did allow for efficient data collection and analysis for a large enrollment 
course. The fixed response items, while designed to probe targeted green chemistry 
concepts or principles, also provided a measure of the knowledge and beliefs that 
students brough into the course and if these understandings shifted after completing 
GC2.  
 
Additionally, most of these items were contextualized within real green chemistry 
scenarios or practices. For 
example, one free 
response item, which 
asked students to make a 
green chemistry decision, 
was designed to mimic an 
authentic practice of green 
chemistry: comparative 
analysis. Green chemistry 
frequently calls for 
comparative analysis 
between two or more 

Figure 4.1. Overview of items used to assess student 
understanding of green chemistry during the Fall 2018 and Fall 
2019 semesters. All items were administered at the start (pretest) 
and end (posttest) of the course. 

Green chemistry definition 
(1 item, free response)

In-class quiz

Dataset

Online survey

Two methods choice 
(1 item, free response)

Multiple choice (select all) items 
(3 items, fixed response)

12 Principles ranking 
(3 items, fixed response)
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alternatives where there is a range of appropriate green chemistry solutions (Andraos 
& Dicks, 2012). Authentic green chemistry questions and research require 
optimizations and tradeoffs (DeHaan, 2009; Kitchens et al., 2006) and often the 
appropriate solution(s) is (are) constantly evolving (Andraos & Dicks, 2012). Thus, 
these assessment questions were designed without a single ‘correct’ answer in mind 
but rather as opportunities to allow students to demonstrate their green chemistry 
knowledge and decision-making abilities and indicate which parts of green chemistry 
they deemed most relevant or valuable. 

Research Questions 
This research focuses on exploring the ways in which students understand and use 
green chemistry, both before and after they complete a green chemistry focused 
laboratory course: 
 

1. In what ways do students' abilities to define and use green chemistry change 
after completing a general chemistry green chemistry (GC2) laboratory 
course?  
 

2. In what ways do these changes differ based on a student’s background 
(gender, first-generations status, underrepresented minority status) and/or 
prior chemistry or green chemistry experience? 

 
This work contributes to the body of literature around green chemistry assessment by 
documenting the complexity of students’ understanding of green chemistry and how 
different facets of student knowledge can be observed depending on item design 
and context. Additionally, this work illustrates areas of student green chemistry 
learning that are well served by GC2 as well as areas that could be better supported 
in the future.  
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Methods 

Research Context 

General chemistry at UC Berkeley 

This research took place within a general chemistry laboratory course for non-
chemistry majors (Chem 1AL) at UC Berkeley for the Fall 2018 and Fall 2019 
semesters. Chem 1A/L is divided into a lecture (Chem 1A) and laboratory (Chem 1AL) 
course with separate instructors. Most students take the two courses simultaneously, 
but students can complete the courses sequentially as the courses are offered every 
semester. Chem 1AL includes a 1-hour laboratory lecture (taught by the course 
instructor), a 3-hour laboratory section (taught by a graduate teaching assistant) each 
week, and an end of term written lab exam. Chem 1AL has an enrollment of 
approximately 1200 students each Fall semester. 

General Chemistry Green Curriculum (GC2) 

The General Chemistry Green Curriculum (GC2) was used during the Fall 2018 and 
Fall 2019 semester for Chem 1AL. GC2 used a consistent set of general chemistry 
experiments (Table 3.1) developed between 2008-2013 with an explicit green 
chemistry curriculum as described in detail in the previous chapter (Chapter 3).  

Participants 

Participants in this study were general chemistry students in Chem 1AL during the Fall 
2018 and Fall 2019 semesters. The research was approved by the university’s 
Institutional Review Board (Protocol ID 2012-09-4666), and all student participants 
consented to participate. Consent rates were high with more than 90% of students 
consenting to be part of the study (Table 3.2). Each student was assigned a 
pseudonym to report any specific examples or findings. 

Description of Items 

In-class Green Chemistry Quiz 

An in-class green chemistry quiz with two free response green chemistry items was 
used to probe student understanding of green chemistry. The first item on this quiz 
asked students to define green chemistry in their own words and had been 
administered for many semesters previous to this research (see Chapter 2 and 
Armstrong et al., 2019). The second green chemistry item was iteratively developed 
over the Fall 2018 to Fall 2019 semesters. Initially, this quiz had four items: the first 
item asked students for a definition of green chemistry, the second and third items 
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asked students to consider what information they would need to determine if a 
compound was safe for humans and the environment, and the fourth and final 
question asked students to choose a method for synthesizing a new compound from 
a green chemistry perspective. These latter three questions were developed to allow 
students to build and extend upon their definition of green chemistry – allowing them 
to not only describe green chemistry but to also begin analyzing chemical 
systems/processes from a green chemistry framework.  
 
However, based on student responses from Fall 2018 it was clear revisions were 
needed for these three new items. Student responses to the middle two items were 
vague or repeated information already covered in their definition of green chemistry. 
Additionally, students were only given 10 minutes to answer all four questions, which 
potentially led to rushed responses especially for the latter items. Thus, for the Fall 
2019 semester the middle two items were removed from the quiz leaving only the 
two items presented in Table 4.1. Additionally, the scenario used for the second 
question, titled Two Methods Choice, was significantly streamlined to reduce time 
spent reading and potentially distracting information. Since these questions were 
potentially memorable, an explicit explanation for re-administering these items was 
included for the posttest (Appendix IV).  
 
Table 4.1. In-class quiz items administered during the Fall 2018 (green chemistry definition item only) 
and Fall 2019 (both items) semesters. Students were asked to make it clear if they didn’t know how to 
answer an item by saying “I don’t know but my guess is…”.  

Item Name Item Prompt 

Green 
chemistry 
definition 

In my own words, green chemistry means:  

Two 
methods 

choice 

The fall season typically brings an 
increased demand for pumpkin 
spice flavored… everything! For 
large scale production it’s hard to 
get consistent flavors using natural 
spices. It’s much easier to use 
synthesized flavor molecules like 
eugenol for clove, zingiberene for ginger, and cinnamaldehyde for cinnamon.  

There are several different ways of making cinnamaldehyde, two of which are shown 
above. From a green chemistry perspective, why would one method be preferable to 
the other? Be as specific as possible.  

Cinnamaldehyde

Cinnamon tree barkFossil fuels

Benzaldehyde Steam distillation
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Student Survey 

Online pretest and posttest surveys were used to administer the seven fixed response 
green chemistry multiple choice and ranking items used for this research (Fall 2019 
semester) and collect demographic information from respondents (Fall 2018 and Fall 
2019 semesters). Initially, five multiple choice (select all that apply) items and six 
‘ranking’ green chemistry scenario items were piloted during the posttest survey for 
the Spring 2019 semester. The green chemistry scenarios for the ranking items were 
taken from past Presidential Green Chemistry Challenge winners (American Chemical 
Society, 2013; Examples of Green Chemistry and Sustainable Chemistry, 2021; US 
EPA, 2013). Students who completed this survey were randomly assigned half of 
these items to collect student response data without greatly increasing survey length. 
Based on student responses and expert feedback, four multiple choice items and 
three ranking items were selected for the Fall 2019 semester. Think alouds were 
conducted with two additional lower division students for these selected items to 
check response process clarity. Ultimately, four multiple choice items and all three 
ranking items (Table 4.3) were administered during the Fall 2019 semester. After 
reviewing the resulting student responses from Fall 2019 with additional researchers, 
one multiple choice item was dropped from the final analysis due to expert confusion 
over the item prompt and choices. Thus, three multiple choice items and three 
ranking items were used for the final analysis (Table 4.2).    
 
The surveys used to administer the multiple choice and ranking items also covered 
additional topics including self-reported understanding of green chemistry and 
chemistry knowledge, green chemistry and chemistry attitudes, behaviors related to 
green chemistry principles and practices, and course feedback – as well as the 
multiple choice and ranking items used in this Chapter. Results from the self-reported 
green chemistry items were reported in Chapter 3. Appendix IV provides the full 
surveys used during the Fall 2019 semester. 
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Table 4.2. Multiple choice (select all that apply) survey items administered during the Fall 2019 
semester on the online survey. Students were asked to answer these questions without outside help 
and to select ‘I don’t know’ instead of guessing if they did not know how to attempt or answer the 
question. The correct choice for each item can be found in Appendix VIII. 

Item Prompt [Item Name] Choices  

[Select All #1: Atom Economy] The 
reaction below can be used to fill an 
automobile airbag. 

 
 
The atom economy for this reaction is 
55%. This means that: (Select all that are 
accurate.) 

▢ 45% of the starting material ends up as waste in the form 
of water  

▢ 55% of the starting material ends up as waste in the form 
of water  

▢ 55% of the starting material is incorporated into the 
desired products (nitrogen and oxygen gas) that can be 
used to inflate the airbag  

▢ 45% of the starting material is incorporated into the 
desired products (nitrogen and oxygen gas) that can be 
used to inflate the airbag  

▢ The theoretical yield of the reaction is 55%.  
▢ The theoretical yield of the reaction is 45%.  
▢ I don't know.  

[Select All #2: LD50] The reaction 
below can be used to fill an automobile 
airbag. 

 
 
The LD50 for the starting material, 
ammonium nitrate, is shown above. 
LD50 tells you: 
(Select all statements that are accurate.) 

▢ The amount of a chemical that it takes to cause death in 
half the members of a test population  

▢ The amount of a chemical that it takes to cause mutations 
in an entire test population   

▢ The amount of a chemical that it takes to cause 
bioaccumulation in half the members of a test population  

▢ The amount of a chemical that it takes to cause 
endocrine disruption in an entire test population  

▢ The amount of a chemical that it takes to cause birth 
defects in half the members of a test population  

▢ The amount of a chemical that it takes to cause cancer in 
an entire test population  

▢ I don’t know.  

[Select All #3: Natural vs Renewable] 
Over the last few years, there has been 
an increased demand for natural and/or 
renewable resources. Please select all 
of the following statements that are 
true.  

▢ Natural products are sustainable.  
▢ Renewable products are sustainable.  
▢ The terms “natural” and “renewable” are 

interchangeable.   
▢ Natural products are likely to be safe for humans and the 

environment.   
▢ Renewable products are likely to be safe for humans and 

the environment.   
▢ Natural products or processes are always preferable to 

synthetic ones.  
▢ Renewable products or processes are always preferable 

to synthetic ones.  
▢ I don't know.  
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Table 4.3. 12 Principles ranking items administered during the Fall 2019 semester on the online 
survey. For each question, students were asked to choose the top three green chemistry principles 
that applied to each scenario and to order them from most (1) to least (3) applicable to the scenario. If 
they did not know the answer they were asked to select ‘I don’t know.’ The online browser and mobile 
layout of these items is shown in Appendix IV. The correct choice for each item can be found in 
Appendix VIII. 

Item Prompt [Item Name] Choices (same for all questions) 

[12 Principles #1] Traditionally, paper has been bleached with 
chlorine to give it a white appearance. Chlorine and its derivatives 
(such as chlorine dioxide) are very dangerous for humans and 
toxic to aquatic organisms. Eliminating the use of chlorine in 
paper production is an example of which green chemistry 
principle(s)?  

▢ Prevention  
▢ Atom Economy  

▢ Less Hazardous Chemical 
Syntheses  

▢ Designing Safer Chemicals  
▢ Safer Solvents and Auxiliaries  
▢ Design for Energy Efficiency  
▢ Use of Renewable Feedstocks  
▢ Reduce Derivatives  
▢ Catalysis  
▢ Design for Degradation  

▢ Real-time Analysis for 
Pollution Prevention  

▢ Inherently Safer Chemistry 
for Accident Prevention  

▢ I don't know  
 

[12 Principles #2] BASF (the largest chemical producer in the 
world) is currently developing plastic bags made partly from 
cassava starch and calcium carbonate. These bags completely 
disintegrate into water, CO2, and biomass in industrial and city 
composting systems. These bags are examples of which green 
chemistry principle(s)? 

[12 Principles #3] Oil-based "alkyd" paints emit high levels of 
volatile organic compounds (VOCs). As the name suggests, VOCs 
evaporate from drying paint and can produce many harmful 
health effects (ranging from eye irritation to liver damage to 
cancer). Sherwin-Williams won the 2011 Presidential Green 
Chemistry Challenge Award for the development of low-VOC, 
water-based paints that are made from recycled plastic bottles 
and soybean oil. This new paint formulation is an example of 
which green chemistry principle(s)?  

Administration of Items 

In-Class Green Chemistry Quiz 

Students completed an in-class green chemistry assignment at the beginning and 
end of the Fall 2018 and 2019 semesters (Table 4.1). Students were given 10 minutes 
to complete this written assignment during the first and last laboratory sections of the 
semester. Standardized instructions were given to each graduate teaching assistant 
for the administration of the quiz in their laboratory section (Appendix IV). Students 
were advised that this assignment would be graded based only on effort and that if 
they did not know how to answer a question, they should state “I don’t know but my 
best guess is….” Students were also asked to not discuss this quiz with other students 
in the course so students in later laboratory sections wouldn’t try to prepare for this 
quiz. Nearly every student enrolled in the course completed these quizzes; 
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additionally, the in-class administration allowed for student responses to be collected 
without access to search engines or other outside resources.  

Student Survey 

Students completed the multiple choice (select all that apply) (Table 4.2) and 12 
Principles ranking items (Table 4.3) at the beginning and end of the Fall 2019 
semesters through an online Qualtrics survey. The link to the survey was distributed 
through a personalized bCourses announcement through the course site. The course 
instructor was also asked to announce the survey during their lectures if possible. 
Two reminder announcements were posted for each survey – one several days before 
the due date and one the day the survey was due. The respondents had between 7 – 
10 days to complete the survey.  
 
The pretest survey was administered during the first two weeks of the semester and 
the posttest survey was administered during the last two weeks of the semester. All 
respondents received course bonus points for completing the online survey. If 
students did not want to complete the survey but still wanted to receive the course 
bonus points, they could instead write a one-page essay on a recent green chemistry 
innovation.  

Analysis of Items 
All item results were considered significant at the 95% level. Respondents who did 
not consent to participate in the research study were dropped from the dataset. 
Respondents who did not complete both quizzes (pretest and posttest) or did not 
provide demographic information were also dropped from the dataset leading 636 
respondents for the Fall 2018 semester and 615 respondents for the Fall 2019 
semester. All analyses were completed using StataSE 14.2 and Python 3.9. 

In-Class Green Chemistry Quiz 

Green chemistry definition item. Responses to the Green Chemistry Definition item 
(Table 4.1) were analyzed using a rubric developed for a previous study for this same 
item (Chapter 2, Armstrong et al., 2019). During the Fall 2016 semester, this green 
chemistry definition item was administered to students through an in-class pretest 
and posttest quiz. Qualitative coding of those responses led to the development of a 
coding scheme that included categories for minimizing hazards, minimizing waste, 
energy, material lifecycle, research and development, green chemistry philosophy, 
and buzzwords (words or phrases that students used that were not connected to 
actual green chemistry content). The inclusion and exclusion criteria for each 
category were revised and clarified through additional coding by the two lead 
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researchers for the Fall 2016 dataset. This process was repeated until no more 
changes to the codebook were produced. This finalized coding scheme (shown in 
Appendix VII) was then used to code the Fall 2018 and Fall 2019 responses to this 
item. The same researcher who had co-developed the coding scheme and coded the 
previous Fall 2016 set of responses also coded these Fall 2018 and Fall 2019 
responses. Any responses that were ambiguous to this individual researcher were 
flagged and discussed with the second researcher who had also developed the 
original rubric for this item. 
 
A total item score was assigned to each response by summing the individual coding 
categories as seen in Chapter 2 and Armstrong et al. (2019). A blank or off-
topic/irrelevant response received a score of 0. All other responses received a score 
of 1 point plus 1 point for each specific green chemistry category present in the 
response. Thus, a response that only mentioned “green buzzwords” received a score 
of 1 while a response that discussed reducing chemical hazards and laboratory waste 
would receive a score of 3. Additionally, two more summative scores were calculated 
for 1) the total number of green chemistry components mentioned (minimizing 
hazards, minimizing waste, material lifecycle, energy/catalysis) and 2) the number of 
holistic categories mentioned (green chemistry philosophy, 12 Principles, multiple 
reaction components, research and innovation). McNemar’s test for paired 
dichotomous data was used to compare the pretest and posttest proportions for each 
coding category. A paired two-sample t-test was used to compare the mean pretest 
and posttest total item scores. Wilcoxon signed-rank tests were used to compare the 
median pretest and posttest ranks for the holistic and component scores.  
 
Two methods choice item. A randomized sample of thirty student responses to the 
Two Methods Choice question (Table 4.1) were qualitatively coded and four 
emergent themes arose: renewability, minimizing hazards, energy, and waste. The 
minimizing hazards theme was split into two categories: harmful byproducts and 
hazardous reactants. This coding scheme was applied to 20% of the total student 
responses and discussed with additional researchers. The themes were additionally 
divided into “supported” and “unsupported” categories to document responses that 
simply stated or mentioned certain green chemistry principles and those that 
explained, justified, and/or applied the principle. If an incorrect assumption or 
statement was made, the response was still coded into their appropriate 
“unsupported” category to capture what green chemistry principles the student 
prioritized in their responses (Table 4.4).  
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Table 4.4. Examples of supported and unsupported responses for several common rubric categories 

Category Unsupported Response Supported Response 

Renewability 
“The best way would be via 
cinnamon tree barks as it is a 
renewable method.”  

“Cinnamon trees can be planted making them less 
scarce than fossil fuels which cannot be 
regenerated." 

Harmful 
byproducts 

“I would choose the method 
based on….whether it 
produces toxic byproducts” 

“Look at the toxicity of the byproducts….check 
CO2 emissions for each method.”  

Less 
waste/waste 
disposal 

“I’d see if there are a lot of 
waste or byproducts by each 
method.”  

"I think the best method to use for making 
cinnamaldehyde would be the method that 
creates less trash and pollution to begin with this 
is important because it is easier to create less trash 
in the first place, then clean it up after."  

 
After coding through the initial 20% responses, two new themes emerged: 
Sustainable Systems and Amount of Material. Sustainable Systems was distinct from 
but aligned with the 12 principles of green chemistry. These responses demonstrated 
a holistic and systems thinking approach to green chemistry, focusing on topics 
beyond the immediate laboratory or about the extent and magnitude of choices 
made in the laboratory. This broad category encompassed topics such as life cycle 
analysis, ethical considerations with respect to environmental issues, 
habitat/ecosystem impact, human health and safety, and practices utilized in 
extraction/production of raw materials.  
 
The category Amount of Material was added because many students would make 
statements about the amount of material involved in either of the two methods 
without tying the physical amount to other categories, such as hazards, waste, 
renewability, yield, or any of the other categories. For example, the statement “Steam 
distillation minimizes the use of external chemicals” would be coded into this category 
because the statement paints the use of external chemicals in a negative light but 
doesn’t tie the use of extra materials to green chemistry principles like hazards or 
waste. This category captures many students that understand that the amount of 
material used or produced (as byproducts) is important when considering green 
chemistry but did not articulate why it is important. Finally, categories such as yield 
and atom economy were added as many students included these topics in their 
responses but did so without explanation or evidence to support their claims. A final 
category was also added to capture the responses that implied or assumed that 
benzaldehyde (an intermediary for one method) was a toxic or harmful substance.  
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Using this new coding scheme, two researchers independently coded an additional 
set of student responses and discussed their results to achieve 100% agreement. The 
inclusion and exclusion criteria were revised based on these results. This process was 
repeated until no additional changes to the codebook were produced. The 
remaining student responses were divided and independently coded by a 
researcher. Any unexpected responses were discussed by both researchers until 
consensus was reached. If consensus could not be reached a third researcher was 
brought in to break ties. 
 
A total item score was assigned to each response by summing the individual coding 
categories. A blank or off-topic/incorrect response received a score of 0. All other 
responses received a score of 1 point plus 1 point for each unsupported green 
chemistry category and plus 2 points for each supported green chemistry category 
present in the response. Additionally, breadth and depth scores were created to 
capture 1) the number of green chemistry components mentioned (total breadth 
score) and 2) the number of times a response provided a justification for including a 
green chemistry component (total depth score). The breadth score was simply the 
sum of all green chemistry components (renewability, hazardous byproducts, 
hazardous reactants, reducing waste, economics, yield, atom economy, amount of 
material) present in a response regardless of it they were supported or unsupported. 
The depth category was a sum of only the supported coding categories (supported 
renewability, supported hazardous byproducts, supported hazardous reactants, 
supported reducing waste, supported economics, supported sustainable systems) 
present in a response. This summative score was designed to capture if students 
provided a justification for including a particular normative green chemistry 
component. McNemar’s test for paired dichotomous data was used to compare the 
pretest and posttest proportions for each coding category. A paired two-sample t-
test was used to compare the mean pretest and posttest total item scores. Wilcoxon 
signed-rank tests were used to compare the median pretest and posttest ranks for the 
breadth and depth scores.  

Student Survey 

Multiple choice (select all that apply) items. Of the 615 respondents that 
completed both in-class quizzes and answered demographic questions 537 also 
completed all the pretest and posttest multiple choice (select all that apply) items. 
Respondents that completed the survey multiple times were dropped from the 
dataset for a final total of 508 respondents.  
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These select all green chemistry items (Table 4.2) were analyzed for correct, 
incomplete correct, partially correct, incorrect, and “I don’t know” (IDK) responses 
(Table 4.5). These categories were used to visualize shifts in student response 
patterns from the pretest to the posttest. Students were also assigned a numeric 
score that considered the balance of correct, incorrect, and IDK choices selected 
(Appendix VIII shows the incorrect and correct choices for each item). Formula 
scoring (Ravesloot et al., 2015) was used to calculate the total score for each item; 
formula scores were created by centering IDK choices at score of zero and then 
subtracting one point for each wrong choice and adding one point for each correct 
choice to create the total score.  
 
Table 4.5. Categorization rubric for ‘select all’ multiple choice items 

Category Definition  

Full correct Respondent selects all correct choices and no incorrect choices 

Incomplete correct Respondent selects only correct choices but not all of the correct 
choices; no incorrect choices are selected   

Partially correct Respondent selects a mixture of correct and incorrect choices; the 
number of correct choices selected is greater than the number of 
incorrect choices selected  

Incorrect Respondent selects more incorrect choices than correct choices or 
selects only incorrect choices  

I don’t know Respondent selects the “I don’t know” choice 

 
The inclusion of an IDK option can impact construct validity and reliability (Cecilio-
Fernandes et al., 2017; Muijtjens et al., 1999; Ravesloot et al., 2015) as IDK options 
may not only measure knowledge level but also risk-taking tendency, which is 
influenced by gender and personality traits (Budescu & Bar-Hillel, 1993; Byrnes et al., 
1999; Kelly & Dennick, 2009; Ravesloot et al., 2015). However, including an IDK 
option is thought to reduce random error by minimizing guessing, which leads to 
higher internal consistency and thus reliability (Burton, 2004). An IDK option was 
included on these survey items because the threat to construct validity was 
hypothesized to be reduced due to the context of these items. There was no penalty 
nor benefit to the student for getting an item correct or incorrect; they received 
bonus points for simply completing the survey. They were also explicitly instructed to 
choose the IDK option instead of trying to guess an answer, which hopefully reduced 
differences due to gender and personality. Additionally, it was thought the IDK 
option would stop students from trying to use outside resources to find the ‘correct’ 
answer for these online survey items as the IDK option made it explicit that they were 
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not expected to be knowledgeable about all these items (especially for the pretest 
survey).  
 
The means and standard deviations for the pretest and posttest were calculated and 
Wilcoxon signed-rank tests were used to compare the median pretest and posttest 
ranks for each item.  
 
12 Principles ranking items. Of the 615 respondents that completed both in-class 
quizzes and answered demographic questions 546 of them also completed all the 
pretest and posttest 12 Principles ranking items. To maintain consistency in the 
dataset, students who did not rank at least three principles were removed from the 
data set. Students who ranked more than three principles were kept in the data set, 
but any rankings beyond their top three were ignored from the dataset. Respondents 
that completed the survey multiple times were dropped from the dataset for a final 
total of 522 respondents.  
 
To visualize shifts in the overall popularity of the principles from the pretest to the 
posttest, each principle was given a weighted frequency based on both the 
frequency at which it was ranked in the top three and its order within the top three. 
The order the principle was ranked was used to give it a value or “weight.” Ranking a 
principle in the top position (#1) resulted in the highest “weight” of 3 while ranking a 
principle in the lowest position (#3) resulted in a “weight” of 1. The weighted 
frequency for each principle was then calculated based on these weighted values, for 
however many times the principle had been ranked within the top three for the entire 
respondent population. 
 
Additionally, each individual response was assigned a number right and a modified 
formula score. The number right score was simply a count of the number of correct 
principles ranked in the top three for each student response (Appendix VIII shows the 
relevant principles for each item). The modified formula score (Figure 4.2) was 
constructed by first centering IDK choices at a score of zero. Incorrect principles 
ranked within the top three resulted in the subtraction of one point while correct 
principles ranked within the top three resulted in the addition of one point to the 
modified formula score for each item. Additionally, correct principles were further 
subdivided into implicitly and explicitly correct categories for the modified formula 
score. Explicitly correct principles were identified as the most relevant principles that 
clearly applied to the given green chemistry scenario. Implicitly correct principles 
were tangentially related to the given scenario and/or would only apply if certain 
preconditions or assumptions were met. Thus, if an explicitely correct principles was 
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ranked within the top three it would result in the 
addition of two points to the total score, while 
implicitely correct principles would results in the 
addition of only one point. Additionally, if an 
explicitly correct principle was ranked in the top 
position, it would receive an additional ‘bonus’ 
point. For example, if an item had one explicitly 
correct principle, then if that one principle was 
ranked first (position #1) it would result in an 
additional ‘bonus’ point; if an item had two 
explicitly correct principles, then if either of 
those two principles were ranked first or second 
it would result in an additional ‘bonus’ point, etc. 
 
The means and standard deviations for the 
pretest and posttest were calculated. Wilcoxon 
signed-rank tests were used to compare the 
median pretest and posttest ranks for each item.  

Overall Data Analysis 

Initial Green Chemistry Performance 

The two free response items were further analyzed to see if there were differences in 
student performance gains based on initial green chemistry performance. These two 
items were chosen for this more detailed analysis since their open-ended design 
provided a more comprehensive picture of the (many) ways in which 1) students 
defined green chemistry and 2) made green chemistry decisions. Students could 
apply almost any green chemistry knowledge to these two items giving a more robust 
measure of the breadth and depth of their green chemistry ideas, values, and 
practices.  
 
Students were divided into groups based on their initial performance on each of the 
two free response items (Green Chemistry Definition and Two Methods Choice). For 
each item, students were categorized as having “low initial green chemistry 
performance” if they had a total item score of 1 or lower and as having “high initial 
green chemistry performance” if they had a total item score of 2 or higher for that 
item. A total item score of 0 indicated a blank or off-topic/irrelevant response while a 
score of 1 indicated a correct but non-specific definition/answer for both of these 
items. A score of 2 or above indicated that the response included at least one green 

Higher 
scores

Lower 
scores

I don’t know0 points

For every incorrect principle in 
top 3-1 points

For every implicitly correct
principle in top 3+1 points

For every explicitly correct
principle in top 3 (+1 additional 
point if principle is ranked in top 
positions)

+2 points

Figure 4.2. Modified formula scoring for 
12 Principles ranking items. Explicitly 
correct principles clearly applied to the 
given scenario. Implicitely correct 
principles were less relevant to the given 
scenario or would apply only if certain 
preconditions or assumptions were met. 
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chemistry component. For each item, independent sample t-tests were used to 
compare the mean posttest total item scores of the low and high initial green 
chemistry performance groups to see if there were significant gaps in performance 
between these two initial performance groups after completing Chem 1AL.  

Regression Analysis  

Linear regression was used to investigate the association between student 
performance on the two in-class quiz items (Green Chemistry Definition and Two 
Methods Choice) and several explanatory variables (gender, first-generation college 
status, underrepresented minority (URM) status, prior green chemistry experience, or 
prior chemistry experience). These explanatory variables were generated from 
student responses to several items on the pretest survey and details on each 
explanatory and response variable can be found in Appendix IX.  
 
For the Green Chemistry Definition item student responses across Fall 2018 and Fall 
2019 were combined since the average pretest and posttest scores for each rubric 
category were very close or followed similar pre/post gain patterns across both 
semesters. This gave a total set of 1203 complete student responses for this item. For 
the Two Methods Choice item students responses from Fall 2019 were used for a set 
of 593 complete student responses. For both items, respondents with missing values 
for any variable were dropped from the dataset.  
 
Regression models were created to explore two different response variables for each 
item: student pretest total item scores and student ‘gain’ scores (change in total item 
score from pretest to posttest). The pretest score response variable was used to 
investigate the green chemistry understanding that students brought into the course 
and how that might differ based on background and prior chemistry/green chemistry 
experience. The ‘gain’ scores response variable was used to investigate the ways 
students’ knowledge about green chemistry changed after completing Chem 1AL. 
This resulted in the four regression models outlined in Table 4.6 below. 
 
Regression diagnostics were then performed to validate the use of the multiple linear 
regression model (Appendix IX). No collinearity was found between the predictors 
(the variance inflation factor (VIF) was less than 1.1 for all variables with a mean VIF of 
1.04). However, the studentized deleted residuals did not appear to be normally 
distributed for any of the models and the spread of the residuals was not constant 
suggesting some heteroscedasticity. Thus, multiple linear regression with robust 
standard errors was used to create all final regression models. 
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 Table 4.6. Regression models for two in-class green chemistry quiz items 
 

Green Chemistry Definition 

Model 1 (Pretest) Model 2 (Gains) 

Total pretest score was regressed on 
categorical variables for gender, first-generation 
college status, URM status, prior green chemistry 
experience, and prior college credit bearing 
chemistry experience. 

Gain score (posttest total score – pretest total 
score) was regressed on categorical variables 
for gender, first-generation college status, URM 
status, prior green chemistry experience, and 
prior college credit bearing chemistry 
experience. 

Two Methods Choice 

Model 1 (Pretest) Model 2 (Gains) 

Total pretest score was regressed on 
categorical variables for gender, first-generation 
college status, URM status, prior green chemistry 
experience, and prior college credit bearing 
chemistry experience. 

Gain score (posttest total score – pretest total 
score) was regressed on categorical variables 
for gender, first-generation college status, URM 
status, prior green chemistry experience, and 
prior college credit bearing chemistry 
experience. 

 

Results: Item analysis 
Course Demographics. Chem 1AL is the first semester general chemistry laboratory 
course at UC Berkeley and is typically taken by incoming non-chemistry majors. 
Students in Chem 1AL have diverse backgrounds and prior chemistry experience. 
The students in this study encompassed a wide range of intended majors including, 
but not limited to, life sciences, bioengineering, nutrition science, public health, 
environmental science, and civil engineering. The majority (73% for Fall 2018 and 
68% for Fall 2019) of students had at least one parent with a four-year degree and 
nearly 50% have a parent with a graduate degree. Nearly every student had taken at 
least one semester of chemistry prior to their entry into the university with, on 
average, having completed three prior semesters of chemistry. About half of the 
students had completed two semesters and ~40% had completed four or more 
semesters of chemistry before entering Chem 1AL. More than half of the students 
had taken honors chemistry (60%) and/or AP chemistry (48%). The course had more 
female (65%) than male (35%) students, which is typical. Most students were of Asian 
descent (~57%) with White (~26%), Latinx (~12%) and African American (~1%) 
students comprising the remainder of the class. Detailed demographic data are 
presented in Appendix II.  
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Green Chemistry Definition 
An open-ended Green Chemistry Definition item (Table 4.1) was used to explore how 
students conceptualized green chemistry as a discipline and/or as a framework for 
practicing chemistry. The open-ended structure of this question gave students the 
opportunity to demonstrate any and all of their knowledge about green chemistry 
and did not necessitate prior chemistry knowledge. This was important since students 
entered Chem 1AL with a wide range of prior chemistry experience and may or may 
not have ever heard of green chemistry prior to this course.  

Full Class Analysis 

Student responses to this item were first analyzed for correctness, guessing, only 
mentioning “buzzwords”, and mentioning terms related to the environment for both 
the Fall 2018 and Fall 2019 semesters (Figure 4.3). “Buzzwords” were defined as 
colloquial ‘green-aligned’ terms students may have heard in their daily life, such as 
“sustainability” or “efficiency”, and mentions of the environment often took the form 
of “environmental friendliness”, “eco-friendly” or “less harm to the environment.” 
Additionally, students were encouraged in the question text to make it clear if they 
were guessing about what green chemistry meant, which provided a measure for 
their confidence in understanding green chemistry. 
 
Similar trends were seen across both semesters with, on average, a decrease in 
guessing, incorrect responses, and buzzword only responses by the end of the 
semester. Mentions of environmentally aligned terms did not change appreciably 
between the pre and posttest for either semester with approximately 78% of 
responses containing these phrases. An exact McNemar's test determined that there 
was not a statistically significant difference in the proportion of students who were 
coded into this category pre- and post-course (NFall19 = 615, pFall19 = 0.551; NFall18 = 
636, pFall18 = 0.387). This stasis was expected since there is nothing inherently wrong 
with mentioning the environment when defining green chemistry. In fact, many 
popular definitions of green chemistry contain references to the environment 
including one such definition by the “father of green chemistry” Paul Anastas (2011): 
“Green chemistry requires looking across systems and across life cycles to design 
products and processes that are benign to both people and the environment.” What 
is important and interesting is how students connect and integrate these 
environmental terms with other normative green chemistry ideas and practices. 
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Figure 4.3. Percentage of pretest and posttest response categories for the question “In your own 
words, define green chemistry” for the Fall 2018 and Fall 2019 semesters. Exact McNemar’s tests 
showed there were significant differences in the proportion of students coded into each category pre 
and posttest except mentions of the environment (NF19 = 615, NF18 = 636). A solid line ( – ) represents 
a statistically significant difference in proportion and a dashed line ( --- ) represents a non-significant 
difference in proportion from pretest to posttest.   

Students not only made gains in confidence and correctness, but also showed an 
increased level of sophistication as they were able to identify and describe more 
components of green chemistry (e.g., reducing waste, minimizing hazards, material 
lifecycle considerations, energy use/catalysis) after completing Chem 1AL (Figure 
4.4). Mei’s paired pretest and posttest responses provided a relevant example of a 
student who began the semester with a very naïve understanding of green chemistry 
but then was able to connect her core environmental knowledge with many 
normative components of green chemistry by the end of the semester.  At the start of 
the semester, Mei defined green chemistry using colloquial environmental language 
along with the idea that natural resources are superior to synthetic or, as Mei says 
“artificial”, processes:  
 

[Green chemistry is] [c]hemistry that takes into consideration the environmental 
impacts of any products or process included in experiments. Green Chemistry 
aims to create an understanding of the importance of the world’s natural 
resources in a field that is normally seen as dealing with ‘artificial’ 
substances/processes. 
 

After completing the course, Mei’s view of green chemistry still included the core 
idea that green chemistry should ‘create a healthier world’ but specifically linked 
normative green chemistry ideas to this framing giving it clear specificity and scope. 
Mei took a holistic view of green chemistry arguing that it applies in both industrial 
and research setting and ties waste prevention, renewable resources, energy 
efficiency, and reducing chemical hazards to the idea of true sustainability:  
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Ensuring that our chemical processes, whether industrial, experimental, or 
otherwise are part of a sustainable cycle. This means reducing and eliminating 
waste, using renewable sources and limiting the production of harmful 
byproducts. These are only a few green chemistry concepts that aim to create a 
healthier world that will last for generations to come. Energy efficiency also 
plays a role in green chemistry. 
 

This shift towards specificity was seen globally as well as, in contrast to students’ pre-
course responses of which approximately 40% were incorrect or only mentioned 
buzzwords, student’s post-course responses mentioned at least one specific 
component of green chemistry 82% of the time. Minimizing hazards and waste were 
the top two considerations with material lifecycle considerations and energy 
use/catalysis coming in third and fourth respectively. Using exact McNemar's tests 
showed that there was a statistically significant difference in the proportion of 
students who were coded into each category pre- and post-course (NFall19 = 615, 
pFall19 < 0.001 ; NFall18 = 636, pFall18 < 0.001).  
 

 
Figure 4.4. Percentage of pretest and posttest response categories for the question “In your own 
words, define green chemistry” for the Fall 2018 and Fall 2019 semesters. Exact McNemar’s tests 
showed there were significant differences in the proportion of students coded into each category pre 
and posttest (NF19 = 615, p < 0.001; NF18 = 636, p < 0.001). A solid line ( – ) represents a statistically 
significant difference in proportion from pretest to posttest. 
 

Students not only talked about common principles of green chemistry but also 
demonstrated an increased holistic or systems thinking (Constable et al., 2019; Dicks 
et al., 2019; Flynn et al., 2019; Hutchison, 2019) understanding of green chemistry 
(Figure 4.5).  
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Figure 4.5. Percentage of pretest and posttest response categories for the question “In your own 
words, define green chemistry” for the Fall 2018 and Fall 2019 semesters. Exact McNemar’s tests 
showed there were significant differences in the proportion of students coded into each category pre 
and posttest (NF19 = 615, p < 0.001, NF18 = 636, p < 0.005). A solid line ( – ) represents a statistically 
significant difference in proportion from pretest to posttest.  
 

Kristen included many of these holistic components in her definition of green 
chemistry at the end of the Fall 2019 semester. She first made explicit the many 
dimensions that green chemistry must speak to (the environment, human health, 
economics) and that these decisions occur along the entire lifecycle of a chemical 
process. She also brought specific green chemistry principles that target both the 
reaction process and resulting byproducts and recognized that every decision made 
within chemistry should be done with care and attention to the entire system it 
impacts:  

 
Green chemistry means acknowledging the environmental, human, and 
economic consequences of any decisions made before, during, or after 
conducting chemistry. It means striving to create the most efficient reactions 
and mitigating byproducts, striving for renewable, reusable compounds to be 
used in experimental, industrial, and everyday practice, limiting toxicity to 
human health, and many other concepts, all united by this prospect of being 
cognizant of the effects of our decision in chemistry.  

 
Overall, at the start of the course, very few students understood that green chemistry 
strives to create new technologies, methods, and other innovations (research and 
development) but by the end of the course 17% (Fall 2018) and 27% (Fall 2019) of 
students were able make this connection. Similarly, at the start of the course less than 
8% of student responses acknowledged that green chemistry targets all aspects of a 
chemical process (reactants, reaction, products/byproducts), but by the end of the 
semester 22% (Fall 2018) and 26% (Fall 2019) of student responses considered 
multiple components of the reaction. Additionally, after completing Chem 1AL, 14% 
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(Fall 2018) and 20% (Fall 2019) of students discussed how green chemistry is a 
philosophy for all chemistry – not just a niche topic – demonstrating a more nuanced 
understanding of green chemistry as a metadiscipline (Epicoco et al., 2014; Linthorst, 
2009; Woodhouse & Breyman, 2005). Finally, at the beginning of the course, less 
than 1% of students explicitly mentioned the 12 Principles of Green Chemistry 
(Anastas & Warner, 1998) in their definition, yet 62% of responses did implicitly 
mention one of these principles (defined by the presence of one or more of the 
categories in Figure 4.4). After completing the course, 14% (Fall 2018) and 12% (Fall 
2019) of responses did explicitly mention this framework in their definition of green 
chemistry and 82% of responses implicitly mentioned one or more of these 
principles.  

Overall Scores 

Definitions of green chemistry can vary widely depending on, among other factors, 
the speaker’s own positionality and familiarity with green chemistry and the intended 
audience’s familiarity with green chemistry. No one definition was expected to 
include all the coding categories defined for this item as the coding scheme was 
developed to capture the breadth of categories that could be included in a definition. 
Nevertheless, it was still instructive to calculate summative categories for 1) the total 
number of green chemistry components mentioned (Figure 4.4), 2) the number of 
holistic categories mentioned (Figure 4.5), and 3) a total item score. A total item score 
was assigned to each student’s responses by summing the individual coding 
categories. A blank or off-topic/irrelevant response received a score of 0. All other 
responses received a score of 1 plus 1 point for each specific or holistic green 
chemistry category present in the response.  
 
The mean pretest total item score was 2.11 (Fall 2018) and 2.42 (Fall 2019) points 
indicating that, on average, students included one specific or holistic green chemistry 
category in their definition (Figure 4.6). By the end of the semester the mean total 
item score had increased significantly to 3.21 (Fall 2018) and 3.74 (Fall 2019). A 
paired-samples t-test was used to compare the mean student pretest and posttest 
total item scores for both semesters, which showed that there was a significant 
difference in mean total item scores between the pretest and posttest (Fall 2018: t = 
15.53, d.f.=635, p < 0.001; Fall 2019: t = 17.70, d.f. = 614, p < 0.001). The difference 
in means between the pretest and posttest was estimated as 1.10 with a 95% 
confidence interval from 0.96 to 1.23 and 1.32 with a 95% confidence interval from 
1.78 to 1.47 for Fall 2018 and Fall 2019 respectively. This shows that students were 
able to integrate, on average, over two (and nearly three for Fall 2019) specific or 
holistic green chemistry categories into their definition. 
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Similar results were seen for the holistic and component scores over both semesters. 
Posttest component and holistic scores were higher than pretest scores for both 
semesters. A Wilcoxon signed-rank test indicated that the median component 
posttest ranks were statistically significantly higher than the median pretest ranks for 
both semesters (Fall 2018: Z = -12.08, p < 0.001; Fall 2019: Z = -13.88, p < 0.001). 
Similarly, the median holistic posttest ranks were statistically significantly higher than 
the median pretest ranks for both semesters (Fall 2018: Z = -9.93, p < 0.001; Fall 
2019: Z = -9.60, p < 0.001).    
 

 
Figure 4.6. Total pretest and posttest summary scores for the question “In your own words, define 
green chemistry” for the Fall 2018 and Fall 2019 semesters.  Paired t-tests (f the total score) and 
Wilcoxon signed-ranks test (total holistic and total component score) showed there were significant 
differences in the posttest and pretest scores for each category. A solid line ( – ) represents a 
statistically significant difference in pretest to posttest score.   
 

