
UC Riverside
UC Riverside Electronic Theses and Dissertations

Title
Aggregation Mechanisms and Morphology of Engineered Nanomaterials Bridging the Gap 
Between Academia and Society

Permalink
https://escholarship.org/uc/item/95r526q1

Author
Story, Stephen Drew

Publication Date
2018

Copyright Information
This work is made available under the terms of a Creative Commons Attribution-
NonCommercial-NoDerivatives License, availalbe at 
https://creativecommons.org/licenses/by-nc-nd/4.0/
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/95r526q1
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://escholarship.org
http://www.cdlib.org/


 

 
 

 
UNIVERSITY OF CALIFORNIA 

RIVERSIDE 
 
 

 
 

Aggregation Mechanisms and Morphology of Engineered Nanomaterials 
Bridging the Gap Between Academia and Society 

 
 

A Dissertation submitted in partial satisfaction  

of the requirements for the degree of 
 

Doctor of Philosophy 
 

in 

 
Chemical and Environmental Engineering 

 
by 
 

Stephen Drew Story 
 

June 2018 
 
 

 
 

 
 
 

 
 

 
 
Dissertation Committee:  

 Dr. Sharon L. Walker, Chairperson  
 Dr. Haizhou Liu 

 Dr. David Jassby 
 
 



 
 

 
 

 
 
 

 
 

 
 
 

 
 

 
 
 

 
 

 
 
 

 
 

 
 
 

 
 

 
 
 

 
 

 
 
 

 
 

 
 
 

 
Copyright by 

Stephen Drew Story 
2018



 

 
 
 

 
 

 
 
The Dissertation of Stephen Drew Story is approved: 

 
 

______________________________________________________________ 
 
 

______________________________________________________________ 
 

 
______________________________________________________________ 

Committee Chairperson 

 
 

University of California, Riverside 
 
  



iv 
 

Acknowledgements 

I would like to begin by thanking my committee members: Dr. David Jassby (Civil and 

Environmental Engineering, UCLA), and Dr. Haizhou Liu (Chemical and Environmenta l 

Engineering, UCR). I distinctly remember the period of time when I was deliberating on 

attending UCR. I was sitting in my car on my lunch break, it was pouring rain, and I could 

barely hear Dr. Jassby on the other end of the line. I had several logistical questions about 

the mechanics of selecting an Advancement to Candidacy Committee, the flexibility of 

taking additional courses, and wondering whether or not I was the only prospective student 

without an engineering degree. In his trademark, “no bullshit” manner, he told me that all 

I should worry about is finding an advisor that believed in me and that I could see myself 

working closely with for 5 years. That advice sealed my decision to attend UCR and has 

paid out handsomely every day since. I also appreciate the encouragement and resourceful 

information that Dr. Jassby and Dr. Liu provided throughout my tenure as a graduate 

student, notably during my attempts to find relevant research projects and my 

Advancement to Candidacy process. 

Many research collaborators are due my appreciation, some of whom are featured in this 

dissertation, while others are remembered. Dr. Linda Guiney, Dr. Nikhita Mansukhani, 

Mani Ramesh, and Dr. Mark Hersam made possible the 2D engineered nanomater ia l 

studies in Chapters 2 & 3 through our mutual participation in UC-CEIN. Thanks belong to 

Dr. Jeff Brinker and Dr. Wei Zhu for assistance with the cryo-TEM work in Chapter 3. Dr. 

Di Lin and Dr. Peng Cai allowed me to contribute to their work on TiO2 aggregation in 



v 
 

complex environments featured in Chapter 4, and theirs was the first peer-reviewed journal 

article published with my name on it. Daniel Harmon and Dr. Mary Gauvain were receptive 

to my idea of adding some analytical chemistry to their psychology study, and this turned 

out to be not only a fun endeavor but one that gained us some media attention. I appreciate 

the undergraduate assistants, Robin Riehn, Stephen Boggs, and Claudia Smith, who 

worked with me along the way and were invaluable to the research process. 

One of the most enjoyable aspects of graduate school was presenting at and attending 

conferences. In addition to seeing new parts of the world, it was mainly the community of 

scholars that I became part of that made it such an important part of this process for me. I 

may be leaving academia, but I hope to keep with me the connections and friendships I 

made in this community. Some that deserve special acknowledgement for their 

camaraderie and support include: Linda, Nikhi, Alyssa Deline, Ron Lankone, Dr. Mitra 

Majumdar, Dr. Louise Stevenson, Dr. Yemi Adeleye, Dr. Matt Chan, Dr. Illya Medina, Dr. 

Leanne Gilbertson, Dr. Amberlie Clutterbuck, Dr. Justin Smith, Dr. Eric Melby, Dr. 

Reginald Rogers, Dr. Geoffrey Bothun, and Dr. John Fortner.  

As my professional interests morphed during graduate school from wanting to be an 

academic to a career that weds science and policy, there were a handful of individuals who 

supported, encouraged, and made possible my transition. Erin Heath, Toby Smith, Melissa 

Varga, Sean Gallagher, Dr. Judah Grossman, Dr. Susan Hackwood, Doug Brown, Dr. 

Kevin Esterling, Dr. Ariel Dinar, Dr. Kurt Schwabe, Bruce Wilcox, Michael Cohen, Val 

Simon, Joaquin Esquivel, Dr. Nikki Kinsinger, and Kaitlin Chell each played a role in my 

attempts to break into this new realm of science and policy. 



vi 
 

During times of doubt and struggle, my labmates, personal friends, and family were always 

there to lend a hand or commiserate with me. Life in California was richer and much more 

fun because of Benjamin Sommerkorn, Dr. Ninad Kothari, Parisa Parsafar, Michael Wade, 

Dr. Travis Waller, Dr. Chen Chen, and Dr. Alicia Taylor. Dr. Jacob Lanphere in particular 

mentored me as a junior graduate student and has been a loyal advisor and ear to chew on 

for 5 years. 

Dr. Ian Marcus deserves immense gratitude as his guidance and mentorship during my last 

year have been innumerable, including his hands-on assistance compiling this dissertation 

and keeping me on track. 

The decision to embark upon this adventure of graduate school was one I made with a 

partner. Emily supported my dreams to earn my PhD in more ways than one and moved 

her entire life to Riverside with Izzy, Addy, and Penny in tow. Without her stability, 

encouragement, love, and belief in me, I would have been far less successful and far less 

happy. 

I did not expect that during graduate school I would find a friend that I hold as dear to me 

as I do Holly Mayton. Since attending our first conference together in 2015, we have been 

partners in crime. She has been the relentless accountability and emotional support system 

that many cannot get from their entire friend group, much less one friend. From Carbon 

Neutrality and Global Food Initiative Fellows, to CEE Mini-GSA Co-Presidents, to Co-

Editors of our Salton Sea blog, to Co-Consultants for CCST, to Co-Organizers of the 

Science to Policy Program, to Co-Conspirators of Dr. Walker’s surprise 40th birthday party, 



vii 
 

to National Parks travel partners, and AAAS Conference partners, we have made this 

journey together. I admire her fortitude and her commitment to solving problems that will 

improve the lives of others, and it is with great enthusiasm that I anticipate watching her 

be a powerful force for good in this world. I am a better person for having her in my life.  

And with my final acknowledgement, I would like to extend my most sincere gratitude and 

appreciation to my PhD advisor and mentor, Dr. Sharon Walker. Under any other advisor, 

this entire ordeal of graduate school would have been an exercise in futility. She has never 

wavered in her support of me, has always (though sometimes needed convincing) allowed 

me to try out new things and seek out unusual opportunities, and kept me focused on the 

end goal. I stopped counting how many times I had planned to talk to her in her office about 

quitting graduate school yet left with her energy and personal support having changed my 

mind. I admire her for so many things, namely her commitment to students and to junior 

colleagues, and for punching above her weight class and standing as a shining example of 

a successful woman in the hegemony that is academia. I owe her all of my success, and I 

hope I can make her proud going forward. 

  



viii 
 

Abstract of the Dissertation 

 

Aggregation Mechanisms and Morphology of Engineered Nanomaterials 

Bridging the Gap Between Academia and Society 
 

by 
 

Stephen Drew Story 

 
Doctor of Philosophy, Graduate Program in Chemical and Environmental Engineering 

University of California, Riverside, June 2018 

Dr. Sharon L. Walker, Chairperson 
 

 

The primary goals of this doctoral research were to investigate aqueous solution 

parameters that may affect the aggregation behavior of engineered nanomaterials (ENMs), 

increase the analytical capacity of the colloidal research community, and explore ways in which 

scientists and engineers can collaborate across disciplines in ways that make individual efforts 

more robust and more amenable to positive societal contributions. Studies with ENMs were 

conducted with materials ranging from established, widespread titanium dioxide, to unique, 

niche graphene oxide and molybdenum disulfide, to emerging, nascent few-layered black 

phosphorus. The effects of environmentally relevant parameters (i.e., pH, ionic strength, cation 

valence, extracellular polymeric substances, surfactants, and coagulant) on the electrokinetic 

properties, aggregation rates, and/or aggregation morphology of the ENMs were investigated.  

The following valuable insights were obtained from this dissertation research. The 2D 

black phosphorus ENMs investigated were found to be colloidally stable in environmenta l 

conditions. This insight could be used to further develop BP towards future biomedical and 

environmental applications. In addition, this investigation demonstrated the validity of using 
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traditional colloidal characterization techniques on non-spherical, two-dimensional ENMs. 

Results from this work could lead to further research into the stability of other 2D ENMs, 

improving the collective scientific knowledge, and leading to further, novel applications of 

these versatile ENMs. A further aim of this research was to identify effects of specific 

environmental parameters on titanium dioxide nanoparticles. The resultant information can be 

used to better predict the fate and transport of this common ENM in complex environments. 

The final objective of this doctoral research, to lessen the divide between the academic research 

community and policymakers, was achieved by applying technical expertise and scientific 

principles to two distinct challenges; the correlation of personality to drinking water 

preferences and the synthesis of best practices for state-level water data management. This 

dissertation provides critical understanding of fundamental aggregation behavior of various 

ENMs and demonstrates the value of extending the tools of the scientific enterprise across 

disciplinary boundaries and beyond the ivory tower of academia.  
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Chapter 1 

 

 

Introduction 
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1.1 Background and Motivation 

 

Nanotechnology and engineered nanomaterials (ENMs) have been the subject of a 

rapid rise in adoption within a plethora of applications, including but not limited to 

electronic devices (Wang, Kalantar-Zadeh et al. 2012; Zhang, Lu et al. 2014), agriculture 

(Abbas, Saleh et al. 2009), water treatment (Perreault, Fonseca de Faria et al. 2015), 

personal care products (Weir, Westerhoff et al. 2012; Keller, Vosti et al. 2014), foods 

(Waller, Chen et al. 2017), and medicinal uses (Nie 2010). The appeal of incorporating 

nanomaterials into products and processes that previously relied on micro- or macro-scale 

materials is often attributed to the unique physical and chemical properties that occur at the 

nano-scale, such as tunable volume : surface area ratio (DeRita, Dai et al. 2017), surface 

chemistry (Jiang, Biswas et al. 2016), and improved electrical and thermal conductivity 

(Balandin, Ghosh et al. 2008). With expanding usage of engineered nanomaterials comes 

an increase in the likelihood of intentional and unintentional release of engineered 

nanomaterials into natural (e.g., land, air, water) and engineered (e.g., landfil l) 

environments (Keller, McFerran et al. 2013). Millions of dollars have been invested 

globally in recent years to better understand potentially adverse impacts of engineered 

nanomaterials on ecosystems and organisms, with mixed results (Hendren, Lowry et al. ; 

Collin, Auffan et al. 2014). Indeed, there still exist unanswered questions regarding effects 

resulting from chronic environmental exposure to ENMs (Beaudrie, Satterfield et al. 2014). 

Thus, predicting the behavior and transport of engineered nanomaterials in various 

stages of their life cycle is imperative for improved product development, as well as 
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environmental monitoring and protection (Bilal, Liu et al. 2017; Lankone, Challis et al. 

2017). While many applications of ENMs incorporate the nanomaterials into solid phase 

aspects of devices, there are recent examples utilizing colloidal suspensions of ENMs 

(López-Quintela 2003; Deline, Young et al. 2018). Certainly, a significant portion of the 

environmental transport of ENMs will likely occur as colloidal suspensions (Qu, Alvarez 

et al. 2013). Thus, fundamental understanding of the fate and transport of ENMs is 

necessary for effective design and implementation of ENMs in the variety of current and 

future applications. While the study of colloidal theory has been practiced for decades 

(Beaudrie, Satterfield et al. 2014; Bilal, Liu et al. 2017; Lankone, Challis et al. 2017), 

contributing to breakthroughs in our understanding of small particles suspended in a fluid, 

the recent and rapid proliferation of nanotechnology has presented new challenges to this 

field. Specifically, the tools used to perform colloidal research were not originally designed 

to analyze the unique physiochemical properties and the various shapes of ENMs (Deline, 

Young et al. 2018).  

One particular unique, but increasingly popular, category of ENMs is that of the 2-

dimensional (2D) variety. Particles with an aspect ratio >10:1 are often described as 2D, 

given their physical shape that resembles flakes or discs. As with other popular ENMs, 2D 

ENMs provide unique and beneficial characteristics that lend to a myriad of applications, 

most notably their high carrier mobility, or ability to conduct electrons quickly and 

efficiently (Jiang, Biswas et al. 2016). But 2D ENMs continue to be explored for other 

functions as well, including in water treatment (Adeleye, Conway et al. 2016; DeRita, Dai 

et al. 2017) and biomedical applications (Balandin, Ghosh et al. 2008). Both of these use 
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cases are examples that rely on the ability to accurately predict and/or control the colloida l 

stability of the ENM suspension. A stable colloid suspension, referring to the condition in 

which individual particles act independently of each other, do not aggregate with other 

particles, or settle out of suspension, is important to maintain for many ENM applications 

that rely on the unique properties that exist at the small particle size. 

Few-layered black phosphorus (BP) is an example of a material that has unique 

characteristics at the nano-scale (Kou, Chen et al. 2015; Sofer, Bousa et al. 2016; Yi, Yu 

et al. 2017). This layered, “armchair” configuration, 2D allotrope of phosphorus, has a high 

carrier mobility, making it an appealing material for high performance electronic 

applications (Hanlon, Backes et al. 2015; Jain and McGaughey 2015).  

Figure  1.1  “Armchair” configuration crystal structure of blac k phosphorus (Jain 

and McGaughey 2015). 

Yet there are unattractive qualities of BP limiting its proliferation into the 

marketplace, notably its propensity to quickly degrade in ambient conditions (Zhang, 

Wan et al. 2018). Current work is exploring the surface passivation of BP or other 

protective measures to ensure property fidelity, but this environmental instability stands 

to be an asset for other applications such as biomedical devices (Wood, Wells et al. 2014; 

Ryder, Wood et al. 2016; Uk, Young et al. 2016). The susceptibility of BP to degrade in 

the presence of oxygen, water, and light, yielding phosphorus oxide species, lends itself 

to in vivo uses, as the typical challenges associated with stable nanomaterials are reduced, 

namely aggregation and bioaccumulation. Understanding and exploiting the colloidal 

stability and chemical degradation of BP is a critical knowledge gap that must be filled in 
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order to advance this promising material towards drug delivery, theranostics, and imaging 

applications. A portion of this dissertation aims to address this knowledge gap and 

provide a contribution to the field by quantifying the colloidal stability of BP as 

influenced by biologically relevant conditions such as pH and ionic strength.  

In addition to BP, other 2D ENMs are also experiencing notable increases in 

research and development such as graphene dioxide (GO) and molybdenum disulf ide 

(MoS2) (Chen, Feng et al. 2012; Stephenson, Li et al. 2014). Since some of the proposed 

uses for these and other 2D ENMs would be as colloidal suspensions, the ability to 

accurately characterize these materials is necessary for further research. Some colloida l 

characteristics commonly measured for more traditional, three dimensional (3D) ENMs 

include primary particle size, surface charge and surface charge density, thickness, 

aggregation rate, deposition and detachment rates in flow systems, aggregation 

morphology, and hydrophobicity. While the nature of the analytical instruments 

ascertaining some of these characteristics makes them easy to apply to 2D ENMs (e.g., 

hydrophobicity, size via electron microscopy), some of those that rely on light scattering 

and include assumptions about the spherical shape of the colloid have not yet been 

validated for use with non-spherical ENMs. Specifically, this work seeks to provide 

evidence for the use of static light scattering to characterize the aggregate morphology of 

colloidal suspensions of 2D ENMs.  

As mentioned previously, many if not all types of ENMs will ultimately culminate 

in natural or built environments (Keller, McFerran et al. 2013). Therefore, the study of 

interactions between common ENMs and environmental conditions they are likely to 



  

6 
 

experience provides better predictive power for the implications of ENM usage and 

disposal. One such common ENM that spans a vast array of application types is titanium 

dioxide (TiO2) (Weir, Westerhoff et al. 2012). This metal oxide is remarkably persistent in 

ambient, environmental conditions, and its many other useful qualities (e.g., photocatalyt ic 

properties, visual aesthetic properties) have made it fairly ubiquitous in the marketplace  

(Abbas, Saleh et al. 2009; Nakata and Fujishima 2012). Interactions of multiple TiO2 ENM 

formulations with various surfaces, chemical constituents, physical conditions, and 

biological constituents, pertaining to both natural and built environments, are all currently 

being explored in the research community (Petosa, Brennan et al. 2012; Lazareva and 

Keller 2014; Waller, Marcus et al. 2018). A goal of this dissertation is to elucidate 

components of the behavior of TiO2 ENMs in complex environments, notably interactions 

with extracellular polymeric substances (EPS) (i.e., bacterial secretions) and residual 

coagulant present in engineered water treatment systems. 

Broader implications of this doctoral research extend beyond the academic 

community and the engineering discipline. The incorporation of research products into 

public policy decisions and actions is a direct societal contribution, but applying scientific 

methodology and interdisciplinary expertise in an attempt to more comprehensive ly 

address policy issues is the ultimate goal. One such collaboration included a research 

project that attempted to characterize the relationship between human personality and 

drinking water preferences. This is important, since new water sources will be used in the 

future, such as treated wastewater and desalinated water, in order for the taste to be palpable 

for the general public. While psychologists were able to learn about the personality of the 
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participants, standard analytical chemistry techniques were employed to explain the 

differences in water constituents. Another example of applying common research methods 

to a larger policy relevant issue arose when recent legislation mandated that the California 

Department of Water Resources establish an open and transparent water data management 

system. A study was commissioned to identify the current needs and priorities of the users 

of such a system in the form of a synthesis of published and anecdotal evidence of best 

practices for water data management in the state of California. Thus, included in this 

dissertation is a comprehensive literature review that includes the data available and makes 

it accessible to all stakeholders. The interdisciplinary collaborations described in this 

dissertation are case studies in methodologies of bridging the gap between institutiona l 

science and the public. 

1.2 Aim and Scope 

 

 The cumulative goal of this work was to provide contributions to the field of 

environmental nanotechnology and beyond by filling knowledge gaps about a variety of 

ENMs, as well as providing relevant examples of the utility of scientific expertise and 

experience beyond a research environment. This work utilized traditional colloida l 

characterization techniques to elucidate the fate and transport properties of 2D ENMs.  

Specifically, investigating the stability and critical coagulation concentration (CCC) of 2D 

black phosphorous suspended in a range of pH conditions and simple salt solutions 

(Chapter 2). The aim of the following study was to validate the experimental application 

of static light scattering (SLS) for the measurement of aggregation morphology of 2D 
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ENMs by comparing the measured fractal dimension to the fractal dimension of the ENMs 

visualized through cryogenic transmission electron microscopy (Chapter 3). Subsequent 

studies applied the aforementioned SLS to determine the fractal dimension and CCC of 

two common TiO2 ENMs (food and industrial grade) in simulated drinking water treatment 

to determine removal strategies. Additionally, the interactions of industrial grade and food 

grade TiO2 ENMs were modeled with EPS to provide insight into potential transport 

behavior of TiO2 ENMs that may culminate in environments in which bacteria reside 

(Chapter 4). Finally, three examples of the utilization of the scientific method and topical 

expertise, as well as the value of interdisciplinary collaboration were explored and 

described with a goal of bridging the gap between the academic science enterprise and the 

general public.  

 The work presented herein was conducted in collaboration with the University of 

California Center for Environmental Implications of Nanotechnology (UC-CEIN) and the 

UC Riverside WaterSENSE IGERT program. Both of these are multi-disciplinary research 

communities, the former addressing the responsible and safe implementation of ENMs, the 

latter focusing on water sustainability. The aims and scope of this work were determined 

based upon the hypotheses and objectives presented in the subsequent section.  
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1.3 Hypotheses and Objectives 

 

The following objectives and respective hypotheses listed below were developed 

in order to achieve the overall goal of this doctoral research, and each objective is addressed 

in a corresponding chapter within the dissertation. 

Hypothesis 1: Few-layered black phosphorus, a 2D ENM, will exhibit similar colloidal 

stability behavior as spherical colloids, specifically, aggregation that is sensitive to ionic 

strength and pH. 

Objective 1: Perform fundamental characterization experiments with BP ENMs. 

This hypothesis was tested by examining BP suspensions that had been prepared 

with biocompatible surfactants, F68 and F38 (separately). These suspensions were tested 

for electrophoretic mobility, size, and aggregation rate as a function of pH, from pH 1 to 

10. The isoelectric point for BP was below pH 2 for each surfactant used. Furthermore, the 

surfactant stabilized BP suspensions were probed for their sensitivity to ionic strength, both 

with monovalent and divalent cations. The BP underwent significant aggregation at higher 

ionic strength due to the screening of the electric double layer, at > 30mM KCl and > 10 

mM CaCl2. The CCC for the BP in each surfactant was found to be ~20 mM CaCl2 and 

~250 mM KCl. This information will be useful for further development of BP in 

biomedical applications by specifying the limit of colloidal stability of BP synthesized by 

these two common surfactants. 

Hypothesis 2: Static light scattering will be able to resolve the change from reaction limited 

aggregation to diffusion limited aggregation in 2D ENMs. 
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Objective 2: Confirm the validity of the use of static light scattering to characterize the 

aggregate morphology of 2D ENMs. 

 An important descriptor of colloidal behavior, aggregate morphology (quantified 

by fractal dimension), is used to describe the packing density of an aggregate (Bushell, Yan 

et al. 2002). According to DLVO theory, as a colloidal suspension approaches its CCC, the 

fractal dimension is expected to decrease until the transition the diffusion limited 

aggregation regime (Hsu and Liu 1998). Successfully correlating measurements of fractal 

dimension determined by both SLS and cryo-TEM, as well as to measurements of 

attachment efficiency determined by TR-DLS, corroborates the use of SLS for measuring 

the aggregate morphology of 2D ENMs. In this objective, suspensions of GO and lithiated 

MoS2 were analyzed for fractal dimension as a function of ionic strength. The CCC 

(determined via attachment efficiency) of the GO was 31.6 mM KCl and that of Li-MoS2  

was 50 mM KCl. Plots of fractal dimension (SLS) vs ionic strength show a corresponding 

trend, with a decrease in Df until the DLA regime is reached. Values of Df for the GO 

suspension measured via SLS closely agreed with those values measured via cryo-TEM 

(1.97 at 10 mM KCl vs 1.96 at 20 mM KCl, and 1.66 at 100 mM KCl vs 1.67 at 200 mM 

KCl, respectively). Given the relative ease of use of light scattering instruments compared 

to electron microscopy, the confirmation of this hypothesis will be of benefit to the 

colloidal research community. 
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Hypothesis 3a: The aggregate morphology of food grade TiO2 will differ from that of 

industrial grade TiO2 in simulated environmental waters containing relevant a 

concentration of alum.  