What these scores indicate is that most pretest definitions used green-aligned terms 
or phrases but with minimal demonstrated understanding of those words/phrases. 
Students tended to integrate only one specific components of green chemistry into 
their definition and did not demonstrate a sophisticated understanding of systems 
thinking. In contrast, posttest definitions still had many green-aligned terms (e.g., 
buzzwords) but with the additional integration of green chemistry principles, 
examples, and explanations. Students also showed an increased holistic green 
chemistry perspective with detailed 12 Principles callouts. Overall, students mostly 
believe that green chemistry is aligned with reducing hazards and waste and often 
bring in the idea of waste prevention instead of remediation. They see green 
chemistry as a way for doing chemistry and some students recognize the complex, 
innovative, and interconnected nature of green chemistry.  
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Two Methods Choice 
The Two Methods Choice item was developed and piloted over the Fall 2018 and 
Spring 2019 semesters and administered in its final form on the in-class quiz during 
the Fall 2019 semester. This item was designed with a similar intent to the Green 
Chemistry Definition item as it was a broad scenario that would let students showcase 
any and all knowledge they held about green chemistry. This was especially 
important since this item was administered near the beginning of the semester when 
students could not be assumed to have prior green chemistry knowledge. However, 
in contrast to the previous definition item, Two Methods Choice was scenario-based 
and asked students to choose the ‘greener’ of two methods for making a common 
food-based product and to justify their choice (Table 4.1).  While any green chemistry 
principle could have been used to support their choice, this question did naturally 
focus on the ideas of renewability and energy usage, which had only been 
infrequently mentioned when students defined green chemistry (Figure 4.4). This 
item did not simply ask for students to define a term but rather make a green 
chemistry decision and rationalize that decision.  

Full Class Analysis  

The Two Methods Choice item provided information on how students made a ‘green’ 
choice and the diverse reasoning that accompanied such a choice (Table 4.1). There 
was no one ‘right’ answer or subsequent justification for this question (as is so often 
the case with green chemistry decisions) and instead it was an opportunity for 
students to showcase the way in which they’d approach making a choice based on 
green chemistry principles. However, most students agreed that the method that 
used cinnamon tree bark as a starting material was the greener method with 92% of 
students choosing this method on the pretest and 95% choosing this method on the 
posttest. Only 6% of students chose the method that used fossil fuels as a precursor 
on the pretest and that percentage dropped to 3% on the posttest. The remaining 2% 
of students did not indicate which method they believed was greener.  
 
Like the Green Chemistry Definition item, hazards and waste were popular 
considerations for choosing a greener method for making cinnamaldehyde (Figure 
4.7). Nearly half of the responses mentioned concerns regarding hazardous 
byproducts on both the pretest (46%) and posttest (51%), hazardous reactants (9% on 
the pretest, 16% on the posttest), and/or waste (11% on the pretest, 21% on the 
posttest). Exact McNemar's tests showed that there was a statistically significant 
difference in the proportion of students who were coded into the reducing waste and 
hazardous reactants categories pre- and post-course (N = 615, p < 0.001). 
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Figure 4.7. Percentage of pretest and posttest response categories for the Two Methods Choice 
question for the Fall 2019 semester. Exact McNemar’s tests showed there were significant differences 
in the proportion of students coded into each category pre and posttest except for hazardous 
byproducts, economic considerations, and other (N = 615). A solid line ( – ) represents a statistically 
significant difference in proportion and a dashed line ( --- ) represents a non-significant difference in 
proportion from pretest to posttest.   

This item also surfaced different ideas from the previous Green Chemistry Definition 
item as renewability considerations became the most prominent posttest category 
and showed the most growth from pretest to posttest. Most of these responses 
focused on how cinnamaldehyde (the desired product) derived from cinnamon tree 
bark was potentially a renewable feedstock especially in comparison to the fossil fuel 
precursor method. Gregory expressed this reasoning in his explanation for choosing 
the cinnamon tree bark method making an explicit comparison along renewability 
lines between tree bark and fossil fuels. He also explicitly tied the idea of renewability 
to timescales stating that the timescale for fossil fuel regeneration was not feasible 
option: 
 

Making pumpkin spice from cinnamon tree bark is preferable from making it 
from fossil fuels because trees are a renewable resource, while fossil fuels are a 
limited resource. We can always grow more cinnamon for more production of 
pumpkin spice, but we’d need to wait billions of years for more fossil fuels to be 
created. 
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Overall, students recognized that renewability concerns were one of the most 
relevant green chemistry dimensions for justifying either method choice in this 
particular context since one method used fossil fuel precursors while the other uses a 
tree bark extraction. At the beginning of the semester 34% of students mentioned 
renewability considerations in their response, which increased to 52% of students by 
the end of the semester for an 18% increase.  
 
While most categories increased or stayed constant from pretest to posttest, one 
category – sustainable systems – decreased significantly from pretest to posttest (N = 
615, p = 0.003). Sustainable systems was a category that emerged from the initial 
coding of student responses. The original coding scheme for Two Methods Choice 
was based on the 12 Principles of Green Chemistry using a similar categorization 
method as the Green Chemistry Definition coding scheme. However, it was quickly 
observed that many responses focused on specific aspects of sustainability or 
environmentalism that fell outside the traditional 12 Principles language. Concerns 
about the environment had been a common but vague theme when students defined 
green chemistry. In contrast, in the Two Methods Choice responses, environmental 
concerns were much more detailed and contextualized within the actual scenario. For 
example, a response might focus on the potential harm that removing tree bark from 
a tree might cause – “is the tree still able to survive and thrive” after this process? 
Other examples of included land use and potential deforestation for the tree bark 
method. For example, Stephanie said that she would “look at how each method 
produces the substance in terms of the amount of land…required to produce the 
molecule (i.e., if it diverts land from agriculture, requires deforestation to clear land for 
production…)”. 
 
The decrease seen for this category from pre to post-course wasn’t completely 
unexpected since it was hypothesized that posttest responses would shift away from 
environmental ideas towards more normative green chemistry terms and principles 
as students would have just completed a course focused on those formalized ideas 
and practices. Indeed, the number of supported sustainable systems responses (i.e., 
those that provided a justification this idea) remained constant from pre to post-
course at 4% while the number of unsupported sustainable systems responses 
decreased from 21% to 15%. Additionally, students who had initially included 
sustainable systems ideas in their pretest response but no longer included it in their 
posttest response tended to make larger gains in the number of normative green 
chemistry categories included in their posttest response compared to students who 
either never had included sustainable systems in their pretest response or still 
included it in their posttest response (Table 4.7). 



 124 

Table 4.7. Change in number of normative green chemistry components from pretest to posttest for 
response groups that did or did not include a sustainable systems component. All groups had a 
median of 1 normative green chemistry component for the pretest.  

Sustainable Systems present in 
response? N 

Change in # of normative green chemistry 
components from pretest to posttesta 

Pretest Posttest Median Mean (st. dev.) 

No No 385 0 0.48 (1.15) 

No Yes 72 0 0.22 (1.12) 

Yes No 113 1 0.78 (1.40) 

Yes Yes 45 0 0.36 (1.05) 
a Normative components include renewability, hazardous byproducts and reactants, reducing waste, economics, and the 
‘other’ coding categories 

 
As with the Green Chemistry Definition item, students were asked to make it clear if 
they guessed on their response to this item (Figure 4.8). At the beginning of the 
semester, 27% of students said that their response to this question was a guess; by 
the end of the semester guessing had dropped to only 3% responses. Responses 
were coded for incorrectness which remained near 1% for both pretest and posttest 
responses. An additional category was added to capture students’ assumptions 
around an intermediary (benzaldehyde) for the fossil fuel method. These responses 
asserted that benzaldehyde was unsafe or less safe compared to the alternative tree 
bark method’s processes or materials without presenting any evidence or explanation 
for why that might be true (e.g., “We would rather perform natural processes such as 
steam distillation rather than artificial synthesis with benzaldehyde.”). This category 
was not very common nor 
did it change significantly 
from pretest to the posttest 
but it did illustrate a 
potential, more universal 
issue, with how novice 
students (and the 
population in general) 
negatively perceive 
“chemical” sounding names 
especially in relation to 
food (Dickson-Spillmann et 
al., 2011; Moscato & 
Machin, 2018; Román et al., 
2017).  
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Figure 4.8. Percentage of pretest and posttest response 
categories for the Two Methods Choice question for the Fall 2019 
semester. Exact McNemar’s tests showed there was a significant 
difference in the proportion of students who said they guessed on 
their choice and justification from the pretest to the posttest (p 
<0.001, N = 615). A solid line ( – ) represents a statistically 
significant difference in proportion and a dashed line ( --- ) 
represents a non-significant difference in proportion from pretest 
to posttest.   
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Overall Scores 

Summative pretest and posttest scores were calculated for the Two Methods Choice 
question. While there was no one ‘right’ answer for this question the way students 
made their choice and subsequently supported it did vary in specificity and 
comprehensiveness. Three summative scores were calculated for this item: 1) the 
total number of green chemistry components mentioned (total breadth score), 2) the 
total number of times a response justified or supported a green chemistry 
component (total depth score), and 3) a total item score. For the total item score, a 
blank or off-topic/irrelevant response received a total item score of 0 while all other 
responses received a score of 1 point plus 1 point for each unsupported green 
chemistry component present in the response and plus 2 points for each supported 
green chemistry component present in the response. 
 
The mean pre-course total item score was 3.09 points indicating that, on average, 
students included two normative green chemistry components in their response or 
one supported green chemistry component (Figure 4.9). By the end of the semester 
the mean total item score had increased significantly to 3.44. A paired-samples t-test 
was used to compare the mean student pre- and post-course total item scores, which 
showed that there was a significant difference in mean total item scores (t = 4.22, d.f. 
= 614, p < 0.001). The difference in means between the pre- and post-course scores 
was estimated as 0.35 with a 95% confidence interval from 0.19 to 0.51.  

 
Figure 4.9. Total pretest and posttest summary scores for the Two Methods Choice for the Fall 2019 
semester.  Paired t-tests (for the total score) and Wilcoxon signed-ranks test (total holistic and total 
component score) showed there were significant differences in the posttest and pretest scores for 
each category. A solid line ( – ) represents a statistically significant difference in pretest to posttest 
score.   

Similar results were seen for the breadth scores but not for the depth scores. On 
average, the post-course breadth score was higher than pre-course scores, but the 
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depth score was, on average, lower on after the course. A Wilcoxon signed-rank test 
indicated that the median breadth post-course ranks were statistically significantly 
higher than the median pre-course ranks for both semesters (Z = 9.13, p < 0.001). 
However, the median depth post-course ranks were statistically significantly lower 
than the median pre-course ranks (Z = -2.31, p = 0.02).  
 

Together, these scores indicated that the gains seen for the total post-course score 
come from an increase in the breadth of student responses but not in the depth of 
their justification for using certain green chemistry components to rationalize their 
method choice. While 89% of the post-course responses mentioned at least one 
specific green chemistry component (and 32% mentioned two, and 19% mentioned 
three or more components) only 34% of responses provide any justification for 
including one or more of those components. Most students tended to list the factors 
they consider important for making a green chemistry choice but didn’t necessarily 
stop to provide evidence for the inclusion of those factors. For example, Brooke’s 
response below mentions many green chemistry principles – often by name (reducing 
harmful byproducts, energy efficiency, renewable feedstocks, waste prevention, 
inherently safer chemistry) – but does not explain how or why these are important to 
know and/or simply asserts that these principles are better for her chosen method: 
 

Steam distillation: 
• Doesn’t produce greenhouse gases as a result of fossilization  
• More energy efficient → requires less energy (i.e., heat, power) to obtain 

chemical 
• Renewable feedstock - chemical compound obtained from cinnamon tree 

bark (nature) rather than drilling down to find it.  
• Waste prevention - may not produce as much byproduct as fossil fuels would 
• Inherent safe chemical process - the extraction process on cinnamon tree bark 

is safer than fossils. 
 
Interestingly, it appears that a shift occurred from pretest to posttest whereby 
responses began to favor breadth of response over depth of response. Ideally, these 
two ideas wouldn’t be in competition but, since students only had limited time to 
complete this in-class quiz, there may have been tradeoff made in how they 
approached this item on the pretest versus the posttest. On the pretest, students may 
only have known a limited number of applicable ideas for making a green chemistry 
decision, thus giving them more time and space to explain their choices. Indeed, only 
30% of students applied more than one green chemistry component for their pre-
course response choice. On the posttest however, students would have had a much 
wider range of green chemistry principles and practices to draw from to support their 
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method choice; 50% of students now used two or more green chemistry components 
to support their method choice and 20% used three or more. Thus, the inclusion of an 
increasing number of normative green chemistry ideas may have come at the 
expense of having time/space to fully justify the inclusion of these components.  

Select All Green Chemistry Concepts 
The three select all multiple-choice items were designed to probe specific green 
chemistry ideas that had been observed while coding the Green Chemistry Definition 
item during the Fall 2018 semester. These three items targeted concepts of 1) atom 
economy, which is a specific green chemistry metric that provides a measure for how 
efficient a reaction is at the molecular level, 2) lethal dose, 50% or LD50, a widely used 
measure for the acute toxicity of a compound, and 3) natural versus renewable 
processes. Many student responses to the Green Chemistry Definition item had 
focused on ‘hazards/toxicity’, ‘efficiency’, and/or ‘renewability’ without clearly defining 
what those terms meant in the context of green chemistry. Additionally, student 
response (both to the Green Chemistry Definition item and to in-class prelab and 
postlab items) had occasionally appeared to conflate renewability with natural 
products/process. Thus, these three fixed response survey items were developed to 
probe what students knew about these specific concepts related to the broader 
themes already observed in student responses.  
 
The select all items illustrated differences in student confidence in their prior 
knowledge and how that knowledge did or did not shift towards more normative 
understanding after completing the GC2 laboratory course (Figure 4.10). Students 
were largely successful with the first item, which focused on atom economy, even 
before experiencing most of the green curriculum. Most students, both pre- and 
post-course, were either completely correct or incompletely correct (selected one of 
the two correct choices with no incorrect choices) on this item. The positive 
performance on the pretest (including the low frequency of students saying they 
didn’t know how to respond to this item) was not surprising since atom economy is 
the first green chemistry principle introduced to students during the course. While 
the pretest survey was administered during the first week of the course students 
would still have attended their first lab lecture and started preparing for their first 
experiment during this time. Indeed, on the in-class quiz that was administered 
during the first week of the course, several students mentioned having heard of 
green chemistry (or related terms) during their first lab lecture or from reading the 
introduction to their lab manual. 
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Figure 4.10. Frequency distributions for all ‘Select All’ multiple choice items. Full item prompts can be 
found in Table 4.2. 

However, even with that direct introduction close to the pretest administration, there 
was still a slight increase in correctness for the Atom Economy item on the posttest (z 
= 4.97, d.f. = 507, p < 0.001), which the formula score for this item illustrates (Table 
4.8). The formula score considered all the options a student selected with each 
incorrect choice resulting in the subtraction of one point and each correct choice 
resulting in the addition of one point to the overall formula item score (‘I don’t know’ 
responses received a score of zero). Overall, there was still room for growth around 
the concept of atom economy in moving towards a fully correct answer since most 
students, even on the posttest, only select one of the two correct descriptions of atom 
economy. 
 
Table 4.8. Descriptive statistics (formula scores) and Wilcoxon rank sum tests for each select all item  

Variable N 
Pretest Posttest p-value 

(z-value) Mean Std. 
Dev. Min Max Mean Std. 

Dev. Min Max 

Select All #1 508 0.77 0.82 -2.00 2.00 0.99 0.79 -3.00 2.00 p < 0.001  
(4.97) 

Select All #2 508 0.06 0.68 -4.00 1.00 0.72 0.71 -4.00 1.00 p < 0.001  
(14.97) 

Select All #3 508 -1.09 1.27 -4.00 1.00 -1.00 1.32 -4.00 1.00 p = 0.17    
(1.36) 
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In contrast to the atom economy select all item, students did not know how to answer 
the second select all item at the start of the semester. This item asked students to 
choose the correct definition for LD50, which is a specific measure of acute toxicity. It 
was not expected that many students would have heard of this measure prior to the 
course, and it was not introduced until midway through the course. Correspondingly, 
the vast majority (65%) of students said they did not know what this term meant on 
the pretest and then the vast majority (over 80%) answered this question correctly on 
the posttest (z = 14.97, d.f. = 507, p < 0.001) after presumably learning about this 
concept through the course curriculum. 
 
Students were the most confident on the third and final select all item with only 7% 
saying they did not know how to answer it on the pretest. Yet, students were also the 
most incorrect on this item as evidence by the, on average, negative formula scores 
for both the pretest and posttest (Table 4.8). Unlike the first Atom Economy item that 
focused on a concept students were introduced to during the first week of the course, 
renewability (and especially the comparison to ‘naturalness’) was not introduced until 
after the pre-course survey had been completed. And, unlike the LD50 item that 
focused on a concept students learned about through the course and subsequently 
correctly answered on the posttest, this third item had no appreciable shift in 
correctness from the pretest to the posttest (z = 1.36, d.f = 507, p = 0.17) indicating 
that the course curriculum was not able to appreciably shift student understanding or 
belief around natural and renewable processes.  

12 Principles Ranking  
As with the select all items, the 12 Principles Ranking items were developed to 
supplement the in-class quiz free response items. These ranking items were designed 
to allow students to demonstrate their ability to apply the 12 Principles of Green 
Chemistry to novel scenarios. Students read a short scenario that described the 
development of greener alternatives for traditional processes or products (Table 4.3) 
and were then asked to select the top three green chemistry principles they believed 
applied to the scenario and rank them from most applicable to least applicable.  
 
The first two 12 Principles Ranking items had three applicable principles with two of 
the three being equally the most relevant. Most students were able to correctly 
identify either one or two of the most relevant principles on the pretest for both items 
(Figure 4.11). In contrast, the third and final ranking item showed a vastly different 
distribution with most students identifying three correct principles for both the 
pretest and posttest (Figure 4.11). However, this wasn’t surprising since this third item 
scenario mapped to two explicit principles and four implicit principles giving a total 
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of six ‘correct’ principles. For all these items there was a moderate but significant shift 
in the average number of correct principles placed in the top three from pretest to 
posttest (Appendix X). 
 

 
Figure 4.11. Frequency distributions for all ’12 Principles Ranking’ items. Full item text can be found in 
Table 4.3. 
 

Figure 4.12 shows how the overall ranking of each principle shifted from pretest to 
posttest for 12 Principles item #1 (items #2 and #3 can be found in Appendix X). The 
first ranking item focused on the reduction and elimination of hazardous chemicals 
(i.e., the elimination of chlorine in paper production). Even on the pretest students 
had collectively placed the most relevant principles in their top three choices (less 
hazardous chemicals/synthesis, inherently safer chemistry for accident prevention, and 
designing safer chemicals).  The overall order of these three principles did shift from 
pretest to posttest with inherently safer chemistry becoming the second most ranked 
principle. This aligned correctly with the expected ranking of these principles. Less 
hazardous chemical synthesis and inherently safer chemistry were the most relevant 
principles as this scenario involved the removal of a problematic class of chemicals 
rather than the design of alternative chemicals. 
 
A similar trend was observed for the second ranking item, with the pretest responses 
collectively identifying the two most relevant green chemistry principles for the 
scenario and then the posttest responses brought in the third implicitly connected 
green chemistry principle. This second scenario’s focus was on design for 
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degradation (the design of plastic bags that biodegrade under normal conditions) 
with an additional focus on waste prevention (the reduction of plastic waste). Students 
identified these two principles on the posttest and solidified a top ranking for design 
for degradation on the posttest. Additionally, students identified the use of renewable 
feedstocks as a potential third applicable principle since it is possible that some of the 
material used to make these plastic bags may be a renewable feedstock though 
further information would be needed to explicitly link this principle to this scenario. 

  
Figure 4.12. Weighted frequencies for 12 Principle Ranking item #1. The weighted frequency for each 
principle was based on ranking; the top position (#1) resulted in the highest “weight” of 3 while the 
lowest position (#3) resulted in a “weight” of 1. 
 

Finally, the last ranking item presented students with a very different range and 
number of potentially relevant green chemistry principles. While the previous two 
scenarios only had two truly relevant green chemistry principles with a third 
tangentially relevant principle to round out the top three, this final scenario had six 
relevant principles. While this certainly increased the odds of a student randomly 
guessing three relevant principles (though guessing should have been reduced from 
the inclusion of an “I don’t know option”) this large number of relevant principles also 
provided a snapshot into how students used and prioritized multiple applicable 
green chemistry principles. This scenario focused on the development of less 
hazardous paints (made from recycled plastic bottles and soybean oil) that use water 
as a solvent. As with the prior two items, students once again collectively ranked the 
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most relevant six principles in 
the top six spots even on the 
pretest with a focus on less 
hazardous chemicals, 
designing safer chemicals, 
and inherently safer chemistry 
for accident prevention. This 
order did shift slightly for the 
posttest with the largest 
change coming from the 
addition of renewable 
feedstocks in the top three. 
While students had most 
likely heard of renewability 
prior to the course (as 
evidenced from the select all item discussed in the previous section), renewable 
feedstocks is a very specific green chemistry principle that was covered several times 
through the course curriculum. Its rise in popularity on the posttest suggested that 
students did indeed become more familiar with this specific green chemistry 
principle and were able to apply it correctly to a novel scenario.  
 

Results: Closing the Gap? 

Initial Green Chemistry Performance 
Chem 1AL is a large enrollment course that serves a diverse range of students with 
different backgrounds, experiences, preparation, and future major/career plans. 
Similarly, students enter the general chemistry laboratory with widely varying levels of 
prior green chemistry knowledge; only 30% of students say they have heard of green 
chemistry before Chem 1AL (often from environmental or sustainability focused 
chemistry courses or mass media). Thus, it was expected that student performance 
would vary on the green chemistry pretest items. However, it was hoped that 
completing the GC2 laboratory course would help bridge the gap between students 
who did and did not have prior knowledge of green chemistry.  
 
To begin to explore this question, students were sorted into two groups based on 
their pretest responses to the Green Chemistry Definition item. Students were 
categorized as demonstrating low initial green chemistry performance if they 
answered this question incorrectly (total item score of 0) or with a superficial response 

Figure 4.13. Pretest and posttest total definition score for low 
and high initial green chemistry performance students. The 
gap in ability to define green chemistry between low (NF18 = 
220, NF19 = 155) and high (NF18 = 416, NF19 = 460) prior 
knowledge students was significantly reduced after completing 
Chem 1AL. A solid line ( – ) represents a significant change 
from pretest to posttest.   
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(total item score of 1) on the pretest. After 
completing GC2, low initial performance 
students were able to define green chemistry at 
close to the same level as high initial 
performance students though there was still a 
gap in performance between these two groups 
(Figure 4.13). For the Fall 2019 semester, the 
difference in means between the high and low 
prior knowledge groups was estimated as 2.31 
with a 95% confidence interval from 2.14 to 
2.48 (p < 0.001, t = 26.92, d.f. = 613). However, 
by the end of the semester this difference in 
means was estimated as only 0.43 with a 95% 
confidence interval from 0.15 to 0.71 (p = 
0.003, t = 3.02, d.f. = 613). Similar trends were 
seen for the Fall 2018 semester; while the gap 
between groups was greatly reduced by the 
posttest it was not eliminated.  
 
This result was a change from previous 
semesters where the gap between students 
with low and high green chemistry prior 
knowledge was closed by the end of the course (Chapter 2, Armstrong et al., 2018). 
However, in prior semesters, the high initial performance group did not make 
significant gains from pretest to posttest. Thus, the low initial performance group 
simply needed to ‘catch up’ to where the high initial performance group had started. 
However, for the semester that implemented GC2, both low and high initial 
performance groups made significant gains in score from the pretest to posttest. 
Combining data from both the Fall 2018 and Fall 2019 semesters, the low initial 
performance group had an estimated 2.26-point increase from the mean pretest to 
posttest scores (p < 0.001, t = 36.18, d.f. = 635) and the high initial performance 
group had an estimated 0.68-point increase from the mean pretest to posttest scores 
(p < 0.001, t = 13.35, d.f. = 1119). 
 
A similar analysis was carried out for the Two Methods Choice item administered on 
the in-class quiz during the Fall 2019 semester (Table 4.1). This question asked 
students to choose between two different methods for making a natural product from 
a green chemistry perspective. After completing GC2, low initial performance 
students moved closer to the high initial performance group although there was still a 

Figure 4.14. Pretest and posttest total Two 
Methods Choice score for low and high 
initial green chemistry performance 
students. The gap in ability between low 
(N= 100) and high (N = 515) prior 
knowledge students was reduced but not 
eliminated after completing Chem 1AL. A 
solid line ( – ) represents a significant 
change and a dashed line ( • • • ) 
represents a non-significant change from 
pretest to posttest.   
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significant gap in performance between these two groups (Figure 4.14). For the Fall 
2019 semester, the difference in means between the high and low prior knowledge 
groups was estimated as 2.54 with a 95% confidence interval from 2.24 to 2.84 (p < 
0.001, t = 16.64, d.f. = 613). However, by the end of the semester this difference in 
means was estimated as only 0.77 with a 95% confidence interval from 0.40 to 1.14 (p 
< 0.001, t = 4.13, d.f. = 613). Unlike the previous definition item, for which both low 
and high initial green chemistry performance groups made significant gains from 
pretest to posttest, only the low initial performance group made significant gains on 
this ‘choice’ item. The low initial performance group had an estimated 1.83-point 
increase from the mean pretest to posttest scores (p < 0.001, t = 12.06, d.f. = 99).  
 
Chi-square goodness-of-fit tests were used to investigate if there was any difference 
in the demographic composition of the high and low green chemistry performance 
groups for each item. For Two Methods Choice, there was a statistically significant 
difference in the number of URM versus non-URM students who were in the low initial 
performance group (𝜒2(1) = 9.40, p = 0.002); 28% of URM students (N = 87) were in 
this group versus only 14% of non-URM students (N = 506).  There was no statistically 
significant difference for first-generation status (𝜒2(1) = 2.87, p = 0.09) or gender 
(𝜒2(1) = 0.09, p = 0.77). 
 
Similar trends were observed for the Green Chemistry Definition item. Once again, 
there was a statistically significant difference in the number of URM versus non-URM 
students who were in the low initial performance group for the combined Fall 2018 
and 2019 semester dataset (𝜒!(1) = 8.60, p = 0.003); 39% of URM students (N = 185) 
were in this low initial performance group versus only 28% of non-URM students (N = 
1018).  There was no statistically significant difference for first-generation status (𝜒2(1) 
= 0.87, p = 0.35) or gender (𝜒2(1) = 2.31, p = 0.13). 

Impact of Student Backgrounds and Prior Experience  
Linear regression was used to investigate the association more fully between student 
performance on the two free response items (Green Chemistry Definition and Two 
Methods Choice) and several important demographic and prior experience 
explanatory variables (gender, first-generation college status, URM status, prior green 
chemistry experience, or prior chemistry experience). For all the models shown in 
Table 4.6, multiple linear regression was performed to create each regression model.  

Green Chemistry Definition 

The total pretest score for the Green Chemistry Definition item was regressed on 
categorical variables for gender, first-generation college status, URM status, prior 
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green chemistry experience, and prior college credit bearing chemistry experience. 
The results of this linear regression model are shown in Table 4.9. 
 
Table 4.9.  Estimated regression coefficients (robust standard errors), 95% confidence intervals, and 
p-values for the effect of being female and other selected variables on the pretest total score for the 
green chemistry definition item for the combined Fall 2018 and Fall 2019 populations (N = 1203, F = 
6.85, R2 = 0.03). 

Variable Est. Coeff. 
(Standard Error) 95% Confidence Interval p-value 

Female student 0.14 (0.08) -0.01 0.29 0.06 
First-generation 
college student -0.04 (0.09) -0.21 0.13 0.68 

URM student -0.38 (0.1) -0.58 -0.18 < 0.001 
No prior green 
chemistry experience -0.11 (0.08) -0.27 0.05 0.18 

No prior college 
credit bearing 
chemistry experience 

-0.21 (0.08) -0.36 -0.06 0.01 

Intercept 2.39 (0.09) 2.21 2.57 < 0.001 
 
Controlling for the other variables in the model, the differences in pretest score on 
the Green Chemistry Definition item for female (t = 1.88, d.f. = 1197, p = 0.06) and 
URM (t = -3.77, d.f. = 1197, p < 0.001) students were approaching significance and 
significant, respectively. Female students were estimated to score on average 0.14 
points higher than male students and URM students were estimated to score on 
average 0.38 points lower than non-URM students for their pretest score for defining 
green chemistry. Additionally, students without prior college credit bearing chemistry 
experience (i.e., no previous AP/IB courses) showed significant differences (t = -2.76, 
d.f. = 1197, p = 0.01) in pretest score for this item compared to students who had this 
prior chemistry experience, after controlling for all other variables in the model. 
Students without this chemistry experience were estimated to score on average 0.21 
points lower than students who had taken these more advanced courses. 
 
It’s important to note that this model explains only 3% of the variance in pretest 
scores (R2 = 0.03), which is also reflected in the wide confidence intervals. This low R2 
value limits the precision of the model though the low p-values still indicate that there 
is a true association between those significant explanatory variables and the response 
variable.  
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The “gain” score (posttest total score – pretest total score) for this item was regressed 
on categorical variables for gender, first-generation college status, URM status, prior 
green chemistry experience, and prior college credit bearing chemistry experience. 
The results of this second linear regression model are shown in Table 4.10. 
 
Table 4.10.  Estimated regression coefficients (robust standard errors), 95% confidence intervals, and 
p-values for the effect of being female and other selected variables on changes from pretest to 
posttest total score for the green chemistry definition item for the combined Fall 2018 and Fall 2019 
populations (N = 1203, F = 1.24, R2 = 0.01). 

Variable Est. Coeff. 
(Standard Error) 95% Confidence Interval p-value 

Female student 0.16 (0.11) -0.06 0.38 0.15 

First-generation 
college student 0.11 (0.13) -0.14 0.36 0.38 

URM student 0.05 (0.14) -0.23 0.33 0.75 

No prior green 
chemistry experience -0.06 (0.12) -0.29 0.17 0.61 

No prior college 
credit bearing 
chemistry experience 

0.19 (0.11) -0.02 0.41 0.08 

Intercept 1.03 (0.14) 0.76 1.30 < 0.001 

 
This model showed that none of the explanatory variables were significant predictors 
of the gains that students made from the pretest to posttest though students without 
prior college credit bearing chemistry experience showed near significant differences 
(t = 1.76, d.f. = 1197, p = 0.08), after controlling for all other variables in the model. 
Students without this prior advanced chemistry experience were estimated to gain on 
average 0.19 points compared to students who entered the course with this prior 
experience.  
 
Once again, however this model has a low R2 value explaining only 1% of the variance 
in pretest scores (R2 = 0.01). 

Two Methods Choice 

The total pretest score for the Two Methods Choice item was regressed on 
categorical variables for gender, first-generation college status, URM status, prior 
green chemistry experience, and prior college credit bearing chemistry experience. 
The results of this linear regression model are shown in Table 4.11. 
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Table 4.11.  Estimated regression coefficients (robust standard errors), 95% confidence intervals, and 
p-values for the effect of being female and other selected variables on the pretest total score for the 
Two Methods Choice item for Fall 2019 (N = 593, F = 1.88, R2 = 0.02). 

Variable Est. Coeff. 
(Standard Error) 95% Confidence Interval p-value 

Female student -0.01 (0.14) -0.38 0.18 0.50 

First-generation 
college student -0.06 (0.16) -0.37 0.25 0.70 

URM student -0.54 (0.2) -0.94 -0.15 0.01 

No prior green 
chemistry experience 0.02 (0.16) -0.30 0.34 0.92 

No prior college 
credit bearing 
chemistry experience 

0.09 (0.15) -0.21 0.40 0.55 

Intercept 3.20 (0.16) 2.88 3.52 < 0.001 

 
Controlling for the other variables in the model, the difference in pretest score on the 
Two Methods Choice item for URM students (t = -3.77, d.f. = 1197, p < 0.001) was 
significant at the 5% level. URM students were estimated to score on average 0.54 
points lower than non-URM students for their pretest score on this item. No other 
explanatory variables were significant or approaching significance for this model with 
the estimated coefficients indicating only small differences in pretest score between 
groups (e.g., male and female students). However, once again, the R2 value is very 
low for this model (R2 = 0.01) and is reflected in wide confidence intervals. Thus, there 
may be greater differences in pretest for each of these dichotomous explanatory 
variables than the estimated mean coefficients indicate.  
 
As with the previous item, the “gain” score (posttest total score – pretest total score) 
for Two Method Choice was regressed on categorical variables for gender, first-
generation college status, URM status, prior green chemistry experience, and prior 
college credit bearing chemistry experience. The results of this second linear 
regression model are shown in Table 4.12. 
 
None of the explanatory variables were significant predictors for the gains that 
students made from the pretest to posttest on this item. URM students made the 
largest estimated gains of 0.30 points from pretest to posttest, after controlling for all 
other variables in the model, though this result was not significant (t = 1.33, d.f. = 
1197, p = 0.18). Once again, this model has a very low R2 value explaining less than 
1% of the variance in pretest scores (R2 = 0.004). 
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Table 4.12.  Estimated regression coefficients (robust standard errors), 95% confidence intervals, and 
p-values for the effect of being female and other selected variables on changes from pretest to 
posttest total score for the Two Methods Choice item for Fall 2019 (N = 593, F = 0.60, R2 = 0.004). 

Variable Est. Coeff. 
(Standard Error) 95% Confidence Interval p-value 

Female student -0.004 (0.18) -0.36 0.35 0.98 

First-generation 
college student -0.21 (0.18) -0.57 0.15 0.26 

URM student 0.30 (0.22) -0.14 0.73 0.18 

No prior green 
chemistry experience -0.10 (0.19) -0.47 0.26 0.59 

No prior college 
credit bearing 
chemistry experience -0.001 (0.18) -0.36 0.36 1.00 

Intercept 0.43 (0.21) 0.03 0.84 0.04 

 
Discussion 

Students Gain Knowledge about Green Chemistry 
This research focused on documenting the ways in which students' abilities to define 
and use green chemistry changed after completing the general chemistry green 
chemistry (GC2) laboratory course. The development and implementation of GC2 
provided a useful setting to better understand what green chemistry knowledge and 
beliefs students hold prior to direct green chemistry instruction and how they 
develop and integrate new normative green chemistry ideas and practices after 
receiving said instruction. 
 
On average, students demonstrated increased green chemistry understanding after 
completing the GC2 laboratory course. At the start of the semester, students defined 
green chemistry using colloquial ‘green’ terms (such as sustainability, eco-
friendliness, efficiency) and included incorrect statements or assumptions; these 
definitions, on average, only mentioned one specific components of green chemistry 
and did not demonstrate a sophisticated understanding of systems thinking. After 
completing GC2, students built upon their starting definitions and gained confidence 
in their understanding of green chemistry. Post-course definitions still had many 
green-aligned terms but integrated normative green chemistry principles, examples, 
and explanations and began to include explanations of how chemical reactions and 
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processes operate as and within complex interconnected systems. Students’ 
definitions of green chemistry showed what they personally valued and what they 
believed the larger field of chemistry valued about green chemistry.   
 
Students’ ability to make a choice between two generalized processes from a green 
chemistry perspective also changed in meaningful ways after completing the GC2 

laboratory course. Most students (nearly 90%) were able to correctly identify one or 
more of the main factors for deciding between the two methods presented in the 
question. As with their definition of green chemistry, students were able to include 
more normative green chemistry ideas in their justification for choosing one method 
over the other after completing the course. Students moved away from less 
formalized ‘green’ and environmental language and towards more normative green 
chemistry ideas as seen in the decrease of mentions Sustainable Systems on the 
posttest. However, student responses decreased in depth at the end of the course. 
While more students included additional normative green chemistry ideas and 
practices post-course, they were no longer explaining the importance of or value in 
using these components to make a green chemistry decision at the same rate seen 
pre-course. Students were providing more criteria for making a green decision, but 
not justifying how or why that criteria applied to the given problem. There were 
several potential explanations for this shift. First, it’s possible that students had 
enough familiarity to know these green terms applied to the scenario but not enough 
robust understanding (either of the terms themselves or in the norms for justifying a 
decision) to fully explain the specific connections or usefulness that these criteria had 
for the scenario. Second, by the posttest students may have assumed that there was a 
shared understanding of what these terms and principles meant within the class and 
thus they did not think it was necessary to define or explicitly explain they were 
important or relevant anymore. Finally, students only had 10 minutes to complete 
both this item and the Green Chemistry Definition item for both the pre- and post-
course quiz. However, students, on average, included more components of green 
chemistry in their post-course response, which may have led to a decrease in 
time/energy for students to fully explain their increased number of green chemistry 
ideas and principles.  

Student Prior Knowledge of Green Chemistry 

In alignment with constructivist theory, all the green chemistry items showed that 
students had prior “green” ideas and beliefs and in some cases sophisticated green 
chemistry knowledge, which was reinforced and built upon during this course.  At first 
glance, it may appear that student understanding of green chemistry was naïve or 
superficial at the start of the semester. This is certainly true in some cases (and 
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regardless, in most cases, there was still room for substantial growth), but probing 
specific terms using fixed response items allowed students to demonstrate latent 
knowledge at both the beginning and end of the course. Very few responses to the 
free response quiz questions mentioned the concept of atom economy at the start of 
the course and yet 67% of students could partially or fully define this idea when 
directly asked. Similarly, students were able to correctly apply multiple green 
chemistry principles to novel green scenario even at the beginning of the semester. 
While these fixed response questions didn’t require students to recall the 12 
Principles on their own (a selection list was provided) it still showed that students had 
an emerging understanding of how these principles were relevant to different 
scenarios.   
 
Additionally, responses to the in-class quiz items showed many instances of unique 
prior knowledge or beliefs from students that were adjacent to but distinct from the 
standard 12 Principles of Green Chemistry. Most notably, many initial responses to 
the Two Methods Choice item focused on specific aspects of sustainability or 
environmentalism that were contextualized within the scenario for their choice of 
method (e.g., a response in this category might focus on the potential harm that 
removing tree bark from a tree might cause, land use, and/or potential deforestation 
that might occur from one of the method choices). While these concerns do fall within 
the realm of determining if a feedstock is renewable, students did not explicitly 
connect Sustainable Systems to a normative green chemistry principle or language. 
However, even without this more formalized understanding students still 
demonstrated that they brought significant nascent knowledge about important 
green chemistry or green chemistry aligned considerations into the classroom. 

Green Chemistry Is More Than the 12 principles  

The 12 Principles of Green Chemistry were used as a guiding framework for 
curriculum design and development and for exploring student understanding of 
green chemistry, as these principles are widely considered to be the central 
organizing structure of green chemistry (Anastas, 2011; Anastas & Warner, 1998; 
Haack & Hutchison, 2016; Linthorst, 2009; Woodhouse & Breyman, 2005). These 
principles act as a guideline for understanding the parameters around making a 
process greener. While they do not cover every single way a process could become 
more green, and a process does not need all 12 to be considered “green” (Linthorst, 
2009), they are a common baseline for comparing systems and making judgements 
especially within chemistry education (Machado, 2015).  
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Thus, these principles were central for developing the green chemistry free and fixed 
response items used for this research and categorizing the diversity of student 
responses to said items, as they aligned with many of the key concepts that students 
should take away from GC2 laboratory course. However, student responses, while 
aligned with the 12 Principles, also showed that students conceptualized green 
chemistry as more than the 12 Principles. Students brought up more holistic themes 
that showcased their ideas outside of the 12 principles (ethics, values, tradeoffs, 
philosophy, environmentalism). A significant minority of students saw green 
chemistry as a new philosophy for conducting chemistry; green chemistry was not 
simply as a list of principles to check off but rather a way of doing chemistry that 
considered the short- and long-term impacts that a chemical reaction or process 
could have across multiple dimensions. Students believed that green chemistry 
valued and prioritized human and environmental outcomes and often used those 
outcomes to explain or justify the importance of many of the formalized principles of 
green chemistry.  
 
However, students’ ideas around environmentalism were mainly focused on a general 
or abstract idea of the “environment” and not tied to any specific outcomes or other 
dimensions (e.g., worker health and safety, environmental justice) indicating that 
instructional guidance around extensions or applications of the 12 Principles is 
needed. Indeed, many educators believe that green chemistry curricula need to 
extend beyond the 12 Principles of Green Chemistry to include societal factors 
(Burmeister et al., 2012) with courses grounding these societal impacts within a local 
geographic area or introducing students to green chemistry through case studies 
(Karpudewan et al., 2015a). Others advocate for the application of green chemistry 
(or related ideas) to social justice problems and the development of humanistic 
approaches to chemistry (Burmeister et al., 2012; Sjostrom, Eilks, & Zuin, 2016; 
Sjostrom & Talanquer, 2014). 

Are Green Chemistry Gains Equivalent Across Student 
Demographics? 
This research also focused on understanding if and how student understanding of 
green chemistry differed based on a student’s background (gender, first-generations 
status, underrepresented minority status) and/or prior chemistry or green 
chemistry experience. The impact of prior chemistry experience (Riegle-Crumb et 
al., 2012), ethnicity (Ambady et al., 2001; Matsui et al., 2003; Tate & Linn, 2005), 
gender (Cheung, 2007; Cousins, 2007; Cousins & Mills, 2015; Good et al., 2012; 
Harding & Parker, 1995; Simon et al., 2016), and/or parents’ education level has been 
a prominent topic of discussion in STEM fields for several decades. It was 
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hypothesized that since green chemistry was less likely to have been introduced to 
students prior to GC2 (compared to traditional chemistry topics) students would enter 
the class with more equal (i.e., low) green chemistry ability and correspondingly 
complete GC2 having made equal gains in understanding. However, it was 
immediately clear that students entered the course with widely varying levels of prior 
green chemistry knowledge as seen through all the pretest items. However, it was 
hoped that the completion of GC2 would help bridge the gap between students who 
did and did not have prior experience with green chemistry.  
 