 

Hypothesis 3b: DLVO theory and its variations can explain the empirical behavior of TiO2 

ENMs interacting with extracellular polymeric substances. 

 

Objective 3: Characterize colloidal behavior of TiO2 in complex environments. 

 

 Using time-resolved dynamic light scattering, the CCC of both food grade and 

industrial grade TiO2 was determined in simple, monovalent KCl with an order of 

magnitude difference in value (100 mM and 10 mM KCl, respectively). The presence of 

0.5 mg/L alum had little to no effect on the fractal dimension of aggregates of food grade 

and industrial grade TiO2 ENMs in artificial surface water and artificial ground water. 

 Derjaguin-Landau-Verwey-Overbeek (DLVO) simulations were performed to 

explain the interactions between TiO2 ENMs and EPS in suspension. Using empirica l 

electrokinetic properties and attachment efficiency findings, the DLVO simulations were 

able to model the interaction energies between these suspended constituents and propose 

an effective Hamaker constant for suspensions of this type. 

 

Objective 4: Apply scientific methodology and topical knowledge to interdisciplinary 

collaborations with impacts on public policy.  
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Objective 4.1: Quantify the concentration of various constituents in drinking water samples 

used to correlate taste preferences to personality. 

Commercially available drinking water often contains prescribed concentrations of 

chemical constituents in an attempt to improve taste. The correlation of taste perceptions 

to personality was incomplete without the standardization or consideration of the chemical 

makeup of the various water samples.  The concentration of common taste-affecting 

compounds (i.e., sodium, bicarbonate, etc.) were quantified via inductively coupled 

plasma-mass spectrometry and ion chromatography.  

Objective 4.2: Synthesize published and anecdotal recommendations for improved water 

data management by the California Department of Water Resources. 

 A review of recent and historical recommendations for the effective management 

of large volumes of data, particularly in the engineered and environmental water sector, 

was performed to provide guidance towards legislative compliance. The synthesis also 

included anecdotal interviews of professionals and experts with institutional knowledge of 

water data management at such a scale.  

1.4 Experimental Approach 

 

This PhD dissertation is comprised of 6 chapters including the Introduction 

(Chapter 1) and Conclusion (Chapter 6). Chapters 2 and 3 have been submitted for 

publication, Chapter 4.1 is currently in preparation, while 4.2 and 4.3 have been 
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published. Chapter 5.1 is published and 5.2 has been submitted. The publications 

resulting from this work are listed in the following section. 

 The various ENMs selected for use in this doctoral research were systematica l ly 

chosen based on the following criteria: relevance to future ENM applications, suitability 

for experimental conditions, accessibility to a consistent and reliable production source, 

and/or relative abundance in marketplace or environment. The BP ENMs as well as the GO 

and Li-MoS2 ENMs were acquired through a collaboration with Dr. Mark Hersam of 

Northwestern University, prepared by Dr. Linda Guiney, and facilitated through 

participation with the UC-CEIN.  

 This doctoral research included a systematic suite of characterization techniques 

to explore and test the aforementioned hypotheses (1.3). Comprehensive characterization 

of the ENMs used in this work included determining the electrokinetic properties (i.e., 

effective hydrodynamic diameter, electrophoretic mobility, aggregation rate, and fractal 

dimension) of the materials as a function of solution chemistry. Additional imaging 

analyses were conducted; including atomic force microscopy (AFM), cryogenic 

transmission electron microscopy (cryo-TEM), and scanning electron microscopy (SEM). 

The effects of biologically and environmentally relevant parameters (e.g., pH, ionic 

strength, biocompatible surfactants, and ion valence) on the electrokinetic properties of 

the BP ENMs were performed to provide critical understanding of the colloidal stability 

of this novel ENM (Chapter 2).  

 A validation of the use static light scattering for 2D ENMs was performed to 

further enhance the characterization capabilities of the colloidal field. Using relevant 
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carbonaceous (GO) and inorganic (Li-MoS2) 2D ENMs, a comparison of colloidal 

stability as determined by three analytical techniques (SLS, DLS, Cryo-TEM) was 

performed. Each of the three methods provide evidence to signify either the transition 

from the RLA regime to the DLA regime (SLS and DLS), or confirm the fractal 

dimension of the aggregate structures (SLS and Cryo-TEM) (Chapter 3).  

Static light scattering and TR-DLS were also used to determine the CCC of food 

grade and industrial grade TiO2 in KCl. Based on the measured differences in CCC for 

the particle types, the fractal dimensions of the ENMs was assessed by SLS in artificial 

surface water and artificial groundwater (Chapter 4.1).  

Theoretical attachment efficiencies of TiO2 ENMs in the presence of EPS were 

calculated using classic DLVO theory and empirical measures of zeta potential and particle 

size, and these theoretical values were fitted with experimental attachment efficiency 

values by using the Hamaker constant as the single fitting parameter (Chapter 4.2 and 4.3).  

Inductively coupled plasma-mass spectrometry and ion chromatography were 

used to measure the concentration of compounds in three drinking water samples before 

being correlated to differences in taste preference (Chapter 5.1).  

A comprehensive literature review and survey of expert witnesses were conducted 

for the synthesis of water data management recommendations to be reported to the 

California Department of Water Resources (Chapter 5.2). 
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1.5 Manuscripts Resulted from Research 

 

 Story, S.D., Guiney, L.M., Boggs, S., Hersam, M.C., Brinker, C.J., and Walker, 

S.L. “Aggregation Morphology of Planar Engineered Nanomaterials” (submitted 

to ACS Nano Letters). 

Story, S.D., Guiney, L.M., Hersam, M.C., and Walker, S.L. “Colloidal Stability 

of Few-Layered Black Phosphorus” (submitted to ACS Nano Letters). 

Chen, C. Story, S.D., Marcus, I.M., Walker, S.L. 2018 “Influence of Coagulant 

Residual on Filtration of Food Grade and Industrial Grade TiO2 in Water 

Treatment Systems” (In Preparation). 

Lin, D., Story, S.D., Walker, S.L., Huang, Q., Liang, W., and Cai, P. 2017 “Role 

of pH and Ionic Strength in the Aggregation of TiO2 Nanoparticles in the 

Presence of Extracellular Polymeric Substances from Bacillus subtilis” 

Environmental Pollution 228:35-42 DOI: 10.1016/j.envpol.2017.05.025. 

Harmon, D., Gauvain, M.G., Reisz, Z., Arthur, I., Story, S.D. 2017 “Preference 

for Tap, Bottled, and Recycled Water:  Relations to Taste Sensitivity and 

Personality” Journal of Appetite 121:119-128 DOI: 10.1016/j.appet.2017.10.040. 

Story, S.D., Mayton, H.M. 2017 “Towards Sustainable Water Data Management 

in California: Identifying Common Ground” (submitted to Water Policy). 

Lin, D., Story, S.D., Walker, S.L., Huang, Q., and Cai, P. 2016 “Influence of 

Extracellular Polymeric Substances on the Aggregation Kinetics of TiO2 

Nanoparticles” Water Research 104:381-388 DOI: 10.1016/j.watres.2016.08.044. 
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2 Abstract  

 

In this study, the colloidal stability of an emerging engineered nanomaterial (ENM), 

few-layered black phosphorus (BP) was investigated. The aggregation kinetics and 

stability of this non-spherical, “2-dimensional,” ENM were examined over a wide range of 

aquatic chemistry conditions (ionic strength, valence, pH) encompassing the range relevant 

to biological systems. Pursuant to the desired biocompatibility of the BP, the colloida l 

suspensions were synthesized with two biocompatible surfactants, F68 and F38. The 

effective diameter of the suspensions was not affected by pH in the range of 4 to 10, but 

did show an increase in size corresponding to electrical double layer compression below 

pH 4. The isoelectric point of BP-F68 was determined to be at pH 2, while that of BP-F38 

was determined to be less than pH 1. The critical coagulation concentration (CCC) values 

for BP-F68 were determined to be 20 mM MgCl2 and 300 mM KCl, and the CCC values 

for BP-F38 were found to be 20 mM MgCl2 and 250 mM KCl. The results of this study of 

colloidal stability of BP suggest that it can be sufficiently stabilized in biological systems 

and further development of applications for this material is warranted. 
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2.1 Introduction 

 

Black phosphorous (BP) is the most stable allotrope of phosphorus in its bulk form.(Ryder, 

Wood et al. 2016) This stability, along with the semiconducting nature and high carrier 

mobility of BP, has led to an extensive amount of research exploring BP’s potential in 

electronic applications.(Li, Yu et al. 2014; Liu, Du et al. 2015; Yi, Yu et al. 2017) However, 

the material undergoes chemical degradation in ambient conditions after being 

mechanically exfoliated to the few-layer limit.(Joshua, Gary et al. 2015) The main culprits 

effecting the chemical degradation of BP have been identified as light, oxygen, and water, 

though the specific influence of these factors on the degradation mechanism, as well as 

their influence of colloidal stability, are still being explored.(Ziletti, Carvalho et al. 2015; 

Abellán, Wild et al. 2017; Kuntz, Wells et al. 2017)  

The loss of desirable BP properties and thus device performance upon its rapid 

decomposition in ambient conditions has limited the proliferation of BP 

technologies.(Illarionov, Waltl et al. 2016; Kim, Lee et al. 2017) To prevent this 

degradation, a variety of surface passivation methods have been developed, includ ing 

physical encapsulation within a layer of aluminum oxide and chemical 

functionalization.(Wood, Wells et al. 2014; Ryder, Wood et al. 2016) While the use of BP 

for specific electronic applications is made possible with such passivation, BP could be 

developed for a broader range of applications with a better fundamental understanding of 

its chemical and colloidal stability. The propensity of BP to degrade in ambient conditions 
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could be exploited in biomedical applications, as it would biodegrade in vivo, thereby 

addressing challenges bioaccumulation of other stable nanomaterials. 

Thus, recent research has focused on leveraging the properties of BP for uses such as 

theranostics, imaging, and sensing.(Uk, Young et al. 2016), (Lv, Yang et al. 2016; 

Munkhbayar, Munkhjargal et al. 2016; Kang, Sangwan et al. 2017) The planar nature of 

the BP nanosheets yields a high surface area to be functionalized for drug 

delivery.(Wansong, Jiang et al. 2017), (Wei, Xianbing et al. 2017; Yin, Hu et al. 2017) Yet, 

the development of BP nanosheets for use in biomedical applications is still nascent, and 

there are fundamental questions yet to be answered. Specifically, the effect of 

environmental factors on the chemical and colloidal stability of BP nanosheets for 

biological applications needs to be considered. Aqueous dispersions of exfoliated BP 

nanosheets can be produced via liquid phase exfoliation of bulk BP crystals.8a, 11 Previous 

studies have evaluated the degradation chemistry, degradation products, and degradation 

kinetics of liquid phase exfoliated BP suspended in water.(Zhang, Wan et al. 2018)  

For this study, biocompatible surfactants Pluronic F68 and F38 were selected to stabilize 

the BP dispersions because they have previously been used to effectively disperse other 

2D nanomaterials.(Zhu, Kang et al. 2015; Mansukhani, M. et al. 2016) The surfactants are 

triblock copolymers consisting of a central chain of polypropylene oxide flanked by two 

chains of polyethylene oxide. The F68 and F38 have the same ratio of polypropylene oxide 

: polyethylene oxide, but different chain lengths. In addition, this study investigated the 

role of biologically relevant environmental factors, such as ionic strength and pH, on the 

colloidal stability of BP nanosheets. This fundamental study on the colloidal behavior of 
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BP nanosheets seeks to provide increased understanding of the stability of BP nanosheets 

in ambient and environmentally relevant conditions, which has implications for the future 

application of BP nanosheets in biological and biomedical systems.  
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2.2 Materials and Methods 

 

2.2.1 Synthesis of Black Phosphorus  

 

Liquid Phase Exfoliation of BP: Black phosphorus (BP) bulk crystal was purchased 

from Smart Elements and stored in a dark N2 glovebox. Dissolved oxygen was removed 

from deionized water (DI-water, 18 MΩ) by bubbling with ultrahigh purity (UHP) Ar gas 

for 30 minutes. For surfactant assisted exfoliation, Pluronic F68 and F38 (F68, F38, Sigma 

Aldrich) were dissolved in DI-water at a 2% w v-1 loading. The solutions were then 

deoxygenated similarly using UHP Ar gas for 30 minutes. In an Ar atmosphere, BP crystal 

was transferred into the deoxygenated solution at an approximate loading of 1 mg mL-1. 