Since it was clear that students did enter the course with varying levels of green 
chemistry understanding it was important to ensure that the general chemistry green 
curriculum did not maintain or enhance those differences. Students were divided into 
low and high initial performance groups based on their pretest score for the Green 
Chemistry Definition and Two Methods Choice items. After completing the GC2 

laboratory course, low initial performance students made significant gains on both 
items and were able to define green chemistry and make a green chemistry decision 
at close to the same level as high initial performance students though there was still a 
gap in performance between these two groups. While it appeared that completing 
the GC2 laboratory course did help lessen the initial performance gap between 
students it was not able to completely erase it. Additionally, it appeared that URM 
students were overrepresented in the low initial performance group. Thus, linear 
regression was used to investigate the association more fully between student 
performance on these two free response items and several important demographic 
and prior experience explanatory variables (gender, first-generation college status, 
URM status, prior green chemistry experience, or prior chemistry experience). 
 
As expected, significant differences for certain explanatory variables were seen for 
students’ abilities to define green chemistry and make a green chemistry decision at 
the beginning of the course. For both items, URM students were estimated to have 
lower pretest scores (by an estimated 0.5-points) than non-URM students after 
controlling for first-generation status, gender, and prior chemistry and green 
chemistry experience; this estimated difference was statistically significant. 
Additionally, students who did not have prior college credit bearing chemistry 
experience were estimated to have lower pretest scores (by 0.2-points) for the Green 
Chemistry Definition item than their counterparts, after controlling for all other 
variables in the model. For the same item, female students also had significant 
estimated differences, but they were estimated to score 0.2-points higher on the 
Green Chemistry Definition item than male students. Together, this indicated that 
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there were significant differences in how students performed on these pretest items 
depending on their background and chemistry experience levels. 
 
However, the change in student scores from the pretest to the posttest for both items 
did not reproduce these differences. None of the explanatory variables that had 
previously showed significant differences in performance were significant for these 
final ‘gain’ models. The largest estimated gain for the Green Chemistry Definition item 
was for students who had not had prior college credit bearing chemistry experience, 
after controlling for all other variables in the model. These students were estimated to 
make a nearly 0.2-point gain over their more “experienced” counterparts though this 
gain was not significant. The largest estimated gain for the Two Methods Choice item 
was for URM students who were estimated to make a nearly 0.3-point gain non-URM 
student though, once again, this gain was not significant. 
 
Together this indicated that that green chemistry was not immune to the performance 
differences traditionally seen in chemistry outcomes as evidenced by the pre-course 
score analysis. Differences in student understanding by demographics and prior 
experience can and do exist within green chemistry as green chemistry and the 
methods used to assess it are not removed from the culture that students live and 
learn in. However, this analysis does provide evidence that these gaps are not 
necessarily perpetuated or enhanced through green chemistry curricula or in 
teaching green chemistry content and practices. No differences across select 
demographic factors were seen for the gains students made over the semester, which 
indicated that the GC2 laboratory course was equally serving most students for these 
green chemistry learning outcomes. 

Student Acceptance of Green Chemistry Ideas 
While the previous sections have illustrated what students understand about green 
chemistry after completing GC2, not every individual green chemistry concept was 
received equally by the students. Some green chemistry concepts were easier for 
students to learn, depending on their prior knowledge and beliefs. Students entered 
the course with established ideas around certain green chemistry aligned topics and, 
while the curriculum had an impact on student understanding of certain principles, 
that impact was not even across all topics.  
 
This was most obvious for student performance on two of the select all items: LD50 
Definition question and Natural vs. Renewable. The LD50 Definition item asked 
students to correctly identify the definition for LD50 (a widely used measure for the 
acute toxicity of a compound) while the Natural vs Renewable item asked student to 
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differentiate between these two often conflated terms. Students did not have much 
prior knowledge about LD50 as most students (66%) said they did not know how to 
answer this item on the pretest. In contrast, only 7% of these same students said they 
did not know how to answer the Natural vs Renewable item with 85% of them 
confidently selecting incorrect or partially incorrect answers on the pretest. When 
these same students answered these items after completing the GC2 laboratory 
course, 84% of students correctly answered the LD50 Definition item. The same could 
not be said for the Natural vs. Renewable item as students became more confident 
(only 1% select “I don’t know”) and yet nearly the same percentage of students 
answered this item incorrectly or partially incorrectly post-course.  
 
Student’s reliance on prior awareness of ‘naturalness’ and its relationship to 
greenness was also seen in initial definitions of green chemistry. Melissa’s initial 
definition of green chemistry showed that, to her, green chemistry was aligned with 
environmental concerns and natural products or processes:  
 

I don’t know but my best guess is using natural compounds to make chemicals 
and other compounds that are useful to us. “Green” usually has the connotation 
of environmentally friendly or natural, so that is why I assumed it has to do with 
natural compounds.  
 

Eric’s initial definition of green chemistry showed a similar tendency towards 
conflating green chemistry with environmental harm and naturalness while also 
conflating the idea of renewability and naturalness: 
 

I don’t know, but my best guess is that green chemistry heavily emphasizes 
procedures and method which try to minimize harmful effects on the 
environment…They want the chemistry to be natural so biofuel as opposed to 
regular diesel fuel… 

 
For a concept like natural or renewable products, students entered the class with 
many ideas about this topic as evidenced by most students who felt confident 
providing a (non-normative) answer to the Natural vs. Renewable select all item as 
well as using naturalness to define green chemistry at the beginning of the semester. 
The course curriculum was unable to make a meaningful impact on the complicated 
differences between these natural and renewable products and processes as 
students remained attached in their previous ideas around these two topics even 
after completing the course. However, it appeared that students were able to easily 
integrate a low prior knowledge concept like LD50 into their existing conceptions of 
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chemical safety or toxicity. Most students hadn’t heard of this idea prior to the course 
so there was very little prior understanding or beliefs to shift or align with this new 
metric.  
 
It was expected that students would be less successful on the Natural vs. Renewable 
item as understanding the differences between natural and renewable products is 
much more complex than learning a definition for LD50. However, it was unexpected 
that so many students would be so confident in their answers – especially before any 
direct instruction on green chemistry. This provides evidence for the strength of their 
prior beliefs and how those everyday beliefs can make the integration of new 
normative ideas difficult. Instructors teaching green chemistry should be aware that 
learning green chemistry terms and ideas will differ depending on how much prior 
exposure students have to those terms and ideas. A concept like LD50 or atom 
economy that has not become commonly seen or used outside of green chemistry 
communities will be much easier to introduce to students than concepts like natural 
products or renewability. More targeted teaching of these high prior knowledge 
topics and more explicit surfacing of this prior knowledge (Linn, 2006; Linn & Eylon, 
2011) is needed to aid in the learning of new, and often contradictory, information 
around these complex ideas that have made their way into everyday conversations 
and meaning.  

Limitations  
This research was conducted at UC Berkeley during the Fall 2018 and Fall 2019 
semesters. Berkeley (both the city and the university) has the perception of being 
liberal and aligned with green policies, which potentially could lead to a liberal/green 
skewed incoming student population for Chem 1AL (or subsequently influence 
student beliefs/attitudes/knowledge around green topics). Additionally, the 
knowledge that students brought into the class was necessarily influenced by events 
that occurred in their communities, states, and countries. The discourse around topics 
such as green chemistry (and the related topics of sustainability, climate change, 
renewable energy, etc.) is constantly changing and can vary by news source and 
political administration. What students knew and believed during Fall 2018 and Fall 
2019 might be very different than what students believe and know several years later. 
Similarly, it’s impossible to isolate the effect that the general chemistry green 
curriculum (GC2) had on the changes seen for student understanding of green 
chemistry without using a randomized or pseudo-randomized study design. During 
the semester students were completing the GC2 laboratory course, they may have 
also learned about green chemistry or related ideas from other sources (e.g., they 
may have been taking other courses or been part of clubs that touched on green 
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chemistry topics or ideas, reading or exploring the topics on their own, or just 
hearing about related ideas from friends, family, or media).  
 
The items used for this analysis did allow for the exploration of both the green 
chemistry ideas and beliefs students brought into the classroom as well as changes in 
their understanding of green chemistry after completing a green chemistry focused 
laboratory course, but more work is needed to explore how students engage in core 
green chemistry practices (especially for us with more advanced student populations 
like organic chemistry or upper division students). Currently, the developed items 
serve only as a measure of ‘pen and paper’ green chemistry understanding or 
application of green chemistry principles to vague theoretical choices. Green 
chemistry decision making does not occur in a vacuum but rather involves the 
optimization of many disparate pieces of information, metrics, and data. The final 
chapter of this dissertation explores how students engage in this authentic green 
chemistry practices by documenting the ways in which students make green 
chemistry decisions when given actual metrics and data. 
 
Conclusions 
The development of the general chemistry green curriculum (GC2) provided an 
opportunity to explore demonstrated student understanding of green chemistry 
within the context of a large enrollment non-chemistry major general chemistry 
laboratory course. The goal of this work was to document the green chemistry ideas 
and beliefs students brought into the classroom as well as changes in their 
understanding of green chemistry after completing this green chemistry focused 
laboratory course. The green chemistry items developed for this work allowed 
students to demonstrate their understanding of green chemistry and related 
concepts, apply green chemistry principles to novel scenarios, and make green 
chemistry decisions. The design and use of both free and fixed responses items 
allowed for data to be collected from the majority of student in the course while also 
allowing for meaningful and timely analysis for the hundreds (and in some cases 
thousands) of responses to each item by a small team of researchers. 
 
Students’ ability to define green chemistry, make decisions from a green chemistry 
perspective, identify and define green chemistry concepts, and apply green 
chemistry principles to novel scenarios all showed meaningful changes from the 
beginning to the end of the course. While students came into the course with varying 
awareness and experience with green chemistry, students, on average, were able to 
make good gains in understanding green chemistry regardless of their prior 
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experience with chemistry or green chemistry. Additionally, no significant differences 
were observed across gender, URM status, or first-generation status for the gains 
students made in green chemistry understanding from the beginning to end of the 
semester. This provided evidence that, while students may have entered the course 
with different levels of green chemistry understanding, the GC2 laboratory course was 
able to equally support students in their learning of green chemistry.  
 
However, one of the underlying themes for both the design of items and 
interpretation of results was the many ways that students’ prior knowledge mediated 
their integration of new ideas into their existing mental schema. The green chemistry 
curriculum effectively introduced new concepts to students, such as LD50 and atom 
economy, but was not able to shift existing beliefs about natural and renewable 
products. As posited by constructivist learning theory, students were not a ‘blank 
slate’ but came into the course with knowledge around green-aligned ideas and 
practices. From this research, it’s clear that more work needs to be done to actively 
surface student prior knowledge within GC2 to allow both instructors and students to 
explicitly register what knowledge students hold and how new ideas taught in the 
course support or contradict that prior understanding. The course structure needs to 
allow for repeated and targeted lessons that provide both normative ideas and 
opportunities to compare those new ideas to prior beliefs (Linn, 2006).  
 
Additionally, these results indicate that a more nuanced understanding of both 
student knowledge and beliefs around specific green chemistry ideas is needed to 
effectively teach and assess green chemistry. Terms like “natural” or “renewable” have 
such varied and, in some cases, interconnected everyday meanings for both societies 
and individuals (e.g., the idea of conserving natural resources versus the safety and 
use of natural products versus determining if those natural products come from 
renewable sources at the necessary scale). These terms are frequently tied to choices 
individuals must make as consumers in part due to the proliferation of eco-labels 
(Brécard, 2017; Ecolabel Index | Who’s Deciding What’s Green?, 2021) and 
greenwashing (Delmas & Burbano, 2011). Additional research is needed to 
determine the ways in which both cognitive and affective components contribute to 
learning and integrating new knowledge especially for concepts that had or will have 
a direct connection to students’ immediate choices and ethics. 
 
Finally, it is important to continue developing green chemistry curricula and 
assessment for courses outside of organic chemistry, i.e., for general chemistry and 
high school students. General chemistry and high school classes are critical points of 
entry and intervention for developing normative green chemistry understanding 
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(especially for important but complex topics like natural and renewable products) 
since most secondary and post-secondary students will never take organic chemistry. 
At Berkeley, many non-chemistry majors will only take one semester of general 
chemistry meaning that Chem 1AL is the one opportunity for their green beliefs to be 
challenged or changed through formalized green chemistry instruction. If green 
chemistry is truly a framework for chemistry, and not just an add on, then it should be 
present in all chemistry education to allow the greatest number of students the 
opportunity to hear and learn about it concepts and practices. 
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Chapter 5: Assessing the Complexity of Student 
Green Chemistry Decision Making 

Introduction 

Principles and Practices of Green Chemistry 
As discussed in the previous chapter, green chemistry has been largely codified by 
Anastas and Warner’s (1998) Twelve Principles of Green Chemistry. However, these 
principles, while often used and referenced in green chemistry, are intended to serve 
as guidelines for doing chemistry instead of an exhaustive framework for all of green 
chemistry (Linthorst, 2009). Green chemistry is a wide and diverse field that can 
encompass many different methods, processes, disciplines, and practices (Anastas, 
2011; Anastas & Allen, 2016). Ultimately, green chemistry is a philosophy for all 
chemistry – it is not a separate field of chemistry but rather a way of doing chemistry 
that attends to the entire system that chemistry operates within – including the impact 
of chemistry on human health and the environment.   
 
The critical need and growing global desire to address climate change as well as 
many other environmental and humanitarian crises, makes it increasingly critical to 
equip student with the specific tools necessary to support and promote equitable 
global sustainability (Kitchens et al., 2006). Introducing general chemistry students to 
concrete green chemistry knowledge, skills, and practices gives them a more focused 
approach to sustainability or environmental consciousness, which is especially 
important for topics that often feel overwhelmingly broad or difficult to address in a 
meaningful way.   
 
One of the core features of green chemistry is decision making, which requires the 
ability to identify, understand, and evaluate multiple competing system components 
such as functionality, life cycle impacts, chemical hazards and risks (ACS Green 
Chemistry Institute, 2020). Green chemistry is a new paradigm for doing chemistry 
that necessitates that decisions are made by considering all factors (or as many 
factors as possible) present in a system. This includes the often-stated considerations 
of ‘human health and environmental impact’, which in and of itself includes a wealth 
of variables. Central to green chemistry is the idea that there is almost never one 
‘right’ or ‘best’ answer for a given problem or decision point; instead, one strives to 
make the greener decision based on available information (Kitchens et al., 2006). 
Green chemistry requires thoughtful comparisons, optimizations, and tradeoffs 
between variables. Making a green chemistry decision is not a static choice but rather 
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the acknowledgement of the information available at the time and a commitment to 
finding or producing additional data or metrics for better future decision making. 
 
Green chemistry brings both knowledge (of chemistry, green chemistry and 
engineering principles, and lifecycle and systems thinking components) and practices 
(chemical design strategies, life cycle impacts, hazard and risk assessment) into the 
chemistry classroom with the goal of ultimately identifying problems and designing 
sustainable solutions using multiple criteria to make design decisions (ACS Green 
Chemistry Institute, 2020).  Introducing green chemistry to classrooms allows students 
to engage in these core premises of comparative analysis and the recognition that 
choices are complex, multi-dimensional, and liable to change with additional 
information. Green chemistry enhances student thinking and reasoning abilities 
(Andraos & Dicks, 2012) as authentic green chemistry contexts often motivate the 
collection, analysis, and critical evaluation of multiple variables and data sources. 
Green chemistry often calls for a comparative analysis between two or more options 
in, for example, the context of synthesis in organic chemistry or, as is the case in 
Berkeley’s general chemistry lab curriculum, evaluating biodiesel versus diesel as a 
fuel source. This comparative analysis leads to deeper analysis and richer discussion 
(Andraos & Dicks, 2012). 

Frameworks for Assessing Student Green Chemistry Decisions  
Making a ‘green’ decision is highly complex and, as discussed above, rarely as simple 
as finding the one ‘best’ choice. It involved the careful consideration of many factors 
(at both a local and global scale) and often requires a specific and coherent 
justification since there is no single methodology for carrying out green processes or 
chemistries. Thus, for students to engage in this practice they must engage in both 
normative green chemistry knowledge as well as connect that information together in 
coherent ways to create strong justifications for their green decisions.  
 
There have been many different approaches to teaching and analyzing student 
reasoning within the context of chemistry, science, and sustainability (Table 5.1). 
Morin et al. (2014) focused on student socioscientific sustainability reasoning (S3R) 
and argued that there are four practices for decision making in the context of 
socioscientific issues (SSIs): 1) recognizing the complexity of SSIs, 2) examining issues 
from multiple perspectives, 3) understanding that SSIs are subject to ongoing change 
and examination, and 4) recognizing biases in information. They developed a six-
dimensional framework for analyzing student socioscientific sustainability reasoning 
that focused on problematization (viewing multiple dimensions of the situation from 
different perspectives), interactions (considering the entire system over different 
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scales), knowledges (utilizing different types of knowledge), uncertainties and risks, 
values (understanding that ethics and morals are involved in the issue), governance 
(recognizing the relationships between different interest). This reasoning framework 
was developed for collective student reasoning (Morin et al., 2013) on long-term 
group projects (Morin et al., 2014) with recent work focusing on how student 
interactions can foster S3R (Morin et al., 2017). 
 
Table 5.1. Different frameworks for defining and assessing student reasoning in science  

Framework Approach to student reasoning 

Morin et al. (2014) Describes socioscientific sustainability reasoning (S3R) in the context of 
socially acute questions using a six-dimensional framework 
(problematization, interactions, knowledge, uncertainties and risks, 
values, governance) 

Sevian & Talanquer 
(2014) 

Describes the modes of reasoning to assess the complexity of student 
thinking (descriptive, relational, linear casual, multicomponent); 
chemical thinking is conceptualized as conceptual sophistication and 
modes of reasoning 

Linn & Eylon (2006) Knowledge integration assesses the integration of student ideas and 
knowledge through scientifically valid link(s) between relevant or 
normative ideas 

 
In contrast to S3R, which focused specifically on SSIs, Sevian & Talanquer (2014) 
focused more broadly on chemical thinking. Chemical thinking includes both content 
knowledge and modes of reasoning and thus can be used to capture the knowledge, 
reasoning, and practices inherent to chemistry (and green chemistry). They argued 
that to fully assess the complexity of student thinking one needs to focus on four 
modes of reasoning: descriptive, relational, linear causal, and multicomponent. These 
four modes of reasoning sequentially moved from descriptive (least complex) to 
multicomponent (most complex). Students who engage in descriptive reasoning use 
their own experiences and everyday life to explain and justify phenomena, often 
relying on superficial recognition and similarities. Students who use relational 
reasoning begin to recognize system properties and correlations while those who 
display linear causal reasoning invoke cause-effect relationships between a portion of 
the variables in the system. Those who engage in the highest level of 
multicomponent reasoning saw “complex phenomena as the result of the dynamic 
interplay of more than one factor and the direct and indirect interactions of several 
components.” While these modes of reasoning were designed to probe the ways 
students understand and think about chemical phenomena – not how they make 
chemical decisions – it parallels the increasing complex reasoning (including 
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multicomponent reasoning) needed to make fully justified green chemistry decisions 
from a systems-thinking perspective (Constable et al., 2019). 
 
Sevian & Talanquer (2014) posited that content and modes of reasoning together 
formed chemical thinking. Another approach, Knowledge Integration (KI) provides an 
explicit framework for assessing the normative ideas and links between those ideas in 
student thinking (Gerard et al., 2016; Linn & Eylon, 2006, 2011). Knowledge 
integration is a framework used both for constructivist curriculum development and 
pedagogy and assessing student learning (Linn & Eylon, 2011). KI curricula elicit 
ideas from students to help teacher’s assess prior knowledge and to allow students to 
explore and distinguish their prior knowledge from the new ideas; new ideas are then 
added often from pivotal cases. Then, and most importantly, KI curriculum and 
instruction helps students distinguish between ideas (through activities such as data 
representation, argumentation, critique, and debate) so students can see the 
differences between their old and new ideas. Without this critical step students will 
not integrate the new knowledge into their prior understandings. Finally, students are 
given opportunities to reflect on all their ideas (new and old) as well as the 
connections these ideas have to additional outside topics. 
 
To assess knowledge integration, students are typically asked to select a choice and 
defend that choice using evidence (Linn & Eylon, 2011). The scientific concepts/ideas 
that students bring to this choice as well as the connections or interactions these 
ideas have form the basis for assessing student reasoning from a knowledge 
integration perspective. KI rubrics have five levels from 0 (no answer), 1 (isolated 
ideas with no or incorrect links), 2 (incomplete connections between ideas), 3 (full 
connection or interaction between two ideas), 4 (full connection or interaction 
between more than two ideas), and 5 (full links along with comparison of contexts 
and application of appropriate ideas to each context). While knowledge integration 
wasn’t designed with green chemistry in mind its structure allows it to be applicable 
in any scientific context. Green chemistry is an inherently interdisciplinary discipline 
that requires being able to identify, analyze, and evaluate many ideas and 
connections within and between fields. Knowledge integration’s focus on the 
connections or interactions between concepts/ideas makes it a promising potential 
framework to assess green chemistry decision making.  

Research Questions 
This work built on that of the previous chapter, which explored the green chemistry 
ideas and beliefs students brought into the classroom as well as changes in their 
understanding of green chemistry after completing a green chemistry focused 
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laboratory course. However, this previous analysis examined only one portion of 
student green chemistry ability. It mainly focused on green chemistry definitions and 
concepts. When students were asked to select an alternative and justify that selection 
it was in the context of vague theoretical choices. Authentic green chemistry decision 
making involves the optimization of many disparate pieces of information, metrics, 
and data making it is important to extend this analysis to include a measure of how 
students make green chemistry decisions when given actual metrics and data. 
 
Thus, a comprehensive summative item was developed to give students the 
opportunity to demonstrate their ability in the core green chemistry practice green 
chemistry decision making through comparative analysis. This item asked students to 
make a choice when given multiple traditional and green metrics and justify their 
decision using this data. Responses to this item were collected from two courses 
during the same semester – the non-chemistry majors general chemistry laboratory 
course (Chem 1AL) and the non-chemistry majors second semester organic chemistry 
laboratory course (Chem 3BL) – which provided the unique opportunity to explore 
green chemistry decision making within and between two student populations with 
different levels of green chemistry and chemistry experience.  
 
The research questions for this investigation focused on student green chemistry 
reasoning and how the ability to make green chemistry decisions changed after 
taking additional chemistry courses: 
 

1. RQ1: How do general chemistry students reason about green chemistry choices? 
In what ways do students use data to support their choices? 

 

2. RQ2: How do organic chemistry students reason about green chemistry choices? 
How does this reasoning compare to students who have only completed general 
chemistry?  

 
Methods 

Research Context 

General Chemistry at UC Berkeley 

This research took place within a general chemistry laboratory course for non-
chemistry majors (Chem 1AL) and second semester organic chemistry laboratory 
course for non-chemistry majors (Chem 3BL) at UC Berkeley during the Fall 2019 
semester. Both courses are divided into a lecture (Chem 1A/3A) and laboratory 
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(Chem 1AL/3BL) course with separate instructors. Most students take the laboratory 
and lecture courses simultaneously, but students can complete the courses 
sequentially as both are offered every semester. Both laboratory courses include a 1-
hour lecture (taught by the course instructor), a 3-hour in-lab section (taught by a 
graduate teaching assistant) each week and an end of term written lab exam. Chem 
1AL has an enrollment of approximately 1200 students and Chem 3BL has an 
enrollment of approximately 500 students each Fall semester. Chem 1A/L is typically 
taken during a student’s first semester at Berkeley and is a prerequisite for the 
organic chemistry series. Students typically take Chem 3B/L two semesters after 
completing Chem 1A/L.  

General Chemistry Green Curriculum (GC2) 

The General Chemistry Green Curriculum (GC2) was used during Fall 2019 semester 
for Chem 1AL. GC2 used a consistent set of general chemistry experiments (Table 3.1) 
developed between 2008-2013 with an explicit green chemistry curriculum as 
described in detail in Chapter 3.  
 
While no explicit green chemistry curriculum was used for Chem 3BL during the Fall 
2019 semester, all these students would have been introduced to green chemistry 
when they took Chem 1AL. More than half of these students were introduced to 
green chemistry through early versions GC2 as they took Chem 1AL during the Fall 
2018 (GC2 v1a) or Spring 2019 (GC2 1b) semesters. The remaining Chem 3BL 
students took Chem 1AL prior to the implementation of GC2; this version of Chem 
1AL still was a green focused laboratory just with less explicit green chemistry content 
(see Chapters 2 and 3 for a detailed discussion of each curricular version). 

Participants 

Participants in this study were general chemistry students in Chem 1AL during the Fall 
2019 semesters. The research was approved by the university’s Institutional Review 
Board (Protocol ID 2012-09-4666) and all students included in this study consented 
to participate. Consent rates were high with nearly 100% of Chem 1AL students and 
56% of Chem 3BL consenting to be part of the study. Ultimately, 60% and 50% of the 
total Chem 1AL and Chem 3BL student population, respectively, were included in this 
study as these students consented, completed the exam for their course, and 
provided demographic information (Table 5.2). Each student was assigned a 
pseudonym to report any specific examples or findings. 
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Table 5.2. Number of general chemistry and organic chemistry laboratory students involved in study 
during the Fall 2019 semester 

Course Number of students 
in course 

Number who consented, 
completed exam and 

demographic questions 

% of total student 
population included in 

study 

Chem 1AL 1031 614 60% 

Chem 3BL 486 244 50% 

 
Chem 3BL students were further subdivided based on when they had previously 
completed Chem 1AL. Of the 244 Chem 3BL students in this study, 132 had 
completed Chem 1AL after the implementation of the GC2 while 98 had completed 
Chem 1AL before this implementation; 14 students did not provide information on 
when they had taken Chem 1AL or had not completed general chemistry at Berkeley 
and were subsequently dropped for any subgroup analysis. 

Item Design 
During the Fall 2016 semester, a green chemistry exam question had been 
administered for Chem 1AL (Chapter 2, Armstrong et al., 2019). This question asked 
students to consider why the reaction presented in the question prompt was exciting 
from a green chemistry perspective. This item assessed students’ use of higher-order 
thinking strategies and allowed students to demonstrate their green chemistry 
understanding through the exploration of a novel real-world problem. The success of 
this question, as well as the development and analysis of the Two Methods Choice 
item (Chapter 4), led to the design of a new Chem 1AL exam question for the Spring 
2019 semester. This question presented students with three potential methods for 
synthesizing a particular amide and a data table with real experimental data for each 
method. This data included the percent yield, atom economy, number of byproducts, 
reaction temperature, purification method, and cost for each method. Students were 
asked to choose one method and explain the pros and cons for their method choice. 
They were finally asked to state what addition piece of information they would want 
to help make their decision. 
 
This exam question was designed as an extension of the Two Methods Choice item; 
students were once again asked to decide between competing options but this time 
with real data and metrics to justify their decision. However, in contrast to the Two 
Methods Choice item, this exam question was not framed as a “green” question; 
instead, students were simply prompted to choose whichever method they thought 
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was best for synthesizing the desired product. Unfortunately, the design of this 
question did not match the intended goal of the item. Ideally, this question would 
have presented students with an opportunity to demonstrate their ability with one of 
the core practices of green chemistry: comparative analysis. However, since this 
question only asked students to explain the pros and cons of their chosen method, 
very little analysis or evidence of knowledge integration occurred; students simply 
listed the good and bad dimensions of their method. Very few responses justified 
their use of data, engaged in comparative analysis, or even linked together different 
pieces of information.  
 
Thus, this question was redesigned for the Fall 2019 semester through an iterative, 
collaborative process with the course instructors for Chem 1AL and Chem 3BL. The 
original intent of a ‘green chemistry decision’ question (to give students an 
opportunity to engage in green chemistry decision making using data and metrics) 
was retained but otherwise was completely updated. This item was redesigned using 
a KI framework with the goal of using a KI rubric for assessment; thus, it was necessary 
to present students with true alternatives that would motivate a choice and full 
justification of that choice (Linn & Eylon, 2011). For this version, students were 
presented with two methods for making the same product – para-cymene – used in 
plastic recycling. Once again, a data table was provided that gave students 
information like the previous question (e.g., percent yield, atom economy, number of 
byproducts) but also included toxicity and persistence information (Figure 5.1). 
Additionally, each method was equally matched in terms of ‘pros’ and ‘cons’ so there 
was no obvious method choice. However, one method (Method 1) was designed 
intentionally to be a more traditional choice (higher yield, faster reaction time, lower 
cost) while the other method (Method 2) was intended to be the greener choice 
(higher atom economy, lower number of byproducts, lower acute toxicity). 
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Figure 5.1. Green chemistry exam item (Green Chemistry Decision) for Chem 1AL and Chem 3BL 

While the overall structure of this question retained a similar layout to the previous 
iteration, the actual question prompts were redesigned. In order to help students 
engage in comparative analysis, the question prompted them to choose a method 
but then explain why they chose this method over the other possible method – 
encouraging students to engage in comparison and tradeoff analysis. Specific 
instructions were included to help students understand the depth of response 
desired for this question and to help students move away from simply asserting that 
criteria are ‘good’. The full exam question layout is shown in Appendix IV.  

Item Administration 
Chem1AL and Chem 3BL students completed this “green chemistry decision” exam 
question on their Chem 1AL or Chem 3BL laboratory exams, respectively, during the 
Fall 2019 semester. The Chem 1AL and 3BL exams were closed book and 
administered in-class at the end of the semester. Students were given 90 minutes to 
complete 35 free response and multiple-choice questions for Chem 1AL and 26 free 
response and multiple-choice questions for 3BL (including the question used for the 

METHOD 1 METHOD 2

% yield of p-cymene 91% 83%

atom economy 40% 80%

# of byproducts 4 1

reaction time 3 hours 24 hours

purification method Recrystallization Extraction

persistence of reactants Very low Low

Acute toxicity of reactants High Low

cost to make 1kg of p-cymene $2,250 $2,710

As you have learned this semester, there are often many different ways to achieve the same 
chemical goal. Examine the data below detailing two different methods for making p-
cymene for use in plastic recycling.

Which method would you choose for making p-cymene?
(Hint: There is no one correct answer! You will be graded based on your 
explanation and not which method you choose.)

⃝ ⃝

METHOD 1 METHOD 2

Why did you choose this method over the other method? Please be as specific as possible with 
your reasoning (for example, instead of stating that particular measure is ‘good’ explain what 
‘good’ means to you in this context and how it influenced which method you chose). 

Exam Question Prompt: Green Chemistry Decision
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current analysis). The green chemistry item was the last item on both exams. The 
green chemistry question was worth 5% of their overall Chem 1AL exam grade and 
7% of their overall Chem 3BL exam grade. Nearly all students enrolled in the Chem 
1AL and 3BL completed these exams.  

Item Analysis  
A modified knowledge integration coding scheme was used as the basis for all initial 
coding for both exam items used in this research (Linn & Eylon, 2006, 2011). 
Knowledge integration rubrics range in score from 1 (off-task) to 5 (multiple links) and 
provide information on the type and number of links students make between 
normative scientific ideas (Gerard et al., 2016). For this research, rubrics were 
designed to capture both the links between different piece of information/data and 
the identity of information/data that was used in the response (Figure 5.2). Categories 
were developed to document the type and frequency of information used and to 
describe the level at which students justified the data they used to make their 
decisions. Additionally, inspired by Sevian & Talanquer (2014) and Morin et al. (2014) 
categories for how students weighed multiple factors (tradeoffs) and valued and 
prioritized information were developed to provide a snapshot of how students 
evaluated and valued multiple variables within a green chemistry framework. 
 
A randomized sample of 20 student responses to the green chemistry exam item 
(Green Chemistry Decision) was independently read by two researchers to explore 
the ways in which students used the provided data (percent yield, atom economy, 
number of byproducts, reaction time, purification method, persistence and acute 
toxicity of reactants, cost) to 
justify their choice of method. 
The responses were coded 
for the type of information 
and the way it was used to 
support the choice of 
method. Originally, it was 
envisioned that students 
would use the provided 
information (measures) either 
as a “pro” (information 
supports that their choice of 
method is superior) or “con” 
(acknowledgement that the 
other method is superior 

Figure 5.2. Coding scheme for Question 1: Green Chemistry 
Decision 

Question 1: Method 
Choice Rubric

What provided 
information 

(measures) do 
students use?

In what ways are the 
measures used (pro, 

con, etc.)?

Are the measures 
applied correctly for 

chosen method?

How do students 
justify a measure 
being relevant or 

valuable?

What links are used 
between ideas?

Are justifications 
normative? General or 

specific?

Are multiple variables 
considered in relation 

to one another?

Are tradeoffs between 
measures 

considered?

Are certain measures 
prioritized for decision 

making?
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along this metric) for their choice of method. However, more sophisticated response 
patterns were quickly observed by both researchers, so an additional 20 responses 
were included to further elucidate these patterns.  
 
Instead of acknowledging that the provided information was simply a detriment to 
their chosen method (“con”), students instead argued that the measure was within an 
acceptable range; they acknowledged that the metric was ‘better’ for the other 
method, but it was still sufficient for their chosen method (e.g., yield for Method 2). 
Additionally, some responses equated information saying that the differences 
between the methods for a particular measure was small enough that it was 
essentially equivalent between the two method (e.g., yield, cost) and thus, not a factor 
in their decision. 
 
These 40 responses were also analyzed for the ways in which students justified the 
inclusion of the provided information to support their choice of method (i.e., they did 
not simply assert that the information was ‘good’ or ‘bad’ but rather explained why 
that was true for their choice of method). Four ‘support’ levels, paralleling a modified 
KI rubric (Gerard et al., 2016), were developed from reading and discussing the first 
20 randomized student responses. The coding of an additional 20 responses helped 
develop the inclusion and exclusion criteria for each support level (Table 5.3).  
 
Through this process, two additional categories were added which focused on the 
way students compared or prioritized the provided information. Responses discussed 
tradeoffs between measures (i.e., recognition that the chosen method does have 
deficits, but this is outweighed by the benefits of the method) and explicitly 
prioritizing certain measures over others (i.e., not all measures are equal; some are 
more important/relevant to this decision than others). A category was also added for 
mentions of green chemistry. As this question was not framed as a green chemistry 
item it was important to capture the frequency that students explicitly brought green 
chemistry considerations into their response. 
 
Using this new coding scheme, the two researchers independently coded an 
additional set of 30 student responses and discussed their results to achieve 100% 
agreement. The inclusion and exclusion criteria were revised based on these results. 
This process was repeated until no additional changes to the codebook were 
produced and interrater reliability had reached an acceptable threshold for each 
coding category (Cohen’s Kappa of 0.80 or higher). The remaining student responses 
were divided in half and coded separately. Unexpected or complex responses for 
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flagged by researchers and discussed by both until consensus was reached. The full 
rubric used for this item can be found in Appendix VII.  
 

Table 5.3. Coding scheme – modified from knowledge integration rubrics (Gerard et al., 2016) – for 
level of support/justification observed for the Green Chemistry Decision item 

Support 
Score Description Examples 

0 

Asserts that a measure or information is 
good or bad; often compares 
information between two methods but 
provides no justification for why, for 
example, having higher atom economy, 
is important 

“Method 2 has higher atom economy 
compared to method 1.” 
 

"The toxicity of reactants in #2 is low, while the 
tox of #1 is high." 

1 

Attempts to justify use of information 
but incorrectly links measure and 
justification (often by confusing % yield 
with atom economy) 

“Method 2 has a high % yield which means 
that few byproducts are produced which 
means reduced waste.” 

2 

Correctly links information and 
justification; justification is vague 
(colloquial green language) or 
tautological  

“Better atom economy means the reaction is 
more efficient.” 
 

“[Method 2] is better for the environment 
since its persistence of reactants is low and it's 
safer in lab since it's not too toxic.” 

3 

Correctly links information and 
justification; justification uses specific 
green chemistry language and/or show 
holistic understanding of reaction 
process/lifecycle (e.g., sourcing, 
reaction conditions, disposal) 

“Atom economy of method 2 is greater than 
method 1 which means that less wasteful 
byproducts are formed.” 
 

”The reactants maybe more toxic than method 
2 but the persistence is very low meaning it 
wouldn't last long in the environment.” 

 
A total score (Green Chemistry Decision Total Score) was assigned to each 
response by summing the number of correct measures used for the chosen method 
(0.5 points per correct measure) along with the support score (0-3 points) and 
mentions of tradeoffs (1 point) and prioritization of measures (1 point). Points were 
subtracted from the total score if a response incorrectly applied a measure (0.5 points 
per incorrect measurer) or if a portion of the response was off topic/incorrect (1 
point).  

Statistical Analysis 
Chi-square tests were used to test categorical outcome variables by course (Chem 
3BL, Chem 1AL) or by choice of method (Method 1, Method 2). Wilcoxon signed 
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ranks tests were used to test ordinal outcome variables by course (Chem 3BL, Chem 
1AL) or by choice of method (Method 1, Method 2). Independent sample t-tests were 
used to test interval outcome variables by course (Chem 3BL, Chem 1AL) or by 
choice of method (Method 1, Method 2). All item results were considered significant 
at the 95% level.  
 
Respondents who did not consent to participate in the research study were dropped 
from the dataset. Respondents who did not complete the exam or did not provide 
demographic information were also dropped leading to a dataset of 614 Chem 1AL 
students and 244 Chem 3BL students. All analyses were completed using StataSE 
14.2. 

Regression Analysis  

Linear regression was used to investigate the association between student 
performance on this exam item and course (Chem 1AL versus Chem 3BL) and choice 
of method (method 1 versus method 2). A regression model was created by 
regressing the Green Chemistry Decision Total Score onto the categorical variables 
of Course and Choice of Method and the continuous variable of the Total Lab Exam 
Score. Total Lab Exam Score was the score students received on their summative 
exam for Chem 1AL and Chem 3BL. This was the same exam that the Green 
Chemistry Decision item was administered on. To make the Total Lab Exam Score 
comparable for both courses the raw percentage grade (0-100%) was standardized 
using z-scores. The construction of the Green Chemistry Decision Total Score was 
described in detail in the previous section and further details of the response and 
explanatory variables can be found in Appendix IX.  
 
Regression diagnostics were performed to validate the use of the multiple linear 
regression model (Appendix IX). No collinearity was found between the predictors 
(the variance inflation factor (VIF) was less than 1.1 for all variables with a mean VIF of 
1.06). The continuous predictor for Total Lab Exam Score appeared to be linearly 
related to lab ability score after controlling for the other variables as the addition of a 
squared term for Total Lab Exam Score to the regression model was not significant (t 
= -0.57, d.f. = 853, p = 0.57). However, the studentized deleted residuals, while 
normally distributed, did appear to have some potential outliers and the spread of 
the residuals were not constant suggesting some heteroscedasticity. Thus, multiple 
linear regression with robust standard errors was used to create all final regression 
model. 
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Results and Discussion  
Green chemistry is a broad term that encompasses many different concepts, 
practices, values, and beliefs, and many different desired uses and outcomes. 
However, one of the core practices of green chemistry is comparative analysis – 
evaluating multiple factors to decide between two or more options. Previous work in 
this dissertation (Chapter 4) explored the ways in which students could define and 
use green chemistry terms and principles and investigated how they approached 
hypothetical decision making within an explicit green chemistry framework. The 
current comprehensive item extends this work by allowing students to make and 
justify decisions using data and metrics. While this item and the resulting decision 
was not presented as a ‘green’ choice it did include information that could be used to 
make and justify a choice from a green chemistry perspective. Thus, this item not only 
showcased students’ ability to make chemical decision but also gave insight into their 
prioritization of green chemistry.   

In What Ways Do Students Use Data to Choose Between Two 
Methods? 
The comprehensive Green Chemistry Decision item used for this analysis asked 
students to choose between two methods for making p-cymene and explain why they 
chose that method over the other method (Figure 5.1). They were provided with a 
data table that contained eight different measures: percent yield of the desired 
product, atom economy, number of byproducts, reaction time, purification method, 
persistence of reactants, acute toxicity of reactants, and cost to make 1kg of the 
desired product. The two methods were evenly matched in terms of measure ‘pros’ 
and ‘cons’ though method 1 was designed to be the more ‘traditional’ method choice 
(higher percent yield and lower reaction time and cost) while method 2 was the 
‘greener’ method choice (high atom economy/lower number of byproducts, lower 
acute toxicity of reactants). 

What Method Did Students Choose? 

Overwhelmingly, students chose method 2 (the ‘greener’ method) over method 1 
(the ‘traditional’ method) to make p-cymene though differences were seen between 
the general chemistry and organic chemistry students (Table 5.4). Nearly all (96%) of 
Chem 1AL students chose method 2 while significantly fewer Chem 3BL students 
(80%) chose this method, 𝜒!(1, N = 844) = 62.62, p <.001. Additionally, there were 
differences in which Chem 3BL students choose method 1 versus method 2. Nearly 
90% of Chem 3BL students who had previously taken Chem 1AL with the new GC2 
curriculum (i.e., Fall 2108 or Spring 2019 semesters) chose method 2, while 
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significantly fewer (71%) Chem 3BL students who had taken Chem 1AL without this 
updated green chemistry curriculum (i.e., prior to Fall 2018) chose method 2, 𝜒!(1, N 
= 230) = 9.84, p = .002.  
 

Table 5.4. Number of responses that choose method 1 (traditional) versus method 2 (green) by course 
and by when students took Chem 1AL (before or after the implementation of GC2). Percentages show 
proportion of responses that choose each method by column group (e.g., 4% of current Chem 1AL 
students chose method 1 while 96% chose method 2). 

Method 1AL Students 3BL Students 
(All) 

3BL Students 

Took 1AL with GC2 Took 1AL before GC2 

Method 1 
(traditional) 22 (4%) 49 (20%) 16 (12%) 28 (29%) 

Method 2 
(green) 592 (96%) 195 (80%) 116 (88%) 70 (71%) 

Total 614 244 132 98 

 
Regardless of chemistry experience (general chemistry versus organic chemistry) or 
green chemistry instruction (Chem 1AL with or without GC2) most students chose the 
‘greener’ method choice (method 2). However, the proportion of students who chose 
this method did different by course and by what green chemistry curriculum was 
used when they took Chem 1AL (or how long it had been since they completed 
general chemistry). Students who had just completed an explicit green chemistry 
course (Chem 1AL with GC2) were more likely to make a decision from a green 
chemistry perspective when presented with a choice between two appropriate but 
disparate methods. Chem 3BL students, who were at least two semesters removed 
from Chem 1AL, still choose the ‘green’ method at much higher rates than the 
‘traditional’ method but could not match the current Chem 1AL students. However, it 
should be noted that the layout for these exam questions was not identical between 
Chem 1AL and Chem 3BL. The Chem 1AL exam utilized section headers and labeled 
the page with the current Green Chemistry Decision item as a “Green Chemistry” 
section. Thus, even though the question prompt was designed to not mention green 
chemistry students most likely assumed that this question was asking them to 
approach this decision from a green chemistry framework. Thus, the higher 
proportion of Chem 1AL students who chose method 2 may be explained by this 
differential question framing.  
 
However, all Chem 3BL students saw the exact same item prompt (that did not 
mention green chemistry) and there was still a difference in the proportion of 
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students who chose the ‘greener’ method based on prior Chem 1AL experience. 
Chem 3BL students who had previously taken Chem 1AL with the explicit green 
chemistry curriculum (GC2) were significantly more likely to choose method 2 
compared to Chem 3BL students who had taken Chem 1AL before GC2 was 
implemented. This indicated that the GC2 curriculum may indeed have a real impact 
on student chemical decision-making leading students to prioritize green chemistry 
aligned outcomes when choosing between potential methods.  

What Provided Information Did Students Use? 

Student responses clearly showed differential use of provided information (measures) 
based on which method was chosen. Students were provided with a table that 
contained eight ‘measures’ with data (percent yield of the desired product, atom 
economy, number of byproducts, reaction time, purification method, persistence of 
reactants, acute toxicity of reactants, and cost to make 1kg of the desired product) for 
each method (Figure 5.1).  

 
Figure 5.3. Overall responses patterns for method 1 (traditional) and method 2 (green) by course. 
Certain provided measures were assets or ‘pros’ for method 1 (% yield, cost, reaction time) while 
other measures were ‘pros’ for method 2 (number of byproducts, atom economy, acute toxicity of 
reactants). Two measures (purification method and persistence of reactants) could have been used to 
support either method choice depending on student reasoning.   
 

Overwhelmingly, regardless of course, students who chose method 1 tended to 
mention the high percent yield, low cost for making the desired product, and quick 
reaction time (all assets for their method choice) with a small minority (27%) including 
the (high) acute toxicity of the reactants for their method choice (Figure 5.3). 
Interestingly, Chem 1AL students included mentions of the low persistence of 
reactants (59%) and purification method (32%) in their method 1 response at much 
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higher rates than the 3BL students. While it wasn’t unexpected that Chem 1AL 
students would focus on persistence (as this was a green chemistry concept 
introduced and used in the course they had just completed) it was surprisingly that 
they mentioned the purification method more often than students who had just 
completed their second semester of organic chemistry – a course that focuses heavily 
on purification methods. Additionally, Chem 1AL students who included the 
purification method in their response were more likely to do so correctly compared to 
Chem 3BL students (46% versus 31%) though this difference was not significant, 𝜒!(2, 
N = 108) = 4.87, p = .09. 
 
As with method 1, students who chose method 2 tended to mention the measures 
that served as assets or ‘pros’ for their chosen method. Regardless of course, most 
method 2 responses mentioned the low number of byproducts, high atom economy, 
and low toxicity of reactants (all assets to their chosen method) with a minority of 
responses (less than 40%) also including the cost of the reaction, percent yield, and 
reaction time. As with method 1, the proportion of Chem 1AL students that included 
the persistence of the reactants in their response was significantly higher than the 
proportion from Chem 3BL students (42% versus 21%), 𝜒!(1, N = 787) = 27.48, p < 
.001. The only other measure that showed a significant relationship between the two 
courses was atom economy. Chem 1AL students were more likely than 3BL students 
to mention atom economy in their response with nearly 100% of responses including 
this measure in contrast to only 78% of Chem 3BL responses, 𝜒!(1, N = 787) = 76.23, 
p < .001. Once again, this difference wasn’t unexpected since Chem 1AL students 
had just completed a course that introduced and used the concept of atom economy 
multiple times. Additionally, the Chem 1AL exam also had an atom economy 
question, which may have primed students to include this metric in their subsequent 
responses. However, this difference in atom economy usage persisted within Chem 
3BL between students who had completed Chem 1AL with the explicit green 
chemistry curriculum (GC2) and those who had not. Chem 3BL students who had 
taken GC2 included atom economy 84% of the time if they chose method 2 while 
students who had taken Chem 1AL prior to GC2 only mentioned atom economy in 
70% of their responses, 𝜒!(1, N = 186) = 4.80, p = .03.  

In What Ways Is the Provided Information (Measures) Used?  

Students both selected specific measures that aligned with their choice of method 
and used these measures in four main ways to support their choice of method. Most 
frequently, students used these measures to show that their chosen method was 
superior (“pro”). Instead of saying that a measure was only a detriment to their chosen 
method (“con”), students instead argued that the measure was within an acceptable 
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rage; they acknowledged that the measure was ‘better’ for the other method, but it 
was still sufficient for their chosen method (“acceptable”). Additionally, some 
responses equated measures between methods saying that the differences between 
the methods for a particular measure was small enough that it were essentially 
equivalent between the two method (“equivalent”). 
 
Unsurprisingly, most students chose to use and discuss measures that put their 
chosen method in the best possible light. For both methods across both courses the 
most common way of using a measure was as a “pro” – to illustrate that this measure 
provided evidence that their chosen method was more desirable than the alternative 
method (Figure 5.4). Kamilah provides a clear example of a response that uses 
measures (percent yield, cost, purification method, persistence) as evidence for why 
her chosen method is the better relative choice: 
 

Method 1 generates a larger percent yield of the desired product and requires 
less time to react than method 2. Method 1 also uses less solvent to purify since 
recrystallization is done with minimal solvent. Method 1 is also cheaper to 
produce than method 2 and persists for a shorter time in the environment.  
 

Kamilah’s reasoning for his choice of method 1 also showcased common difference 
between method 1 and method 2. Most method 1 responses tended to only use 
measures as “pros” for their choice of method (over 90% of the total measures used 
were used this way) while only 80% of the total measures used for method 2 were 
used as “pros”. Instead, students supported their choice of method 2 by using a more 
nuanced combination of “pros” and “acceptables” for their selected measures. 
Students still selected measures that provided evidence that method 2 was the 
superior choice but also acknowledged that some of the other measures (like cost or 
percent yield) were technically ‘better’ for method 1 but were not so much better that 
it ruled out method 2. Shiv engaged in line of reasoning for his choice of method 2 by 
acknowledging that method 1 was stronger also several dimensions but ultimately 
that didn’t outweigh the benefits of method 2: 
 

Though method 1 has a higher % yield, faster reaction time, lower persistence 
of reactants, and lower cost, method 2 is still preferable because it has a lower 
harmful impact on the environment. It’s high atom economy, % yield, and 1 
byproduct means little waste is generated. The toxicity and persistence is [sic] 
also low as well, meaning little harm is done to the health of humans the 
environment.  



 167 

 
Figure 5.4. Percentage breakdown of the ways in which the measures were used to support students’ 
chosen method by course. Pros indicate that students thought a measure showed their chosen 
method was superior, cons indicate that students thought that a measure showed that the unchosen 
method was actually superior, acceptable indicate that students thought that a measure was ‘better’ 
for the other method but was still sufficient for their chosen method, and equivalent indicate that 
students thought that the differences between the methods for a measure was small enough that the 
measure was essentially the same for the two methods. 

Most students used measures to illustrate why their chosen method was the better 
choice; very few responses (less than 1%) simply stated why a measure was a 
detriment or “con” for their chosen method. The avoidance of this measure usage 
and adoption of “acceptable” usage instead, which acknowledged the limitations of 
the measure for their chosen method, showed the sophistication of student 
responses to this item.  
 
Additionally, most responses used the measures correctly for the chosen method. 
Across both method choices and courses over 90% of measures were used correctly 
with near 100% correct application of persistence of reactants, percent yield, cost of 
methods, and reaction time measures. The most difficult measure to use correctly was 
the purification method; only 46% of Chem 1AL and 31% of Chem 3BL students who 
used this measure did so correctly. Different purification methods were listed for both 
methods (recrystallization for method 1 and extraction for method 2) but neither of 
those methods were clearly better than the other (as is, for example, lower acute 
toxicity of a chemical). However, 57% of all students who used this measure either 
asserted that one purification method was superior (providing no evidence for this 
claim) or made a vague or incorrect statement about how, for example, extraction 
uses less energy than recrystallization. 
 
In contrast to purification method, the provided information about the persistence of 
the reactants was used correctly for both methods and both courses but was used 
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much more frequently for Chem 1AL responses. Nearly 42% of the Chem 1AL 
students that chose method 2 mentioned this measure while an even more 
impressive 60% of responses that chose method 1 mentioned persistence. In 
contrast, 3BL students only mentioned persistence in 14% method 1 responses and 
21% of method 2 responses. This was a missed opportunity since the persistence of 
the reactants is the lowest for method 1 – a clear positive for that method choice – and 
yet many students who chose method 1, especially Chem 3BL students, never 
mentioned it.  
 
In general, Chem 3BL responses included a lower total number of measures, on 
average, than Chem 1AL responses (Table 5.5). Chem 1AL students included, on 
average, over four correct measures in their responses while Chem 3BL students 
hovered between 3 and 4 measures per response. This difference was also consistent 
between methods with Chem 1AL students applying over four measures, on average, 
for either method while Chem 3BL student responses still had between three and 
four measures for either method. However, for both courses, the number of incorrect 
measures was not consistent between methods with more incorrect measures used 
for method 1 compared to method 2. A Wilcoxon signed-rank test showed that 
students who chose method 1 had a significantly higher number of incorrect 
measures compared to those who chose method 2 (z = 5.05, p <.001). This indicates 
that students who chose method 1 both used fewer and more incorrect measures to 
support their choice of method compared to those who chose method 2.  
 
Table 5.5. Descriptive statistics (mean and standard deviation) for the number of correct and incorrect 
measures used 1) by course and 2) by course and method choice. A two-sample Wilcoxon rank-sum 
(Mann-Whitney) test was used to test if there was a statistically significant difference in number of 
measures for Chem 1AL versus Chem 3BL students. 

Measures 
Overall Method 1 

(traditional) 
Method 2  

(green) 

1AL 
(N = 614) 

3BL 
(N = 244) 

p-value 
(z) 

1AL  
(N = 22) 

3BL  
(N = 49) 

1AL  
(N = 592) 

3BL  
(N = 195) 

# of Correct 
Measures (SD) 

4.13  
(1.42) 

3.55  
(1.36) 

<0.001 
(5.38) 

3.82 
(1.01) 

3.18 
(1.05) 

4.14  
(1.44) 

3.64  
(1.42) 

# of Incorrect 
Measures (SD) 

0.09 
(0.3) 

0.14  
(0.43) 

0.32  
(-0.99) 

0.36 
(0.49) 

0.31 
(0.65) 

0.08  
(0.29) 

0.10 
(0.34) 

Total # of 
Measures (SD) 

4.23  
(1.46) 

3.69  
(1.45) 

<0.001 
(4.89) 

4.27 
(1.24) 

3.49 
(1.31) 

4.23  
(1.47) 

3.74  
(1.48) 
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How Do Students Justify a Measure Being Relevant or Valuable? 

In addition to examining which measures students used to support their choice of 
method, how students justified a measure as providing relevant or valuable 
information for making a decision was also explored (Table 5.3). For example, almost 
all students who chose method 1 said that the higher percent yield of the desired 
product, faster reaction time, and lower cost of the method were reasons why 
method 1 was superior to method 2. However, not all these responses provided a 
justification for why having a higher percent yield, faster reaction time, or lower cost 
was important or necessary information for making a chemical decision (as seen in 
Kamilah’s answer above). 
 
However, most students, especially those that chose method 2, did not simply assert 
that a measure was ‘better’ but at least attempted to justify why it was important that 
the measure was ‘better’ (Table 5.6). Overall, approximately 80% of students from 
both courses provided a justification or reason for including at least one measure with 
56% of Chem 1AL students and 50% of Chem 3BL students including a specific 
justification using normative green chemistry language. Simone provides support for 
her choice of method 2 by connecting the given reactant toxicity and persistence 
information to general ideas of human health and environmental harm, but doesn’t 
link acute toxicity or persistence to specific outcomes or impacts: 
 

…The toxicity and persistence [of the reactants] is [sic] also low as well, 
meaning little harm is done to the health of humans and the environment.  

 
Sri also provides support for his choice of method 2 by focusing on the high atom 
economy and low number of byproducts for this method. He connects the low 
number of byproducts to the reduction of waste and the high atom economy to the 
more efficient production of the desired product. However, he stops just short of 
explicitly connecting all three of these ideas into one continuous line of reasoning: 
 

…The atom economy is higher for method 2 (80%). It yields only one 
byproduct, which means less waste is generated. Since the atom economy is 
high, more useful product is formed…. 

 
Overall, for both courses, students were highly successful at providing support for at 
least one of their chosen measures. While no significant differences were seen 
between courses for these overall support scores (z = 1.36, p = 0.17) there were 
significant differences depending on the choice of method. For both courses, 
students who chose method 1 (N = 71) had a mean support score of 1.39 while 
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students who chose method 2 (N = 787) had a mean support score of 2.25, nearly a 
full point higher than method 1; and a Wilcoxon signed-rank test showed that 
students who chose method 1 had a significantly lower support scores compared to 
those who chose method 2 (z = -6.63, p < 0.001). This indicated that students who 
chose method 1 had not yet reached a correct measure justification while students 
who chose method 2 were providing correct measure justifications (using colloquial 
green language or specific green chemistry language or showed a holistic 
understanding of reaction process/lifecycle).  

 

Table 5.6. Support score (justification or reason for including a measure) for each course by method; 0 
= no justification, 1 = incorrect link between measure and justification, 2 = link between measure and 
vague justification, 3 = link between measure and specific justification 

Course N 
Support Score 

Median Mean St. Deviation 

1AL 614 3 2.21 1.11 

Method 1 (traditional) 22 2 1.59 1.18 

Method 2 (green) 592 3 2.23 1.10 

3BL 244 3 2.13 1.10 

Method 1 (traditional) 49 1 1.31 1.12 

Method 2 (green) 195 3 2.33 1.00 

Total 858 3 2.18 1.11 

 
Interestingly, Chem 3BL students who had previously completed Chem 1AL with GC2 
had higher support scores for method 1 than Chem 3BL students who had 
completed Chem 1AL before the implementation of GC2 (no difference was seen for 
Method 2). While both groups still had lower support scores compared to Chem 3BL 
students who chose method 2, the Chem 3BL students who had taken Chem 1AL with 
GC2 had, on average, a support score of 1.75 for method 1 while the remaining Chem 
3BL students had a mean support score of only 1.00 points with 46% of this latter 
group providing no support for their measure selection; this difference in support 
score between Chem 3BL groups was significant (z = 2.12, p = .03). This indicated 
that while method choice appeared to have a large impact on the support students 
did or did not provide for their chosen measures, the depth and breadth of prior 
green chemistry instruction (and/or the immediacy of that instruction) may also play a 
role in how students justify the value or relevance of data while making chemistry 
decisions. 
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Are Multiple Variables Considered in Relationship to One Another? 

Since almost every student response included multiple measures or variables it was 
important to document the ways in which these variables were used in relation to one 
another. For both courses, a significant minority of students (approximately 20%) 
discussed tradeoffs between measures while around 15% off responses prioritized 
certain measures for decision making (Table 5.7).  
 

Table 5.7. Percentage of responses that mentioned tradeoffs between measures or that one measure 
was more or less important than others (prioritization) for each course by method (method 1 = 
traditional, method 2 = green) 

Course (total N) Mentions tradeoffs between 
measures (N) 

Measure is more/less important 
than others (N) 

1AL (614) 26% (162) 14% (87) 

Method 1 (22) 9% (2) 0% (0) 

Method 2 (592) 27% (160) 15% (87) 

3BL (244) 22% (54) 13% (32) 

Method 1 (49) 10% (5) 0% (0) 

Method 2 (195) 25% (49) 16% (32) 

Total (858) 25% (216) 14% (119) 

 
Tradeoff considerations were similar to talking about how measures were 
“acceptable”, but tradeoff reasoning explicitly and logically linked together two or 
more related measures and discussed how to balance the competing information 
present in those measures. Eleanor engaged in this line of reasoning by 
acknowledging that her chosen method, method 2, did cost more and take longer to 
produce the desired product but that the extra time and money was worth it to avoid 
the high reactant toxicity for the alternative method: 
 

I chose method 2 because it had a higher atom economy, less byproducts, low 
persistence and toxicity of reactants, even though it had slightly higher cost and 
takes longer. I felt that the fact that method 1 had high acute toxicity was very 
bad, and spending 21 extra hours and $500 to make sure the reaction is safer 
would be well worth it.  

 
As seen with previous results, the proportion of students who engaged in tradeoffs 
was not significantly different between courses (𝝌𝟐 (1, N = 858) = 1.68, p = 0.20) but 
there were significant differences depending on choice of method. Regardless of 
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course, the proportion of students who utilized tradeoff reasoning was significantly 
higher for method 2 than for method 1 (𝝌𝟐 (1, N = 858) = 9.64, p = 0.002). Only 10% 
of students who chose method 1 discussed tradeoffs between variables compared to 
27% of students who chose method 2.  
 
Similar trends were seen for the prioritization of measures with no significant 
differences seen between courses (𝝌𝟐 (1, N = 858) = 0.16, p = 0.69) but rather 
between method choices (𝝌𝟐 (1, N = 858) = 12.46, p < 0.001) as no students who 
chose method 1 engaging in this line of reasoning. Approximately 15% of students 
who chose method 2 talked about how certain measures were more important and 
thus provided more weight for their choice of method. Tahani’s response illustrates 
how his prioritization of toxicity data over more traditional metrics like percent yield 
greatly influenced his choice of method:   
 

I chose Method 2 mostly due the persistence and acute toxicity of the reactants. 
If the reactants are toxic then regardless of how high the % yield is, that’s too 
dangerous in my opinion (especially since the % yield in method 2 is only 
slightly smaller: 8% difference). Additionally, there is a high atom economy so 
to me this is better because we’re wasting less by proceeding with this method.  
 

Chidi’s response is even more explicit in both his prioritization of measures and how 
the differential value he places of them impact his choice of method. His response 
first outlines the holistic criteria he argues constitutes a ‘good’ method (i.e., safety, 
conservation, environmental impact) and that money and time are not valid reasons 
for ignoring his more important criteria: 
 

A good method includes the safety of the reactants, ability to conserve and 
recycle, and the prevention of damage to the environment. Efficiency and cost 
should not be a valid excuse for compromise. Method 2 conserves atoms, 
produces less waste/byproducts, persists at a low level, and is not very toxic. 
Method 1 compromises toxicity and atom economy for a faster and less costly 
process, which is not good for me, or the planet.  
 

Overall, this once again indicates that the choice of method rather than chemistry 
course has the greater impact on whether students use tradeoff consideration or 
prioritization of measures while making (green) chemistry decisions. 
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Why Are There Differences in Response Quality Between Method 
Choices?  
Together, these results indicate that choice of method, rather than chemistry course, 
had a larger impact on both the content and quality of student justifications. Students 
who chose method 1 (the traditional method) were more likely to apply the given 
information (measures) incorrectly than students who chose method 2. They also 
were more likely to have lower support scores and less likely to discuss tradeoffs 
between measures or prioritize measures.  
 
However, this may have been due to differences in the type of student who selected 
method 1 versus method 2. Perhaps the students who chose method 2 tended to 
perform better on the overall exam and thus differences between methods weren’t 
due to the choice of method but rather student ability to answer free response 
questions within the context of a closed book in-class test. Thus, student performance 
on the overall laboratory exam for Chem 1AL and 3BL was used as a measure of exam 
ability (Table 5.8). While students who chose method 1 did indeed have lower exam 
scores compared to those who chose method 2 this difference was not significant for 
Chem 1AL (t = -0.11, d.f. = 612, p = 0.92) or Chem 3BL (t = -081, d.f. = 242, p = 0.42). 
A more detailed analysis of Chem 1AL exam scores showed that both student groups 
performed equally well on the qualitative and quantitative exam items (Appendix X). 
Additionally, there were no differences in the demographics (for gender, first-
generation college status, underrepresented minority status) of students who chose 
either method across both courses (Appendix X). Thus, it appears that students who 
chose method 1 had similar overall exam performances and characteristics compared 
to those that chose method 2. 
 
Table 5.8. Exam scores for Chem 1AL and Chem 3BL students overall and by those who chose 
method 1 or method 2. Each exam had a minimum possible score of 0 and a maximum possible score 
of 100. 

Course N Mean Exam Score  Standard Deviation 
    

1AL 614 82.1 11.0 

Method 1 (traditional) 22 81.8 11.7 

Method 2 (green) 592 82.1 10.9 

3BL 244 79.0 16.5 

Method 1 (traditional) 49 77.3 16.9 

Method 2 (green) 195 79.4 16.4 
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However, significant differences in exam performance were seen for Chem 3BL 
students based on when they had taken Chem 1AL (Table 5.9). The majority of Chem 
3BL students included in this study (54%) had taken Chem 1AL during the Fall 2018 
semester or later, which meant they had been exposed to the new general chemistry 
green curriculum or GC2 (Chapter 3). However, there was a significant minority (40%) 
of students who had completed Chem 1AL prior to this curriculum implementation 
(and 6% of respondents did not report when they had completed Chem 1AL/general 
chemistry).  
 

Table 5.9. Exam scores for Chem 3BL students who had previously taken Chem 1AL with or without 
the updated green chemistry curriculum (GC2). GC2 was implemented starting in Fall 2018.  

Course N Mean Exam Score  Standard Deviation 

Took Chem 1AL with GC2 132 82.2 15.1 

Method 1 (traditional) 16 85.7 9.3 

Method 2 (green) 116 81.7 15.7 

Took Chem 1AL before GC2 98 73.3 17.6 

Method 1 (traditional) 28 70.1 18.1 

Method 2 (green) 70 74.6 17.3 

 
Thus, this grouping was both a measure of time since general chemistry and which 
green general chemistry curriculum students had completed. Chem 3BL students 
who had completed Chem 1AL with GC2 were estimated to score 8.9-points higher 
on their Chem 3BL laboratory exam compared to students who had taken Chem 1AL 
prior to the Fall 2018 semester (t = 4.11, d.f. = 228, p < 0.001). However, there were 
no significant differences in exam scores between students who chose method 1 and 
method 2 for either group (took Chem 1AL with GC2: t = 0.99, d.f. = 130, p = 0.32; 
took Chem 1AL before GC2: t = 1.13, d.f. = 96, p = 0.26). Thus, while there were 
differences in exam performance based on when students had previously completed 
general chemistry, there was once again no difference in exam performance by 
choice of method for either of these groups.  
 
Together, this indicated students who chose method 1 did not have significantly 
different exam performances compared to students who chose method 2. 
Additionally, both method choices had nearly identical demographic compositions 
by gender, first-generation status, and URM status (Appendix X). Thus, the differences 
seen in student justifications between method 1 and method 2 appear to be due to 
the choice of method itself. 
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Regression. Linear regression was used to investigate the association more fully 
between student performance on the green chemistry decision item and choice of 
method, after controlling for the course and total lab exam score. Multiple linear 
regression was performed to create the regression model. The Green Chemistry 
Decision total item score was regressed on categorical variables for course (Chem 
1AL or Chem 3BL) and method (Method 1 or Method 2) and a continuous variable for 
total lab exam score for either course (standardized as a z-score for comparison 
across courses). The results of this linear regression model are shown in Table 4.9. 
 
Table 5.10.  Estimated regression coefficients (robust standard errors), 95% confidence intervals, and 
p-values for the effect of choice of method and other selected variables on the total score for the 
green chemistry decision item (N = 858, F = 44.55, R2 = 0.12). 

Variable Est. Coeff. 
(Standard Error) 95% Confidence Interval p-value 

Method 2 (green) 1.8 (0.19) 1.43 2.17 < 0.001 

Chem 3BL -0.14 (0.12) -0.37 0.09 0.22 

Total Lab Exam Score 0.21 (0.05) 0.11 0.32 < 0.001 

Intercept 2.78 (0.19) 2.40 3.16 < 0.001 

 
The choice of method and total lab exam score were both significant explanatory 
variables in this model. This indicated that students who had higher overall laboratory 
exam scores also had higher overall scores on the green chemistry decision item. 
Indeed, the mean green chemistry decision score increased by 0.21 points for each 
additional standard deviation the total lab exam score was above the mean (t = 3.89, 
d.f. = 854, p < 0.001), after controlling for the course and choice of method. Most 
interestingly, even after controlling for overall lab exam performance and course, the 
choice of method was still a strong predictor of overall Green Chemistry Decision 
performance. Students who chose method 2 were estimated to score on average 
1.80 points higher than students who chose method 1 (t = 9.50, d.f. = 854, p < 0.001). 
Unsurprisingly given the prior analysis, course (whether a student was in Chem 1AL or 
Chem 3BL) was not a significant predictor for green chemistry decision performance 
(t = -1.22. d.f. = 854, p = 0.22) after controlling for the other variables in the model. 
 
Together, this indicated that differences in student response content and quality 
between method 1 and method 2 do not seem due solely to differences in test taking 
ability or course content knowledge (if one accepts that a summative exam 
performance is a good measure of both). These differences could be due to the 
methods themselves necessitating different prior knowledge or activating different 
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modes of reasoning. These differences in student justifications between method 1 
(traditional) and method 2 (green) may indicate that students who are more green 
chemistry focused (i.e., they chose the greener method choice) were also better at 
providing green chemistry justifications; students who aligned more strongly with 
green chemistry were also more likely to have (and use) the skills that green chemistry 
helps to build (weighing choices and crucially evaluating different characteristics). 
 
Additionally, students who chose the more traditional method (method 1) tended to 
list correct pieces of information for their choice of method but did not justify these 
measures and did not discuss tradeoffs or prioritization of variables at the same level 
as those who chose method 2. Since method 1 is the more traditional choice it could 
be that students did not feel like they had to justify the “typical” or “accepted” way of 
making chemical decisions. Percent yield and economic and temporal efficiency are 
widely used markers of reaction success and thus students may not have felt the need 
to justify something so ‘obvious’ to fellow chemists. Since the green method choice 
(method 2) went against conventional chemistry wisdom students may have been 
more motivated to explain why one would choose the costlier, slower, and lower 
yielding reaction.  

Limitations 
The purpose of this work was to 1) develop and demonstrate an effective item design 
for measuring student ability to make green decisions using data and 2) investigate 
the how this decision making changed with additional chemistry experience (i.e., 
general chemistry versus organic chemistry experience). While there is mild evidence 
that Chem 3BL who had previously taken Chem 1AL with GC2 were more likely to 
choose the greener of the two methods these results are confounded by the many 
other differences between these two populations especially since students who 
completed Chem 1AL with GC2 had more recently experienced general (and green) 
chemistry than those who took Chem 1AL prior to Fall 2018. Additionally, as this was 
a not a longitudinal study but rather a comparison of two populations with different 
levels of chemistry experience, even the Chem 3BL students who completed Chem 
1AL with GC2 received a different version of the curriculum than the current (Fall 
2019) Chem 1AL students did. Thus, one cannot assume that the current Chem 1AL 
performance on this green chemistry decision item mirrors the performance the 
Chem 3BL students would have had after completing Chem 1AL as they received a 
different version of GC2. 
 
As with the previous chapter, the generalizability of these results must be carefully 
considered. Students who consented to this research had similar laboratory exam 
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scores compared to the entire population though Chem 1AL students included in this 
study had a significantly higher mean exam scores compared to the overall class 
while Chem 3BL students included in this study had slightly lower mean exam score 
compared to the overall class (Table 5.11).  
 

Table 5.11. Comparison of laboratory exam scores for entire course population and study population 
for Chem 1AL and 3BL 

Course N Exam Score Mean 
(Standard Deviation) 

    

Chem 1AL 

All students 1025 80.5 (11.9) 

Students not in study 411 78.1 (12.83) 

Students in study 614 82.1 (10.97) 

Chem 3BL 

All students 472 79.4 (16.3) 

Students not in study 228 79.9 (16.1) 

Students in study 244 79.1 (16.5) 

 
For Chem 1AL, the students in this study scored significantly higher on their 
laboratory exam (by an estimated 3.99-points) compared to students who were not 
part of the study (p < 0.001, t = 5.33, d.f. = 1023). However, for chem 3BL, while the 
students in this study did score an estimated 0.86 points lower on their laboratory 
exam than the students who were not a part of the study, this difference was not 
significant (p = 0.57, t = .57, d.f. = 470). Thus, it’s possible that the sample student 
population used for this work was not representative of the entire course population 
(especially for Chem 1AL). 
 

Conclusions  
Green chemistry is a broad term that encompasses many concepts, practices, and 
metrics with different uses and desired outcomes. One of the core practices of green 
chemistry is collecting, analyzing, and evaluating multiple pieces of information (at 
both a local and global scale) to determine the ‘greener’ choice between two or more 
options. Previous work in this dissertation (Chapter 4) explored the ways in which 
students defined green chemistry and recognized and used green chemistry 
concepts and principles. It also investigated how students approached choosing 
between two broad alternatives from a green chemistry perspective. This current 
chapter continued this line of inquiry by developing a comprehensive item to 
investigate how students used data to make and justify green decisions.  
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This work showed that students can engage in green chemistry reasoning at a high 
level when provided with traditional and green data. When asked to decide between 
two alternative methods students used the given data to justify their choice in ways 
that showed their green chemistry knowledge and modes of reasoning. Students 
tended to correctly use data to illustrate why their chosen method was better than the 
alternative and a minority of students carefully discussed how certain provided 
measures weren’t ideal for their chosen method but were still within acceptable 
ranges. Overall, students justified their use of at least one of these measures by 
providing evidence for why or how this chosen measure showed their method was 
the better choice. They were able to correctly link the measure to normative 
justifications (Linn & Eylon, 2006, 2011) using colloquial green language or specific 
green chemistry terms or concepts. A significant minority of students also discussed 
tradeoffs between variables and the prioritization of specific measures showcasing 
reasoning that aligned with the value and interactions dimensions seen with Morin et 
al.’s (2014) student socioscientific reasoning framework and Sevian & Talanquer’s 
(2014) linear causal and multicomponent mode of reasoning. Students who engaged 
in tradeoff reasoning explicitly and logically linked together two or more related 
measures and discussed how to balance the competing information present in those 
measures, which showed understanding of the interactions between different factors 
within a dynamic and complex system. Students who prioritized specific measures 
recognized that not all data are equal, and that values and ethics must be used to 
inform the weight given to available date during decision making. 

Differences in Student Reasoning by Method Choice 
While student reasoning in response to this green chemistry decision item was 
interesting and complex, differences were seen in reasoning content and quality by 
the method students chose. The context of this research allowed for the exploration 
of green chemistry reasoning with two distinct populations: general chemistry and 
organic chemistry students. Surprisingly, the largest difference in response quality 
was not seen between the general chemistry and organic chemistry students but 
rather between the two possible methods. Students who chose the more traditional 
chemistry method (method 1) for making the desired product were more likely to 
apply the given information incorrectly compared to students who chose the greener 
method (method 2). They also were more likely to simply assert that a given measure 
was ‘good’ or ‘bad’ and were less likely to discuss tradeoffs between variables or 
prioritize any measures. Even after controlling for course and exam performance, the 
choice of methods was still a significant predictor of overall performance on this 
green chemistry decision item. This difference in response quality by method choice, 
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consistent across both general chemistry and organic chemistry, could ultimately be 
due to the activation of different modes of reasoning. While all chemical choices can 
and should utilize comparative analysis, green chemistry explicitly integrates this 
practice with its focus on researching and evaluating alternative 
methodologies/products/processes and prioritizes comparison, tradeoffs, and 
systems thinking. Thus, students who chose the greener method may have 
consciously or unconsciously thought about decision making from this more explicitly 
comparative perspective.  
 
Additionally, since green chemistry is a relatively new addition to chemistry with 
different priorities than traditional chemistry, students may have felt the need to 
justify their choice of green method more fully. The traditional method choice – since 
it aligned with typical chemistry metrics and methods – may not have motivated 
students to think more deeply about why they were making this choice. Indeed, 
Morin et al. (2014) found that the more familiar or personally relevant a question was 
a student the lower the level of scientific learning (in this case, critical analysis of their 
ideas, knowledge appropriation, socio-epistemological thinking about the 
knowledge involved). In contrast, the greener method did not align with traditional 
markers of reaction efficiency (i.e., it was more expensive, took much longer, and had 
a lower percent yield) so students may have felt like they needed to explain and 
defend their data and choice.  
 
However, this difference in response quality by method choice could also be due to 
the inherent difficulty of each measure. Students, especially the current Chem 1AL 
students, had recently completed at least one course that explicitly introduced them 
to green chemistry concepts such as acute toxicity, persistence, and atom economy. 
Metrics like cost and time, while common in everyday science discourse, were not 
explicitly introduced or explained. Percent yield was introduced in organic chemistry 
as a measure of reaction efficiency but is typically used more as a measure of a 
student’s own proficiency with a synthesis rather than as a criterion for making 
decisions between multiple reactions or methods. Thus, students who chose the 
greener method (which aligned with acute toxicity, persistence, and atom economy) 
may have justified these measures more easily since there was explicit instruction 
around those metrics and practice using these metrics to make decisions or 
recommendations. Students who chose the traditional method (which aligned with 
cost, reaction time, and percent yield) may have found it more difficult to justify those 
measures since they had not been introduced to economic arguments related to 
chemistry.  
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However, this does not fully explain why students who chose the traditional method 
did not provide counterarguments for measures that were ‘better’ for the greener 
method. Students who chose the greener method were more likely to include 
measures that provided stronger evidence for the traditional method but were, by 
the student’s argument, still sufficient for their chosen method. Far fewer students 
who chose the traditional method engaged in this type of data use, which would have 
allowed them to discuss acute toxicity and atom economy – measures they had been 
taught about. It could be that students implicitly or explicitly recognized the potential 
ethical quandaries of prioritizing cost and time over toxicity considerations and thus 
did not want to introduce that line of inquiry into their response especially since no 
economic instruction had been included in their chemistry courses to help provide 
nuanced insight into this dilemma.  

Differences in Student Reasoning by Course 
While the most dramatic differences in student reasoning were observed for the 
choice of method, there were still differences between general chemistry and organic 
chemistry responses to this item. Current general chemistry students were more likely 
to choose the greener method compared to organic chemistry students though this 
could be due to different exam item prompts as discussed in the results and 
discussion section. However, even within organic chemistry differences were seen 
depending on when students had completed general chemistry. Organic chemistry 
students that completed general chemistry with the new general chemistry green 
curriculum (GC2) were much more likely to choose the greener method compared to 
students who had completed general chemistry prior to that explicit green chemistry 
curriculum implementation. Regardless, organic chemistry students still 
overwhelmingly chose the greener method even after two or more semesters since 
any green chemistry instruction or reinforcement. This indicated that organic 
chemistry students still remembered and valued green chemistry principles and 
methods to the point of choosing and justifying the greener method on a high-stake 
summative exam. 
 
For both courses, student use of the provided information was similar for both 
methods. However, general chemistry students were more likely to include more 
measures in their response regardless of method choice. This difference was mainly 
due to the use of three measures: reactant persistence, purification method, and 
atom economy. General chemistry students who chose the more traditional method 
mentioned persistence of the reactants and the purification method much more 
frequently than organic chemistry students. Similarly, general chemistry students who 
chose the greener method once again mentioned persistence more frequently as 
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well as atom economy. These results are consistent with the experience general 
chemistry students had in completing an explicit green chemistry laboratory course. 
Students who recently studied green chemistry would be more likely to include green 
chemistry topics in their justifications. However, it’s unclear why organic chemistry 
students didn’t do the same for a topic they had much more experience with – 
purification. These students were well positioned to discuss this topic as their organic 
chemistry laboratories focused heavily on purification methods. Even when organic 
chemistry students did discuss purification, they were more likely to do so incorrectly 
compared to general chemistry students though this difference was not significant. 
This could be because purification wasn’t taught in the context of decision making 
but rather as a technical skill to use towards a particular goal for a given experiment.  
 
Overall, both general and organic chemistry students’ responses showed that green 
chemistry was valued. Further, green chemistry knowledge was used several 
semesters after learning about green chemistry. This is especially impressive given 
that organic chemistry students received no additional green chemistry instruction 
through their chemistry courses or opportunities to engage in green evaluation or 
tradeoff analysis after general chemistry (though they certainly had opportunities to 
analyze data and synthesize information in their chemistry courses). Additionally, the 
current general chemistry students received the arguably most robust version of GC2 
while the organic chemistry student experienced early versions of this curriculum or 
completed general chemistry with the original green chemistry laboratory curriculum 
(Chapter 3). The fact that most organic chemistry students would still value and use 
green chemistry many semesters after its introduction indicates the significance 
students place on green chemistry. 

Pedagogical Implications 
A goal of this research was to document and explore student reasoning in a green 
chemistry context and to design an item that effectively elicited such reasoning. 
Previous work (Chapter 4) and previous versions of this green chemistry decision item 
illustrated the difficulties in successfully creating prompts and providing data that 
would allow students to demonstrate the full range of their knowledge and reasoning 
ability. It was important to develop an item that presented students with real 
alternatives and with clear prompts to elicit justifications for their choices (Linn & 
Eylon, 2011). This step ensures that students evaluate the alternatives. It allows us to 
truly evaluate student use and integration of ideas and reasoning.  
 
Additionally, providing students with data (and thereby constraining and scaffolding 
their choice) allowed for much richer and deeper reasoning in novice students. In 
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Chapter 4, a similar question structure was used (choose one of two options and 
justify this choice from a green chemistry perspective) but no specific data was 
provided. This had the benefit of allowing students to apply any and all relevant 
knowledge they held. Yet the open-ended structure also made it a complex and 
unbounded problem especially for introductory students. Students tended to use 
broad or vague terms to justify their choice of method and few students explained for 
what or why these metrics were important. In contrast, when these same general 
chemistry students were presented with the item for this current analysis, they were 
able to use the provided data to make detailed justifications for their choice of 
method.  
 
Thus, when considering how best to elicit student reasoning or provide students with 
opportunities to engage in and practice green chemistry reasoning, care should be 
taken to provide bounded and focused problems that support students in integrating 
knowledge (Linn & Eylon, 2006, 2011). These problems should provide students with 
information if in constrained situation (like an exam) or support students in gathering 
and sorting new information. These problems should also allow students to engage 
in comparative analysis by directly comparing and contrasting alternatives, stating 
and explaining assumptions and values, providing criteria for how and why data is 
used, thinking about risk and uncertainty, and/or weighing the interactions of 
multiple variables. Finally, the assessment of these problems should prioritize both 
normative content knowledge and modes of reasoning; simply listing ideas or terms 
is not sufficient for green decision making. Instead, it is both the type of ideas and the 
way students link those ideas together that provide a full picture of student 
reasoning.
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Chapter 6: Concluding Thoughts on Green Chemistry 
Assessment and Pedagogy 

Research Review 
This dissertation focused on both curriculum development and assessment of self-
reported and demonstrated student understanding of green chemistry. The first 
research chapter of this dissertation (Chapter 2) explored student experiences and 
learning in the context of the original green chemistry curriculum for Chem 1AL (non-
chemistry majors’ general chemistry laboratory). This work explored if students 
believed they had learned green chemistry and if they valued green chemistry after 
completing a course with implicit and explicit green chemistry contexts and content. 
It was also the first step towards developing items to measure student demonstrated 
understanding of green chemistry. Overall, students valued green chemistry and 
showed an increased ability to define green chemistry and apply green chemistry 
concepts to a novel scenario. Students self-report significant gains in how well they 
understood green chemistry and were able to identify more components of green 
chemistry after completing general chemistry. In addition, low and high prior 
knowledge students reach near equivalent green chemistry understanding by the 
end of the course. Most students reported that green chemistry was the most 
meaningful part of the course and a significant minority identified green chemistry as 
the main concept they would take to another class. However, this analysis of student 
learning showed that students needed more practice applying green chemistry in a 
diverse range of situations and more exposure to real green chemistry scenarios and 
metrics. 
 
Additionally, the analysis of the original green chemistry curriculum for Chem 1AL 
showed opportunities for improvement. Only 20 prelab or postlab questions (11%) 
had any green chemistry content and only one question explicitly referenced green 
chemistry. This analysis highlighted a mismatch between the original curriculum 
design goals – to integrate “sustainability and green chemistry concepts into every 
aspect of the curriculum” – and the implemented laboratory curriculum. While many 
of the Chem 1AL laboratory experiments used greener reagents or had green 
chemistry contexts there wasn’t the corresponding explicit instruction on green 
chemistry concepts and metrics in the written laboratory curriculum. This finding, 
coupled with the gaps in student green chemistry outcomes, prompted the redesign 
of the green chemistry curriculum starting for the Fall 2018 semester. 
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The second research chapter (Chapter 3) built off the analysis of the original green 
chemistry curriculum to iteratively develop the general chemistry green curriculum 
(GC2) using the Knowledge Integration (KI) framework (Linn & Eylon, 2006, 2011). 
This curriculum development process was an opportunity to use a constructivist 
framework to build curricular content and assessments that were designed to elicit 
students’ prior knowledge, promote discovering new ideas and distinguishing 
between prior knowledge and new ideas, and support reflection on newly 
constructed knowledge (Linn & Eylon, 2006). As the iteration of the curriculum 
progressed, the KI framework helped restructure curricular material to support 
students in discovering and building connections within and between chemistry and 
green chemistry concepts, practices, and applications and in learning how to make 
‘greener’ choices by engaging in comparative analysis and critical reflection on a 
given choice.  
 