The vessel was then sealed and sonicated using a probe sonicator (Fisher Scientific model 

500 sonic dismembrator) for 1 hour at 65 Watts while being cooled on an ice bath. 

Following sonication, unexfoliated material was sedimented by centrifugation at 5,000 rpm 

for 10 minutes (Beckman Coulter Avanti J-26 XP). In an Ar atmosphere, the supernatant 

was aliquoted into vials and sealed until further characterization.  

2.2.2 BP Characterization 

 

The physical dimensions of the bare BP were determined using scanning electron 

microscopy, following a procedure previously reported. Briefly, BP solutions were 

dropcasted onto clean SiO2 substrates at 80 °C and allowed to evaporate before being used 

to collect scanning electron microscopy (SEM) images using a Hitachi SU8030.  

Electrokinetic and hydrodynamic properties of BP were explored while suspended in 

monovalent KCl and divalent MgCl2, across a range of ionic strength (IS) values from 0.1 
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mM to 100 mM. Hydrodynamic diameter (Dh) and electrophoretic mobility (EPM) of the 

surfactant-stabilized BP suspensions were measured with a ZetaPALS analyzer 

(Brookhaven Instruments, Holtville, NY), using well-established techniques (Chowdhury, 

Duch et al. 2013). Briefly, the ZetaPALS utilizes a monochromatic coherent He-Ne laser 

with a fixed wavelength of 633 nm. The intensity averaged (Z-average) hydrodynamic 

diameter (Dh) was calculated from measured diffusivities using the Stokes−Einste in 

equation (Elimelech 1995). Zeta potentials (ζ-potential) of the suspensions were also 

determined using the ZetaPALS instrument which employs phase analysis light scattering 

(PALS) to measure the electrophoretic mobility of charged particles (Bouchard, Ma et al. 

2009). The Smoluchowski equation was used to calculate ζ-potential from electrophoret ic 

mobility (EPM) (von Smoluchowski 1918). Isoelectric points of the BP suspensions were 

determined by measuring electrokinetic properties over a pH range from 1 to 10, using 10 

mM HCl or 10 mM NaOH as titrants. In this study, error bars indicate one standard 

deviation of at least three replicates. 

2.2.3 BP Aggregation Kinetics 

 

Time-resolved dynamic light scattering (TR-DLS) was employed to measure the 

change in BP Dh as a function of IS and ion valence. This method was adapted from Chen 

and Elimelech (Chen and Elimelech 2006). All aggregation experiments used 10 mg/L of 

BP, as this concentration produced a strong signal in the DLS. Aliquots of stock solutions 

of BP and electrolyte solutions were added to 3 mL DLS borosilicate cuvettes (VWR, 

Radnor, PA), which were then capped, to produce the 10 mg/L BP with the appropriate 

ionic strength. After 3 gentle inversions, the cuvette was placed in the DLS instrument. 
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Automated measurements were taken by allowing the autocorrelation function to 

accumulate for 15 s with the intensity of the scattered light being measured at 90°. 

Each TR-DLS experiment lasted 30 min in order to identify the initial aggregation 

rate of the BP suspensions (i.e., enough time for the Dh of a given suspension to reach 

1.50Dh,initial.) The initial aggregation rate constants (ka) are proportional to the init ia l 

change in Dh with respect to time: 

𝑘𝑎 ∝ 
1

𝑁0
(

𝑑𝐷ℎ(𝑡)

𝑑𝑡
)

𝑡→0
    (1) 

where N0 is the initial particle concentration.  

Because BP concentration was held constant across all measurements, eq 1 is 

simplified such that ka is proportional to the change in Dh over the change in time, or the 

slope of the aggregation profile. Colloidal aggregation kinetics are quantified by particle 

attachment efficiency, α. This is defined as the initial aggregation rate constant (ka) of a 

given experimental condition normalized by the initial aggregation rate constant measured 

under diffusion- limited (fast) conditions (Chen and Elimelech 2006).  

𝛼 =  
1

𝑊
=  

𝑘𝑎

𝑘𝑎,𝑓𝑎𝑠𝑡
=  

1

𝑁0
(

𝑑𝐷ℎ(𝑡)

𝑑𝑡
)

𝑡→0
1

𝑁0,𝑓𝑎𝑠𝑡
(

𝑑𝐷ℎ(𝑡)

𝑑𝑡
)

𝑡→0,𝑓𝑎𝑠𝑡

  

 (2) 

Hence, α is calculated by normalizing the slope of each 30 min measurement by the 

initial slope of diffusion- limited conditions. Plotting α against ionic strength typically 
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produces a positively correlated curve until a plateau is reached where α is no longer 

affected by increasing IS. Ionic strength conditions below this plateau of α are considered 

to be in the reaction-limited aggregation regime, whereas ionic strength conditions that 

coincide with the plateau of α are considered to be in the diffusion- limited aggregation 

regime. Extrapolating lines through these separate regimes yields an intersection, and this 

point is commonly referred to as the critical coagulation concentration (CCC) of the 

suspension. 

 

2.3 Results and Discussion 

 

2.3.1 Structure of Black Phosphorus 

SEM images (Figure 2.1) show the layered nature of the BP particles, as well as the 

lateral size (>500 nm) and relative thickness (<50 nm), clearly indicating the 2-dimensiona l 

nature of the material. It is well documented that there is often a difference in particle size 

as measured by electron microscopy and light scattering methods (i.e., dynamic light 

scattering). For the purposes of this study, the resultant trends as impacted by 

environmentally relevant solution conditions are of greater interest than the absolute value 

of particle size.  
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Figure  2.1 .  Representative SEM images of BP -F68 showing relative lateral 
dimensions and thickness.  

2.3.2 Electrokinetic and Hydrodynamic Properties of Black Phosphorus 

 

2.3.2.1 Influence of pH 

Electrophoretic mobility (EPM) measurements were converted to zeta potential (ZP) for 

ease of interpretation and are shown in Figure 2.2. These results indicated that the charge 

of BP-F68 was negative at pH levels greater than 2, reached an isoelectric point around pH 

2, and was positive at pH 1. A proportional trend of increasing ZP from pH 10 to pH 1 

occurred, ranging from (-41.78  ± 2.05 mV) to (3.71 ± 1.19 mV), respectively. Other planar 

ENMs stabilized with triblock copolymer surfactants, such graphene oxide and 
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molybdenum disulfide, have exhibited similar trends and values as a function of pH 

(Lanphere, Luth et al. 2013).  

Figure  2.2 .  Zeta potential (ZP) of BP -F68 as influenced by pH (1 to 10). BP -F68 

was prepared at 10 mg/L in DI water. ZP values were calculated from 

electrophoretic mobility measurements using the Smoluchowski equation. Error 
bars represent the standard error of triplicate measurements.  

The ZP measurements for BP-F38 are shown in Figure 2.3, and indicate similar 

results as those for the BP-F68. The sole notable difference found between the EPM of BP-

F38 and BP-F68 as a function of pH is the isoelectric point. While the isoelectric point of 

BP-F68 occurred near pH 2, the IEP of BP-F38 was reached at approximately pH 1. 

The effective diameter of BP-F68 as a function of pH is depicted in Figure 2.4. The 

sensitivity of the effective diameter to pH is low between values of 4 to 10, remaining fairly 

constant at ~ 210 nm. Below pH 4, approaching the isolectric point, an increase in effective 

diameter occurs, reaching a maximum of ~ 467 nm at pH 2. At pH 1, where the ZP of the 

colloids increased from that of pH 2, the effective diameter is smaller (~ 365 nm) than at 
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pH 2. This increase in effective diameter below pH 4 is attributed to a reduction in 

electrostatic repulsive forces between BP-F68, as predicted by colloidal theory.  

Figure  2.3 .  Zeta potential (ZP) of BP -F38 as influenced by pH (0.5 to 10). BP -F38 

was prepared at 10 mg/L in DI water. ZP values were calculated from 

electrophoretic mobility measurements using the Smoluchows ki equation. Error 

bars represent the standard error of triplicate measurements.  

Figure  2.4 . Effective diameter of BP -F68 as a function of pH (1 to 10). BP-F68 

was prepared at 10 mg/L in DI water. Error bars represent the standard error of 

triplicate measurements.  
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The effective diameter of BP-F38 as a function of pH is shown in Figure 2.5. Between pH 

4 and pH 10, the effective diameter remained relatively constant at ~ 205 nm. A gradual 

increase in effective diameter is shown as pH decreases from 4, reaching a relative 

maximum of ~ 263 nm at pH 1, having never reached the IEP for BP-F38 which is below 

pH 1. 

Figure  2.5 . Effective diameter of BP -F38 as a function of pH (1 to 10). BP-F38 

was prepared at 10 mg/L in DI water. Error bars represent the stand ard error of 
triplicate measurements.  

The range of pH usually observed in the vasculature of the human body or in the 

aquatic environment is from 5 to 9 (Rosenthal 1948; Caldeira and Wickett 2003). Since we 

did not observe notable changes in hydrodynamic properties of BP-F68 or BP-F38 over 

this range, and EPM remained relatively negative while fluctuating < 25%, it is quite likely 

that pH will have minor effects on the colloidal stability, and in turn the environmental fate 
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and transport, of BP-F68 and BP-F38. Thus, we investigated the aggregation kinetics and 

stability of both BP-F68 and BP-F38 at an unadjusted pH of 5.5 ± 0.2 in this study. 

 

2.3.2.2 Influence of ionic strength and valence 

 

Figures 2.6 and 2.7 display the electrokinetic and hydrodynamic properties of BP-

F68 as a function of ionic strength and cation valence (KCl and MgCl2). With no salt added 

to the deionized water, at an unadjusted pH of 5.5 ± 0.2, the BP-F68 was highly negative ly 

charged (-34.79 ± 1.3 mV), which produced highly stable aqueous dispersions of the BP. 

Upon increasing the concentration of KCl, the EPM became less negative, ranging from 

−34.56 ± 5.25 mV at 0.1 mM to −6.71 ± 0.83 at 100 mM. The EPM did not increase beyond 

-10 mV until the KCl concentration reached 31.6mM. As a result, the effective diameter of 

the BP-F68 remained relatively constant at ~ 285 nm until beyond this ionic strength of 

31.6 mM KCl, where the effective diameter approached 400 nm.  
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Figure  2.6 . Zeta potential (ZP) evaluated as a function of ionic strength. Red 

symbols represent KCl and green symbols represent MgCl2 .  BP-F68 was prepared at 

10 mg/L in DI water at an unadjusted pH of 5.4. ZP values were calculated from 

electrophoretic  mobility measurements using the Smoluchowski equation. Error 
bars represent the standard error of triplicate measurements.  

 

Figure  2.7 . Size of BP-F68 evaluated as a function of ionic strength. Red symbols 

represent KCl and green symbols represent MgCl2 .  BP-F68 was prepared at 10 

mg/L in DI water at an unadjusted pH of 5.4. Error bars represent the standard error 
of triplicate measurements.  