In addition to using the KI framework for curriculum design, utilization-focused 
evaluation (Patton, 2008) was used to monitor the implementation of all versions of 
GC2 and ultimately assess if the main goals of the curricular redesign were met. The 
main goals of GC2 were to teach students about green chemistry concepts and 
practices and provide them with opportunities to use that knowledge to engage in 
green chemistry decision making – a core green chemistry activity (Andraos & Dicks, 
2012). This necessitated the development and validation of a set of fixed response 
survey items to measure student self-reported understanding of green chemistry and 
the use of several free response items to assess the value students placed on green 
chemistry. Overall, students reported that their ability to define green chemistry and 
green chemistry principles, identify and reduce hazards and waste, and identify 
factors that make a reaction green all increased significantly after completing GC2. 
Many students also reported that green chemistry was the most valuable component 
and most meaningful connection of this introductory course. 
 
The final two dissertation research chapters explored ways to assess student 
demonstrated understanding of green chemistry (Chapter 4) and students’ ability to 
make and justify a green chemistry decision (Chapter 5). This necessitated the careful 
selection of assessment methodology as general chemistry at UC Berkeley is a large 
enrollment course with thousands of students. Interviews, observations, or focus 
groups, which are resource intensive to conduct and analyze, were not possible with 
such a large course while still retaining a representative sample of students. Thus, a 
combination of fixed and free response green chemistry items was developed to 
document the ways in which students' abilities to define and use green chemistry 
changed after completing the GC2 laboratory course. Overall, students demonstrated 
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increased green chemistry understanding after completing the GC2 laboratory course 
as seen through their ability to define green chemistry and specific green chemistry 
concepts, choose between generalized processes from a green chemistry 
perspective, and apply green chemistry principles to novel scenarios.  
 
Additionally, this chapter also investigated the impact that student characteristics 
(gender, first-generations status, underrepresented minority status) and/or prior 
chemistry or green chemistry experience had on gains made in green chemistry 
understanding after completing the new GC2 laboratory course. While differences in 
student understanding by demographics and prior experience were found for pretest 
scores no significant differences across these demographic factors were found for the 
gains students made over the semester, which indicated that the GC2 laboratory 
course was equally serving most students across these measured green chemistry 
outcomes. This analysis provided evidence that while students may enter a course 
with different levels of understanding, these differences are not necessarily 
perpetuated or enhanced through the green chemistry curriculum used for Chem 
1AL. 
 
The fifth and final chapter (Chapter 5) used the analysis from Chapter 4 to explore 
how students make and justify green decisions when presented with real data and 
metrics. This chapter included both general chemistry students (who had just 
completed the new GC2 laboratory course) and organic chemistry students (half of 
whom had previously completed an earlier iteration of GC2), which allowed for a 
comparison in green decision making by chemistry experience. This work showed 
that both general and organic chemistry students engaged in sophisticated green 
chemistry reasoning when provided with traditional and green data and metrics. 
When asked to decide between two alternative methods students used the given 
data to justify their choice in ways that showed their green chemistry knowledge and 
modes of reasoning. Students tended to correctly use data to illustrate why their 
chosen method was better than the alternative and a minority of students carefully 
discussed how certain provided measures weren’t ideal for their chosen method but 
were still within acceptable ranges. They were able to correctly link the measure to 
normative justifications (Linn & Eylon, 2006, 2011) and a significant minority were also 
able to identify and evaluate multiple interconnected variables (Sevian & Talanquer, 
2014) and explain how certain variables should be prioritized for decision making 
(Morin et al., 2014). Overall, both general and organic chemistry students’ 
overwhelmingly chose and correctly justified the ‘greener’ method choice – showing 
similar value for and ability in making green chemistry decisions. This was especially 
impressive given that organic chemistry students received no additional green 



 186 

chemistry instruction through their chemistry courses after general chemistry. The fact 
that organic chemistry students would choose the green chemistry option on a high-
stake summative exam indicated the value they still held for green chemistry and the 
confidence they had in their understanding of green chemistry principles and 
practices even two or more semesters after learning about green chemistry. 
 

Areas of Development and Exploration 
Ultimately, if green chemistry is a philosophy for doing chemistry – and not an add on 
or separate niche field – that needs to be reflected within chemistry practices and 
chemistry education. Ideally, green chemistry should be present in all chemistry 
courses. This requires a coherent learning progression developed and agreed upon 
by all instructors. Instead,  green chemistry courses and curricula are often 
implemented in isolated courses without ‘top down’ support (Bodner, 2016). 
Currently, green chemistry is only present in the general chemistry laboratory courses 
at UC Berkeley with most recent curricular development situated in the non-chemistry 
major’s laboratory course. Green chemistry is not part of any further chemistry 
progression students take. That will soon change with the development of green 
chemistry modules for the non-chemistry major organic chemistry laboratory 
(spearheaded by a grant obtained by the chemistry laboratory instructional staff). This 
extension of green chemistry into the organic chemistry classes is not only logical 
from an instructional standpoint but also desired by students. Most non-major 
organic chemistry students surveyed during the Spring 2019 semester said that 
green chemistry concepts should/could have been utilized in their subsequent 
chemistry courses and nearly 80% said they had taken or wished they could take 
another course on green chemistry. These students discussed how they saw value in 
additional green chemistry instruction as it had connections to their everyday life or 
to their major/career and because they saw green chemistry as an ethical imperative 
for chemistry, which has been well established in literate around green chemistry 
education (Bodner, 2016; Burmeister et al., 2012; Haack & Hutchison, 2016, 2016). 
The development of a new student led DeCal (Democratic Education at Cal) course 
during the Spring 2020 semester provided additional evidence of student desire for 
green chemistry education. Making Green: The Chemistry of Consumer Products 
focused on making green chemistry accessible to a wide range of undergraduate and 
graduate students by introducing students to green chemistry principles and 
applying those principles in weekly “case studies” of common chemical consumer 
products. Green chemistry has often focused its attention solely within chemistry to 
the exclusion of societal input; until recently, it had not been seen as a relevant 
strategy or framework for governmental or non-governmental environmental action 
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or consumer decision making (Iles, 2011). It is inspiring to see the development of a 
student-driven green chemistry curriculum that aims to be inclusive and relevant for 
all students and provides an important reminder of how to design green chemistry 
curricula to create a more socially robust understanding and use of green chemistry. 

Pedagogical Opportunities 
Green chemistry is a new way of conceptualizing chemistry and engaging in 
chemistry practices (Linthorst, 2009; Sjostrom et al., 2016) yet it is often treated as 
only a new set of content to insert into an existing chemistry curriculum. Introducing 
students to only the 12 Principles of Green Chemistry doesn’t prepare them for the 
“social, economic, political, environmental, ecological, and ethical benefits, costs and 
risks at various levels” (Sjöström & Talanquer, 2018). Future green chemistry 
education needs to move towards holistic and embedded curricula, value-driven 
frameworks, participatory decision-making, and critical-reflexive theory, which are 
present in education for sustainable development and eco-reflexive science 
education – two fields closely aligned with green chemistry. 
 
Sustainable development is “development that meets the needs of the present 
generation without compromising the ability of future generations to meet their own 
needs” (Burmeister et al., 2012). The central focus of education for sustainable 
development (ESD) is to prepare the younger generation to participate in a 
democratic society and to help shape future society in a sustainable fashion. In 
contrast to green chemistry, ESD has clear pedagogical goals that involve more than 
a simple rearrangement of curricula (Burmeister et al., 2012) . These goals include 
embedding ESD within the entire chemistry curriculum, allowing ethical values to 
guide chemistry education, promoting critical thinking and problem solving to 
address sustainability issues, using multi-dimensional methods to construct 
pedagogical approaches, involving learners in decision making, using relevant 
contexts for learning, and addressing local as well as global issues (Burmeister et al., 
2012).  
 
Education for Sustainability (EfS) or eco-reflexive science education calls for a much 
higher degree of transformation than ESD as it moves towards a critical pedagogy for 
critical citizenship (Sjöström & Eilks, 2017; Sjöström & Talanquer, 2018). Critical 
pedagogy focuses on the relationship between knowledge and power and the 
transformation of knowledge (e.g., curriculum) and pedagogy (e.g., teaching). The 
goal of this critical pedagogy is to break the cycle of uncritical citizenship where the 
private/individual sphere is expected to affect change while the larger institutions 
and process continue with ‘business as usual’ (Sjostrom et al., 2016). Eco-reflexive 
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education is also interested in developing ‘reflective awareness’ about sustainability, 
which can include intra-relations or self-awareness (how your own actions impact on 
the environment; influencing lifestyle choices or consumer choices), interrelations or 
social awareness (how society influences individual choices; the cultural or social 
factors that influence consumer choices), and eco-relations or environmental 
awareness (how society impacts on ecosystems through political actions). 
 
Applied to education, eco-reflexive science education seeks to create “dialogical 
relations between the dimensions of Science, Technology, Society and Environment 
so that the pretense of neutrality, linearity, a-historicity and the lack of diversity that 
can pervade these dialogues is criticized” (Sjostrom et al., 2016). Strong 
sustainability/transformative education should focus on developing socio-political 
skills for affecting change instead of focusing on knowledge transmission and 
learning to be a ‘good’ consumer. Teaching for socio-political action is not an easy 
task but there are a several cases that provide theoretical frameworks and models for 
activist science and technology education (Bencze & Carter, 2011) and socio-scientific 
sustainability reasoning (Morin et al., 2014).  
 
Students who enter chemistry courses right now do so at pivotal a moment in time. 
Climate change and related environmental and humanitarian crises have made it 
clear that immense change – societally, technically, scientifically – is needed. STEM 
majors, with their unique knowledge and skills, have a critical role to play in this 
‘grand challenge’ but not solely in knowledge construction and transmission. Green 
chemistry curriculum designers and instructors should carefully consider what 
content and practices are important to and for students at this moment. While the 12 
Principles of Green Chemistry are a foundational mainstay for green chemistry, they 
are not an exclusive or exhaustive set of criteria. For both chemistry and non-
chemistry majors, green chemistry education needs to move towards a more holistic 
approach (as is seen with systems-thinking, e.g., Constable et al., 2019) that uses 
green chemistry principles and practices to address critical issues that are prevalent 
in public discourse (e.g., clean energy, renewability, carbon neutrality, climate 
change, ocean acidification, deforestation). Green chemistry education needs to 
attend to both content and pedagogy – to build curricula that elicits students’ prior 
green knowledge (which often has many specific green ideas and beliefs) , promotes 
discovering and distinguishing between prior knowledge and new normative ideas, 
and supports reflection on newly constructed knowledge (Linn & Eylon, 2006) – to 
help to ensure students have opportunities to integrate green chemistry content, 
practices, and applications. Green chemistry should aid students in not just their 
chemistry practice but support them in becoming more socially and environmentally 
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conscious actors in a global society. It should help students understand how their 
knowledge can be translated into action. Ultimately, all students deserve an 
education that prepares them to not only enter chemistry as it is right now but to have 
the vision to imagine and create chemistry (and the world) as it should be for their 
future. 
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Appendix I. Assessment of Chemistry Knowledge 
(Chapter 2) 

Students completed a comprehensive survey at before and after completing the new 
general chemistry laboratory. They were asked how much they understood about a 
broad range of chemistry topics and laboratory techniques.  Student chemistry content 
knowledge was measured using 21 fixed response survey items. Sixteen Likert items 
were used to measure students’ self-assessment of their chemistry content knowledge 
and technique ability and five multiple choice chemistry content question were used to 
measure students’ knowledge of core general chemistry concepts (e.g., intermolecular 
interactions, absorbance, titration curves). These items were analyzed for the Fall 2016 
semester concurrent with the in-class green chemistry analysis. 
 
Students were asked how much the understood specific concepts and techniques; Not 
at all was assigned a value of 0, a little a value of 1, somewhat a value of 2, a good deal a 
value of 3, and a great deal a value of 4. Students were allowed to select one fixed 
response answer. Students were encouraged to select “I don’t know” if they were unsure 
of the answer to decrease random guessing. These items were categorized as correct, 
incorrect, or I don’t know.’ 
 
Survey results showed that students’ self-reported understanding of a wide range of 
chemistry topics (e.g., chemical bonding, reaction equilibrium, acid-base reactivity) and 
laboratory techniques (e.g., titration, UV/Vis spectroscopy, calorimetry) increased 
significantly between the beginning and end of the Fall 2016 semester. For all questions 
there was a significant difference in mean scores before and after completing the course 
(d.f. = 516, p < 0. 001). 
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Figure A I. Student self-reported understanding of chemistry concepts before and after completing 
Chem 1AL. For all questions there was a significant difference in mean scores before and after 
completing the course (d.f .= 516, p <  0. 001). 

 

 
Figure A II. Student self-reported understanding of chemistry techniques before and after completing 
Chem 1AL. For all questions there was a significant difference in mean scores before and after 
completing the course (d.f.= 516, p <  0. 001). 

In the same survey, students were asked to complete five multiple choice questions to 
demonstrate their chemistry content knowledge of intermolecular forces (IMFs), 

Presently, how much do you understand each of the following concepts? 
0 – not at all; 1 – a little; 2 – somewhat; 3 – a good deal; 4 – a great deal 

 

Presently, how much do you understand each of the following techniques? 
0 – not at all; 1 – a little; 2 – somewhat; 3 – a good deal; 4 – a great deal 
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titration, absorbance and bond energy. The percentage of students answered correctly, 
incorrectly and “I don’t know” were calculated. For all questions, there was a significant 
difference in the percentage of students who answered correctly before and after 
completing the course. Students showed the greatest improvement on questions about 
IMFs, and least improvement on the question about bond energy. They also showed 
least understanding of titration both pre- (25.63%) and posttest (44.25%), although 
there was an improvement in the percentage of correct answers after students complete 
the course.   
 
Table A I. Pre and posttest scores for chemistry content survey items (Fall 2016, N = 515). Complete 
questions are shown below. 

 Pretest (%) Posttest (%) 
p-value 

 Correct Incorrect I don’t 
know Correct Incorrect I don’t 

know 

IMF 1 62.21 8.91 28.88 93.23 3.87 2.90 < 0.001 

IMF 2 42.55 13.54 43.91 89.75 5.42 4.84 < 0.001 

Titration 25.63 22.72 51.65 44.25 32.55 23.20 < 0.001 

Absorbance 57.81 25.59 16.60 64.98 27.04 7.98 < 0.01 

Bond Energy 67.76 21.24 11.00 73.11 23.40 3.48 < 0.05 
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Chemistry content multiple choice items 
Please do your best to answer the following questions honestly. If you do not know the 
answer or how to attempt the problem, please do not guess; mark “I don’t know.” 

 
IMF 1: Indicate which of the following intermolecular interactions is occurring in the 
area shaded in the diagram above. 

o Ionic interactions  

o Hydrogen bonding interactions  

o London dispersion interactions (induced dipole-induced dipole interactions)  

o I don’t know.  
 

 
IMF 2: Indicate which of the following intermolecular interactions is occurring in the 
area shaded in the diagram above. 

o Ionic interactions  

o Hydrogen bonding interactions  

o London dispersion interactions (induced dipole-induced dipole interactions)  

o I don’t know.  
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Titration: For the next question consider the following information:  In lab you use 
hydrochloric acid (HCl) to titrate a mixture of sodium hydroxide (NaOH) and sodium 
acetate (NaC2H3O2). You measure the pH during the titration, and the titration curve 
shown below is the result. 

 
 
Your lab partner has a different sample, one with a greater amount of NaOH and the 
same amount of NaC2H3O2. 

 
What would the titration curve for this sample look like compared to yours? 
 

o   
 

o  
 

o  
 

o  
 

o I don't know.  
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Absorbance: For the next question, refer to the spectrum provided below: 

 
Which absorbance spectrum (absorbance versus wavelength in nm) would correspond 
to a green solution? 
 
 

o   
 

 

o  
  

 

o  

o I don't know.  
 

 
 
Bond Energy: Heat is given off when hydrogen burns in air according to the equation:  
2H2 + O2 → 2H2O Which of the following is responsible for the heat? 

o A. Breaking bonds between hydrogen atoms gives off energy.  

o B. Breaking bonds between oxygen atoms gives off energy.  

o C. Forming bonds between hydrogen and oxygen atoms gives off energy.  

o Both answers A and B are correct.  

o Answers A, B, and C are correct.  

o I don’t know 
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Appendix II. Detailed Demographics (Chapter 2 and 4) 
For the Fall 2016 semester, approximately half of the students enrolled in Chem 1AL 
consented to be part of our study and provided demographic data. An additional 
subgroup of students who had completed every green chemistry item at each 
assessment time point were selected for additional analysis. For both study populations, 
respondent characteristics were like the demographics of the entire class population. 
The ethnicity of the study respondents closely matched the class population with the 
percentage of Asian participants slightly higher and the percentage of Latinx 
participants slightly lower within the study sample. Like the entire class population, our 
study population contained more female respondents than male respondents. However, 
compared to the class population there was a slight overrepresentation of female 
respondents. This is a well-known phenomenon as women often have much higher 
response rates then men on surveys.1,2 

 
Table A II. Fall 2016 Chem 1AL demographics for study and course populations (Chapter 2) 

 Study subgroupa Study populationb Course Populationc 

 N % N % N % 
Race/Ethnicity       

White 69 27.5 126 24.3 257 24.1 
Hispanic, Latino or Spanish 
Origin 23 9.2 49 9.5 153 14.4 

African-American/ Black 8 3.2 11 2.1 25 2.3 
Asian 123 49.0 270 52.1 477 44.7 
Pacific Islander 1 0.4 2 0.4 1 0.1 
Native American/ Alaska 
Native 1 0.4 1 0.2 3 0.3 

International 20 8.0 44 8.5 100 9.4 
Decline to State 6 2.4 15 2.9 50 4.7 
       

Gender       
Female 149 59.4 323 62.4 628 58.9 
Male 95 37.8 182 35.1 403 37.8 
Not sure 3 1.2 3 0.6 N/A N/A 
Transgender 1 0.4 1 0.2 N/A N/A 
Decline to state 3 1.2 9 1.7 35 3.3 

       
Total 251  518  1066  

 

aStudents who consented to be part of our research, completed all the green chemistry assessment items, and provided demographic information 
bStudents who consented to be part of our research and provided demographic information 
cEntire course population data were obtained from Berkeley Office of Planning and Analysis 

 
1 Underwood, D.; Kim, H.; Matier, M. To Mail or To Web: Comparisons of Survey Response Rates and Respondent Characteristics. AIR 2000 Annual Forum Paper; 

2000. 
2 Sax, L. J.; Gilmartin, S. K.; Lee, J. J.; Hagedorn, L. S. Using Web Surveys to Reach Community College Students: An Analysis of Response Rates and Response Bias. 

Community Coll. J. Res. Pract. 2008, 32 (9), 712–729. https://doi.org/10.1080/10668920802000423. 



 211 

 
 

Table A III. Fall 2018 and Fall 2019 demographic data for research population. Demographic and full 
class data provided for comparison (Chapter 4) 

 Study Population1 Course 
Population2 

 Fall 2019 Fall 2018 Fall 2016 Fall 2016 

 N % N % N % N % 

Race/Ethnicity         

Asian 403 52.1 368 47.8 270 52.1 477 44.7 

White 186 24.0 193 25.1 126 24.3 257 24.1 
Hispanic, Latino or 
Spanish Origin 98 12.7 85 11.0 49 9.5 153 14.4 

African 
American/Black 11 1.4 11 1.4 11 2.1 25 2.3 

Pacific Islander 6 0.8 14 1.8 2 0.4 1 0.1 
Native 
American/Alaska 
Native 

4 0.5 14 1.8 1 0.2 3 0.3 

International 64 8.3 78 10.1 44 8.5 100 9.4 

Decline to State 2 0.3 7 0.9 15 2.9 50 4.7 

         

Gender         

Female 512 66.1 507 65.8 323 62.4 628 58.9 

Male 251 32.4 244 31.7 182 35.1 403 37.8 

Non-binary 3 0.4 6 0.8 N/A N/A N/A N/A 

Not sure  0.0 2 0.3 3 0.6 N/A N/A 

Transgender 0 0.0 0 0.0 1 0.2 N/A N/A 

Decline to state 8 1.0 11 1.4 9 1.7 35 3.3 

         

Total 774  770  518  1066  

 
1 Students who consented to be part of our research and provided demographic information 
2 Entire course population data were obtained from Berkeley Office of Planning and Analysis 
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Appendix III. Original Green Chemistry Prelab and 
Postlab Questions (Chapter 2) 

Table A IV. Green chemistry prelab and postlab questions in the Chem 1AL curriculum (Fall 2016) 

Experiment Placement Question Inquiry component 

Designing a 
Model Airbag 

Postlab Would this method be suitable for inflating 
automobile airbags? Why or why not?  

Understanding 
impact, conclusions 
about model 

Polymers: 
Cross-Linking 
and Toy 
Design Part 1 

Prelab1 Part of any successful experiment is cleaning 
up your lab space at the end of lab. As 
always, you are expected to thoroughly 
clean up the lab space, put equipment back 
where it belongs, and dispose of waste in 
the proper container. Liquid waste will have 
a special place in the fume hood and solid, 
chemically contaminated waste should be 
placed in containers. Materials that have not 
been exposed to chemicals can go in the 
regular trash. Each week, waste disposal 
information will be posted by the ISF in the 
experiment notes on bCourses. Review what 
should be done with each of the following. 

N/A 

Polymers: 
Cross-Linking 
and Toy 
Design Part 2 

Postlab You have been promoted to Chief 
Sustainability Officer for the toy company. 
Your R&D division has given you three 
possible starting materials for making a toy, 
and you have to choose which one to use. 
From doing this week’s lab, you have some 
information about the properties of these 
polymers that would make a fun toy. 
However, as the CSO you also need to 
consider effects on human health and the 
environment. Based on your experience of 
doing the lab and the data shown in the 
table below, choose a polymer and make an 
argument as to why you chose it. Note: 
there are no wrong answers. (They refer to a 
data table that includes toxicity and 
environmental persistence.) 

Understanding 
impact, analyzing 
data, conclusions 
about model, 
proposing 
explanations 

 
1 This question was asked at the end of every prelab. 
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Experiment Placement Question Inquiry component 

Biofuels Part 1 Prelab Green chemistry is a field of decision 
making based off the trade-offs of 
environmental impacts, safety, efficiency, 
and opportunity cost. In the following 
experiments, we will look at data based off 
the toxicity, practicality, and efficiency of 
several biofuels to try to assess the relative 
merit of each as a fossil fuel alternative. 
Toxicity is often measured through the 
Dose-Response relationship of test subjects 
to the chemical. Based on the Dose-
Response plot, what is the LD for the biofuel 
shown below. 

Calculations from 
data 

Biofuels Part 1 Prelab Look up the LD and melting temperature for 
the following fuels from the Material Safety 
Data Sheets (MSDS) located in the files 
section of bCourses for this class (in a folder 
titled "biofuels_MSDS"). 

Literature search 

Biofuels Part 1 Postlab Rank the substances from most to least 
toxic. 

Analyzing data, 
calculations from 
data 

Biofuels Part 1 Postlab Guess which substance claims the most 
human lives every year. Explain your 
reasoning. 

Understanding 
impact 

Biofuels Part 1 Postlab Doctors have recommended against giving 
children aspirin, and instead recommend 
acetaminophen. How many 500 mg tablets 
of aspirin would it take to reach the LD50 
threshold for a 22 lb. (10 kg) child? How 
many 500 mg tablets of acetaminophen? 

Calculations from 
data 

Biofuels Part 1 Postlab Read the “Pro-Biodiesel” and “Anti-
Biodiesel” excerpts in the introduction to 
this experiment. These represent two 
opposing perspectives about the use of 
biodiesel as a fuel source. After reading this 
information, do you feel better informed? 
Do you think that using biodiesel is 
practical? Is there any information that the 
excerpts did not provide that you would 
want in order to make a decision? Write a 

Understanding 
impact, literature 
search, 
communicating 
results, proposing 
explanations 



 214 

Experiment Placement Question Inquiry component 

paragraph about your thoughts on the 
topic.  

Biofuels Part 2 Postlab According to the class data, which biofuel 
was the most toxic according to the weight 
percent solutions?  
a. Which biofuel was the most toxic 
according to the molarity of the solutions? 
b. Compare and contrast these values.  
Which is more relevant in practical use? 

Understanding 
impact, calculations 
from data, analyzing 
data, conclusions 
about hypothesis 

Acids in the 
Environment  
Part 1 

In-lab 
prompt 

What benefits are there to using serial 
dilutions to make solutions? What are the 
drawbacks? 

Designing and 
experiment, 
analyzing data 

Acids in the 
Environment  
Part 3 

Postlab Explain conceptually the process by which 
the limestone can protect the lakes in the 
Midwest from the effects of acid rain.   

Understanding 
impact, proposing 
explanations 
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Appendix IV. Evaluation Instruments (Chapters 3 – 5)  

Online survey (Qualtrics) 

Chem 1AL Posttest, Fall 2019 
Investigating New General Chemistry Curriculum in the College of Chemistry 
  
 My name is Laura Armstrong and I am a graduate student working with the Director of Undergraduate Chemistry, 
Anne Baranger, and other faculty and graduate students in the College of Chemistry. We are planning to conduct 
a research study, which we invite you to take part in. 
  
We are inviting you to participate in this study because you are enrolled in general chemistry. The purpose of this 
research is to understand the effects of this new curriculum to not only improve chemistry education at UCB but 
also to improve chemistry education at other institutions by sharing our results with the chemistry education 
community. 
  
If you agree to be in this study, you will be asked to do the following:   
   

• Complete this online survey. The survey will include questions about your background in chemistry and 
your experiences in the course. It will take approximately 15-20 minutes to complete. The surveys will be 
administered at the beginning and end of the semester.  

• Allow us (the researchers) access to materials you submit as part of the course (assessments, homework, 
midterm exams, final exams, quizzes, etc.). The assessments will be administered in a variety of 
formats. This is not extra class work but material that all students enrolled in the course will complete. 

 
Benefits 
Although there is no direct benefit to you from participating in this research, we hope that this research will 
benefit society by improving our understanding of the Berkeley chemistry curriculum. This will also give you a 
chance to have a voice in the curriculum development process.  
  
Risks/Discomforts 
You are free to decline to answer any questions you don't wish to or to stop participating at any time.  
  
Breach of confidentiality: as with all research, there is a chance that confidentiality could be compromised; 
however, we are taking precautions to minimize this risk. 
  
Confidentiality 
Your study data will be handled as confidentially as possible. If the results of this study are published or 
presented, individual names and other personally identifiable information will not be used. 
  
To minimize the risks to confidentiality, we will assign you a unique participant ID number that will be used to 
replace identifying information, such as your name, in your data. Your data (video included) will be stored in a 
locked cabinet in our lab or electronically in password-protected files. The list that links participant numbers to 
identity will be kept in a locked cabinet separate from study data.  
  
When the research is completed, we may save the study data for use in future research done by ourselves or by 
others. We will retain these records for up to six years after the study is over. The same measures described above 
will be taken to protect the confidentiality of this study data. 
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Compensation 
Two bonus points will be awarded for the completion of this survey. If you do not wish to participate but would still 
like to receive these bonus points, you may complete the alternate assignment outlined in the invitation 
announcement. 
  
 Rights 
Participation in research is completely voluntary. 
  
You have the right to decline to participate or to withdraw at any point in this study without penalty or loss of 
benefits to which you are otherwise entitled; your standing in the class or school will in no way be affected by your 
decision. 
  
 Questions 
If you have any questions or concerns about this study, you may contact Laura Armstrong at 
armstronglaura@berkeley.edu. 
  
If you have any questions or concerns about your rights and treatment as a research subject, you may contact the 
office of UC Berkeley's Committee for the Protection of Human Subjects, at 510-642-7461 or 
subjects@berkeley.edu. 
 
If you agree to take part in the research please select the button below. 

▢ I agree to have my survey responses and course materials collected.  
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Please indicate your level of agreement with the following statements:  
 

 Strongly 
disagree 

Somewhat 
disagree 

Neither 
agree nor 
disagree 

Somewhat 
agree 

Strongly 
agree 

I try to reduce my energy usage.  o  o  o  o  o  

I think about how my decisions impact the 
environment.  o  o  o  o  o  

I try to conserve natural resources such as 
water.  o  o  o  o  o  

I don't worry about how much waste I create; 
one person can't make much of a difference.  o  o  o  o  o  

When choosing a new product, I think about 
what was required to make it (starting 

materials, safety, waste, etc.).  
o  o  o  o  o  

I buy products that I consider 'green.'  o  o  o  o  o  

I talk with friends about problems related to 
green chemistry.  o  o  o  o  o  

I have pointed out 'non-green' behavior to 
someone.  o  o  o  o  o  

Energy usage is not a major concern during 
chemistry experiments.  o  o  o  o  o  

Chemistry experiments should reduce their 
use of limited natural resources (e.g. water, 

minerals).  
o  o  o  o  o  

We don't need to make chemistry 
experiments safer - that's why we use 

goggles, lab coats, and gloves.  
o  o  o  o  o  

Chemistry should focus on advancing 
research and chemical understanding. The 

impact these advances have on humans and 
the environment is a secondary concern.  

o  o  o  o  o  

Cleaning up or treating chemical waste is a 
good alternative to minimizing the amount of 

experimental waste.  
o  o  o  o  o  

Industry should use renewable materials even 
if this costs more than using nonrenewable 

materials.  
o  o  o  o  o  

Chemistry experiments should use 
nonrenewable materials if this leads to lower 

costs or better results, even if it means the raw 
materials will eventually be used up.  

o  o  o  o  o  
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Green Chemistry Understanding 
 
How well can you define green chemistry? 

o I cannot define green chemistry.  

o I can define green chemistry in broad terms, but I cannot provide explanations or examples.  

o I can define green chemistry and provide simple explanations or examples.  

o I can define green chemistry and provide a few detailed explanations or examples.  

o I can define green chemistry and provide many detailed explanations or examples.  
 
 
How well can you evaluate the ‘greenness’ of a chemical reaction? 

o I don't understand how green chemistry can be used to evaluate something.  

o I can identify that evaluation is needed but I might not know what principles to apply to the reaction. I could 
probably make some broad suggestions.  

o I can identify a few factors or principles to evaluate the greenness of the reaction. I might struggle with 
identifying all of the needed factors.  

o I can identify the needed factors or principles to evaluate the greenness of the reaction.  

o I can identify the needed factors or principles and make recommendations to improve the greenness of the 
reaction.  

 
 
How well can you define green chemistry principles (e.g. waste prevention, energy efficiency, atom economy)? 

o I cannot define green chemistry principles.  

o I can define a few green chemistry principles.  

o I can define about half of the green chemistry principles.  

o I can define most green chemistry principles.  

o I can define most green chemistry principles and provide examples for these terms.  
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Please indicate your level of agreement with the following statements about green chemistry:  
 

  

 Strongly 
disagree 

Somewhat 
disagree 

Neither 
agree nor 
disagree 

Somewhat 
agree 

Strongly 
agree 

I want to acquire more green 
chemistry knowledge.  o  o  o  o  o  

I find green chemistry 
interesting.  o  o  o  o  o  

I believe that I can understand 
green chemistry.  o  o  o  o  o  

I can do green chemistry.  o  o  o  o  o  

Green chemistry has connections 
to my daily life.  o  o  o  o  o  

Green chemistry is NOT useful 
for other fields I am interested in.  o  o  o  o  o  

I think green chemistry is 
important for advancing society.  o  o  o  o  o  

I think green chemistry is 
important in advancing 

knowledge.  o  o  o  o  o  

I think about the green chemistry 
I experience in everyday life.  o  o  o  o  o  

Learning green chemistry 
changes my ideas about how the 

world works.  o  o  o  o  o  

The subject of green chemistry 
has little relation to what I 

experience in the real world.  o  o  o  o  o  

Green chemistry plays an 
important role in my life because 

I use many products of the 
chemical industry.  

o  o  o  o  o  

I think green products are very 
important.  o  o  o  o  o  
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Please do your best to answer the following questions honestly and without outside help. We want to hear from 
you - not Google :) 
  
It's okay if you don't know how to answer or attempt the problem, don't guess - just mark “I don’t know.”  
 
The reaction below can be used to fill an automobile airbag. 

 
 
 
The atom economy for this reaction is 55%. This means that:  
(Select all that are accurate.) 

▢ 45% of the starting material ends up as waste in the form of water  

▢ 55% of the starting material ends up as waste in the form of water  

▢ 55% of the starting material is incorporated into the desired products (nitrogen and oxygen gas) that can be 
used to inflate the airbag  

▢ 45% of the starting material is incorporated into the desired products (nitrogen and oxygen gas) that can be 
used to inflate the airbag  

▢ The theoretical yield of the reaction is 55%.  

▢ The theoretical yield of the reaction is 45%.  

▢ I don't know.  
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The reaction below can be used to fill an automobile airbag. 

 
 
 
The LD50 for the starting material, ammonium nitrate, is shown above. LD50 tells you: 
 (Select all statements that are accurate.) 

▢ The amount of a chemical that it takes to cause death in half the members of a test population  

▢ The amount of a chemical that it takes to cause mutations in an entire test population   

▢ The amount of a chemical that it takes to cause bioaccumulation in half the members of a test population  

▢ The amount of a chemical that it takes to cause endocrine disruption in an entire test population  

▢ The amount of a chemical that it takes to cause birth defects in half the members of a test population  

▢ The amount of a chemical that it takes to cause cancer in an entire test population  

▢ I don’t know.  
 
 

The LD50 for the starting material is 2217 mg/kg for rats. This indicates that: 
 (Select all statements that are accurate.) 

▢ The compound is NOT acutely toxic to humans (it safe to be exposed to this compound for single or short 
period of time).  

▢ The compound is acutely toxic to humans (it unsafe to be exposed to this compound for single or short 
period of time).  

▢ This compound is safe for humans to use.  

▢ This compound is NOT safe for humans.  

▢ The compound may or may not be safe for humans to use.   

▢ LD50 doesn’t give information on how safe a compound is for humans.  

▢ This compound is safe to release into the environment.  

▢ This compound is NOT safe to release into the environment.  

▢ The compound may or may not be safe to release into the environment.  

▢ LD50 doesn’t give information on how safe a compound is for the environment.  

▢ I don't know.  
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Over the last few years, there has been an increased demand for natural and/or renewable resources. Please 
select all of the following statements that are true.  

▢ Natural products are sustainable.  

▢ Renewable products are sustainable.   

▢ The terms “natural” and “renewable” are interchangeable.   

▢ Natural products are likely to be safe for humans and the environment.   

▢ Renewable products are likely to be safe for humans and the environment.   

▢ Natural products or processes are always preferable to synthetic ones.  

▢ Renewable products or processes are always preferable to synthetic ones.  

▢ I don't know.  
 
For the following three questions, please choose the top three green chemistry principles that apply to 
each scenario.    
    
Drag your top three choices into the box and order them from most (1) to least (3) applicable to the scenario. If 
you don't know the answer simply drag the “I don’t know” option into the box.  
 
 
Traditionally, paper has been bleached with chlorine to give it a white appearance. Chlorine and its derivatives 
(such as chlorine dioxide) are very dangerous for humans and toxic to aquatic organisms. Eliminating the use of 
chlorine in paper production is an example of which green chemistry principle(s)? (Select all principles that apply.) 
 

▢ Prevention  

▢ Atom Economy  

▢ Less Hazardous Chemical Syntheses  

▢ Designing Safer Chemicals  

▢ Safer Solvents and Auxiliaries  

▢ Design for Energy Efficiency  

▢ Use of Renewable Feedstocks  
 

▢ Reduce Derivatives  

▢ Catalysis  

▢ Design for Degradation  

▢ Real-time Analysis for Pollution Prevention  

▢ Inherently Safer Chemistry for Accident 
Prevention  

▢ I don't know  

 
 
[All of these questions have the same fixed responses as the question above but are omitted for length.]  
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BASF (the largest chemical producer in the world) is currently developing plastic bags made partly from cassava 
starch and calcium carbonate. These bags completely disintegrate into water, CO2, and biomass in industrial and 
city composting systems. These bags are examples of which green chemistry principle(s)? (Select all principles 
that apply.) 
 
 
Oil-based "alkyd" paints emit high levels of volatile organic compounds (VOCs). As the name suggests, VOCs 
evaporate from drying paint and can produce many harmful health effects (ranging from eye irritation to liver 
damage to cancer). Sherwin-Williams won the 2011 Presidential Green Chemistry Challenge Award for the 
development of low-VOC, water-based paints that are made from recycled plastic bottles and soybean oil. This 
new paint formulation is an example of which green chemistry principle(s)? (Select all principles that apply.) 
 
Please indicate your level of agreement with the following statements:  
 

 Strongly 
disagree 

Somewhat 
disagree 

Neither agree 
nor disagree 

Somewhat 
agree 

Strongly 
agree 

I know what the term green 
chemistry means.  o  o  o  o  o  

I can define green chemistry 
principles (e.g. atom 
economy, catalysis, 

renewable feedstocks).  
o  o  o  o  o  

I can identify hazards 
associated with a reaction 

or experiment.  o  o  o  o  o  

I can suggest ways to make 
a reaction or experiment 

less hazardous.  o  o  o  o  o  

I understand how to 
minimize chemical waste.  o  o  o  o  o  

I understand what happens 
to waste after it leaves the 

laboratory.  o  o  o  o  o  

I can identify factors that 
make a reaction 'green'.  o  o  o  o  o  

I can suggest improvements 
to make a reaction greener.  o  o  o  o  o  
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Chemistry Concepts and Techniques 
 
 
Presently, how much do you understand about each of the following chemistry concepts or techniques? 

 not at 
all a little somewhat a good deal a great deal 

Relationships between 
physical properties and 

molecular structures  o  o  o  o  o  

Intermolecular 
interactions  o  o  o  o  o  

Types of bonding (non-
polar covalent, polar 

covalent, ionic)  o  o  o  o  o  

Calorimetry  o  o  o  o  o  

Electrochemistry  o  o  o  o  o  

Performing a titration 
using a pH probe  o  o  o  o  o  

Performing a titration 
using indicators  o  o  o  o  o  

Creating serial dilutions  o  o  o  o  o  

Using a UV/Vis 
spectrometer  o  o  o  o  o  

Generating a calibration 
curve  o  o  o  o  o  

Performing error analysis  o  o  o  o  o  
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Please indicate your level of agreement with the following statements about chemistry:  
 

 Strongly 
disagree 

Somewhat 
disagree 

Neither 
agree nor 
disagree 

Somewhat 
agree 

Strongly 
agree 

I want to acquire more chemistry 
knowledge.  o  o  o  o  o  

I find chemistry interesting.  o  o  o  o  o  

I believe that I can understand 
chemistry.  o  o  o  o  o  

I can do chemistry.  o  o  o  o  o  

Chemistry has connections to my 
daily life.  o  o  o  o  o  

Chemistry is NOT useful for 
other fields I am interested in.  o  o  o  o  o  

I think chemistry is important for 
advancing society.  o  o  o  o  o  

I think chemistry is important in 
advancing knowledge.  o  o  o  o  o  

I think about the chemistry I 
experience in everyday life.  o  o  o  o  o  

Learning chemistry changes my 
ideas about how the world 

works.  o  o  o  o  o  

The subject of chemistry has little 
relation to what I experience in 

the real world.  o  o  o  o  o  

Chemistry plays an important 
role in my life because I use 

many products of the chemical 
industry.  

o  o  o  o  o  

I think chemical products are 
very important.  o  o  o  o  o  
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Please do your best to answer the following questions honestly and without outside help.    
    
If you do not know the answer or how to attempt the problem, please do not guess; mark “I don’t know.” 
 

 
 
Indicate which of the following intermolecular interactions is occurring in the area shaded in the diagram above. 

o Ionic interactions  

o Hydrogen bonding interactions  

o London dispersion interactions (induced dipole-induced dipole interactions)  

o I don’t know.  
 
For the next question consider the following information: 
 
In lab you use hydrochloric acid (HCl) to titrate a mixture of sodium hydroxide (NaOH) and sodium acetate 
(NaC2H3O2). You measure the pH during the titration, and the titration curve shown below is the result. 

 
 
Your lab partner has a different sample, one with a greater amount of NaOH and the same amount of NaC2H3O2. 

 
 
What would the titration curve for this sample look like compared to yours? 

o Image:Titr choice a  

o Image:Titr choice b  

o Image:Titr choice c  

o Image:Titr choice d  

o I don't know.  
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For the next question, refer to the spectrum provided below: 

 
 
Which absorbance spectrum (absorbance versus wavelength in nm) would correspond to a green solution? 

o Image:Abs choice a  

o Image:Abs choice b  

o Image:Abs choice c  

o I don't know.  
 
 
Heat is given off when hydrogen burns in air according to the equation:  
    
2H2 + O2  → 2H2O  
 
 Which of the following is responsible for the heat? 

o A. Breaking bonds between hydrogen atoms gives off energy.  

o B. Breaking bonds between oxygen atoms gives off energy.  

o C. Forming bonds between hydrogen and oxygen atoms gives off energy.  

o Both answers A and B are correct.  

o Answers A, B, and C are correct.  

o I don’t know.  
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Course Feedback 
 
Please indicate how much you agree with the following statements. 