 

When the salt used to increase ionic strength was MgCl2 (a divalent cation), the 

change in effective diameter of BP-F68 was measurable at 1 mM, corresponding to a ZP 

of -17.93 ± 0.43 mV. As the concentration of MgCl2 approached 100 mM, the EPM of BP-

F68 approached 0. This led to an effective diameter of ~ 430 nm at 100 mM MgCl2. These 

results indicate compression of the electrical double layer via charge screening, as 

predicted by classical colloidal theory (Verwey 1947).  
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Similarly, Figures 2.8 and 2.9 likewise display the electrokinetic and hydrodynamic 

properties of BP-F38 as a function of ionic strength and cation valence with the same salts 

as those used in the Figures 2.6 and 2.7. Identical trends can be seen for the relationship of 

EPM and ionic strength between the BP-F38 and the BP-F68, as well as the sensitivity to 

cation valence. The results demonstrated in Figure 2.9 display a delay in the growth of the 

effective diameter of the BP-F38 as a function of ionic strength (MgCl2), with no 

significant difference in size until 10 mM (as opposed to this separation occurring at 1 mM 

for the BP-F68). 

Figure  2.8 . Zeta potential (ZP) of BP -F68 evaluated as a function of ionic 

strength. Red symbols represent KCl and green symbols represent MgCl 2 .  BP-F68 

was prepared at 10 mg/L in DI water at an unadjusted pH of 5.4. ZP values were 

calculated from electrophoretic mobility measurements using the Smoluchowski 
equation. Error bars represent the standard error of triplicate measurements.  
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Figure  2.9 . Size of BP-F38 evaluated as a function of ionic strength. Red symbols 

represent KCl and green symbols represent MgCl2 .  BP-F38 was prepared at 10 

mg/L in DI water at an unadjusted pH of 5.4. Error bars represent the standard error 

of triplicate measurements.  
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2.3.3 Aggregation Kinetics of Black Phosphorus 

 

Attachment efficiencies for BP-F68 and BP-F38 as a function of ionic strength in 

both KCl and MgCl2 were determined and the critical coagulation concentration (CCC) for 

each suspension was also established. 

Figure 2.10 displays a representative example of results obtained via the TR-DLS 

procedure, specifically showing the change in Dh over time for various ionic strengths 

(KCl).  
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Figure  2.10 . Aggregation profiles of BP -F38 from 0 to 30 min as a function of 

ionic strength. All concentrations are in mM KCl. BP -F38 was prepared at 10 mg/L 
in DI water at an unadjusted pH of 5.4.   

The attachment efficiency (α) for BP-F68 as a function of salt concentration and 

cation valence, produced from the TR-DLS data, is shown in Figure 2.11. Below a 

concentration of 31.6 mM KCl, BP-F68 exhibited no aggregation within 30 minutes. This 

suggests that BP-F68 is extremely stable in these conditions. A slow, reaction limited 

aggregation (RLA) regime is distinguished from a rapid, diffusion limited aggregation 

(DLA) regime in Figure #. This suggests that BP-F68 aggregation occurs in agreement 

with Derjaguin-Landau-Verwey-Overbeek (DLVO) theory. In the RLA regime, α 

increased from ~ 0.01 at 20 mM KCl to ~ 1.0 at 300 mM KCl. Beyond 300 mM KCl, no 

substantial increase in α is observed, indicating full compression of the electrostatic 

repulsion between particles. Thus, the CCC for BP-F68 in DI water with an unadjusted pH 

of 5.5 ± 0.2 is ~ 300 mM KCl.  
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Figure  2.11 .  Attachment efficiency of BP -F68 as a function of ionic strength 
(KCl). BP -F68 was prepared at 10 mg/L in DI water.  

Figure 2.12 displays α values as a function of MgCl2 concentration, showing an 

RLA regime for BP-F68 from 1 mM to 20 mM MgCl2, and a DLA regime beyond 20 mM 

MgCl2. Direct comparisons of these CCC values is not possible, given our study is the first 

to report the CCC of BP.  
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Figure  2.12 .  Attachment efficiency of BP -F68 as a function of ionic strength 
(MgCl2 ).  BP-F68 was prepared at 10 mg/L in DI water.  

The shorter-chain Pluronic surfactant, F38, did not produce drastic differences in 

aggregation kinetic behavior of BP. Figure 2.13 shows that in KCl, the RLA regime exists 

at concentrations less than ~ 200 mM, and Figure 2.14 shows that in MgCl2, the RLA 

regime exists at concentrations below 20 mM.  
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Figure  2.13 .  Attachment efficiency of BP -F38 as a function of ionic strength 
(KCl). BP -F38 was prepared at 10 mg/L in DI water.  

 

Figure  2.14 .  Attachment efficiency of BP -F38 as a function of ionic  strength 

(MgCl2 ).  BP-F38 was prepared at 10 mg/L in DI water . 

These results demonstrate predictable colloidal behavior of BP, irrespective of the 

two Pluronic surfactants used, in accordance with DLVO theory. As additional BP 
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applications are conceptualized in the future, this information will guide the development 

of particle suspensions that can be stabilized or destabilized with a greater level of 

certainty. It was also shown that the colloidal stability will be preserved in environmenta l ly 

relevant pH conditions, further rendering BP a promising ENM for biomedical and 

environmental applications.  
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3 Abstract  

In this investigation, a systematic evaluation was performed to study the feasibility of using 

a static light scattering (SLS) technique to characterize aggregate morphology of two-

dimensional engineered nanomaterials (2D ENMs). Aggregation of graphene oxide (GO) 

and lithiated-molybdenum disulfide (Li-MoS2) were studied and compared to that of a 

spherical reference colloid, carboxylate-modified latex (CML) nanoparticles. The critical 

coagulation concentration (CCC) for all dispersions was determined via analysis of 

aggregation kinetics using time-resolved dynamic light scattering. This technique allowed 

for the elucidation of the transition from the reaction-limited aggregation (RLA) regime to 

diffusion- limited aggregation (DLA). The findings of this study support the aggregation 

trends predicted by Derjaguin-Landau-Verwey-Overbeek (DLVO) theory and recent 

computer simulations of aggregation kinetics. For all nanomaterials, as ionic strength 

approached the CCC, fractal dimension decreased; any increase in ionic strength beyond 

the CCC did not yield significant change in fractal dimension. Across comparable primary 

particle sizes and using both carbonaceous (GO) and inorganic (Li-MoS2) 2D ENMs, this 

study supports the use of SLS for the measurement of fractal dimension for 2D materials. 

To further support this claim, the aggregate morphology of GO in both RLA and DLA 

regimes was measured via cryogenic transmission electron microscopy (cryo-TEM).  
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3.1 Introduction  

The rapid increase in the use of planar, or 2-dimensional (2-D), engineered 

nanomaterials (ENMs) for a variety of applications has given rise to the question of whether 

techniques traditionally used for characterizing environmental fate and transport of 

colloids, such as light scattering methods, can be applied to 2-D ENMs (Levard, Hotze et 

al. 2012; Lopez-Sanchez, Lembke et al. 2013; Liu, Feng et al. 2014; Gupta, Sakthivel et 

al. 2015). While most light scattering methods assume spherical geometry in their design 

and interpretation of measurements, this study hypothesizes that light scattering 

techniques, specifically static light scattering (SLS), can be effectively used for colloida l 

characterization of 2-D nanomaterials (Domingos, Baalousha et al. 2009). The current 

alternative to traditional methods such as SLS and dynamic light scattering (DLS) is the 

use of direct visualization techniques, such as transmission electron microscopy (TEM) 

and cryogenic-TEM. The limitations of these visualization techniques are well documented 

(sample matrix constraints, limited access to equipment, statistical power, and cost), such 

that the use of more common light scattering methods would facilitate increased 

productivity in the environmental nanotechnology community (Mahl, Diendorf et al. 

2011).  

Two prominent 2-D ENMs (graphene oxide (GO) and lithiated-molybdenum disulfide 

(Li-MoS2)), as well as a commonly studied spherical model ENM, carboxylate-modif ied 

latex (CML) were chosen for this investigation to evaluate the feasibility of using SLS to 

elucidate aggregate morphology of a colloidal suspension. GO production and usage has 

continually increased in a wide variety of consumer and industrial products (Geim and 
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Novoselov 2007; Brumfiel 2009). MoS2 has likewise grown in popularity for its benefic ia l 

characteristics (Liu, Feng et al. 2014; Stephenson, Li et al. 2014). While the environmenta l 

fate and transport characteristics of these materials have been previously assessed, this 

study is the first to systematically evaluate the utility of traditional colloida l 

characterization methods for 2D ENMs (Lanphere, Luth et al. 2013; Lanphere, Brandon et 

al. 2014; Lanphere, J. et al. 2015). The results of this work provide insight into whether a 

common light scattering method could to be applied to study the environmental behavior 

of increasingly common planar materials. 

3.2 Materials and Methods  

 

3.2.1 Engineered Nanomaterials 

The carboxylate-modified latex (CML) nanoparticles used in this study (4% w/v, 

0.4 μm) were purchased from Life Technologies (Grand Island, NY.) Particle suspensions 

were made by diluting a stock solution of 4.1g/mL with deionized water to a concentration 

of 10 mg/L. This sample concentration was used for all CML particle characteriza t ion 

assays. 

The graphene oxide (GO) and lithiated molybdenum disulfide (Li-MoS2) synthesis 

methods have been reported previously (Duch, Budinger et al. 2011; Mansukhani, M. et 

al. 2016). Briefly, lithiated MoS2 was prepared by combining 300 mg of bulk MoS2 powder 

(American Elements) and 3 mL of butyllithium in a vial, followed by vigorous stirring for 

48 hours in an argon environment. The slurry was filtered and rinsed extensively with 

hexane. The MoS2 was then dispersed in 500 mL of deionized water, followed by bath 

sonication for 30 minutes. The unexfoliated material was separated using a centrifuga tion 
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step. The top 80% of the supernatant was decanted and dialyzed against deionized water 

for 7 days to eliminate any residual lithium or hexane. GO was prepared using a modified 

Hummers’ method starting from graphite flakes (3061 grade material from Asbury 

Graphite Mills). Following oxidation, the GO was rinsed extensively using filtration and 

centrifugation. The GO was then dispersed in deionized water by horn sonication using a 

Fisher Scientific Model 500 Sonic Dismembrator with a ½” tip for one hour at 55 Watts. 

Any unexfoliated material was removed by a centrifugation step. The top 80% of the 

supernatant was decanted and reserved for these studies.  

 

3.2.2 General Characterization of Nanomaterials 

 

3.2.2.1 Electrokinetic properties and aggregation rate of nanomaterials 

A ZetaPALS analyzer (Brookhaven Instruments, Holtville, NY) was used to measure the 

electrophoretic mobility (EPM) of the nanomaterials. EPM was converted to zeta potential 

for ease of interpretation via the Smoluchowski equation (von Smoluchowski 1918). The 

effective diameter was measured with dynamic light scattering (Brookhaven NanoBrook 

OMNI, Holtville, NY) in which measurements were taken at a scattering angle of 90º and 

a wavelength of 661 nm. It has been previously documented that even for 3D ENMs there 

is often a discrepancy in the size values obtained via light scattering and via electron 

microscopy (Levard, Hotze et al. 2012). For the purposes of this work, the ability of the 

light scattering technique to resolve trends in size changes is adequate. The influence of 

ionic strength (IS) on the CML, GO, and Li-MoS2 nanomaterials was determined by 

measuring the electrophoretic mobility (EPM) and effective hydrodynamic diameter across 



  

51 
 

an environmentally relevant IS range of 1.0-100 mM KCl. All electrokinetic and size 

measurements were taken at room temperature (23±1°C) and conducted in triplicate. 