 Strongly 
disagree 

Somewhat 
disagree 

Neither agree 
nor disagree 

Somewhat 
agree 

Strongly 
agree 

I enjoyed doing the 
experiments.  o  o  o  o  o  

The laboratory manual was 
clear.  o  o  o  o  o  

The pre-lab assignments 
prepared me effectively.  o  o  o  o  o  

The report sheet questions 
were useful for integrating 

the concepts learned.  o  o  o  o  o  

The green chemistry report 
sheet questions improved 

my understanding of green 
chemistry.  

o  o  o  o  o  

The green chemistry 
material in the experiment 
introductions was useful.  o  o  o  o  o  

 
 
What was your favorite experiment? 

▼ Developing a Model Airbag ... Extraction of Curcumin from Turmeric and Spectroscopic Analysis 

 
From which experiment did you learn the most chemistry content? 

▼ Developing a Model Airbag ... Extraction of Curcumin from Turmeric and Spectroscopic Analysis 

 
From which experiment did you learn the most green chemistry content? 

▼ Developing a Model Airbag ... Extraction of Curcumin from Turmeric and Spectroscopic Analysis 
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Did your GSI discuss green chemistry during their lab lecture?  

o Always  

o Most of the time  

o About half the time  

o Sometimes  

o Never  
 
Did you ask your GSI questions about green chemistry? 

o Yes  

o No  
 
Was your GSI able to answer your questions about green chemistry? 

o Always  

o Most of the time  

o About half the time  

o Sometimes  

o Never  
 
 
What would you want to change about the green chemistry portion of this course?  

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 
 
What would you want to stay the same about the green chemistry portion of this course?  

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 
 
 
What was the most valuable thing you gained from lab? 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 
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What do you wish you had gained from lab but did not? 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 
 
Describe a connection that was meaningful to you:  

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 
 
Please write any further comments on the course here. 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 
 
 
Survey Feedback 
 
Do you have any comments or feedback on the content or organization of this survey? We'd love to use your 
feedback to improve the survey! 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 
 
 
You're done! Just enter your SID to get your bonus points! 
 
 
We appreciate your feedback and ask for your student ID to verify your enrollment in the course. Make sure you 
enter your SID correctly so you can receive your bonus points. 
  
 Before this data is reported, your student ID will be removed. Thank you for your participation! 

________________________________________________________________ 
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Chem 1AL Pretest, Fall 2019 
[The pretest survey items were exactly the same as the posttest survey (shown above) 
except the ‘Course Feedback’ section was replaced by a ‘Demographics’ section 
shown below.]  
 
Previous Science Experience 
 
How many semesters of the following chemistry courses have you completed? 

 Semesters 

Chemistry  ▼ 0 ... 8 

Honors chemistry  ▼ 0 ... 8 

AP chemistry  ▼ 0 ... 8 

IB chemistry  ▼ 0 ... 8 

Chemistry at a community college or different 
university  ▼ 0 ... 8 

Chemistry at UC Berkeley  ▼ 0 ... 8 

 
 
How many semesters of the following science courses have you completed during (or after) high school? 

 Semesters 

Biology  ▼ 0 ... 10 

Math  ▼ 0 ... 10 

Physics  ▼ 0 ... 10 

Other  ▼ 0 ... 10 

 
 
 
Had you heard of green chemistry before you entered this course (1AL)? 

o Yes  

o No  
 
 
Where had you heard about green chemistry before this course? 

________________________________________________________________ 
________________________________________________________________ 
________________________________________________________________ 
________________________________________________________________ 
________________________________________________________________ 
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Entering University Information 
 

What is your intended major? 

o Life science  

o Physical science (other than chemistry)  

o Chemistry/chemical biology  

o Humanities  

o Social science  

o Engineering  

o Public health  

o Undeclared  

o Other: ________________________________________________ 
 
 
When did you first enter UC Berkeley? 

o Fall 2019  

o Summer 2019  

o Spring 2019  

o Fall 2018  

o Summer 2018  

o Spring 2018  

o 2017  

o Other ________________________________________________ 
 
 
Are you an international student? 

o Yes  

o No  
 
 
Did you transfer to UC Berkeley from another college or university? 

o Yes  

o No  
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When did you first begin to attend college? 

o 2019  

o 2018  

o 2017  

o Other ________________________________________________ 
 
 
Background Information 
 
What is the highest level of education completed by your parent/guardian? 

o Did not complete high school  

o High school degree  

o Some college  

o Two-year degree  

o Four-year degree  

o Some graduate school  

o Graduate degree  

o Not sure  
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What categories do you identify with? (Choose all that apply.) 

▢ White/Caucasian  

▢ Hispanic, Latino, or Spanish origin  

▢ Black or African American  

▢ East Asian (e.g., Chinese, Japanese, Korean, Taiwanese)  

▢ South Asian (e.g., Indian, Pakistani, Nepalese, Sri Lankan)  

▢ Southeast Asian (e.g., Cambodian, Vietnamese, Hmong)  

▢ Other Asian  

▢ Native American or Alaskan Native  

▢ Middle Eastern or North African  

▢ Native Hawaiian or other Pacific Islander  

▢ Decline to state  

▢ Other: ________________________________________________ 
 
 
What is your gender identity? 

o Male  

o Female  

o Non-binary  

o Not sure  

o Decline to state  

o Other: ________________________________________________ 
 

 
Is English your first language? 

o Yes  

o No  

o I'm bilingual  
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Student View of 12 Principles Ranking Items (Chapter 4) 
 

Internet Browser View 

Before selecting principles After selecting principles 

 
 

Mobile view 
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Student Interview Protocol (Chapter 3) 

Green chemistry curriculum feedback 

This interview protocol was developed for a 30-minute interview with a current Chem 1AL 
student, seeking to understand what they enjoyed about the course and what could be 
improved for future semesters. Questions cover both instructional practices and course 
material. 
 
Protocol 
 
[Overarching Question] 
 
What did students enjoy about Chem 1AL and what do they wish was different [especially in 
the context of the updated green chemistry content]?  
 
[Introduction] 
 
Hi, my name is Laura Armstrong, and I’m here to understand better your experience thus 
far in Chem 1AL – especially what is working well in the course and what you think 
could be improved for future semesters. This interview will take about 30 minutes, during 
which time we’ll go through some questions focused on the experiments you’ve done so far. 
Just a note, I’m focusing on 1AL and not the lecture component, 1A, so while I understand 
that they can feel very linked I only am able to change/work with the laboratory portion.  
I want to hear about both the good and bad parts of this course. I’m here to learn from you 
and my goal is to use your feedback to make changes in time for spring 2019 so I especially 
need to hear about what isn’t working well. Your feedback could directly impact how 
students experience Chem 1AL next semester.  
 
A couple of things before we start. Your comments will be completely confidential. No one 
from the course, instructors or GSIs, will have access to what you say here today. My research 
team and I will aggregate all the comments from several interviews we’re conducting so that 
your comments are not connected to you. If we quote you in our final report, we will do so 
without identifying your name or specific role. If there’s anything you really don’t want on the 
record, even if it’s anonymized, please let me know that, too. Also, this interview is 
entirely voluntary on your part – if for any reason you want to stop, please let me know. We 
can end the interview at that point with no repercussions for you of any kind. I can also throw 
out anything you’ve told me until that point. 
 
I won’t be audio recording you either – I’ll simply be taking notes as we talk. Because of this I 
may need to pause or ask to repeat something occasionally. Do you have any questions for 
me before we start? All right, then, let’s proceed. 
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 [Warm up] 
 
• Let’s start by talking about your prior chemistry laboratory experience. What sort of lab 

experience did you have before 1AL?  
• How does this compare to Chem 1AL? 
• What did you hope to get out of this laboratory course?  
• Has it met your expectations so far? Why or why not? 
 
[Overall course impression] 
• What has been your favorite experiment so far? Why? 
• What has been your least favorite experiment so far? Why? 
• What experiment have you learned the most from? Why? 
• What is the most useful part of the course? Why? 
• What is one thing you would definitely want to stay the same about 1AL? 
• What is one thing you would definitely want to change about 1AL? 
 
[Timing] 
• How do you feel about the workload for this course so far? Why?  
• What part of the course takes the most time to complete each week. [If they say the in-lab 

part ask them for the second most time-consuming task.] Why? 
 
[Green chemistry content] 
• Which experiment had the most green chemistry content/focus?  
• Which experiment did you learn the most green chemistry from? What green chemistry 

did you learn?  
• How have you felt about the green chemistry focus of this class so far? Why? 
• [If they seem positive] What has been your favorite green chemistry part of this class so 

far? 
• What would you like to see changed about the green chemistry content of this course?  
 
[Green chemistry questions/resources]  
• How do you feel about the green chemistry questions at the end of each report sheet?  
• I want you to think back to the last set of these questions that you answered. [Flip to those 

pages in the lab manual.]  Can you walk me through how you approached answering 
these questions? For example, if you didn’t know how to answer these what did you do? 
Where did you go looking for information? 

• Is that what you typically do for these green chemistry questions? [If not ask them what 
they typically do.] 

• Do you ever ask your GSI? Are they able to help you? Why or why not? 
• How much time do you usually spend trying to answer these questions? How do you feel 

about spending that amount of time? 
• How useful do you find these questions? Why? 
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• [If they seem positive] Have there been any green chemistry questions that you especially 
liked?  

• Have there been any green chemistry questions that you did not like/found confusing? 
• What would make it easier to answer these questions? What sort of resources would you 

have liked? For example, would you like more written material in the introduction to each 
experiment? Would you like your GSI to talk about/answer questions?  

• Are there any specific examples that you can think of that would have especially benefited 
from this? 

  
[Other questions] 
• Is there anything else you would like to tell me or talk with me about that we haven’t 

covered so far? 
• Do you have any questions for me? 
 
 
[Conclusion] 
Thank you – those are all the questions I have for you. If anything else occurs to you after your 
leave, please don’t hesitate to let me know by email. I may be in touch with you again to ask a 
few follow-up questions. Thanks again! 
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GSI Questionnaire (Chapter 3) 
Name: _____________________________  Lab Section(s): ___________________ 
 
For a typical lab section: 
 
How long is your prelab lecture? 
 
How long does your lab section last? 
 
What sort of interactions do you have with your students? (Circle all that apply, put a star by 
your top three most frequent interaction types.) 
 

• Helping students interpret experimental progress 
• Helping students find equipment  
• Helping students use equipment 
• Helping students interpret the procedure 
• Checking in with student to see if they have questions or need help 
• Making announcements to the class 
• Helping students clean up properly 
• Helping student dispose of waste properly 
• Answering questions about the lab (1AL) course 
• Answering questions about grading 
• Answering questions about the lecture (1A) course 
• Answering questions about turning in notebook pages/report sheets 
• Other: ____________________________________________________ 
• Other: ____________________________________________________ 
• Other: ____________________________________________________ 
• Other: ____________________________________________________ 
• Other: ____________________________________________________ 
• Other: ____________________________________________________ 

 
 
Do you discuss green chemistry during your prelab lecture?     Yes        No 
 
 
 
 
If yes, what do you discuss? 
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For a typical lab section (continued): 
 
Do you discuss green chemistry outside of your prelab lecture?         Yes        No 
 
If yes, how often? 
 
 
 
What In-lab prompts these discussions? 
 
 
 
Did students talk/ask about green chemistry during your lab section?   Yes        No 
 
If yes, how often? 
 
 
 
What In-lab prompts these discussions? 
 
 
 
For a typical office hour: 
Do students talk/ask about green chemistry during your office hours?    Yes        No 
 
If yes, how often? 
 
  
 
What In-lab prompts these discussions? 
 
 
 
Other: 
 
Did you have experience with green chemistry before becoming a GSI for this course? If so, 
describe your experience. 
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In-Class Green Chemistry Quiz (Chapter 4) 
[Pretest Instructions] 
This quiz should be completed individually with no outside help. We are interested in 
what you know about green chemistry before completing this laboratory course.   
 
We are using these quesstions to gauge your current understanding of green 
chemistry. You are not expected to be a green chemistry expert! If you do not know 
the answer, please write ‘I don’t know, but my best guess is…’.  The assignment will 
be graded based solely on effort. 
 
[Posttest Instructions] 
Congratulations on completing your final laboratory experiment of the semester! 
Now that you’re near the end of this course we’d like to once again ask you two green 
chemistry questions. These are the same questions you completed at the start of the 
semester; we plan on using both sets of quizzes to see how your green chemistry 
understanding shifted after completing this laboratory course.  
 
This quiz will be graded based on effort; please be as specific and detailed as 
possible with your answers to demonstrate the full range of your green 
chemistry understanding. We truly appreciate your responses and read every single 
one of them. Good luck with the end of the semester and your future classes! 
 
1. In my own words, green chemistry means: 
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The fall season typically brings an increased demand for pumpkin spice flavored… 
everything! For large scale production it’s hard to get consistent flavors using natural spices. 
It’s much easier to use synthesized flavor molecules like eugenol for clove, zingiberene for 
ginger, and cinnamaldehyde for cinnamon.  

2. There are several different ways of making cinnamaldehyde, two of which are shown 
below: 
 

 
Cinnamaldehyde

Cinnamon tree barkFossil fuels

Benzaldehyde Steam distillation

From a green chemistry perspective, why would one method be preferable to the 
other? Be as specific as possible.   

If you do not know the answer, please write ‘I don’t know, but my best guess is…’. 
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GSI Instructions for Green Chemistry Quiz (Chapter 4) 
1. Pass the quiz out to the students. There should be ~30 quizzes in each folder.  
 
2. As you pass out the quiz you can introduce it to the students. 
 

a. Quiz should take 10 minutes. 
 

b. It should be completed without outside help (no talking, no phones). We 
want to hear from the individual students. 

 
c. [Pretest only] Remind students that correctness isn’t important. We’re 

just trying to see what they already know – but we don’t expect them to 
be experts at green chemistry yet! This shouldn’t be a stressful 
assignment for them. Hopefully, this course will help them learn more 
about this topic. 

 
d. [Posttest only] Students may recognize these questions from the 

beginning of the semester. The reason we’re asking these again is to see 
how their green chemistry understanding shifted after completing this 
laboratory course. Remind students that while this quiz will be graded 
based on effort they should be as specific and detailed as possible with 
their answers so that we can see the full range of their green chemistry 
understanding.  

e. Ask the students to not discuss this quiz with other students in the course. 
We don’t want students in later lab sections to already know about this 
quiz (as much as possible). 

 
3. Give the students 10 minutes to finish the quiz. 
 
4. Collect the quizzes from the students and place the quizzes back into the folder. 

Leave the folder on the GSI bench in your lab room. 
 
5. If you have any questions or issues, please don’t hesitate to contact 

me at <<email>>.  
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Green Chemistry Exam Question, Fall 2019 (Chapter 5) 
As you have learned this semester, there are often many different ways to achieve the 
same chemical goal. Examine the data below detailing two different methods for 
making p-cymene for use in plastic recycling. 
 METHOD 1 METHOD 2 
% yield of p-cymene 91% 83% 
atom economy 40% 80% 
# of byproducts 4 1 
reaction time 3 hours 24 hours 
purification method Recrystallization Extraction 
persistence of reactants Very low Low 
Acute toxicity of reactants High Low 
cost to make 1kg of p-
cymene $2,250 $2,710 

 
Which method would you choose for making p-
cymene? 
(Hint: There is no one correct answer! You will be 
graded based on your explanation and not which 
method you choose.) 

⃝ ⃝ 

METHOD 1 METHOD 2 

 
Why did you choose this method over the other method? Please be as specific 
as possible with your reasoning (for example, instead of stating that particular 
measure is ‘good’ explain what ‘good’ means to you in this context and how it 
influenced which method you chose).  
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Appendix V. Example Curricular Question Redesign 
I chose the following question as my test question to redesign. It asks students to use 
(a) data they have gathered in lab and (b) provided toxicity data to choose a polymer 
that will make the best children’s toy. 
 

You have been promoted to Chief Sustainability Officer for the toy company. 
Your R&D division has given you three possible starting materials for making a 
toy, and you have to choose which one to use. From doing this week’s lab, you 
have some information about the properties of these polymers that would 
make a fun toy. However, as the CSO you also need to consider effects on 
human health and the environment. Based on your experience of doing the lab 
and the data shown in the table below, choose a polymer and make an 
argument as to why you chose it. Note: there are no wrong answers.  

 
Polymeric 
Starting 
Material 

CAS No. 
Human 
Health 
Effects 

Persistent in the 
Environment 

Accumulates in 
Organisms 

Fish LC50 
(µg/L water) 

Soluble in 
Water 

Guar Gum 9000-30-
0 none known unknown unknown 218,000 yes 

Polyvinyl 
alcohol 

9002-89-
5 suspected no no 86,000- 

118,000 yes 

Polyvinyl 
acetate 

9003-20-
7 suspected yes no data not 

available no 

Data retrieved from EPA databases: ACToR (http://actor.epa.gov) and ECOTOX (http://www.epa.gov/ecotox/) 

 
I first examine what context and KI attributes this question already had. The focal 
event for this question is toxicity of a children’s toy at a research and development 
division of an unspecified company. My first question was if students valued this 
context and found it relevant to their daily life. Most likely students have not had 
experience developing and designing products in a corporate environment. Almost 
certainly none of them have been or known anyone who was a chief sustainability 
officer. It is also unclear what specific tasks and chemical language is used for this 
type of focal event from the question In-lab prompt and how the purpose of this 
question connects to relevant chemical concepts. This question does explicitly ask 
students to refer to previous information and incorporate it in their answer (From 
doing this week’s lab, you have some information about the properties of these 
polymers that would make a fun toy.).  
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However, while this question does elicit ideas from students and asks them to add 
new ideas (...as the CSO you also need to consider effects on human health and the 
environment) it doesn’t provide much structure or scaffolding to help student 
develop a coherent response by evaluating and reflecting on their ideas. Thus, my 
redesigned question builds on these identified issues. 

Redesigned question: Round 1 

I redesigned this question to have a more relevant focal event for a general chemistry 
student and used the KI framework to elicit student ideas and add and evaluate 
additional ideas.  
 
[More relevant focal event] You are a summer research intern in the Research and 
Development (R&D) department at a company that creates children’s toys. [Explicitly 
connects question to green chemistry] This company also uses green chemistry to 
improve the safety and sustainability of their products. You’ve talked to the scientists 
you work with about your experience with polymers in general chemistry. One 
researcher, Mariana, asks you to help with a toy design project that is considering 
three possible starting materials - guar gum, polyvinyl alcohol, and polyvinyl acetate. 
The toy needs to be fun but also non-toxic since the target audience for the new 
product is young children. From your experience in general chemistry, you have 
some information about the properties of these polymers that would make a fun toy. 
However, based on this company’s green chemistry focus you also know you need to 
consider the environmental and human health impact of each polymer.  
 
[Eliciting] Summarize your guar gum, polyvinyl alcohol, and polyvinyl acetate data for 
the other scientists on your team. Provide your coworkers with some of your 
qualitative observations and quantitative data to show what polymer mixtures make 
the best toys. Based purely on properties that would make a good toy, recommend 
one polymer or polymer mixture that would work best. 
 
[Adding] Mariana is interested in the toy formulation you suggested but also wants 
make sure that it is safe for children. She provides you with some environmental and 
human health data for each polymer. What trends do you notice in the provided 
toxicity data? How do you account for data that is missing? Does that indicate the 
polymer is safe? What additional information would you like to ask Mariana for that is 
not present in this table? 
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Polymeric 
Starting 
Material 

CAS 
No. 

Human 
Health 
Effects 

Persistent in 
the 
Environment 

Accumulates 
in Organisms 

Fish LC50 
(µg/L water) 

Soluble 
in Water 

Guar Gum 9000-
30-0 none known unknown unknown 218,000 yes 

Polyvinyl 
alcohol 

9002-
89-5 suspected no no 86,000- 

118,000 yes 

Polyvinyl 
acetate 

9003-
20-7 suspected yes no data not 

available no 

 
[Evaluating] Based on this environmental and human health data would you change 
your recommendation for which polymer or polymer mixture would make the best 
toy? Why or why not? 

Redesigned question piloting 

The goal of this pilot testing is not to see if this one redesigned question changes 
students views on the inclusivity of the laboratory course. One question is not going 
to influence their overall experience in chemistry. Rather I am interested in students’ 
response process to this question. Do they interpret the question the way I intend? 
Do they enjoy the question? Do they think it’s relevant to their future interests? Can 
they comprehend the material? Does the question elicit their prior ideas? Does it ask 
them to add and distinguish new ideas? Does the language and tasks used clearly 
connect to the focal event?  
 
Participants 
I asked two students to complete this question while I observed and asked follow up 
questions. Both students had taken general chemistry at UC Berkeley and were in 
their first and second year. One student is a chemistry major while the other is a life 
science major.  
 
Test conditions 
I asked each student volunteer to complete the redesigned question as if they were 
students in Chem 1AL. Each student completed the question in front of me. I 
observed and took notes as each student completed the question. I did not ask any 
questions or have the students explain their thinking while they were completing the 
question. After the students had completed the entire question I asked for their 
feedback. This allowed me to record how they initially interpreted the question while 
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also obtaining more detailed information about their experience with the question. I 
asked her open-ended question such as:  
 

• What was your impression of the question? 
• Were the question parts clear? What the content clear? 
• Were you able to answer the question with the provided information? Was the 

question doable? 
• Did the context of the question seem relevant and meaningful? 
• What would you change? 

Student feedback on unit 

Student responses to the redesigned question quickly showed that the scaffolded 
questions I’d added did not elicit the intended responses. For the first sub-question 
(Summarize your guar gum, polyvinyl alcohol, and polyvinyl acetate data…) students 
choose a polymer that they thought had the best properties and then only 
summarized the data for that one polymer. They also only included qualitative data as 
evidence for their choice, even though the question specifically asks for both 
qualitative and quantitative data.  
 
For the second sub-question, I quickly realized that I had four questions within this 
one sub-question (e.g. What trends do you notice in the provided toxicity data? How 
do you account for data that is missing? Does that indicate the polymer is safe? What 
additional information would you like to ask Mariana for that is not present in this 
table?). Not surprisingly students did not answer all of these questions and had 
trouble distinguishing what pieces of data were needed for each question. One of 
the students discussed data gaps while the other did not (which is a major concern of 
green chemistry and one of the learning goals of this question). For the third sub-
question (Based on this environmental and human health data would you change your 
recommendation for which polymer…), students were able to choose a polymer 
based on property and toxicity data but didn’t support their answer since they 
thought their answers to the previous two sub-questions were sufficient evidence.  
 
Discussion with the students showed that the students appreciated the context of the 
question though one student wondered if the explicit mention of green chemistry in 
the introduction to the question remove the students’ ability to organically discuss the 
green chemistry connections in this question. They both agreed that the second sub-
question had too many questions and that they had been unsure of how to use all the 
provided toxicity data. They also discussed how they both had forgotten to include 
quantitative data for the first sub-question. One student stated that she felt the 
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qualitative data had been sufficient evidence to answer the question while the other 
stated she had forgotten about this portion of the question after she had organized 
her qualitative data.  

Redesigned question: Round 2 

Based on this student feedback I redesigned my first draft of this question. I 
redesigned my three guiding sub-questions into six more targeted questions.  I now 
provide designated space for each answer, which helps scaffold which pieces of 
information are relevant for each question. Two of my ‘answer boxes’ now specifically 
ask for quantitative and qualitative data and provide examples of each type of data. 
Two additional answer boxes help students organize the toxicity data into two 
different categories – that which is relevant to human health and that which is relevant 
to the environment. I also explicitly ask about data gaps and how that impacts their 
ability to determine which polymer is safe for a children’s toy.  
 
Further pilot testing is needed to assess the logic and clarity of this newly redesigned 
question. My main concern is that this question now appears very long (taking up at 
least two pages though it contains space for students to write their answers down). 
My aim is that the entire first half of this question (that asks students to summarize 
their data from their experiment) can be incorporated into previous questions in this 
postlab. I also worry that students or instructors won’t like the workbook nature of this 
question (with clearly delimitated space for answers). While I hope this format 
improves readability/grading efficiency and helps students more clearly see the 
intent of the question it is a feature that still needs students and instructor feedback. 

 
Figure A III. Redesigned green chemistry postlab question  
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Appendix VI. Green Chemistry Content in Chem 1AL 
(Chapter 3) 

Table A V. Overview of green chemistry content in Chem 1AL during the 2013-2017, Fall 2018, Spring 
2019, and Fall 2019 semesters 

 Fall 2019 (GC2 V2) Spring 2019 (GC2 V1b) Fall 2018 (GC2 V1a) 2013-2017 Curriculum 
(Original) 

Experim
ent 

% GC 
Intro1 

% GC 
Total2 

# GC 
Men-
tions3 

% GC 
Intro 

% GC 
Total 

# GC 
Men-
tions 

% GC 
Intro 

% GC 
Total 

# GC 
Men-
tions 

% GC 
Intro 

% GC 
Total 

# GC 
Men-
tions 

Intro 46% 46% 40 46% 46% 37 45% 45% 33 45% 45% 10 

Airbags 64% 36% 3 64% 32% 4 58% 30% 2 33% 13% 0 

How the 
Nose 

Knows 
12% 13% 1 24% 19% 3 14% 16% 4 10% 3% 0 

Polymers 
Toy 

Design I 
16% 22% 2 16% 21% 3 4% 12% 2 5% 7% 0 

Polymers 
Toy 

Design II 
37% 29% 2 37% 29% 3 10% 22% 4 0% 1% 0 

Biofuels I 55% 41% 5 54% 41% 6 52% 39% 4 68% 42% 1 

Biofuels 
II 43% 25% 3 36% 17% 4 32% 16% 3 4% 3% 0 

Biofuels 
III 14% 13% 3 14% 13% 5 14% 13% 5 4% 2% 0 

Acids in 
the 

Environ-
ment I 

32% 28% 2 N/A N/A N/A 29% 26% 3 20% 9% 0 

Acids in 
the 

Environ-
ment II 

30% 27% 2 28% 22% 2 24% 20% 2 22% 13% 0 

Acids in 
the 

Environ-
ment III 

7% 9% 1 22% 23% 3 7% 10% 2 3% 3% 0 

Light 
Inquiry 23% 20% 6 23% 18% 8 10% 15% 6 10% 5% 0 

Total 35% 27% 70 35% 26% 78 30% 23% 70 27% 14% 11 

 
1 Percentage of green chemistry content (# of words) in the introduction of each experiment relative to the total content (# 
words) in the introduction 
2 Percentage of green chemistry content/questions (# of words) in the entire experiment relative to the total content/questions (# 
of words) in the experiment  
3 Number of times the term “green chemistry” was used in a given experiment  



 251 

Table A VI. Overview of green chemistry questions in Chem 1AL during the 2013-2017, Fall 2018, 
Spring 2019, and Fall 2019 semesters 

 Fall 2019 (GC2 V2) Spring 2019 (GC2 V1b) Fall 2018 (GC2 V1a) 2013-2017 Curriculum 
(Original) 

Experim
ent 

# Pre-
lab1 

# 
Post-
lab2 

# 
Obs.3 

# Pre-
lab 
Qs 

# 
Post-
lab 
Qs 

# 
Obs.  

# Pre-
lab 

# 
Post-
lab 

# 
Obs.  

# Pre-
lab 

# 
Post-
lab 

# 
Obs.  

Airbags 0 7 3 0 5 2 0 6 1 0 1 0 

How the 
Nose 

Knows 
0 4 1 0 6 0 0 7 0 0 0 0 

Polymers 
Toy 

Design I 
2 5 5 2 3 5 0 0 0 1 1 0 

Polymers 
Toy 

Design II 
4 5 4 4 5 4 4 8 3 1 0 0 

Biofuels I 2 9 8 2 9 8 3 10 3 3 4 0 

Biofuels II 4 5 7 4 2 5 4 2 3 1 1 0 

Biofuels 
III 2 4 3 2 3 3 2 4 3 1 0 0 

Acids in 
the 

Environ-
ment I 

4 3 4 N/A N/A N/A 4 4 3 1 0 1 

Acids in 
the 

Environ-
ment II 

2 4 2 4 3 2 2 4 3 1 0 0 

Acids in 
the 

Environ-
ment III 

1 1 4 3 3 4 1 3 3 1 1 0 

Light 
Inquiry 4 5 6 4 3 6 4 5 3 1 0 0 

Total 25 52 47 25 42 39 24 53 25 11 8 1 

 
1 Number of green chemistry prelab questions (required questions completed by students before experiment begins)  
2 Number of green chemistry postlab questions (required questions completed by students after experiment ends)  
3 Number of green chemistry in-lab observations prompts (questions students encounter within the written experimental 
procedure; students are asked to think about the answers to these prompts while completing their experiment in lab). 
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General Chemistry Green Curriculum version 1a (GC2 v1b), 
Spring 2019 
Table A VII. Green chemistry prelab and postlab questions in the Chem 1AL General Chemistry Green 
Curriculum version 1a (Spring 2019) 

Experiment Placement Question 

Designing a 
Model Airbag 

In-lab 
prompt 

Typically, modern airbags are inflated using sodium azide. Why are you using 
NaHCO3 (sodium bicarbonate or baking soda) instead of sodium azide in this 
experiment? 

Designing a 
Model Airbag 

In-lab 
prompt 

What can you do to reduce the amount of waste you generate? Why would 
you want to reduce waste? 

Designing a 
Model Airbag 

In-lab 
prompt 

Why is it important to dispose of waste in the proper containers? 

Designing a 
Model Airbag 

Postlab The reaction below generates a lot of gas molecules and in theory could be 
used to fill an automobile airbag.  It is called barking dogs because of the loud 
noise it makes. 

 
a. Assuming this reaction goes all the way to completion, what is the 

approximate % atom economy? (Look at the Atom Economy section of this 
experiment’s introduction for an example of how to calculate atom 
economy.)    

b. How does this compare to the atom economy of the sodium azide (NaN3) 
reaction?   

c. How do the hazards of the ‘barking dog’ reaction compare to the sodium 
azide (NaN3) airbag?  

d. Would you recommend using the ‘barking dog’ reaction for an airbag? 
Why or why not?  

Designing a 
Model Airbag 

Postlab Atom economy is one metric for measuring the efficiency of a reaction. Name 
one other factor would want to use to judge the efficiency of a reaction and 
explain why you chose it.    

How the Nose 
Knows 

Postlab One of the most immediately recognizable fragrances is vanilla. While vanilla 
is most often used as a flavoring ingredient it is also a common component in 
perfumes and other scented products. Vanilla is so popular that there is 
actually a shortage of vanilla beans! Faced with this challenge, suppliers have 
to confront difficult questions about what is “natural.” There are many methods 
for making vanillin (the flavor and scent compound in vanilla) as shown in the 
figure. Of these six sources, which ones would you label as natural resources? 
Which ones are renewable resources? What is the main difference between 
renewable and natural resources? (It may be useful to re-read the Green 
Chemistry Connections section for a description of renewable versus natural 
resources.) 



 253 

Experiment Placement Question 

How the Nose 
Knows 

Postlab As mentioned above, the high demand for vanilla flavor exceeds the 
production of vanilla beans. The questions and data below are from a report 
on vanilla manufacturing operations by the Food and Agriculture Organization 
of the United Nations. Each year we produce and use about 18,000 metric 
tons of vanilla flavor. Of this 18,000 tons, 85% of vanilla flavor is synthesized 
from fossil fuels. If we wanted to replace all of the vanilla synthesized from 
fossil fuels with vanillin extracted from vanilla beans, how many metric tons of 
vanilla would need to be produced? 

How the Nose 
Knows 

Postlab Currently, Madagascar produces 59% of the vanilla beans in the world. 
Assuming this percentage stays the same, how many metric tons of vanilla 
would Madagascar need to produce if we wanted to replace all of the vanilla 
synthesized from fossil fuels with vanillin extracted from vanilla beans?  

How the Nose 
Knows 

Postlab The optimum yearly harvest (in 2006) of vanilla was 3 kg of fresh vanilla per 
hectare. How many hectares would need to be dedicated vanilla production in 
Madagascar? (1000 kg = 1 metric ton) 

How the Nose 
Knows 

Postlab In 2015, 6% of the total land in Madagascar was arable (suitable for growing 
crops). What percentage of arable land in Madagascar would need to be 
dedicated to vanilla bean production? (Madagascar is 58.68 million hectares.) 

How the Nose 
Knows 

Postlab Based on these results, would you still consider vanilla beans a renewable 
resource? Why or why not? What other factors should be considered when 
choosing renewable substitutes? 

Polymers: 
Cross-Linking 
and Toy 
Design Part 1 

Prelab Match sustainability, safety, and green chemistry with the correct definition. 
a. Less likely to harm 
b. Meeting the needs to the present generation without 
compromising the needs of the future generation 
c. The design of products and processes that are benign to both 
people and the environment 
d. The study of the chemical processes that occur in nature. 
e. The design of products and processes that only use natural 
materials.  
f. The study of how chemicals move through the environment (e.g. 
soil and water). 
g. The removal of pollution from environment (e.g. soil or water). 
h. The process of converting/incorporating waste materials into new 
materials or products.  

Polymers: 
Cross-Linking 
and Toy 
Design Part 1 

Prelab The polymers used in this experiment are non-toxic and soluble in water 
allowing you to conduct the crosslinking reactions using Inherently Safer 
Chemistry and a Safer Solvent in lab this week. These crosslinking reactions 
also have high Atom Economy since the majority of the reactants are used to 
form your bouncy polymer toy. However, this lab still generates waste. Read 
the notes from the storeroom on bCourses. How will you properly dispose of 
this waste? Match each item with the correct method of disposal/cleanup. 
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Experiment Placement Question 

Polymers: 
Cross-Linking 
and Toy 
Design Part 1 

In-lab 
prompt 

Make sure to pay attention to how much solution and material you’re using. 
While it might not seem like much to take an extra 1-2 mL if each solution or a 
few more plastic pipets think about what would happen if every student group 
did that for this experiment (there are approximately 800 students in this 
course). How much more waste would that generate? 

Polymers: 
Cross-Linking 
and Toy 
Design Part 1 

In-lab 
prompt 

How safe are these chemicals? What does it mean to do Inherently Safer 
Chemistry? What are the benefits of this approach? What are the drawbacks? 

Polymers: 
Cross-Linking 
and Toy 
Design Part 1 

In-lab 
prompt 

Why is it important to dispose of waste in the proper containers? What 
happens to this waste once your lab section is finished? What could you have 
done during this lab to reduce the amount of waste you generated?1 

Polymers: 
Cross-Linking 
and Toy 
Design Part 1 

Postlab In your prelab, you identified the waste generated from this experiment and 
how to properly dispose of it in your lab room. The polymer waste you 
generated from this lab is incinerated to dispose of it. What are the 
advantages to this approach? What are the disadvantages? 

 
1 This In-lab prompt is asked at the end of every experiment starting with this experiment 
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Experiment Placement Question 

Polymers: 
Cross-Linking 
and Toy 
Design Part 1 

Postlab Polymers are ubiquitous in our daily lives – plastics are probably the most well-
known application. Plastics can take on many different forms (flexible, brittle, 
clear, opaque, rigid, etc.) and are very durable. All the properties that make 
plastics excellent products also make them very difficult to use sustainably. 
Their resistance to degradation means that plastic waste stays in our 
environment for hundreds to thousands of years. Additionally, plastics are 
traditionally synthesized from non-renewable sources like fossil fuels. A recent 
National Geographic article (2018) stated “approximately nine million tons of 
plastic end up in the ocean each year—the equivalent of five plastic grocery 
bags stuffed with plastic trash on every foot of coastline around the world. 
Plastic pollution in the ocean has dire implications for all marine life as well as 
humans, indeed our entire planet.” There are many proposed solutions to the 
problem of plastic waste such as: 

A. Create and use biodegradable plastics that decompose under 
normal environmental conditions.  
B. Develop chemical additives to help biodegrade any plastic (plant- 
or fossil fuel-based) more quickly.  
C. Move towards a “circular economy” model, in which all plastics are 
reused or recycled – eliminating waste and environmental pollution. 
D. Create better infrastructure to collect plastic waste – catch the 
waste before it reaches the ocean. 
E. Move towards a “zero waste” model – no disposable plastic is used. 

Choose one of these five options that you think is the most promising solution 
to reduce plastic waste in the ocean and explain why this target is the most 
promising. Make sure to define the criteria you’re using for your choice (e.g. 
cost, ease of implementation, short-term/long- term solutions, public 
perception). You can find some good sources of information in the footnote 
below." 

Polymers: 
Cross-Linking 
and Toy 
Design Part 2 

Prelab The polymers used in this experiment are non-toxic and soluble in water 
allowing you to conduct the crosslinking reactions using Inherently Safer 
Chemistry and a Safer Solvent in lab this week. These crosslinking reactions 
also have high Atom Economy since the majority of the reactants are used to 
form your bouncy polymer toy. However, this lab still generates waste. Read 
the notes from the storeroom on bCourses. How will you properly dispose 
of this waste? Match each item with the correct method of disposal/cleanup. 

Polymers: 
Cross-Linking 
and Toy 
Design Part 2 

Prelab In this experiment and the last experiment, you identified the waste you 
generated and how to dispose of it. The first principle of green chemistry says 
that it is better to prevent waste than to treat or clean up waste after it has been 
created. What strategies will you use this week to prevent the generation of 
unnecessary waste? 

Polymers: 
Cross-Linking 
and Toy 
Design Part 2 

Prelab The goal of your experiment this week is to design a fun children’s toy. Often 
products designed for children have much higher safety/toxicity standards 
associated with them. What information would you want to know to assess the 
chemical safety of your polymer toy? Why? 
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Experiment Placement Question 

Polymers: 
Cross-Linking 
and Toy 
Design Part 2 

Prelab Sustainable design is more than simply making sure a product is nontoxic. In 
last week’s prelab you defined sustainability. What factors are important to 
ensure that your toy design is sustainable?  

Polymers: 
Cross-Linking 
and Toy 
Design Part 2 

In-lab 
prompt 

In this experiment and the last experiment, you identified the waste you 
generated and how to dispose of it. The first principle of green chemistry says 
that it is better to prevent waste than to treat or clean up waste after it has 
been created. What strategies will you use this week to prevent the generation 
of unnecessary waste? 

Polymers: 
Cross-Linking 
and Toy 
Design Part 2 

Postlab You are a summer research intern in the Research and Development 
department at a company that creates children’s toys. This company works to 
improve the safety and sustainability of their products. You’re asked to present 
your ideas for a new children’s toy. The toy needs to be fun but also non-toxic 
since it’s for young children. From your experience in general chemistry, you 
have some information about the properties of a few polymers and polymer 
mixtures. Based on this company’s green safety focus you also know you’ll also 
need to consider the environmental and human health impact of each 
polymer.  

Polymers: 
Cross-Linking 
and Toy 
Design Part 2 

Postlab From your experience in this two-week experiment, choose two polymers or 
polymer mixtures that you think would work best for children’s toy. What data 
do you have that indicates they might make a fun toy?  

Polymers: 
Cross-Linking 
and Toy 
Design Part 2 

Postlab To ensure that this toy is safe for children the company gives you the 
environmental and human health data they have for each polymer. What 
trends do you notice in the toxicity data? 

Polymers: 
Cross-Linking 
and Toy 
Design Part 2 

Postlab Do you think it’s more important to consider human health or environmental 
effects for this toy? Explain your choice. 

Polymers: 
Cross-Linking 
and Toy 
Design Part 2 

Postlab What does it mean if data is unknown or missing? How does missing data 
influence your opinion on the safety of that polymer? 

Polymers: 
Cross-Linking 
and Toy 
Design Part 2 

Postlab Based on this environmental/human health data and your previously gathered 
performance data provide a final ranking of polymers/mixtures for the toy 
you’re proposing. 
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Experiment Placement Question 

Biofuels Part 1 Prelab A 2018 article published in Environmental Science and Technology measured 
the amounts of hazardous elements such as antimony, barium, bromine, 
cadmium, chromium, lead and selenium in over 200 second-hand plastic toys. 
Red and yellow Lego bricks from the 70s and 80s were one of the most 
concerning toys. Cadmium released from yellow and red Lego bricks 
exceeded the European Union’s toy safety limits by 1 order of magnitude.  
The study author found that red Legos have 274 g of accessible cadmium per 
gram of Lego brick. The LD50 for cadmium is 100 mg/kg. How many red Lego 
bricks would a 10 kg child need to consume to reach the LD50 threshold? The 
average mass of a Lego brick is 2.5 grams. 

Biofuels Part 1 Prelab LD50 is one of many toxicity endpoints. What one additional piece of 
information, besides LD50, would you want to know to assess the chemical 
safety of Lego bricks? Why? (Hint: Look at the TURI site described in the 
introduction to get a sense of the types of endpoints exist for human 
health/safety and the environment.) 

Biofuels Part 1 In-lab 
prompt 

How safe are these starting materials? If you’re not sure, how would you 
determine the toxicity of these chemicals? (The introduction to this experiment 
may have some helpful information.) 

Biofuels Part 1 In-lab 
prompt 

NaOH is a catalyst for your reaction. What is the purpose of a catalyst? Why is 
the use a catalyst a green chemistry principle? 

Biofuels Part 1 In-lab 
prompt 

This reaction doesn’t require a solvent. Why is a solvent-less reaction a green 
chemistry principle? 

Biofuels Part 1 In-lab 
prompt 

Which fuel(s) do you think will be the most toxic to the radish seeds? Which 
ones will be the least toxic? Why? 

Biofuels Part 1 In-lab 
prompt 

What are the benefits of serial dilutions? In terms of waste prevention, do you 
see any advantages to using serial dilutions? 

Biofuels Part 1 Postlab Rank the substances from most to least toxic. 

 

Biofuels Part 1 Postlab Guess which substance claims the most human lives every year. Explain your 
reasoning. 

Biofuels Part 1 Postlab Doctors have recommended against giving children aspirin, and instead 
recommend acetaminophen. How many 500 mg tablets of aspirin would it 
take to reach the LD50 threshold for a 22 lb. (10 kg) child? How many 500 mg 
tablets of acetaminophen? 
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Experiment Placement Question 

Biofuels Part 1 Postlab Before answering the next question, consider your personal biases toward (or 
against) biofuels. Have you heard about biofuels in the media? What do you 
think about biofuels? Most importantly: WHY do you think that about biofuels? 
(It’s important to examine your biases and where they come from before 
starting any project.) 

Biofuels Part 1 Postlab Read the “Pro-Biodiesel” and “Anti-Biodiesel” excerpts in the introduction to 
this experiment. These represent two opposing perspectives about the use of 
biodiesel as a fuel source. After reading this information, do you feel better 
informed? Do you think that using biodiesel is practical? Is there any 
information that the excerpts did not provide that you would want in order to 
make a decision? Write a paragraph about your thoughts on the topic. 

Biofuels Part 1 Postlab Toxicity, especially when thinking about consumer products or 
pharmaceuticals, often revolves around humans. However, chemicals don’t 
just harm humans – they also can harm the environment (and 
terrestrial/aquatic organisms). In your LD50 worksheet you saw that Tylenol has 
a very high LD50 (1944 mg/kg). Based on this information would you classify 
Tylenol as safe to humans?  

Biofuels Part 1 Postlab Use TURI to look up persistence, bioaccumulation, and toxicity (PBT) data for 
Tylenol (chemical name: acetaminophen or paracetamol) in the ECHA – 
REACH Registration Database. Based on the additional information you find in 
this database would you revise your assessment of Tylenol safety? Why or why 
not? 

Biofuels Part 1 Postlab What would you say to a friend that wanted to get rid of expired Tylenol by 
dumping it down the sink?  

Biofuels Part 2 Prelab What is bioaccumulation? 
a. Build-up of a chemical in an organism. 
b. Build-up of a chemical in the environment (since the chemical 
cannot degrade in through normal environmental processes). 
c. Build-up of a chemical in an organism from ingesting the chemical 
through water only. 
d. Build-up of a chemical in a food chain. 

Biofuels Part 2 Prelab Describe the relationship between bioaccumulation and the octanol-water 
partition coefficient, logKow. 

Biofuels Part 2 Prelab What is the atom economy of synthesizing biofuel from vegetable oil? Assume 
the molar mass of the oil is 885.43 g/mol and the molar mass of biofuel is 
294.479 g/mol. 

 

Biofuels Part 2 Prelab T/F The atom economy for this reaction is very high which tells us that a lot of 
waste (byproducts) was produced from this reaction. 
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Experiment Placement Question 

Biofuels Part 2 In-lab 
prompt 

If you calculated the atom economy for synthesizing biofuel, would the NaCl 
solution you just added be part of that calculation? (Think about the formula 
for calculating atom economy – what parts of a reaction process does atom 
economy include? What parts does it not account for?) 

Biofuels Part 2 In-lab 
prompt 

If you calculated the atom economy for synthesizing biofuel, would the 
MgSO4 you just added be part of that calculation? 

Biofuels Part 2 In-lab 
prompt 

According to the class data, which biofuel was the most toxic according to the 
weight percent solutions? Which biofuel was the most toxic according to the 
molarity of the solutions? Compare and contrast these values. Do your results 
match your predictions from last week’s pre-lab? If not, how might you adjust 
your initial prediction? 

Biofuels Part 2 Postlab Use ChemSpider to look up the logKow for the following fuels: methanol, 
ethanol, 2-butanol, biodiesel (methyl linoleate).  

Biofuels Part 2 Postlab In your prelab, you explained the relationship between bioaccumulation and 
logKow. Based on the logKow for your fuels, which ones would you expect to be 
bioaccumulative? Explain your reasoning. 

Biofuels Part 3 Prelab Energy is a critical issue for our generation and chemistry is not immune. Why 
is it important to think about the energy that a reaction (or secondary 
components of a reaction) requires?  

Biofuels Part 3 Prelab What parts of chemical reaction potentially require energy? 
a. Synthesizing/processing the reactants 
b. Running the reaction 
c. Purifying the desired product  
d. Disposing of waste 

Biofuels Part 3 Postlab In lab this semester, you synthesized biofuel by manually mixing the NaOH 
catalyst and vegetable oil together and letting the reaction progress over one 
week. It is also possible to synthesize biofuel much more quickly using heat. 
Students used to synthesize biofuel by heating 20-mL of vegetable oil to 
between 40-50oC while rapidly stirring with a stir bar. They then turned off the 
heat, added 5 mL of the 0.4 M NaOH in methanol to the warm oil, and 
continued to stir the reaction for 45 minutes. Describe the advantages and 
disadvantages for each biofuel synthesis. From a green chemistry perspective, 
which method is preferable? 

Biofuels Part 3 Postlab What were the green components of your biofuels synthesis? Think about all 
the components of a reaction (the sourcing of the reactants, the reaction itself, 
the waste produced, and the hazards associated with each step of the 
reaction). It may be useful to review the 12 Principles listed in the introduction 
of this lab manual. 

Acids in the 
Environment  

Part 1 

Prelab Visit the A-Z list of topics on the Environmental Protection Agency website 
(https://www.epa.gov/environmental-topics/z-index) and read about acid rain. 
What are some sources of SOx and NOx in the United States?  (Mark all that 
apply.) 
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Experiment Placement Question 

a. Forest fires 
b. Volcanic eruptions 
c. Solar energy 
d. Wind turbines 

e. Burning fossil fuels (especially coal) for 
electricity 
f. Nuclear power plants 
g. Vehicles and heavy equipment 
h. Manufacturing, oil refineries and other 
industries 

Acids in the 
Environment  

Part 1 

Prelab According to the EPA what are the primary sources of SOx and NOx in the 
United States? (Mark all that apply.) 

a. Forest fires 
b. Volcanic eruptions 
c. Solar energy 
d. Wind turbines 

e. Burning fossil fuels (especially coal) 
f. Nuclear power plants 
g. Vehicles and heavy equipment. 
h. Manufacturing, oil refineries and other 
industries. 

Acids in the 
Environment  

Part 1 

Prelab Sulfate ion concentrations (mg/L) in lakes and rivers and streams greatly 
decreased from 1985 to 2011 (you can see for yourself at 
http://nadp.slh.wisc.edu/data/animaps.aspx; click on the PDF link for SO4). 
What was the main cause for this decrease in water acidification? 

a. Industry self-regulation 
b. 1990 Clean Air Act 
c. Changes in consumer habits 

Acids in the 
Environment  

Part 1 

Prelab Acid rain effects which of the following: (Mark all that apply.) 
a. Fish and wildlife 
b. Plants and trees 
c. Metal and paint 
d. Air visibility  
e. Human health (heart and lung function) 

Acids in the 
Environment  

Part 1 

In-lab 
prompt 

How can you conserve water in the lab? Turning the sink off while you wash 
glassware! Running the sink while washing glassware can use your volume of 
water in 10 minutes. 

Acids in the 
Environment  

Part 1 

Postlab Titration with an indicator is a common technique that chemists use when 
counting moles.   

Acids in the 
Environment  

Part 1 

Postlab Would this technique be useful for determining the pH of ocean water? If you 
don’t think it’s useful, what would you recommend? Explain your reasoning. 

Acids in the 
Environment  

Part 1 

Postlab Why would you want to know the pH of the ocean? Of a lake or stream? 

Acids in the 
Environment  

Part 1 

Postlab Could this technique determine if a lake or stream is affected by acid rain?  For 
example, would this technique allow you to say if the lake or stream was 
acidified from local industrial facility runoff versus acid rain?  Does this type of 
titration give clues about the source of the acids present? 
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Experiment Placement Question 

Acids in the 
Environment  

Part 2 

Prelab According to NOAA the ocean 
absorbs about a quarter of the 
CO2 released into the 
atmosphere every year. At first, 
scientists thought this was a 
good way to remove a 
greenhouse gas from the 
atmosphere.  However, we now 
know that the increasing levels 
of CO2 in the ocean is 
dramatically changing the 
ocean environment through 
ocean acidification. The data 
below shows amount of carbon 
dioxide dissolved in the ocean 
and the corresponding pH of 
the ocean from 1983-2015. 
What is the relationship 
between CO2 and the pH of the 
ocean?  
 
[Fill in the blank] As the concentration of CO2 dissolved in the ocean has 
increased the pH of the ocean has correspondingly decreased. This indicates 
that the ocean is becoming more acidic. 

 
 

Acids in the 
Environment  

Part 2 

Prelab Carbon dioxide is a naturally occurring compound. Humans (and other 
aerobic organisms) produce CO2 from cellular respiration and plants (and 
other photosynthetic organisms) use CO2 for photosynthesis. It is a critically 
important for many different biological and chemical processes but since the 
Industrial Revolution there has been a dramatic increase in CO2 production – 
mainly from burning fossil fuels. This increase in CO2 has had far reaching 
effects including ocean acidification. Ocean acidification also has far reaching 
effects. For example, fish can lose their ability to smell and thus cannot detect 
predators or find food in acidic oceans. Visit the A-Z list of topics on the 
Environmental Protection Agency website and read about ocean acidification. 
What the effects of ocean acidification? (Mark all that apply.) 
a. Coral reefs are damaged 
b. Sea urchin and oyster larvae exhibit developmental problems 
c. Fish larvae lose their ability to smell and avoid predators 
d. Mussels, sea urchins, and crabs start to dissolve their protective shells 
e. Pteropod, or “sea butterfly”, start to dissolve their shells  
f. Food sources for salmon (and larger predators) decrease 
g. Seafood prices increase 
h. Fishermen have decreased harvests 
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Experiment Placement Question 

Acids in the 
Environment  

Part 2 

Prelab As you saw last week, ocean acidification impacts many different systems 
including fisheries. Fisheries are critical to many coastal towns and indigenous 
populations. For example, in the Puget Sound shellfish and salmon are 
cornerstones of the Suquamish Tribe’s economy and culture. In light of the 
changes that ocean acidification is having on these fisheries, who should be 
responsible for making decisions about how to manage the salmon fisheries in 
the Puget sound? The people who live there? Scientists who study the 
fisheries? The government? People/companies who create possible solutions 
or technologies? Someone else? Explain your choice.  

Acids in the 
Environment  

Part 2 

Postlab Two-thirds of all SOx produced come from electric power plants. Many power 
plants use coal as a fuel source. Coal is not a pure carbon – when it is burned 
the sulfur in it combines with oxygen to produce SO2. As you’ve learned this 
week, this emitted SO2 can eventually produce acid rain. However, SO2 can be 
removed or ‘scrubbed’ from the exhaust of coal power plants by spraying a 
wet slurry of limestone (calcium carbonate, CaCO3) into a large chamber that 
contains the SO2 exhaust: 

 

2 CaCO3 (s) + 2 SO2 (g) + O2 (g) → 2 CaSO4 (s) + 2 CO2 (g) 
 

One of the byproducts of this reaction, calcium sulfate (CaSO4), can be used to 
make wallboard and cement and has a role in agricultural and construction 
applications. 

Acids in the 
Environment  

Part 2 

Postlab The pH meter in the scrubber for a coal-burning electric power plant records a 
pH drop for the calcium carbonate slurry from 10 to 8. The pH meter in the 
scrubber for a methane-burning power plant records a drop from 10 to 9.8. 
Which plant (coal or methane) produced more SO2 exhaust?  Explain your 
reasoning. 

Acids in the 
Environment  

Part 2 

Postlab When used, limestone scrubbers prevent the release of approximately 95% of 
the SO2 produced from power plants. However, this reaction produces other 
byproducts. What is one potential disadvantage of this particular type of 
scrubber? Explain your choice. 

Acids in the 
Environment  

Part 2 

Postlab Scrubbers are a way to remediate (remove) pollution after it has already been 
formed. With what green chemistry principle does this not align? 
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General Chemistry Green Curriculum Version 2 (GC2 v2), Fall 
2019   
Table A VIII. Revised and added green chemistry prelab and postlab questions and in-lab observation 
prompts for the Chem 1AL General Chemistry Green Curriculum version 2 (Fall 2019). Only new or 
revised questions are shown; all other questions remained the same as seen in GC2 version 1b. 

Experiment Placement Question 

Designing a 
Model 
Airbag 

In-lab 
prompt 

Typically, modern airbags are inflated using sodium azide. Why are you using 
NaHCO3 (sodium bicarbonate or baking soda) instead of sodium azide in this 
experiment? 

Designing a 
Model 
Airbag 

Postlab The reaction you used to create your model airbag is shown below.  
 
Reaction : NaHCO3 (s) + CH3COOH (aq) à CH3COONa (aq) + CO2 (g) + H2O (l) 
M.W. 
(g/mol)       84.01 60.05   82.034      44.01      18.02 

a) What is the desired product of this reaction? 
b) What are the undesired products (byproducts) of this reaction? 
c) Assuming this reaction goes all the way to completion, what is the % 

atom economy? What does this tell you about the reaction? (See the 
Atom Economy section of this experiment’s introduction for an example 
of how to calculate atom economy.)    

d) How does the atom economy for your reaction compare to the atom 
economy for the sodium azide (NaN3) reaction typically used to inflate 
commercial airbags?   

e) How do the hazards of your reaction compare to the sodium azide 
(NaN3) airbag?  

f) Atom economy is one metric for measuring the efficiency of a reaction. 
What other factor would want to use to judge the efficiency of a reaction? 
Why?    

g) Considering all of the physical and chemical evidence you have 
observed and calculated for your model airbag reaction, would you 
recommend using this reaction for inflating an airbag? Why or why not?  

 

How the 
Nose Knows 

In-lab 
prompt 

The fragrance molecules you’re wafting introduce you to the rich chemistry found 
in nature and are examples of Renewable Feedstocks. What is the difference 
between renewable and natural compound? Is a natural compound always safe? 
What about a renewable compound? 



 264 

Experiment Placement Question 

How the 
Nose Knows 

Postlab In this experiment you learned about the idea of functional groups. Functional 
groups have many uses including helping predict if a molecule is going to 
biodegrade or persist in the environment under different conditions (pH, water, 
oxygen, temperature, microorganisms). Below are some general rules1 for 
understanding how the structure of a molecule will biodegrade under aerobic 
(oxygen present) conditions.  
 

Functional groups that decrease 
biodegradation (increase 
persistence) 

Structure 

Halogens (fluorine, chlorine, 
bromine, iodine)  
Branching carbon chains (carbon 
atoms with multiple carbons attached 
especially four carbons)  
Ethers  
Functional groups that increase 
biodegradation Structure 

Esters, amides (the bonds in these 
functional groups can be broken by 
enzymes)  
Oxygen atoms (hydroxyls, aldehydes, 
carboxylic acids, ketones)  
Linear carbon-carbon chains 
(especially with more than three 
carbons)   

Phenyl rings 
 

  

How the 
Nose Knows 

Postlab Galaxolide is a synthetic musk used in perfumes and other 
personal care products. Galaxolide survives treatment at 
wastewater plants which means that it ends up in many 
different water sources including the Great Lakes.2 It also has 
been found fish tissues in the US and Germany and even in 
detectable levels in humans.3  
 
Circle the functional groups (using a solid line) in Galaxolide that would increase 
persistence.   
 
Circle the functional groups (using a dashed line) Galaxolide that would increase 
biodegradability.   

 
1 Boethling, R.S., Sommer, E., and DiFiore, D., Chem. Reviews, 2007, Vol. 107, No. 6, 2207-2227 
2 Baldwin AK, Corsi SR, DeCicco LA, Lenaker PL, Lutz MA, Sullivan DJ and Richards KD. (2016) Organic contaminants in Great 
Lakes tributaries: Prevalence and potential aquatic toxicity. Science of the Total Environment. 554-555, 42-52. 2016. 
3 Hutter H. et.al. (2009) Synthetic musks in blood of healthy young adults: Relationship to cosmetics use. Science of the Total 
Environment. Vol. 47, pp: 4821-4825. 2009. 
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Experiment Placement Question 

How the 
Nose Knows 

Postlab Based on the structure, would you expect the Galaxolide to biodegrade in 
aerobic conditions? Use the functional groups present in Galaxolide to support 
your answer. 

How the 
Nose Knows 

Postlab Why does persistence matter? Just because a molecule is persistent, it doesn’t 
necessarily mean it will be toxic to humans or the environment. Can you think of 
applications of chemicals in which persistence would be an issue? Provide an 
example 

Polymers: 
Cross-
Linking and 
Toy Design 
Part 1 

Postlab Polymers are ubiquitous in our daily lives – plastics are probably the most well-
known application. Plastics can take on many different forms (flexible, brittle, 
clear, opaque, rigid, etc.) and are very durable. All the properties that make 
plastics excellent products also make them very difficult to use sustainably. Their 
resistance to degradation means that plastic waste stays in our environment for 
hundreds to thousands of years. Additionally, plastics are traditionally synthesized 
from non-renewable sources like fossil fuels.  
 
A recent National Geographic article (2018) stated “approximately nine million 
tons of plastic end up in the ocean each year—the equivalent of five plastic 
grocery bags stuffed with plastic trash on every foot of coastline around the 
world. Plastic pollution in the ocean has dire implications for all marine life as well 
as humans, indeed our entire planet.” There are many proposed solutions to the 
problem of plastic waste such as: 
 
A. Create and use biodegradable plastics that decompose under normal 
environmental conditions.  
B. Develop chemical additives to help biodegrade any plastic (plant- or fossil fuel-
based) more quickly.  
C. Move towards a “circular economy” model, in which all plastics are reused or 
recycled – eliminating waste and environmental pollution. 
D. Create better infrastructure to collect plastic waste – catch the waste before it 
reaches the ocean. 
E. Move towards a “zero waste” model – no disposable plastic is used. 
 

a) Choose one of these five options that you think is the most promising 
solution to reduce plastic waste in the ocean and explain why this target 
is the most promising. Make sure to define the criteria you’re using for 
your choice (e.g. cost, ease of implementation, short-term/long- term 
solutions, public perception). You can find some good sources of 
information in the footnote below. 

b) Suppose your lab partner disagree with your choice for reducing plastic 
waste. What might be some objections they could raise? 

c) How would you respond to these criticisms? Would you still consider 
your choice the best option? 

Biofuels Part 
1 

Postlab What additional metrics, besides LD50, are used to describe hazards/toxicity? In 
your LD50 worksheet you saw that Tylenol has a very high LD50 (1944 mg/kg). 
Based on this information would you classify Tylenol as safe to humans? Why or 
why not? 
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Experiment Placement Question 

Biofuels Part 
1 

Postlab Toxicity, especially with consumer products or pharmaceuticals, often revolves 
around humans. However, chemicals don’t just harm humans – they also can harm 
the environment. What would you say to a friend that wanted to get rid of expired 
Tylenol by dumping it down the sink?  

Biofuels Part 
2 

In-lab 
prompt 

If you calculated the atom economy for synthesizing biofuel, would the NaCl 
solution you just added be part of that calculation? (Think about the formula for 
calculating atom economy – what parts of a reaction process does atom economy 
include? What parts does it not account for?) 

Biofuels Part 
2 

In-lab 
prompt 

What chemical properties can be used to model environmental harm? Based on 
structure/polarity, rank methanol, ethanol, 2-butanol, and methyl linoleate from 
highest to lowest logKow value. 

Biofuels Part 
2 

Postlab Use ChemSpider to look up the logKow for the following fuels: methanol, ethanol, 
2-butanol, biodiesel (methyl linoleate).  
 
How to use ChemSpider: Search for your compound in ChemSpider 
(http://www.chemspider.com/) and then navigate to the Properties à 
Experimental data to find the Experimental logP (logP = logKow). If no 
experimental logP is listed you can find predicted logP values in the Predicted – 
ACD/Labs or Predicted – EPISuite tabs. These predicted values are generated 
from the structures of the molecules. 
 
How does your ranking of the logKow values for methanol, ethanol, 2-butanol, 
and methyl linoleate compare to the actual logKow values? Explain how the actual 
values allow you to refine or provide more detail to your ranking. 

Biofuels Part 
2 

Postlab Why does bioaccumulation matter? From your ecotoxicity data you saw that these 
fuels have varying toxicity – some fuels aren’t toxic until they reach very high 
concentrations. Can you think of why bioaccumulation, even of a low toxicity fuel, 
would be an issue? 

Biofuels Part 
2 

Postlab Based on your collected and calculated data, can you select a “best” biofuel? 
Make an argument supporting your choice based only on your toxicity data. 
(Remember, a good argument will address ALL the data.) 

Biofuels Part 
3 

Postlab In lab this semester, you synthesized biofuel by manually mixing the NaOH 
catalyst and vegetable oil together and letting the reaction progress over one 
week. It is also possible to synthesize biofuel much more quickly using heat. 
Students used to synthesize biofuel by heating 20-mL of vegetable oil to between 
40-50oC while rapidly stirring with a stir bar. They then turned off the heat, added 
5 mL of the 0.4 M NaOH in methanol to the warm oil, and continued to stir the 
reaction for 45 minutes. 
 

a) Describe the advantages and disadvantages for each biofuel synthesis. 
b) From a green chemistry perspective, which method is preferable? 
c) Would your answer change if you were doing a large scale industrial 

reaction? Why or why not? 



 267 

Experiment Placement Question 

Biofuels Part 
3 

Postlab What does it mean for a reaction to 
be green? What are the green 
components of your biofuels 
synthesis? Think about all the 
components of a reaction (the 
sourcing of the reactants, the reaction 
itself, the waste produced, and the 
hazards associated with each step of 
the reaction). It may be useful to 
review the 12 Principles listed in the 
introduction of this lab manual.  

Acids in the 
Environmen
t Part 1 

In-lab 
prompt 

What benefits are there to using serial dilutions to make solutions? What are the 
drawbacks? 

Acids in the 
Environmen
t Part 1 

In-lab 
prompt 

Why is it important to dispose of waste in the proper containers? 

Acids in the 
Environmen
t Part 1 

In-lab 
prompt 

What happens to this waste once your lab section is finished? 

Acids in the 
Environmen
t Part 1 

In-lab 
prompt 

What could you have done during this lab to reduce the amount of waste you 
generated? 

Acids in the 
Environmen
t Part 3 

Postlab How can real-time analysis be used to reduce pollution? 
 
Last week you explored the strengths and limitations of indicator titrations for 
measuring the acidity of ocean water and determining if a lake or stream is 
affected by acid rain. Could potentiometric titrations determine if a lake or stream 
is affected by acid rain?  For example, would this technique allow you to say if the 
lake or stream was acidified from local industrial facility runoff versus acid rain? 

Extraction 
and 
spectroscop
y 

Postlab Extractions are 
used for a variety 
of purposes – 
from extracting 
essential oils to 
decaffeinating 
coffee. Coffee is 
one of the most popular beverages in the world and is naturally caffeinated. A 
cup of coffee contains 70-40 mg of caffeine depending on its size. However, for a 
variety of reasons, people might want to enjoy a cup of coffee without dealing 
with the effects of caffeine. Since the early 1900s people have been extracting 
caffeine from coffee to provide a decaffeinated version of the drink. There are 
several different ways to decaffeinate coffee as shown below. 
Rank these three options from the best to worst extraction and explain your 
choice. Make sure to define the criteria you’re using for your choice (e.g., cost, 
energy, waste, ability to recycle solvents). 

Biofuel use Byproducts

Sourcing of materials for biofuels synthesis 

Biofuel synthesis
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Experiment Placement Question 

Extraction 
and 
spectroscop
y 

Postlab There are 
also specific 

environmental and human health effects for each potential solvent. 
 
How does this environmental and human health data influence your choice of 
extraction solvent? Is your ranking the same? Different? Why?  

Extraction 
and 
spectroscop
y 

Postlab Suppose your lab partner disagree with your ranking for caffeine extraction. What 
might be some objections they could raise? How would you respond to these 
criticisms?  
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Appendix VII. Coding Schemes (Chapter 2 – 5) 
Table A IX. Coding scheme for post-survey item “What would you want to change about the green 
chemistry portion of this course?” (Chapter 3) 

Category Sub-
category Definition Examples 

Blank, off 
topic 

 Empty or unclear/irrelevant 
content 

"More focus on practice and exposure to chemistry 
beyond prelab. " 

No Change  
Students is happy with the current 
green chemistry content, and do 
not want any changes. 

"nothing, it was good."  
"It was ok." 

More real-life 
application 

 
Students want more see more 
applications or examples of green 
chemistry in real life 

"I would make it more approachable and down to 
earth and raise more examples that affect us directly."    
"maybe more discussions about making these things 
applicable to our lives outside of chem." 

More 
emphasis in 
course 

General 

General statement about wanting 
the courses to have more green 
chemistry 
emphasis/explanations/focus/disc
ussion, less vague 

"add more emphasis on green chemistry concepts 
and include them on the exam" 
"More explanation" 

GSI lab 
lecture/ 
discussion 

More green chemistry discussed 
in GSI prelab lecture or other 
discussions within laboratory 

"I believe it should be more a part of the lab lecture 
part of lab, when the GSI is first talking about the lab 
for that day" 

Instructor 
lab lecture 

More discussion in lab lecture led 
by the course instructor 

"More discussion about it in lecture " 
"Put in more lecture material about it because it 
comes off as a side note." 

Postlab green 
chemistry 
questions 

Increase 
connections 
to in-lab 
procedures 

Make green chemistry  relevant to 
actual procedures 

"Integrate it more into the physical experiments and 
relate the questions more to what we did in lab….." 

General 
negative 
feedback 

Expressed general dislike (e.g., 
tedious, confusing, long, passive) 
of postlab green chemistry 
questions 

"…..It is definitely an interesting concept but I felt is 
was mostly passively addressed in the report sheet 
questions. " 

Prelab green 
chemistry 
questions 

More GC 
Students want more green 
chemistry incorporated in the 
prelab 

"it should be incorporated more into prelabs and lab 
discussions" 

Less GC 
Students want less green 
chemistry incorporated in the 
prelab 

"I didn't like having it in my pre-labs. I didn't find it 
useful or beneficial at all to write the info from my 
pre-labs in my lab notebook." 

Other 
Students want to change green 
chemistry portion in the prelab, 
unsure of direction 

"I would like to change the amount of green 
chemistry questions asked in the pre-lab." 

Remove/ 
reduce green 
chemistry 
content/focus 

 Remove or reduce the amount of 
green chemistry in the course 

"Although I liked learning about green chemistry I 
wouldn't center the entire course around it." 



 270 

Category Sub-
category Definition Examples 

Revise green 
chemistry 
introductory 
material 

 
Add more green chemistry 
content/examples/explanations 
to introduction of lab manual 
and/or each experiment  

"Make the green chemistry of each experiment more 
clear in the lab introduction. Ex. 2 paragraphs isn't 
enough in my opinion. " 

Better green 
chemistry 
integration 
into course/ 
experiment 

 

More integration of green 
chemistry into experiment/lab 
procedure and/or more 
connection of green chemistry to 
rest of course material 

"Sometimes the green chemistry sections of each lab 
felt oblique to what we were discussing. If possible it 
should be integrated more fluidly into the course." 
"Instead of separating the sections between green 
chemistry and the lab, I would recommend 
integrating as a vital part of the lab." 
"I would want the experiments to be more obviously 
related to green chemistry. It is definitely an 
interesting concept but I felt is was mostly passively 
addressed in the report sheet questions. " 
"Have it be relevant to actually doing the experiment. 
" 

Other   

"We should focus on how to reduce plastic waste in 
the lab. I’ve used a ton of plastic pipettes this 
semester!”  
"add more emphasis on green chemistry concepts 
and include them on the exam" 
"Green Chemistry would have been more relevant in 
this course if there was a large assignment on it in 
addition to a few questions on each report sheet." 
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Table A X. Coding scheme for green chemistry definition item administered on the in-class green 
chemistry quiz (Fall 2018, Fall 2019, Chapter 4). This coding scheme was developed for a previous 
dataset for the exact same item (Fall 2016, Chapter 2). 

Code Score Definition Common Themes Examples Notes 

Re
se

ar
ch

 a
nd

 D
ev

el
op

-m
en

t  

0 

Answer 
shows no 
evidence that 
green 
chemistry is a 
research 
process 

1. Green chemistry is a 
field 

2. Green chemistry is 
used, applied, 
practiced 

3. Green chemistry is 
static 

4. Finding reactions 
(static) 

 

• chemistry working 
towards 
environmental issues 

• Practicing chemistry 
in a way that is 
sustainable for the 
environment. 

• Using resources that 
are better for the 
environment. 

Innovations not just 
applications (e.g. 
practice of chemistry 
does not count for a 
point) 
 
Create new product 
[sustainable way] 
 
Note: using an 
application is not the 
same as innovation 
 

1 

Answer 
indicates 
understandin
g of green 
chemistry as a 
research 
process 

1. Experiment, research, 
process, field of study 

2. Design, development, 
create, create product. 
mindfulness  

3. Improve, evaluate 
alternatives, make 
alternative options, 
new technologies, 
make choices 

4. Find ways, analyzes 
ways to have, figure 
out ways, seeks to 

5. Creating/designing 
chemical experiments 

6. Solving problems 

• Green chemistry is a 
form of chemistry 
where methods and 
substances are 
devised/ made to be 
better for the planet. 

• Chemistry that tries 
to make the 
chemicals in a way 
that they can broken 
down by the 
environment or at 
the very least will not 
contaminate the 
environment. 

• Green chemistry is 
the branch of 
chemistry focused 
on creating chemical 
solutions to 
sustainability and 
environmental 
problems we face, 
creating a “greener” 
society 

• Green Chem does 
this by finding new 
chemical reactions 
that produce the 
desired outcome or 
by optimizing an 
already used 
reaction to make it 
less.. 
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Code Score Definition Common Themes Examples Notes 

M
in

im
iz

e 
H

az
ar

ds
  

0 

No inclusion 
of minimizing 
hazards in 
answer 

1. Atom economy 
2. Waste  

• Chemistry that 
explores the 
properties of eco-
friendly materials 
and seeks to apply 
them in daily life in a 
sustainable manner. 

• Green chemistry is 
the substudy of 
chemistry which 
focuses on efficient, 
environmentally 
friendly ways at 
generating a 
product. 

Minimizing 
‘hazardous waste’ 
should be coded as 
Minimizing Hazards 
 
OK if they don’t 
actually say minimize 

1 

Answer 
includes 
explicit -
mention of 
minimizing 
hazards 

1. Safety, proper disposal 
or handling, PPE 

2. Hazardous effect on 
environment 

3. Hazardous/harmful 
materials (chemicals), 
harmful products 

4. Hazardous waste 
5. Nontoxic product 
6. Pollution, contaminate 

the environment 
7. Greenhouse gasses, 

carbon footprint 
8. Chemical reactions 

that are safer 
9. Minimize Chemical 

persistence 

• Chemistry that does 
not introduce or tries 
not to introduce too 
many hazardous 
materials to the 
environment 

• The practice of 
chemistry or usage 
of materials that 
minimize 
environmental 
impact/danger 
and/or are 
sustainable. 

• Refined chemistry 
that seeks to 
diminish the amount 
of hazardous 
byproducts of 
reactions. 

• Chemical processes 
that limit hazardous 
byproducts. 

M
in

im
iz

e 
W

as
te

  

0 

No inclusion 
of minimizing 
waste in 
answer 

1. Hazardous waste 

• Chemistry and 
engineering that 
discovers ways in 
which to minimize 
hazardous waste 
products 

Minimizing 
‘hazardous waste’ 
should be coded as 
Minimizing Hazards 
 
Maximizing yield = 
minimizing waste 
 
OK if they don’t 
actually say minimize 

1 

Answer 
includes 
minimizing 
waste as a 
component 
of green 
chemistry  

1. Eliminate waste, no 
chemical waste, no 
production of waste 

2. Reduce/minimize 
waste/waste products 

3. Environmental waste 
4. Recycle waste 
5. Minimizing byproducts 

• Chemistry that leads 
to less chemical 
waste and pollution 
resulting from 
chemical reactions to 
produce goods. 

• Sustainable design 
of chemical products 
that eliminate waste. 
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Code Score Definition Common Themes Examples Notes 

En
er

gy
 

0 
No mention 
of energy in 
answer 

1. Resources 
2. Efficient/efficiency  
3. Eco-friendly 

• Using resources that 
are better for the 
environment. 

• Using chemistry in a 
way that is eco-
friendly, or helpful to 
the environment. 

• Making chemistry 
more efficient 

Renewable resources 
are coded in Material 
Lifecycle 

1 

Answer 
includes 
energy 
component 
of green 
chemistry  

1. Energy resources, 
energy consumption 

2. Energy efficiency 
3. Better/more 

efficient/eco-friendly 
fuels 

4. catalyst 

• Taking the 
environment into 
consideration when 
doing chemistry: 
limiting waste, 
toxicity, energy... 

• production/use of 
chemicals that have 
little adverse effect 
on environment and 
made with high 
energy efficiency 

M
at

er
ia

l L
ife

cy
cl

e 
 

0 
No indication 
of material 
lifecycle 

1. Resources, 
replacements 

2. Efficient/efficiency 
3. Biodegradable  
4. Sustainable  

• Finding suitable 
replacements for 
chemicals used in 
daily life 

• minimizing waste 
and byproducts 
when conducting 
experiments and 
trying to figure out 
the most efficient 
way to reach the end 
result. 

• Green Chemistry is 
trying to conserve 
materials in lab 

Efficient (lifecycle) = 
maximizing yield of a 
desired product while 
minimizing inputs 
 
Just 
saying”biodegradabl
e” doesn’t count 

1 

Answer 
includes 
mention of 
material 
lifecycle  

1. Biodegradable 
recycling,  

2. Renewable resources, 
sourcing reactants 

3. Conserving 
(resources), 
efficient/sustainable 
use of materials, 
broken down 

4. Atom economy 
(efficient, high atom 
economy) 

5. Maximizing output 
while reducing waste 

• The study of 
chemicals for use in 
"green" applications 
such as renewable 
energy, 
sustainability, and 
recycling. 

• Reusable materials 
and little waste 

• As little waste and as 
much product as 
possible 

• Products and 
reactants are used 
fully and completely 

12
 

pr
in

c
ip

le
s 

0 
Does not 
mention 12 
principles 

1. Does not mention the 
12 principles of green 
chemistry 
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Code Score Definition Common Themes Examples Notes 

1 Does mention 
12 principles 

2. Does mention the 12 
principles of green 
chemistry 

 
Ph

ilo
so

ph
y  

0 
No indication 
of systems 
approach 

3. Not the same as 
research or innovation 
– systems thinking is 
viewing green 
chemistry as a complex 
interaction between 
different systems or 
processes  

 

Indicates thinking 
across systems or 
processes, integration 
between different 
components 
 
Other categories 
rewards responses 
that are more specific 
and narrower 
responses 

1 

Answer 
includes idea 
of integration 
or thinking 
across 
systems   

1. Green chemistry is a 
philosophy of doing 
chemistry 

2. Green chemistry is a 
version of doing 
chemistry 

3. Movement of green 
chemistry 

4. A way of doing 
chemistry (with green 
chemistry principles in 
mind) 

5. Talk about green 
chemistry being a way 
to practice all 
chemistry. NOT just 
focused on how green 
chemistry is a branch 
of chemistry that can 
minimize damage to 
the environment and 
then go on to list 
principles of green 
chemistry. 
 
 

• Green chemistry is 
the integration of 
chemical techniques, 
principles, and 
concepts into a 
mindset of 
awareness of 
environmental and 
human health 
towards improving 
current chemical and 
industrial processes 
in order to achieve 
improved 
sustainability and 
environmental 
impact. 

• Green chemistry is 
still chemistry except 
it's chemistry with a 
better 
understanding and 
caution as to how 
experiments and 
certain methods can 
affect the 
environment. Green 
chemistry focuses on 
creating as little 
waste as possible, 
having a minimal 
effect towards the 
planet, and being 
more aware with the 
consequences from 
being 
environmentally 
ignorant in the lab.  

To
ta

l r
ea

ct
io

n  

0 

Answer does 
not 
demonstrate 
that chemical 
reactions 
have multiple 
components 

1. Does not indicate that 
chemistry/chemical 
reactions have multiple 
components 

• Products and 
reactants are used 
fully and completely 

Must have two of the 
three. 
 
Byproducts, waste, 
output, products all 
count as just the end. 
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Code Score Definition Common Themes Examples Notes 

1 

Answer 
includes 
multiple 
components 
of doing 
chemistry 

1. Doing chemistry has 
multiple components 
(reaction, reactants, 
products) 

2. Chemical reactions 
have different pieces, 
complex 

3. Reaction process 
includes solvents, 
energy efficiency, safer 
reaction (i.e. For 
personnel)  

4. Products can include, 
waste, byproducts,  

5. Reactants – sourcing 
materials, safety of 
reactants 

• Make byproducts 
and processes more 
eco-friendly 

H
ar

m
/g

oo
d 

fo
r E

nv
iro

nm
en

t  

0 

Answer 
describes 
waste or 
hazards 

1. Waste  
2. Hazards (materials, 

compounds, waste, 
etc.)  

• Chemistry and 
engineering that 
discovers ways in 
which to minimize 
hazardous waste 
products 

• Chemistry that leads 
to less chemical 
waste and pollution 
resulting from 
chemical reactions to 
produce goods. 

Reduce or 
remediation of harm 
to the environment 
 
Positive impact on the 
environment   
 
Key word here is 
environment 
(something in relation 
to the environment)  

1  

Answer 
describes 
negative or 
positive effect 
on the 
environment  

1. Harm, impact on 
environnent, minimal 
affect on environnent 

2. (Reduce) 
environmental 
footprint   

3. Health of environment, 
improve environment 

4. Environmentally 
friendly, sustainability, 
conscious, or 
responsible 

5. Harm/good for 
earth/planet/world 

• Chemistry that 
minimizes harm to 
the environment(?) 

• Green Chemistry is 
the study of how 
alternative methods 
of instigating 
reactions and 
building devices can 
leave a lesser impact 
on the environment. 

• applying chemistry 
in the least harmful 
ways that affect the 
environment 
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Code Score Definition Common Themes Examples Notes 

Bu
zz

w
or

ds
 o

nl
y 

0/1 

Answer 
consists of 
green 
chemistry 
buzzwords 
only – or 
general 
statements -  
no 
explanation 

1. Environmentally 
friendly/conscious/res
ponsible  

2. Sustainable/sustainabil
ity 

3. Biodegradable  
4. Pertaining to the 

environment 
5. Eco-friendly, clean, 

good for the 
environment 

• Using chemistry to 
improve 
sustainability in daily 
activities 

• Chemistry that is 
good for the 
environment. 

• Chemistry in relation 
to the environment. 

Efficiency is 
interpreted 
depending on the 
content: sometimes it 
relates to energy (e.g. 
energy efficiency), 
sometimes it relates 
to material lifecycle 
(e.g. energy cost), 
sometimes it is coded 
as a buzzword (e.g. 
Chemistry that helps 
make processes more 
efficient). 
Do not check 
Buzzword if any of the 
content components 
or philosophy or total 
reaction etc. are 
checked.  
Harm/Good for 
environment and 12 
principles may be 
checked with 
buzzwords only. 
 
Philosophy doesn’t 
count for this 
category 

Ir
re

le
va

nt
 

0/1 
Irrelevant 
answer or no 
response 

1. Healthy chemistry 
2. Chemistry that is green  
3. Good definition of 

some other aspect of 
chemistry 

• The chemistry of 
organic compounds 

• Learning about the 
plants and more 
biology type of 
studies involving 
chemicals 
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Table A XI. Coding scheme for two methods choice item administered on the in-class green chemistry 
quiz (Fall 2019, Chapter 4). The first draft of this coding scheme was developed from the 
administration of the initial version item during the Fall 2018 semester. 

Main 
Category  

Sub-
category  

Definition 
Common words/ 

Phrases  
Examples  Chooses Method Doesn’t choose 

method 

Sp
ec

ifi
ed

 M
et

ho
d 

Fossil 
Fuels 

Stated that fossil 
fuels would be the 
preferred method 

   

From a green chemistry 
perspective, the best 
method of making 
cinnamaldehyde I guess 
would be through fossil 
fuels because the cost of the 
product would be less and 
trees would not be needed 
to be cut down 

Tree 
Bark 

Stated that tree bark 
would be the 
preferred method  

    
Using cinnamon tree bark 
and steam distillation is the 
best way. 

G
en

er
al

: b
uz

zw
or

ds
 

 

States very generic 
language that is 
relating to green 
chemistry principles, 
but with very little 
purpose or showing 
no deeper 
understanding 

States very generic 
language that is 
relating to green 
chemistry 
principles, but with 
very little purpose 
or showing no 
deeper 
understanding 

-  green, sustainable  
 -safer, 
environmentally 
friendly, eco-friendly, 
best for the 
environment  
- efficient  
-natural  
-Global Warming 
-pollution 

I would want to know which 
process is the most efficient 
while also causing the least 
amount of harm to the 
environment. For example, 
the process of using fossil 
fuels is bad for the 
environment, so I'd want to 
know if cinnamon tree bark 
with steam distillation would 
be better for the 
environment   
 
I would decide by assessing 
these reactions in the 
context of the 12 green 
chemistry principles. These 
12 principles will inform me 
of the efficiency, toxicity, and 
environmental effects of the 
reaction (along with many 
other characteristics). This 
would then allow me to 
choose the best reaction. 
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Main 
Category  

Sub-
category  

Definition Common words/ 
Phrases  

Examples  Chooses Method Doesn’t choose 
method 

Re
ne

w
ab

ili
ty

 

U
ns

up
po

rt
ed

 

Specifies that _____ 
in the reaction or 
process is 
renewable / non-
renewable without 
explaining why or 
defining what 
renewable means 
 OR  
Stating that one 
process is more 
renewable/non-
renewable than the 
other without 
explaining why or 
defining what 
renewable means.  

States that you 
should consider 
renewability in 
your reaction but 
does not explain 
what renewability 
means or why it is 
important.  
  

- the 
reaction/process is 
renewable 
- you should 
consider renewable 
feedstocks in your 
reaction  
-fossil fuels are 
renewable  

… We would have to look at 
things like atom economy, 
renewability, safety, 
toxicity… If I were to choose, 
I'd choose the steam 
distillation because it's 
renewable, there's less 
energy consumption and it's 
non-hazardous for the 
environment. 
 
The best way would be via 
cinnamon tree barks as it is a 
renewable method. 
 