 

3.2.2.2 Aggregate morphology of nanomaterials 

The fractal dimensions (FD) of the CML, GO, and Li-MoS2 nanomaterials as a 

function of IS (1.0-100 mM KCl) were measured using a multi-angle static light scattering 

instrument (BI-200SM, Brookhaven Instruments, Holtsville, NY) at a wavelength of 633 

nm across a scattering angle of 12-45° using 10 logarithmically-spaced increments of the 

scattering vector. Triplicate measurements were taken at 23±1°C using borosilicate glass 

cuvettes. The FD values were obtained from the scattering intensities using the Rayleigh-

Gans-Debye (RGD) theory and previously described methods (Lin, Lindsay et al. 1989; 

Jassby, Farner Budarz et al. 2012) 

     𝐼(𝑞) ∝ 𝑞−𝐹𝐷       

 (1) 

    𝑞 =
4𝜋

λ
sin

𝜃

2
      

 (2) 

where I (q) is the scattering intensity as a function of the scattering wave vector, q is the 

scattering wave vector, FD is the fractal dimension, λ is the wavelength of incident light, 

and Ѳ is the scattering angle.  The fractal dimensions (FD) of the nanomaterial aggregates 

were obtained from the slope of the line, where the inverse of intensity of the light scattered 

(log (I)) was plotted against the scattering vector (log (q)). A non-integer FD value from 
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1-3 suggests that the aggregating particles may be fractal, with the lower FD values 

correlating with a lower packing density (Chowdhury, Walker et al. 2013). A lower FD 

value typically is a result of fast aggregation occurring amongst similar particles, with the 

upper spectrum correlating with a maximum density of the aggregate structure as a result 

from slower aggregation processes (Jassby, Farner Budarz et al. 2012; Brinker and Scherer 

2013). 

3.2.2.3 Cryogenic Transmission Electron Microscope images of nanomaterials 

Cryogenic Transmission Electron Microscopy (cryo-TEM) images were collected of 

ENMs on “C-flat” holey carbon films with a mesh size of 200 (Electron Microscopy 

Services, Hatfield, PA). Before cryo-TEM sample preparation, the EM grids were treated 

by UV/ozone for two minutes to make the grid surface more hydrophilic. For cryo-TEM 

sample preparation, Vitrobot (FEI, Hillsboro, OR) was used according to manufacture r’s 

standard procedures. Briefly, the process parameters in this case were set as: blot time, 4.0 

s; wait time, 0 s; and drain time, 0.5 s. To obtain the cryo-TEM images, JEOL 2010 EX 

HREM (JEOL, Peabody, MA) was operated with a 200 keV accelerating voltage. 

 

3.3 Results and Discussion 

 

3.3.1 Effects of Ionic Strength on Colloidal Stability of Engineered Nanomaterials  

A spherical nanomaterial was chosen to serve as a reference by which to compare 

and contrast the 2D engineered nanomaterials used in this study. Previous studies have 

examined the stability of similarly synthesized CML NPs as a function of pH and ionic 

strength (Chen, Waller et al. 2017). These stability characteristics, specifically sensitivity 
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of zeta potential and aggregation rate to ionic strength, were verified in this study and used 

to inform the analysis of the aggregate morphology of CML NP suspensions. 

Consistent with previous findings, Figure 1a demonstrates that the CML NPs 

exhibited a predictable increase in zeta potential over a 5-log increase in ionic strength 

(KCl) at an unadjusted pH of 5.4 ± 0.2, ranging from -68 mV at 1 mM KCl to -18 mV at 

100 mM KCl (Chen, Waller et al. 2017).  

 

Figure  3.1 .  Zeta potential evaluated as a function of ionic strength for CML  (a), 

GO (b), and Li-MoS2  (c) ENMs. Concentration of nanomaterials was maintained at 

10 mg/L at an unadjusted pH ~5.4 ± 0.2. Error bars indicate one standard deviation 

of triplicate measurements.  

Time-resolved dynamic light scattering (TR-DLS) was used to calculate the 

aggregation rate of the CML NPs, as determined by the slope of the line when plotting 

effective diameter as a function of time, as done previously (Chen and Elimelech 2006; 

Stankus, Lohse et al. 2011; Nason, McDowell et al. 2012). Significant aggregation over a 

one-hour measurement period occurred beginning at 64.9 mM KCl and reached a 

maximum aggregation rate beyond 100 mM KCl, as shown in Figure 2a.  
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Figure  3.2 .  CML (a), GO (b), and Li-MoS2  (c) ENMs evaluated as a function of 

ionic strength and time for effective diameter and aggregation rate. Particle 
concentration was maintained at 10 mg/L at an unadjusted pH ~5.4  ± 0.2. 

All aggregation rates were then divided by the maximum rate to determine the 

overall attachment efficiency, alpha (α). These calculated alpha values were then plotted 

against their respective ionic strengths, yielding a curve that increases steadily before 

reaching a plateau. The ionic strength at which the increasing portion of the curve intersects 

the horizontal plateau represents the critical coagulation concentration (CCC) and denotes 

a transition from the reaction-limited aggregation (RLA) to the diffusion-limited 

aggregation (DLA) regime. For the CML NPs, the CCC was found to be 100 mM KCl, as 

indicated in Figure 3a. 
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Figure  3.3 .  Attachment efficiency evaluated as a function of ionic strength for 
CML (a), GO (b), and Li-MoS2  (c) ENMs. 

Identical techniques were used to evaluate the stability of the 2D GO and Li-MoS2  

ENMs. While not as sensitive to changes in ionic strength as the CML NPs, both GO and 

Li-MoS2 showed an values of zeta potential approaching neutrality with greater ionic 

strength due to a reduction in Debye length. At 1 mM KCl, the zeta potentials of GO and 

Li-MoS2 were -20 mV and -25 mV, respectively, increasing to -10 mV and -5 mV at 100 

mM KCl, as shown in Figure 1. As a result, the aggregation rates of the planar ENMs 

increased from zero to a maximum across the range of ionic strengths tested, as determined 

by TR-DLS in Figure 2. The CCC values were determined to be 31.6 mM KCl and 50 mM 

KCl for GO and Li-MoS2, respectively, and are in good agreement with previous studies 

(Chowdhury, Duch et al. 2013). 

3.3.2 Effects of Ionic Strength on Aggregate Morphology of Engineered 

Nanomaterials  

The aggregation morphology of the colloidal dispersion, as quantitatively described 

with fractal dimension values acquired from SLS, provides additional insight into colloida l 

stability beyond zeta potential measurements and overall aggregation rates. For the CML 
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NP dispersion in the RLA regime, (ionic strength < 100 mM KCl), the FD values were 

between 1.375 and 1.5, with an average of 1.45 (Figure 4.)  

 

Figure  3.4 .  CML (a), GO (b), and Li-MoS2  (c) ENMs evaluated as a function of 

ionic strength for fractal dimension. Particle  concentration was maintained at 10 

mg/L at an unadjusted pH ~5.4 ± 0.2. Error bars indicate one standard deviation of 
triplicate measurements.  

In the DLA regime (ionic strength ≥ 100 mM KCl), the FD values were significantly lower, 

with an average of 1.26. This is comparable with previous studies using this technique for 

similar particle suspensions (Chowdhury 2013; Meng, Hashmi et al. 2013). 

For GO, in the RLA regime (ionic strength < 31.6 mM KCl), the FD values 

measured by SLS were between 1.95 and 2.0, with an average of 1.97 (Figure 4.) In the 

DLA regime (ionic strength ≥ 31.6 mM KCl), the FD values were significantly lower, with 

an average of 1.73. 

For Li-MoS2, in the RLA regime, (ionic strength < 50 mM KCl), the FD value 

average was 2.2 (Figure 4.) In the DLA regime (ionic strength ≥ 50 mM KCl), the FD 

values were significantly lower, with an average of 1.73. 
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To supplement and further verify the fractal dimension measurements from SLS, 

the fractal dimension of GO in both RLA and DLA regimes was additionally ascertained 

via analysis of cryo-TEM images (Figure 5), utilizing ImageJ image processing software.  

 

 

Figure  3.5 .  Micrographs of GO ENMs suspended in 20 mM (left) and 200 mM KCl 
(right) collected via cryogenic transmission electron microscopy  

In a 20 mM KCl suspension (below the CCC of 31.6 mM), FD was 1.96. In a 200 

mM KCl suspension (above the CCC), FD was 1.67. The difference in FD measured via 

cryo-TEM corroborates the ability of SLS to distinguish changes in FD when transitioning 

from RLA to DLA regimes. 

The static light scattering technique was able to identify the transition from RLA to 

DLA, signifying the shift from slow aggregation to fast aggregation, for both spherical and 
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planar ENMs. Previously, it was accepted that light scattering techniques would likely 

incur significant challenges in the characterization of non-spherical particles. This work 

provides evidence to the contrary, with the FD values of GO measured using cryo-TEM in 

good agreement with those FD values obtained with SLS. This further supports the 

deployment of static light scattering for the quantitative characterization of aggregate 

morphology of planar engineered nanomaterials. 

Acknowledgements 

This study has been supported by a combination of National Science Foundation (NSF) 

and Environmental Protection Agency (EPA). S.D. Story was supported by the NSF 

IGERT: Water SENSE – Water Social, Engineering, and Natural Sciences Engage ment 

Program (Grant # 1144635). S. Walker's participation and the work more broadly were also 

funded through the UC-CEIN (University of California Center for Environmenta l 

Implications of Nanotechnology), which is supported by the NSF and the EPA under 

Cooperative Agreement Number DBI 0830117. Any opinions, findings, and conclusions 

or recommendations expressed in this material are those of the author(s) and do not 

necessarily reflect the views of the NSF or the EPA. This work has not been subjected to 

EPA review and no official endorsement should be inferred. We would like to acknowledge 

Dr. Ian Marcus for his contributions to the revisions.



3.4 References 
Abbas, K. A., A. M. Saleh, et al. (2009). "The recent advances in the nanotechnology and its 

applications in food processing: A review." Journal of Food Agriculture & Environment 
7(3-4): 14-17. 

Abellán, G., S. Wild, et al. (2017). "Fundamental Insights into the Degradation and Stabilization of 
Thin Layer Black Phosphorus." Journal of the American Chemical Society 139(30): 10432-
10440. 

Adeleye, A. S., J. R. Conway, et al. (2016). "Engineered nanomaterials for water treatment and 
remediation: Costs, benefits, and applicability." Chemical Engineering Journal 286: 640-
662. 

Balandin, A. A., S. Ghosh, et al. (2008). "Superior Thermal Conductivity of Single-Layer 
Graphene." Nano Letters 8(3): 902-907. 

Beaudrie, C. E. H., T. Satterfield, et al. (2014). "Scientists versus Regulators: Precaution, Novelty 
& Regulatory Oversight as Predictors of Perceived Risks of Engineered Nanomaterials." 
PLOS ONE 9(9): e106365. 

Bilal, M., H. Liu, et al. (2017). "Bayesian network as a support tool for rapid query of the 
environmental multimedia distribution of nanomaterials." Nanoscale 9(12): 4162-4174. 

Bouchard, D., X. Ma, et al. (2009). "Colloidal Properties of Aqueous Fullerenes: Isoelectric Points 
and Aggregation Kinetics of C60 and C60 Derivatives." Environmental Science & 
Technology 43(17): 6597-6603. 

Brinker, C. J. and G. W. Scherer (2013). Sol-Gel Science: The Physics and Chemistry of Sol-Gel 
Processing, Academic Press. 

Brumfiel, G. (2009). "Graphene gets ready for the big time." Nature 458(7237): 390-391. 

Bushell, G. C., Y. D. Yan, et al. (2002). "On techniques for the measurement of the mass frac tal 
dimension of aggregates." Advances in Colloid and Interface Science 95(1): 1-50. 