I would first see which source 
causes the most harm to the 
environment when depleted 
and whether is renewable 

Su
pp

or
te

d  

Specifies that 
something in the 
reaction or process 
is renewable (i.e., 
chooses fossil fuels 
or cinnamon tree 
bark) is renewable / 
non-renewable AND 
explaining why it is 
renewable. 
Demonstrates 
understanding of 
renewability and/or 
its importance.  

States that you 
should consider 
renewability in 
your reaction and 
explains what 
renewability it or 
why it is important  

- fossil fuels are non-
renewable 
- tree bark is a 
renewable resource 
- Using renewable 
resources is 
important because ...  
- depletion of fossil 
fuels in an issue 

The method which uses 
renewable sources would be 
preferable. Methods that use 
fossil fuels are not eco-
friendly because fossil fuels 
are not a renewable source. 
Tree bark is more renewable.  
 
I would make it using 
cinnamon tree bark because 
this resource can be easily 
replenished/regrown 
 
I would use the method with 
the cinnamon tree bark 
because it would be done 
using a renewable feedstock. 
Whereas the other method 
uses fossil fuels which are 
not renewable and are 
hence at the risk of depleting 
which is why it would not be 
sustainable (we are meeting 
the needs of the current 
generation by compromising 
the needs of the future 
generations  
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Main 
Category  

Sub-
category  

Definition Common words/ 
Phrases  

Examples  Chooses Method Doesn’t choose 
method 

Ec
on

om
ic

 

U
ns

up
po

rt
ed

 

Economic category 
is relating to 
monetary cost 
and/or the cost of 
production. This 
does not mean 
environmental cost.   
 
States that one 
reaction has a 
greater monetary 
cost or economic 
cost than the other 
without any 
explanation or 
evidence.  
 
Note: Making 
incorrect or far-
fetched assumptions 
about the scenario 
will also be placed in 
this category  

Economic category 
is relating to 
monetary cost 
and/or the cost of 
production. This 
does not mean 
environmental 
cost.  
 
States that one 
reaction has a 
greater monetary 
cost than the other 
without any 
evidence or 
support.  
 
Note: Making 
incorrect or far-
fetched 
assumptions about 
the scenario will 
also be placed in 
this category  

Do not code if: 
Reponses that 
consider time but 
don't relate it to cost; 
saying a method 
requires resources 
without any other 
statement tying it to 
economic cost 

I would decide to use the 
cinnamon tree bark because 
fossil fuels are potentially 
dangerous and costly to the 
environment and the 
economy. 
 
To decide which method is 
the best, look at the cost of 
the reactants...  
 
Efficiency -- Does it produce 
a lot of cinnamaldehyde with 
little cost/resources?  
 
Fossil fuels, the other 
method, is a nonrenewable 
source that negatively affects 
the environment through 
global warming 

Su
pp

or
te

d  

States that one 
reaction has a 
greater economic 
cost than the other 
with evidence or 
support as to how 
they came to that 
conclusion while 
explicitly defining 
what they mean by 
economic cost.  

States that one 
should consider 
the economic 
implications of a 
process while 
specifying why it is 
important or what 
specific cost they 
are talking about 
(i.e., reactants, 
machinery, etc.)  
 
Provides 
methodology, 
baseline questions, 
or inquiries to how 
this economic cost 
can be measured. 
Must explicitly 
define what they 
mean by economic 
cost 

  

By getting [cinnamaldehyde] 
from fossil fuels, it would be 
synthetic and easier to 
obtain/use in cooking to 
keep the flavor 
consistent...getting it from 
steam distillation would be 
more timely and would not 
provide consistent flavoring.  
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Main 
Category  

Sub-
category  

Definition Common words/ 
Phrases  

Examples  Chooses Method Doesn’t choose 
method 

En
er

gy
 

U
ns

up
po

rt
ed

 
States that one 
reaction uses more 
energy than the 
other without 
evidence or 
explanation.  
 
 
Note: Incorrect or 
far-fetched 
assumptions about 
the two reactions 
regarding energy 
will be marked in 
this category  

States that one 
should consider 
energy consumed 
in a process 
without specifying 
why it is important 
or what part of the 
processing they 
are talking about.  
 
Note: Incorrect or 
far-fetched 
assumptions about 
the two reactions 
regarding energy 
will be marked in 
this category  

- consider energy 
consumption in the 
reaction  
- processes using 
fossil fuels uses more 
energy than 
distillation  
 
Don’t code if: 
Reponses that say 
time but don't 
connect it to 
temperature and 
pressure; saying a 
method requires 
resources without 
any other statement 
tying it to energy 

We would look at the 12 
chemistry principles and 
paying attention to human's 
and the environment's safety 
we would choose the one 
that is less hazardous. We 
would have to look at things 
like atom economy, 
renewability, safety, 
toxicity… If I were to choose, 
I'd choose the steam 
distillation because it's 
renewable, there's less 
energy consumption and 
it's non-hazardous for the 
environment. 
 
steam distillation saves more 
energy and does not pollute 
the earth more than fossil 
fuels which uses lots of 
energy and coal. 

Su
pp

or
te

d  

States that one 
reaction uses more 
energy than the 
other with evidence 
or support that this 
is true. 

States that one 
should consider 
energy consumed 
in a process and 
specifying why it is 
important, or in 
what part of the 
processing it is 
important.  

- fossil fuels take a lot 
of energy to process 
and refine for use 

However, using trees 
contribute to indirect land 
use and steam distillation 
does not occur at ambient 
temperature and pressure.  

H
ar

m
fu

l B
yp

ro
du

ct
s  

U
ns

up
po

rt
ed

 

States that one 
reaction has 
more/less harmful 
byproducts than the 
other without 
evidence or support 
that this is true. (i.e., 
did not specify the 
compound) 

States that one 
should consider 
harmful 
byproducts 
produced in a 
process without 
specifying why it is 
important.  
 
 
Note: Making 
incorrect or far-
fetched 
assumptions about 
harmful 
byproducts will be 
placed marked 
here 

- fossil fuel method 
has more harmful 
byproducts than the 
distillation method 
-fossil fuels 
contribute to global 
warming  
 
Do not code if: 
responses that say 
they want to know 
the identity of the 
byproducts without 
associating it with 
hazard 

… it is more environmentally 
friendly and will contribute 
less to pollution.     
 
I'm assuming that it will 
create less toxic waste than 
fossil fuels 
  
 Look at the toxicity of the 
byproducts and waste 
produced 
 
I would see the amount of 
waste produced by each 
method and if the waste is 
toxic or not. Toxic waste can 
be extremely harmful to the 
environment  
 
...using natural resources to 
prevent any hazardous waste  
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Main 
Category  

Sub-
category  

Definition Common words/ 
Phrases  

Examples  Chooses Method Doesn’t choose 
method 

Su
pp

or
te

d 

States that one 
reaction has 
more/less harmful 
byproducts than the 
other with evidence 
or support that this 
is true. For example, 
stating which 
compound is the 
harmful byproduct.  
- must state specific 
chemical compound 

States that one 
should consider 
harmful 
byproducts 
produced in a 
process and 
specifying why it is 
important or 
insight in how to  

-'fossil fuels product 
CO2 when burned 
which is harmful to 
the environment 
because of its 
contribution to 
global warming  
-steam distillation 
gives off water vapor 
which is not harmful 
to the environment 
-Polluting the 
atmosphere 

… I know that the use of 
fossil fuels releases CO2 
into the environment and 
is there bad for the 
environment. Steam 
distillation seems less 
harmful. 
 
… the intermediate for the 
fossil fuel pathway is a 
derivative of the very toxic 
benzene. 
 
Look at the toxicity of the 
byproducts….check CO2 
emissions for each method 
 
I would also want to know 
the toxicity of all products 
because humans consume 
this molecule and we don't 
want harmful effects  

H
az

ar
do

us
 R

ea
ct

an
ts

 / 
In

te
rm

ed
ia

te
s 

U
ns

up
po

rt
ed

 

States that one 
reaction has 
more/less hazardous 
reactants than the 
other without 
evidence or support 
that this is true. (i.e., 
did not specify the 
compound) 

States that one 
should consider 
whether the 
reactants are 
hazardous without 
specifying why it is 
important or what 
it means for a 
reactant to be 
hazardous.  
 
Note: Making 
incorrect or far-
fetched 
assumptions about 
harmful 
byproducts in the 
context of this 
question will be 
marked here 

 Do not code if: 
responses that say 
they want to know 
the identity of the 
reactants without 
associating it with 
hazard; saying a 
method requires 
resources without 
any other statement 
tying it to hazardous 
reagents 

 
Therefore, I would choose to 
use steam distillation of 
cinnamon tree bark since 
bark is a renewable, nontoxic 
resource.  
 
I would choose the 2nd 
method [tree bark] because 
of the use of natural and safe 
solvents  
 
Look at the toxicity of...the 
leftover reactants  
 
Cinnamon tree 
bark...because it uses the 
technique of steam 
distillation, which does less 
harm than adding chemicals 
such as benzaldehyde 
 
I want to know the safety of 
the materials used  

Su
pp

or
te

d 

States that one 
reaction uses 
more/less hazardous 
reactants than the 
other with evidence 
or support that this 
is true. For example, 
stating which 
compound is a 
hazardous reactant. 

States that one 
should consider 
hazardous 
reactants used in a 
process and 
specifying why it is 
important or giving 
insight into how to 
define hazardous.  

- steam distillation 
uses water which is a 
safe solvent  

 
Water is safe solvent  
 
Steam distillation most likely 
uses a safe solvent like water 
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Main 
Category  

Sub-
category  

Definition Common words/ 
Phrases  

Examples  Chooses Method Doesn’t choose 
method 

Le
ss

 W
as

te
/W

as
te

 D
is

po
sa

l 

U
ns

up
po

rt
ed

 

Waste is defined as 
having to do with 
material waste (as 
opposed to energy, 
time, etc.). 
 
 States that one 
reaction has 
more/less waste 
than the other 
without evidence or 
support that this is 
true. 

Waste is defined as 
having to do with 
material waste (as 
opposed to 
energy, time, etc.). 
  
   States that one 
should consider 
waste without 
specifying why it is 
important. 
 
 
Note: Making 
incorrect or far-
fetched 
assumptions about 
waste in the 
context of this 
problem will be 
marked here  

  

 -fossil fuels are a limited 
resource 
 -Benzaldehyde is another 
added chemical which may 
leave waste when 
producing the product 
 
…I would consider a number 
of factors like the 1) price, 2) 
release of toxic materials into 
the environment, 3) time, 4) 
how much material is 
used/wasted.  
 
1) Concentration - which 
method consumes less 
resources, 2) byproducts - 
which method produces the 
least waste/harmful 
material, 3) sustainability - 
are the raw materials 
renewable  

Su
pp

or
te

d 

States that one 
reaction uses 
more/less waste 
than the other with 
evidence or support 
that this is true. 
States that one 
reaction has more 
processible / less 
hazardous waste 
than the other. 

States that one 
should consider 
waste produced 
and specifying why 
it is important or 
specifying what 
kind of waste.  

- the distillation 
method has less 
waste because its 
raw material, tree 
bark, can be 
composted. 

The waste of distillation 
must be biodegradable.  
 
There isn’t much leftover 
chemicals, other than tree 
bark (biodegradable) and 
water 
 
The steam distillation with 
cinnamon tree bark would 
be the best since … the 
process to extract the 
chemical is not that energy 
intensive and doesn’t require 
auxiliary components 
 
I think the best method to 
use for making 
cinnamaldehyde would be 
the method that creates less 
trash and pollution to begin 
with this is important 
because it is easier to create 
less trash in the first place, 
then clean it up after 
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Main 
Category  

Sub-
category  

Definition Common words/ 
Phrases  

Examples  Chooses Method Doesn’t choose 
method 

Su
st

ai
na

bl
e 

Sy
st

em
s 

U
ns

up
po

rt
ed

 
States that one 
reaction has 
more/less 
processing damage 
than the other 
without evidence or 
support that this is 
true.  
 
- Very general, 
doesn't go into 
detail 
- Say something 
interesting but 
doesn't go into 
detail 

States that one 
should consider 
processing 
damage without 
specifying why it is 
important or in 
what context they 
are talking about. 
 
 
- Very general, 
doesn't go into 
detail 
- Say something 
interesting but 
doesn't go into 
detail 

  

fossil fuels greatly 
negatively affect the 
environment, whereas (I 
believe) bark can be 
harvested with less overall 
harm to the environment. 
 
 I would believer the steam 
distillation from cinnamon 
tree bark would be the best 
method to use for making 
cinnamaldehyde. This is 
because it is naturally 
derived in a way that isn't 
as bad for the 
environment.  
 
Want to know how 
disruptive the extraction 
of these resources will be 
to the surrounding 
environment and 
community  

Su
pp

or
te

d  

- Acknowledging 
that processing 
damage is a very 
complex system with 
lots of factors you 
need to weigh in 
and going into detail 
of why/how it is 
- Choose one 
method and goes in 
detail with how the 
processing damage 
specific to that 
method 
-Identifies who is 
being affected by 
the processing 
damage 

 
- Acknowledging 
that processing 
damage is a very 
complex system 
with lots of factors 
you need to weigh 
in and going into 
detail of why/how 
it is 
- Choose one 
method and goes 
in detail with how 
the processing 
damage specific to 
that method 
-Mentions the 
impacts of 
sourcing 
precursors / 
reactants 
-Identifies who is 
being affected by 
the processing 
damage 

-use of land 
resources  
- 

… Are cinnamon trees 
endangered? How much 
damage do fossil fuels have 
on the environment? Will 
using cinnamon tree bark 
harm the tree itself or 
lower its lifespan? 
 
The steam distillation would 
be ideal if the cinnamon 
trees are not severely 
damaged as a result for 
the production. 
 
 1) which method is more 
hazardous to its 
surroundings. 2) is steam 
distillation more toxic to 
the environment than the 
extraction of fossil fuels? 
How much so? 3) does the 
extraction of cinnamon 
tree bark negatively 
impact the tree from which 
it came? I the tree still able 
to survive and thrive post 
extraction?  
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Main 
Category  

Sub-
category  

Definition Common words/ 
Phrases  

Examples  Chooses Method Doesn’t choose 
method 

Yi
el

d  

Mentions the yield of the process or a 
comparison of the number of reactants to 
the amount of product 
-this specifically refers to the amount of 
product in relation to the number of 
reactants 

yield 
 
Notes: amount of 
product in relation to 
amount of resources, 
economic cost, or 
byproducts 

  

A
m

ou
nt

 o
f M

at
er

ia
l 

 

States the physical amount or volume of 
reactant material (without tying this amount 
to increased toxicity or any other 
consideration) as a factor to consider or 
explains how one process may require the 
use/involvement of more reagents or 
material. Tying this physical amount to any 
other category, such as economic, less 
waste, toxicity, processing damage etc. 
results in the answer being coded toward 
those categories only.  

number of reactants 
extra 
additional 
 
Notes: -saying a 
method requires 
resources without 
any other statement 
tying it to reactant 
material 

See...the number of 
reactants needed to perform 
the reaction(48) 
 
Steam distillation minimizes 
the use of external chemicals 
(45) 
 
Through steam distillation 
you are not using extra 
reagents....the [fossil fuels] 
reaction requires extra 
benzaldehyde to run (42) 

A
to

m
 E

co
no

m
y  

 Mentioned atom economy    

Also, using a minimal 
number of resources to 
produce the end product - 
Atom Economy - is 
important. 
 
…The atom economy is 
important, to maximize 
efficiency. Long-term 
effects should be considered 
as well. The amount of 
energy needed to move the 
reaction forward is also 
important so we can choose 
the more energy efficient 
option. 

In
co

rr
ec

t a
ss

um
pt

io
ns

 a
bo

ut
 re

ac
ta

nt
 

(B
en

za
ld

eh
yd

e)
 

 

Specifically mentions use of the chemical 
benzaldehyde as a consideration against 
the fossil fuel method, or assumes 
benzaldehyde is harmful in their response.  
-Differs from amount of material in the 
response's direct characterization of 
benzaldehyde as negative 
-Claims synthesis with benzaldehyde is 
bad/unnatural compared to steam 
distillation 

harmful 
benzaldehyde 
 
 
Notes: Neutral 
mentions of 
benzaldehyde, e.g., 
simply referring to 
the fossil fuel 
method as the 
benzaldehyde 
method, or 
mentioning 
benzaldehyde as an 
example of an 
additional reagent 
(coded into amount 
of material instead) 

...steam distillation is much 
safer for humans + the 
planet than the chemical 
benzaldehyde  
 
We would rather perform 
natural processes such as 
steam distillation rather than 
artificial synthesis with 
benzaldehyde 
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Main 
Category  

Sub-
category  

Definition Common words/ 
Phrases  

Examples  Chooses Method Doesn’t choose 
method 

I don't 
know but 
my best 

guess is... 
 States I don't know but my best guess is... 

as part of their answer     

O
ff

-to
pi

c 

     

The best way is probably 
extracting it from fossil fuels 
because it reduces pollution. 
If you extract 
cinnamaldehyde from 
cinnamon tree bark, you use 
a lot of land/water, which can 
affect wildlife. In addition, 
steam is utilized in the 
process, which could 
produce fossil fuels. 
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Table A XII. Coding scheme for the green chemistry exam item (Chem 1AL, Chem 3BL) for the Fall 
2019 dataset (Chapter 5) 

Category Definition Examples SUB-SCORING Notes 

Pr
o/

co
n 

re
as

on
s 

fo
r m

et
ho

d 
ch

oi
ce

 

% yield Typically method 1 
choice 

 

Pro = measure is 
GOOD reason 
for choosing 
method 
 
Con = measure is 
BAD reason for 
choosing 
method 
 
Acceptable = 
measure is within 
acceptable 
ranges (not the 
best for their 
chosen method 
but not a 
dealbreaker), 
often use "Even 
though... 
however..." 
structure 
 
Equivalent = 
variable for two 
methods seen as 
essentially the 
same and thus 
not a factor in 
their decision 

 

Reaction time Typically method 1 
choice 

Cost Typically method 1 
choice 

Purification 
method 

Note any links 
between extraction 
+ energy 
use/recrystallisation 
+ solvent use to 
determine 
correctness  

Atom economy Typically method 2 
choice 

# of byproducts Typically method 2 
choice 

Persistence of 
reactants 

Typically method 2 
choice 

Acute toxicity 
of reactants 

Typically method 2 
choice 

General 
Hazards 

Toxicity w/o 
mentioning 
reactants; general 
safety 

Mentions GC 

States that the 
chosen measures 
align with green 
chemistry 
principles or that 
the chosen method 
is 'greener' 

X and Y mean it is a good green 
chemistry reaction. 

  



 287 

Category Definition Examples SUB-SCORING Notes 

Supports measure 
choices 

Explains why a 
measure is 'good' 
or 'bad' - does not 
simply assert that it 
is good or bad 

0: Method 2 has higher atom 
economy compared to method 1. 
"The toxicity of reactants in #2 is 
low, while the tox of #1 is high." 
 
1: Method 2 has a high % yield 
which means that few byproducts 
are produced which means 
reduced waste; method 1 has a 
higher percent yield which means 
more moles of reactant go into 
making the product 
 
2: method 2 is preferable 
because it has high atom 
economy meaning that it utilizes 
resources well, a small amount of 
byproducts which reduces it by 
product impact on the 
environment, uses a simpler 
method of purification-extraction 
which requires no energy, and 
the reactants are low toxicity 
meaning safer reaction 
 
3: Fewer byproducts mean waste 
is avoided instead of cleaned up 
afterward; Atom economy of 
method 2 is greater than method 
1 which means that less wasteful 
byproducts are formed; the 
reactants are far less toxic which 
helps prevent disasters should an 
accident happen; the reactants 
maybe more toxic than method 2 
but the persistence is very low 
meaning it wouldn't last long in 
the environment 

0 = no attempt 
 
1 = attempt to 
justify but 
incorrect link 
between 
ideas/justification 
(commonly 
confuses  
% yield and AE) 
 
2 = tries to 
support choice 
(but reliance on 
buzzwords or 
tautological) 
 
3 = good 
reasoning (not 
just buzzwords, 
e.g. AE leads to 
reduced 
waste/pollution, 
contextualizes 
reason/measure) 

If answer 
has multiple 
supported 
measures 
code based 
on BEST 
supported 
measure 
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Category Definition Examples SUB-SCORING Notes 

Mentions tradeoffs 
between variables 

Essentially states 
both pros and cons 
but in comparison 
(e.g. atom 
economy is lower 
for method 1 but a 
high yield makes 
up for it) 

The atom economy for method 2 
is greater than for method 2 and 
although it is not as time efficient 
the amount of yield and atom 
economy make the reaction 
efficient overall. 

 

has to 
balance two 
ideas that 
are related, 
i.e. 
AE+%yield, 
cost and 
efficient use 
of materials 
(i.e. AE, # 
byproducts), 
acute 
toxicity 
versus 
persistence  
 
make it 
clear that 
the two 
tradeoffs 
are linked in 
a logical 
way 

Measure is 
more/less 

important than 
others 

States that a 
chosen measure (or 
set of measures) is 
more/less 
important/valuable 
compared to other 
measures; 
privileges a set of 
measures; not all 
measures are equal 

Perhaps most importantly, 
method 2's reactant toxicity is 
much lower than method 2.... 
 
Importantly, from a green 
chemistry perspective, the 
reactants are far less toxic... 

 

uses 
superlative 
language - 
"extremely 
important" 
or "most" 

Off topic/ incorrect 
/ extrapolates 

Part of whole 
answer is incorrect 
or off-topic. If part 
of the answer is 
incorrect/off-topic, 
continue coding. If 
entire answer is 
incorrect/off-topic, 
DO NOT continue 
coding. 

...and the waste generated is less 
toxic and persistent than method 
1. 
 
...method 2 is more energy 
efficient than method 1. [example 
of extrapolating too much from 
given info] 

 

Often talk 
about 
toxicity of 
byproducts 
(confuse 
reactants 
and 
byproducts) 
or confuse 
the metrics 
for one 
reaction 
with the 
other 
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Appendix VIII. Scoring for Fixed Response Items 
(Chapter 4) 

Table A XIII. Correct and incorrect choices for multiple choice (select all that apply) survey items 
administered during the Fall 2019 semester on the online survey (Chapter 4) 

Item  Correct Choices Incorrect Choices 

[Select All #1: Atom Economy] The 
reaction below can be used to fill an 
automobile airbag. 

 
The atom economy for this reaction is 55%. 
This means that: (Select all that are accurate.) 

▢ 45% of the starting 
material ends up as 
waste in the form of 
water 

▢ 55% of the starting 
material is incorporated 
into the desired 
products (nitrogen and 
oxygen gas) that can be 
used to inflate the airbag 

▢ 55% of the starting material ends up as 
waste in the form of water  

▢ 45% of the starting material is incorporated 
into the desired products (nitrogen and 
oxygen gas) that can be used to inflate the 
airbag  

▢ The theoretical yield of the reaction is 55%.  
▢ The theoretical yield of the reaction is 45%. 

[Select All #2: LD50] The reaction below can 
be used to fill an automobile airbag. 

 
 
The LD50 for the starting material, 
ammonium nitrate, is shown above. LD50 
tells you: 
(Select all statements that are accurate.) 

▢ The amount of a 
chemical that it takes to 
cause death in half the 
members of a test 
population   

▢ The amount of a chemical that it takes to 
cause mutations in an entire test population   

▢ The amount of a chemical that it takes to 
cause bioaccumulation in half the members 
of a test population  

▢ The amount of a chemical that it takes to 
cause endocrine disruption in an entire test 
population  

▢ The amount of a chemical that it takes to 
cause birth defects in half the members of a 
test population  

▢ The amount of a chemical that it takes to 
cause cancer in an entire test population 

[Select All #3: Natural vs Renewable] Over 
the last few years, there has been an 
increased demand for natural and/or 
renewable resources. Please select all of the 
following statements that are true.  

▢ Renewable products are 
sustainable.  

▢ Natural products are sustainable.  
▢ The terms “natural” and “renewable” are 

interchangeable.   
▢ Natural products are likely to be safe for 

humans and the environment.   
▢ Renewable products are likely to be safe for 

humans and the environment.   
▢ Natural products or processes are always 

preferable to synthetic ones.  
▢ Renewable products or processes are 

always preferable to synthetic ones.  
▢ I don't know. 
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Table A XIV. Explicitly and implicitly correct principles for each 12 Principles ranking items 
administered during the Fall 2019 semester on the online survey (Chapter 4) 

Item Prompt [Item Name] Explicitly correct 
principlesa 

Implicitly correct 
principlesb 

[12 Principles #1] Traditionally, paper has been 
bleached with chlorine to give it a white 
appearance. Chlorine and its derivatives (such 
as chlorine dioxide) are very dangerous for 
humans and toxic to aquatic organisms. 
Eliminating the use of chlorine in paper 
production is an example of which green 
chemistry principle(s)?  

▢ Less Hazardous 
Chemical Syntheses  

▢ Inherently Safer 
Chemistry for Accident 
Prevention  

▢ Designing Safer 
Chemicals  

[12 Principles #2] BASF (the largest chemical 
producer in the world) is currently developing 
plastic bags made partly from cassava starch 
and calcium carbonate. These bags completely 
disintegrate into water, CO2, and biomass in 
industrial and city composting systems. These 
bags are examples of which green chemistry 
principle(s)? 

▢ Waste Prevention 

▢ Designing Safer 
Chemicals  

 

▢ Use of Renewable 
Feedstocks  

 

[12 Principles #3] Oil-based "alkyd" paints emit 
high levels of volatile organic compounds 
(VOCs). As the name suggests, VOCs evaporate 
from drying paint and can produce many 
harmful health effects (ranging from eye 
irritation to liver damage to cancer). Sherwin-
Williams won the 2011 Presidential Green 
Chemistry Challenge Award for the 
development of low-VOC, water-based paints 
that are made from recycled plastic bottles and 
soybean oil. This new paint formulation is an 
example of which green chemistry principle(s)?  

▢ Less Hazardous 
Chemical Syntheses 

▢ Safer Solvents and 
Auxiliaries  

▢ Waste Prevention  

▢ Designing Safer 
Chemicals  

▢ Use of Renewable 
Feedstocks  

▢ Design for Degradation 

▢ Inherently Safer 
Chemistry for Accident 
Prevention 

aExplicitly correct principles were identified as the most relevant  principles that clearly applied to the given green chemistry 
scenario.  
bImplicitly correct principles were tangentially related to the given scenario and/or would only apply if certain preconditions or 
assumptions were met. 

 
 
  



 291 

Appendix IX. Regression Analysis (Chapter 4 and 5) 

Chapter 4 Regression Analysis  

Regression Variables  

Response variables 

Green chemistry definition total score (pretest): A continuous variable measuring 
the student’s total pretest score on the Green Chemistry Definition item.  
 
This variable reports student scores for the item “In my own words, green chemistry 
means:” A total item score was assigned for each responses by summing the 
individual coding categories. A blank or off-topic/irrelevant response received a 
score of 0. All other responses received a score of 1 point plus 1 point for each 
specific green chemistry category present in the response. This variable had a 
minimum score of 0 and a maximum score of 9 with only whole number intervals 
possible. 
 
Green chemistry definition total score change (posttest score – pretest score): A 
continuous variable measuring the student’s change in total score from the pretest to 
the posttest on the Green Chemistry Definition item described above. This variable 
had a minimum score of -9 and a maximum score of 9 with only whole number 
intervals possible. 
 
Two methods choice total score (pretest): A continuous variable measuring the 
student’s total pretest score on the Two Methods Choice item.  
 
This variable reports student scores for the item In my own words, green chemistry 
means: A total item score was assigned to each responses by summing the individual 
coding categories. A blank or off-topic/irrelevant response received a score of 0. All 
other responses received a score of 1 point plus 1 point for each unsupported green 
chemistry category and plus 2 points for each supported green chemistry category 
present in the response. This variable had a minimum score of 0 and a maximum 
score of 18 with only whole number intervals possible. 
 
Two methods choice total score change (posttest score – pretest score): A 
continuous variable measuring the student’s change in total score from the pretest to 
the posttest on the Two Methods Choice item described above. This variable had a 
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minimum score of -18 and a maximum score of 18 with only whole number intervals 
possible. 

Explanatory variables 

Gender (Female): A categorical variable indicating a student’s gender, where Male 
is the reference group. Students who did not provide their gender or declined to 
state their gender were dropped from the data set. 
 
First-generation college status (first-generation college student): A categorical 
variable indicating the level of education for a student’s parents, where not a first-
generation college student is the reference group. If neither of the student’s 
guardians had completed college-level degree or higher than the student was coded 
as a first-generation college student. 
 
URM status (URM student): A categorical variable indicating if a student self-
identified as an underrepresented minority, where non-URM student is the reference 
group. If students reported that their ethnicity was black, hispanic, indigenous and/or 
pacific islander they were coded as an URM student. Students who did not provide 
their ethnicity or declined to state were dropped from the data set. 
 
Prior green chemistry experience (no prior green chemistry experience): A 
categorical variable indicating if students had heard of green chemistry before 1AL, 
where prior green chemistry experience is the reference group. Students were 
asked on the pretest survey Had you heard of green chemistry before you entered 
this course (1AL)? – if they responded positively, they were coded as having prior 
green chemistry experience and if they responded negatively, they were coded as 
not having prior green chemistry experience.  
 
Prior college credit bearing chemistry experience (no prior college credit 
bearing chemistry experience): A categorical variable indicating if students had 
taken college credit bearing chemistry courses before 1AL, where prior experience 
is the reference group. Students were asked on the pretest survey to note how many 
semesters of various chemistry classes they had previously completed (chemistry, 
honors chemistry, AP chemistry, IB chemistry, etc.). If students noted that had taken at 
least on semester of AP/IB chemistry, chemistry at a community college, or chemistry 
at a university there were coded as having prior college credit bearing chemistry 
experience.  
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Regression Assumption Checks 

Check for collinearity  
Table A XV. Check for collinearity between explanatory variables for Green Chemistry Definition item 
and Two Methods Choice Item  

Variable 

Green Chemistry Definition 
Models 1 and 2 

Two Methods Choice 
Models 1 and 2 

VIF 1/VIF VIF 1/VIF 

URM status 1.09 0.91 1.08 0.93 

First-generation 
college status 1.08 0.92 1.07 0.93 

No prior green 
chemistry 
experience 

1.02 0.98 1.01 0.99 

No prior college 
credit bearing 
chemistry 
experience 

1.01 0.99 1.01 0.99 

Female 1.01 0.99 1.00 1.00 

Mean VIF 1.04  1.04  
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Check assumption of normality 

Green Chemistry Definition: Pretest Score (Model 1) 

  
Green Chemistry Definition: Gain Score (Model 2) 

  
Figure A IV. Qnorm and boxplot of deleted studentized residuals to check assumption of normality of 
the residuals for Green Chemistry Definition Model 1 (pretest) and Model 2 (gains); studentized 
deleted residuals have several potential outliers and evidence of non-normal distribution 
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Two Methods Choice: Pretest Score (Model 1) 

  
Two Methods Choice: Gain Score (Model 2) 

  
 
Figure A V. Qnorm and boxplot of deleted studentized residuals to check assumption of normality of 
the residuals for Two Methods Choice Model 1 (pretest) and Model 2 (gains); studentized deleted 
residuals have several potential outliers and evidence of non-normal distribution 
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Check assumption of constant variance of residuals 

  
Scatterplot of deleted studentized residuals 
versus fitted to check constant variance of 
residuals (Green Chemistry Definition, pretest 
score) 

Scatterplot of deleted studentized residuals 
versus fitted to check constant variance of 
residuals (Green Chemistry Definition, gain 
score) 

  
Scatterplot of deleted studentized residuals 
versus fitted to check constant variance of 
residuals (Two Methods Choice, pretest score) 

Scatterplot of deleted studentized residuals 
versus fitted to check constant variance of 
residuals (Two Methods Choice, gain score) 

 

Figure A VI. Scatterplot of deleted studentized residuals versus fitted to check constant variance of 
residuals 
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Chapter 5 Regression Analysis  

Regression Variables  

Response variables 

Method Choice Total Score: A continuous variable measuring the student’s total 
exam score on the green chemistry item (described in detail in a prior appendix). The 
total score was assigned to each response by summing the number of correct 
measures used for the chosen method (0.5 points per correct measure) along with 
the support score (0-3 points) and mentions of tradeoffs (1 point) and prioritization of 
measures (1 point). Points were subtracted from the total score if a response 
incorrectly applied a measure (0.5 points per incorrect measurer) or if a portion of the 
response was off topic/incorrect (1 point).  

Explanatory variables 

Course (Chem 3BL): A categorical variable indicating the chemistry course the 
student was enrolled in, where Chem 1AL is the reference group.  
 
Method (Method 2): A categorical variable indicating which method the student 
chose for the green chemistry exam item, where Method 1 is the reference group.  
 
Total Lab Exam Score: A continuous variable indicating the student’s overall grade 
on their laboratory exam. To make the exam scores comparable for both courses the 
raw percentage grade (0-100%) was standardized using z-scores. 

Regression Assumption Checks 

Check for collinearity  
Table A XVI. Check for collinearity between explanatory variables   

Variable 
Green Chemistry Exam Item Model 

VIF 1/VIF 

Chemistry course 1.08 0.92 

Method choice 1.08 0.93 

Lab exam score (z-score) 1.01 0.99 

Mean VIF 1.06  
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Assumption check of normality 

  

Assumption check of constant variance of residuals 

 
 

Figure A VII. (Top) Histogram and qnorm plots for deleted studentized residuals to check assumption 
of normality of the residuals; studentized deleted residuals have several potential outliers though a 
normal distribution. (Bottom) Scatterplot of deleted studentized residuals versus fitted to check 
constant variance of residuals; spread of the residuals was not constant suggesting some 
heteroscedasticity. 
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Appendix X. Additional Results (Chapter 4 – 5) 

Chapter 4 Additional Results 

Select All Items  

Select All #1: Pretest Select All #1: Posttest 

  
Select All #2: Pretest Select All #2: Posttest 

  
Select All #3: Pretest Select All #3: Posttest 

  
Figure A VIII. Histograms for pre and posttest select all items using formula scores (Fall 2019) 
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12 Principles Ranking Items  
Table 12. Descriptive statistics and Wilcoxon rank sum tests for each variable using the “number right” 
scores. Students who placed all incorrect principles in the top three or said “I don’t know” for this item 
were given a score of zero.   

Variable N 
Pretest Posttest p-value 

(z-value) Mean Std. 
Dev. Min Max Mean Std. 

Dev. Min Max 

12 Prin. #1 522 1.50 0.86 0.00 522 1.73 0.84 0.00 3.00 p < 0.001 
(-4.59) 

12 Prin. #2 522 1.54 0.81 0.00 522 1.84 0.86 0.00 3.00 p < 0.001 
(-6.20) 

12 Prin. #3 522 2.28 1.01 0.00 522 2.47 0.78 0.00 3.00 p = 0.002 
(-3.03) 

 
Table 13. Descriptive statistics and paired t-tests for each variable using the “modified” formula scores 

Variable N 
Pretest Posttest p-value   

(t-value) Mean Std. 
Dev. Min Max Mean Std. 

Dev. Min Max 

12 Prin. #1 522 2.31 2.41 -3.00 522 2.76 2.66 -3.00 7.00 p = 0.019  
(-3.13) 

12 Prin. #2 522 2.89 2.49 -3.00 522 3.29 2.70 -3.00 7.00 p = 0.004  
(-2.89) 

12 Prin. #3 522 3.57 2.22 -3.00 522 3.61 1.93 -3.00 7.00 p = 0.75 
(-0.31) 
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12 Principles #1: Pretest 12 Principles #1: Posttest 

  
12 Principles #2: Pretest 12 Principles #2: Posttest 

  
12 Principles #3: Pretest 12 Principles #3: Posttest 

  
Figure A IX. Histograms for pre and posttest 12 Principles ranking items using formula scores (Fall 
2019)
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Figure A X. Weighted frequencies for each 12 Principle Ranking item. The weighted frequency for 
each principle was based on ranking; the top position (#1) resulted in the highest “weight” of 3 while 
the lowest position (#3) resulted in a “weight” of 1  

PRETEST POSTTEST

Weighted 
frequency Principle Principle Weighted 

frequency

1204 Less Hazardous 
Chemicals/Syntheses

Less Hazardous 
Chemicals/Syntheses

1138

453 Designing Safer Chemicals Inherently Safer Chemistry 
for Accident Prevention 565

393 Inherently Safer Chemistry 
for Accident Prevention

Designing Safer Chemicals 536

347 Reduce Derivatives Reduce Derivatives 491

301 Safer Solvents Safer Solvents 303

278 Real-time Analysis for Pollution 
Prevention

Real-time Analysis for Pollution 
Prevention 231

224 Waste Prevention Waste Prevention 208

153 I don’t know Design for Degradation 83

99 Design for Degradation Design for Energy Efficiency 76

67 Design for Energy Efficiency Use of Renewable Feedstocks 68

51 Use of Renewable Feedstocks Catalysis 28

47 Atom Economy Atom Economy 26

15 Catalysis I don’t know 21

Q: Traditionally, paper has been bleached with chlorine to give it a white appearance. Chlorine and its 
derivatives (such as chlorine dioxide) are very dangerous for humans and toxic to aquatic organisms. 
Eliminating the use of chlorine in paper production is an example of which green chemistry principle(s)?

Most 
common 

choice

Least 
common 

choice

Most 
common 

choice

Least 
common 

choice

PRETEST POSTTEST

Weighted 
frequency Principle Principle Weighted 

frequency

998 Design for Degradation Design for Degradation 1232

962 Waste Prevention Waste Prevention 788

438 Real-time Analysis for Pollution 
Prevention Use of Renewable Feedstocks 478

247 Less Hazardous 
Chemicals/Syntheses

Real-time Analysis for Pollution 
Prevention

363

228 Use of Renewable Feedstocks Less Hazardous 
Chemicals/Syntheses 236

165 I don’t know Designing Safer Chemicals 152

146 Design for Energy Efficiency Design for Energy Efficiency 117

104 Designing Safer Chemicals Safer Solvents Rank 100

86 Safer Solvents Reduce Derivatives 97

86 Reduce Derivatives Inherently Safer Chemistry for 
Accident Prevention 85

80 Atom Economy Atom Economy 63

37 Catalysis I don’t know 20

35 Inherently Safer Chemistry for 
Accident Prevention

Catalysis 17

Q: BASF (the largest chemical producer in the world) is currently developing plastic bags made partly from 
cassava starch and calcium carbonate. These bags completely disintegrate into water, CO2, and biomass in 
industrial and city composting systems. These bags are examples of which green chemistry principle(s)?

Most 
common 

choice

Least 
common 

choice

Most 
common 

choice

Least 
common 

choice

PRETEST POSTTEST

Weighted 
frequency Principle Principle Weighted 

frequency

973 Less Hazardous 
Chemicals/Syntheses

Designing Safer Chemicals 
Rank

942

793 Designing Safer Chemicals Less Hazardous 
Chemicals/Syntheses 865

358 Inherently Safer Chemistry for 
Accident Prevention

Use of Renewable Feedstocks 486

319 Safer Solvents Safer Solvents 303

278 Waste Prevention Inherently Safer Chemistry for 
Accident Prevention

289

223 Use of Renewable Feedstocks Waste Prevention 255

193 I don’t know Real-time Analysis for Pollution 
Prevention

177

120 Real-time Analysis for Pollution 
Prevention Design for Degradation 139

103 Design for Energy Efficiency Design for Energy Efficiency 117

92 Design for Degradation Reduce Derivatives 83

64 Reduce Derivatives I don’t know 45

47 Atom Economy Atom Economy 30

22 Catalysis Catalysis 22

Q: Oil-based "alkyd" paints emit high levels of volatile organic compounds (VOCs). As the name suggests, 
VOCs evaporate from drying paint and can produce many harmful health effects (ranging from eye irritation to 
liver damage to cancer). Sherwin-Williams won the 2011 Presidential Green Chemistry Challenge Award for the 
development of low-VOC, water-based paints that are made from recycled plastic bottles and soybean oil. 
This new paint formulation is an example of which green chemistry principle(s)?

Most 
common 

choice

Least 
common 

choice

Most 
common 

choice

Least 
common 

choice
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Chapter 5 Additional Results  
Chem 1AL students who chose method 1 did not have significantly different scores 
on the qualitative (t = -0.32, d.f. = 612, p = 0.74) or quantitative (t =0.23, d.f. = 612 p 
= 0.82) exam items compared to those that chose method 2. Quantitative exam items 
were defined as any item that required a mathematical calculation and required a 
numeric response. Qualitative items were defined as items that required a non-
numeric response (short answer, multiple choice, true-false, fill in the blank) and did 
not require any calculation to obtain the answer. 
 

Table A XVII. Exam scores for students who chose method 1 or method 2 for Chem 1AL and Chem 
3BL 

Course N Quantitative Exam 
Score (SD) 

Qualitative Exam 
Score (SD) 

    

1AL 614 86.5 (15.0) 79.9 (10.7) 

Method 1 (traditional) 22 87.3 (17.4) 79.2 (10.8) 

Method 2 (green) 592 86.5 (15.0) 79.9 (10.7) 

 
Student method choices were also analyzed for potential differential response 
choices by certain student characteristics (first generation status, gender, 
underrepresented minority (URM) status). There were no major differences in the 
percentage of students who chose method 1 compared to method 2 for both courses 
combined (similar patterns were seen for Chem 1AL and Chem 3BL separately as 
well).   
 
Table A XVIII. Demographic breakdown of students who chose method 1 versus method 2 for both 
courses (Chem 1AL and 3BL combined). Percentages represent row totals (i.e., of the total number of 
students who chose method x, what percentages of those were demographic y?) 

Method % First-generation 
students (N = 218) 

% Female students 
(N = 563) 

% URM students  
(N = 113) 

    

Method 1 (traditional) 28% (N = 18) 69% (N = 44) 17% (N = 11) 

Method 2 (green) 27% (N = 200) 69% (N = 519) 14% (N = 102) 

 
 
 