Caldeira, K. and M. E. Wickett (2003). "Anthropogenic carbon and ocean pH." Nature 425: 365. 

Chen, C., T. Waller, et al. (2017). "Visualization of transport and fate of nano and micro-scale 
particles in porous media: modeling coupled effects of ionic strength and size." 
Environmental Science: Nano 4(5): 1025-1036. 

Chen, D., H. B. Feng, et al. (2012). "Graphene Oxide: Preparation, Functionalization, and 
Electrochemical Applications." Chemical Reviews 112(11): 6027-6053. 

Chen, K. L. and M. Elimelech (2006). "Aggregation and deposition kinetics of fullerene (C-60) 
nanoparticles." Langmuir 22(26): 10994-11001. 



  

60 
 

Chowdhury, I., M. C. Duch, et al. (2013). "Colloidal Properties and Stability of Graphene Oxide 
Nanomaterials in the Aquatic Environment." Environmental Science & Technology 
47(12): 6288-6296. 

Chowdhury, I., S. L. Walker, et al. (2013). "Aggregate morphology of nano-TiO2: role of primary 
particle size, solution chemistry, and organic matter." Environmental Science-Processes & 
Impacts 15(1): 275-282. 

Chowdhury, I., Walker, S.; Mylon, S. (2013). "Aggregate morphology of nano-TiO2: role of 
primary particle size, solution chemistry, and organic matter." Environmental Science: 
Processes Impacts 15: 275-282. 

Collin, B., M. Auffan, et al. (2014). "Environmental release, fate and ecotoxicological effects of 
manufactured ceria nanomaterials." Environmental Science-Nano 1(6): 533-548. 

Deline, A. R., W. M. Young, et al. (2018). "Gold core-labeled TiO2 nanoparticles for tracking 
behavior in complex matrices: synthesis, characterization, and demonstration." 
Environmental Science: Nano 5(4): 956-968. 

DeRita, L., S. Dai, et al. (2017). "Catalyst Architecture for Stable Single Atom Dispersion Enables 
Site-Specific Spectroscopic and Reactivity Measurements of CO Adsorbed to Pt Atoms, 
Oxidized Pt Clusters, and Metallic Pt Clusters on TiO2." Journal of the American Chemical 
Society 139(40): 14150-14165. 

Domingos, R. F., M. A. Baalousha, et al. (2009). "Characterizing Manufactured Nanoparticles in 
the Environment: Multimethod Determination of Particle Sizes." Environmental Science 
& Technology 43(19): 7277-7284. 

Duch, M. C., G. R. S. Budinger, et al. (2011). "Minimizing Oxidation and Stable Nanoscale 
Dispersion Improves the Biocompatibility of Graphene in the Lung." Nano Letters 11(12): 
5201-5207. 

Elimelech, M. G., J; Jia, X; Williams, RA (1995). Particle Deposition and Aggregation: 
Measurement, Modeling, and Simulation, Butterworth-Heinemann. 

Geim, A. K. and K. S. Novoselov (2007). "The rise of graphene." Nature Materials 6(3): 183-191. 

Gupta, A., T. Sakthivel, et al. (2015). "Recent development in 2D materials beyond graphene." 
Progress in Materials Science 73: 44-126. 

Hanlon, D., C. Backes, et al. (2015). "Liquid exfoliation of solvent-stabilized few-layer black 
phosphorus for applications beyond electronics." Nature Communications 6: 8563. 

Hendren, C. O., M. Lowry, et al. "Modeling Approaches for Characterizing and Evaluating 
Environmental Exposure to Engineered Nanomaterials in Support of Risk-Based Decision 
Making." Environmental Science Technology 47 3 2013 SRC - GoogleScholar: 1190-
1205. 



  

61 
 

Hsu, J.-P. and B.-T. Liu (1998). "Effect of Particle Size on Critical Coagulation Concentration." 
Journal of Colloid and Interface Science 198(1): 186-189. 

Illarionov, Y. Y., M. Waltl, et al. (2016). "Long-Term Stability and Reliability of Black Phosphorus 
Field-Effect Transistors." ACS nano 10(10): 9543-9549. 

Jain, A. and A. J. H. McGaughey (2015). "Strongly anisotropic in-plane thermal transport in single-
layer black phosphorene." Scientific Reports 5: 8501. 

Jassby, D., J. Farner Budarz, et al. (2012). "Impact of Aggregate Size and Structure on the 
Photocatalytic Properties of TiO2 and ZnO Nanoparticles." Environmental Science & 
Technology 46(13): 6934-6941. 

Jiang, Y., P. Biswas, et al. (2016). "A review of recent developments in graphene-enabled 
membranes for water treatment." Environmental Science: Water Research & Technology 
2(6): 915-922. 

Joshua, O. I., A. S. Gary, et al. (2015). "Environmental instability of few-layer black phosphorus." 
2D Materials 2(1): 011002. 

Kang, J., V. K. Sangwan, et al. (2017). "Solution-Based Processing of Monodisperse Two-
Dimensional Nanomaterials." Accounts of chemical research 50(4): 943-951. 

Keller, A. A., S. McFerran, et al. (2013). "Global life cycle releases of engineered nanomaterials." 
Journal of Nanoparticle Research 15(6). 

Keller, A. A., W. Vosti, et al. (2014). "Release of engineered nanomaterials from personal care 
products throughout their life cycle." Journal of Nanoparticle Research 16(7). 

Kim, S., J.-Y. Lee, et al. (2017). "Recovery of the Pristine Surface of Black Phosphorus by Water 
Rinsing and Its Device Application." ACS applied materials & interfaces 9(25): 21382-
21389. 

Kou, L., C. Chen, et al. (2015). "Phosphorene: Fabrication, Properties, and Applications." The 
Journal of Physical Chemistry Letters 6(14): 2794-2805. 

Kuntz, K. L., R. A. Wells, et al. (2017). "Control of Surface and Edge Oxidation on Phosphorene." 
ACS applied materials & interfaces 9(10): 9126-9135. 

Lankone, R. S., K. E. Challis, et al. (2017). "Methodology for quantifying engineered nanomaterial 
release from diverse product matrices under outdoor weathering conditions and 
implications for life cycle assessment." Environmental Science: Nano 4(9): 1784-1797. 

Lanphere, J. D., R. Brandon, et al. (2014). "Stability and Transport of Graphene Oxide 
Nanoparticles in Groundwater and Surface Water." Environmental Engineering Science 
31(7): 350-359. 

Lanphere, J. D., L. C. J., et al. (2015). "Fate and Transport of Molybdenum Disulfide Nanomaterials 
in Sand Columns." Environmental Engineering Science 32(2): 163-173. 



  

62 
 

Lanphere, J. D., C. J. Luth, et al. (2013). "Effects of Solution Chemistry on the Transport of 
Graphene Oxide in Saturated Porous Media." Environmental Science & Technology 47(9): 
4255-4261. 

Lazareva, A. and A. A. Keller (2014). "Estimating Potential Life Cycle Releases of Engineered 
Nanomaterials from Wastewater Treatment Plants." Acs Sustainable Chemistry & 
Engineering 2(7): 1656-1665. 

Levard, C., E. M. Hotze, et al. (2012). "Environmental Transformations of Silver Nanoparticles: 
Impact on Stability and Toxicity." Environmental Science & Technology 46(13): 6900-
6914. 

Li, L., Y. Yu, et al. (2014). "Black phosphorus field-effect transistors." Nature Nanotechnology 9: 
372. 

Lin, M. Y., H. M. Lindsay, et al. (1989). "Universality in colloid aggregation." Nature 339: 360. 

Liu, H., Y. Du, et al. (2015). "Semiconducting black phosphorus: synthesis, transport properties 
and electronic applications." Chemical Society Reviews 44(9): 2732-2743. 

Liu, K., J. Feng, et al. (2014). "Atomically Thin Molybdenum Disulfide Nanopores with High 
Sensitivity for DNA Translocation." Acs Nano 8(3): 2504-2511. 

López-Quintela, M. A. (2003). "Synthesis of nanomaterials in microemulsions: formation 
mechanisms and growth control." Current Opinion in Colloid & Interface Science 8(2): 
137-144. 

Lopez-Sanchez, O., D. Lembke, et al. (2013). "Ultrasensitive photodetectors based on monolayer 
MoS2." Nature Nanotechnology 8(7): 497-501. 

Lv, R., D. Yang, et al. (2016). "Integration of Upconversion Nanoparticles and Ultrathin Black 
Phosphorus for Efficient Photodynamic Theranostics under 808 nm Near-Infrared Light 
Irradiation." Chemistry of Materials 28(13): 4724-4734. 

Mahl, D., J. Diendorf, et al. (2011). "Possibilities and limitations of different analytical methods 
for the size determination of a bimodal dispersion of metallic nanoparticles." Colloids and 
Surfaces A: Physicochemical and Engineering Aspects 377(1): 386-392. 

Mansukhani, N. D., G. L. M., et al. (2016). "High‐ Concentration Aqueous Dispersions of 
Nanoscale 2D Materials Using Nonionic, Biocompatible Block Copolymers." Small 12(3): 
294-300. 

Meng, Z., S. M. Hashmi, et al. (2013). "Aggregation rate and fractal dimension of fullerene 
nanoparticles via simultaneous multiangle static and dynamic light scattering 
measurement." Journal of Colloid and Interface Science 392: 27-33. 

Munkhbayar, B., B. E. Munkhjargal, et al. (2016). "Phosphorene and Phosphorene‐ Based 
Materials – Prospects for Future Applications." Advanced Materials 28(39): 8586-8617. 



  

63 
 

Nakata, K. and A. Fujishima (2012). "TiO2 photocatalysis: Design and applications." Journal of 
Photochemistry and Photobiology C: Photochemistry Reviews 13(3): 169-189. 

Nason, J. A., S. A. McDowell, et al. (2012). "Effects of natural organic matter type and 
concentration on the aggregation of citrate-stabilized gold nanoparticles." Journal of 
Environmental Monitoring 14(7): 1885-1892. 

Nie, S. (2010). "Understanding and overcoming major barriers in cancer nanomedicine." 
Nanomedicine 5(4): 523-528. 

Perreault, F., A. Fonseca de Faria, et al. (2015). "Environmental applications of graphene-based 
nanomaterials." Chemical Society Reviews 44(16): 5861-5896. 

Petosa, A. R., S. J. Brennan, et al. (2012). "Transport of two metal oxide nanoparticles in saturated 
granular porous media: Role of water chemistry and particle coating." Water Research 
46(4): 1273-1285. 

Qu, X., P. J. J. Alvarez, et al. (2013). "Applications of nanotechnology in water and wastewater 
treatment." Water research 47(12): 3931-3946. 

Rosenthal, T. B. (1948). "THE EFFECT OF TEMPERATURE ON THE pH OF BLOOD AND 
PLASMA IN VITRO." Journal of Biological Chemistry 173(1): 25-30. 

Ryder, C. R., J. D. Wood, et al. (2016). "Covalent functionalization and passivation of exfoliated 
black phosphorus via aryl diazonium chemistry." Nature Chemistry 8: 597. 

Sofer, Z., D. Bousa, et al. (2016). "Few-layer black phosphorus nanoparticles." Chemical 
Communications 52(8): 1563-1566. 

Stankus, D. P., S. E. Lohse, et al. (2011). "Interactions between Natural Organic Matter and Gold 
Nanoparticles Stabilized with Different Organic Capping Agents." Environmental Science 
& Technology 45(8): 3238-3244. 

Stephenson, T., Z. Li, et al. (2014). "Lithium ion battery applications of molybdenum disulfide 
(MoS2) nanocomposites." Energy & Environmental Science 7(1): 209-231. 

Uk, L. H., P. S. Young, et al. (2016). "Black Phosphorus (BP) Nanodots for Potential Biomedical 
Applications." Small 12(2): 214-219. 

Verwey, E. J. W. (1947). "Theory of the Stability of Lyophobic Colloids." Journal of Physical and 
Colloid Chemistry 51(3): 631-636. 

von Smoluchowski, M. (1918). "Versuch einer machematischen theorie der koagulationskinetik 
kolloider L o ¨ sunger"." Zeitschrift für Physikalische Chemie 92: 129. 

Waller, T., C. Chen, et al. (2017). "Food and Industrial Grade Titanium Dioxide Impacts Gut 
Microbiota." Environmental Engineering Science 34(8): 537-550. 



  

64 
 

Waller, T., I. M. Marcus, et al. (2018). "Influence of Food and Industrial Grade TiO2 Nanoparticles 
on Microbial Diversity and Phenotypic Response in Model Septic System." Environmental 
Engineering Science (accepted). 

Wang, Q. H., K. Kalantar-Zadeh, et al. (2012). "Electronics and optoelectronics of two-dimensional 
transition metal dichalcogenides." Nature Nanotechnology 7(11): 699-712. 

Wansong, C., O. Jiang, et al. (2017). "Black Phosphorus Nanosheet‐ Based Drug Delivery System 
for Synergistic Photodynamic/Photothermal/Chemotherapy of Cancer." Advanced 
Materials 29(5): 1603864. 

Wei, T., Z. Xianbing, et al. (2017). "Black Phosphorus Nanosheets as a Robust Delivery Platform 
for Cancer Theranostics." Advanced Materials 29(1): 1603276. 

Weir, A., P. Westerhoff, et al. (2012). "Titanium dioxide nanoparticles in food and personal care 
products." Environmental Science & Technology 46(4): 2242-2250. 

Wood, J. D., S. A. Wells, et al. (2014). "Effective Passivation of Exfoliated Black Phosphorus 
Transistors against Ambient Degradation." Nano Letters 14(12): 6964-6970. 

Yi, Y., X.-F. Yu, et al. (2017). "Two-dimensional black phosphorus: Synthesis, modification, 
properties, and applications." Materials Science and Engineering: R: Reports 120: 1-33. 

Yin, F., K. Hu, et al. (2017). "Black phosphorus quantum dot based novel siRNA delivery systems 
in human pluripotent teratoma PA-1 cells." Journal of Materials Chemistry B 5(27): 5433-
5440. 

Zhang, H., S. B. Lu, et al. (2014). "Molybdenum disulfide (MoS2) as a broadband saturable 
absorber for ultra-fast photonics." Optics Express 22(6): 7249-7260. 

Zhang, T., Y. Wan, et al. (2018). "Degradation Chemistry and Stabilization of Exfoliated Few-
Layer Black Phosphorus in Water." Journal of the American Chemical Society. 

Zhu, J., J. Kang, et al. (2015). "Solution-Processed Dielectrics Based on Thickness-Sorted Two-
Dimensional Hexagonal Boron Nitride Nanosheets." Nano Letters 15(10): 7029-7036. 

Ziletti, A., A. Carvalho, et al. (2015). "Oxygen Defects in Phosphorene." Physical Review Letters 
114(4): 046801. 

  



  

65 
 

 

 

 

Chapter 4              

Interactions of Food Grade and Industrial Grade 

TiO2 with Realistic Environmental Parameters 

 

*Di Lin, S. Drew Story, Sharon L. Walker, Qiaoyun Huang, Wei 

Liang, and Peng Cai. (2016) “Influence of Extracellular Polymeric 

Substances on the Aggregation Kinetics of TiO2 Nanoparticles” 

Water Research 104:381-388 DOI: 10.1016/j.watres.2016.08.044. 

*Di Lin, S. Drew Story, Sharon L. Walker, Qiaoyun Huang, Wei 

Liang, and Peng Cai. (2017) “Role of pH and Ionic Strength in the 

Aggregation of TiO2 Nanoparticles in the Presence of Extracellular 

Polymeric Substances from Bacillus subtilis” Environmental 

Pollution 228:35-42 DOI: 10.1016/j.envpol.2017.05.025. 

Chen Chen, S. Drew Story, Ian M. Marcus, and Sharon L. Walker. 

"Influence of Coagulant Residual on Filtration of Food Grade and 

Industrial Grade TiO2 in Water Treatment Systems." Water 

Research, in preparation. 

* Reproduced with Permission from Elsevier, Copyright 2018. 

javascript:void(0)
javascript:void(0)


  

66 
 

4 Chapter Introduction 

 

Comprising three individual studies, this chapter investigated the interactions of TiO 2  

engineered nanomaterials (ENMs) with environmentally relevant solution constituents. 

The first two studies in this chapter described the interaction of industrial grade TiO 2 with 

extracellular polymeric substances (EPS) from Bacillus subtilis, specifically the effect of 

EPS on the aggregation kinetics of TiO2 and the role of pH and ionic strength in these 

interactions. The final portion of this chapter sought to explore the effect of alum coagulant 

on the aggregate morphology of both food grade and industrial grade TiO2, specifica lly 

representing the filtration step of a drinking water treatment facility. The results of this 

chapter provide increased understanding of the aggregation behavior of TiO2 ENMs in 

complex solutions. 
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4.1 Influence of Extracellular Polymeric Substances on the Aggregation 

Kinetics of TiO2 Nanoparticles 

 

Abstract 
 

The early stage of aggregation of titanium oxide (TiO2) nanoparticles was investigated in 

the presence of extracellular polymeric substance (EPS) constituents and common 

monovalent and divalent electrolytes through time-resolved dynamic light scattering 

(DLS). The hydrodynamic diameter was measured and the subsequent aggregation kinetics 

and attachment efficiencies were calculated across a range of 1 - 500 mM NaCl and 0.05 - 

40 mM CaCl2 solutions. TiO2 particles were significantly aggregated in the tested range of 

monovalent and divalent electrolyte concentrations. The aggregation behavior of TiO 2  

particles in electrolyte solutions was in excellent agreement with the predictions based on 

Derjaguin-Landau-Verwey-Overbeek (DLVO) theory. Divalent electrolytes were more 

efficient in destabilizing TiO2 particles, as indicated by the considerably lower critical 

coagulation concentrations (CCC) (1.3 mM CaCl2 vs 11 mM NaCl). The addition of EPS 

to the NaCl and low concentration CaCl2 (0.05 - 10 mM) solutions resulted in a dramatic 

decrease in the aggregation rate and an increase in the CCC values. For solutions of 11 mM 

NaCl (the CCC values of TiO2 in the absence of EPS) and above, the resulting attachment 

efficiency was less than one, suggesting that the adsorbed EPS on the TiO2 nanopartic les 

led to steric repulsion, which effectively stabilized the nanoparticle suspension. At high 

CaCl2 concentrations (10 - 40 mM), however, the presence of EPS increased the 

aggregation rate. This is attributed to the aggregation of the dissolved extracellular 

polymeric macromolecules via intermolecular bridging, which in turn linked the TiO 2  
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nanoparticles and aggregates together, resulting in enhanced aggregate growth. These 

results have important implications for assessing the fate and transport of TiO2  

nanomaterials released in aquatic environments. 

4.1.1 Introduction 

With the rapid growth of the nanotechnology industry, large amounts of manufactured 

nanoparticles (NPs) have been released into the environment, especially into surface water 

and soil (Batley et al., 2013; Dwivedi et al., 2015; Keller et al., 2013; Wiesner et al., 2006). 

Because of their small size and high capacity to convey toxic substances, nanoparticles can 

have adverse effects on bacterial communities and human health (Christian et al., 2008; Ge 

et al., 2011; Jeng et al., 2006). Interactions of manufactured NPs with natural colloids 

including organic matter (Chowdhury et al., 2012) and clay minerals (Batley et al., 2013) 

will dramatically change their fate and potential toxicity in the environment due to the 

impact of surface coating, surface charge modifications, aggregation, or stabilization and 

dispersion. 

Among oxide based NPs, titanium dioxide (TiO2) is one of the most heavily produced 

nanomaterials due to its wide use in sunscreens, cosmetics, catalysts, bottle coatings, 

energy storage, plastic, fibers, foods, pharmaceuticals, and antimicrobial materials (Chen 

et al., 2015; Chen and Mao, 2007; Loosli et al., 2013). According to Keller et al. (2013), 

over 34,000 tons of TiO2 is produced all over the world per year. It has been reported that 

TiO2 can enter the aquatic systems through multiple pathways, and the wastewater 

treatment plants (WWTPs) are thought to be the most important distribution pathway (Fang 

et al., 2009; Gottschalk et al., 2010; Kaegi et al., 2008). Such exposures can adversely 
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impact the aquatic environment, and this water when used in agriculture, can have 

deleterious effects on the soil systems (Batley et al., 2013; Seitz et al., 2012; Weir et al., 

2012). Much attention has been paid to understanding the factors controlling the fate and 

transport behavior of TiO2 in aqueous systems including solution pH, ionic strength, 

electrolyte valence, and primary particle size (Erhayem et al., 2014; French et al., 2009; 

Guzman et al., 2006; Loosli et al., 2013). For example, TiO2 NP aggregation occurred near 

the point of zero charge but particles were observed to be stable at other pH values 

(Guzman et al., 2006; Loosli et al., 2013). At any given pH, an increase in ionic strength 

generally results in increased aggregation, and divalent cations are more effective than 

monovalent cations in facilitating TiO2 aggregate formation (Erhayem et al., 2014; French 

et al., 2009). By using static light scattering, Chowdhury et al. (2013) found a difference 

in the aggregate morphology of TiO2 NPs as a function of particle size, pH, ionic strength, 

and ion valence.  

When discharged into natural environments, TiO2 NPs interact with natural organic 

matter (NOM), which is composed of humic substances (HS) and non-humic substances 

(Huangfu et al., 2013; Li et al., 2015; Loosli et al., 2013; Saleh et al., 2010). HS mainly 

consist of fulvic acids (FA) and humic acids (HA), and non-humic substances mainly 

consist of biological macromolecules such as proteins and polysaccharides (Stevenson, 

1994). Sorbed NOM can change particle surface charge, thereby altering stability 

(Chowdhury et al., 2012; Domingos et al., 2009; Sheng et al., 2016). As previously 

reported, the adsorption of the Suwannee River Fulvic Acid resulted in less aggregation of 

TiO2 NPs due to increase steric repulsion and electrostatic force (Domingos et al., 2009). 
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Different structures and constituents of NOM can also lead to distinct effects on 

nanoparticles aggregation. Several studies have shown that bovine serum albumin 

(globular protein molecules) is effective in reducing the rate of aggregation, whereas 

alginate (linear polysaccharide block copolymer) accelerates TiO2 aggregation obviously 

in CaCl2 electrolyte solution (Hu et al., 2014; Liu et al., 2008; Romanello et al., 2013). In 

addition, aromatic-rich HA has been found to be more capable of stabilizing TiO2 NPs than 

aliphatic-rich HA (Li et al., 2015). The findings from these studies indicate that organic 

molecules do impact the aggregation of TiO2 NPs. In surface water and soil environments,  

extracellular polymeric substance (EPS) is a heterogeneous mixture continuously secreted 

by microorganisms during growth and metabolism (Beveridge et al., 1997; Wingender et 

al., 1999). EPS consists mainly of polysaccharides and proteins with carboxyl, phosphoryl, 

amide, amino, and hydroxyl functional groups (Hoffman, et al., 1999; Omoike and 

Chorover, 2006). Once TiO2 NPs are released into the environment, their stability is 

assumed to be affected by EPS. Although these biological macromolecules are ubiquitous 

in the environment, to our knowledge, few studies have been conducted on the role of EPS 

in the aggregation of particles (Koukal et al., 2007; Labille et al., 2005). 

The objective of the present study was to investigate the effect of EPS constituents on 

the aggregation kinetics of TiO2 NPs in the presence of NaCl and CaCl2 through time-

resolved dynamic light scattering (DLS). In addition, Fourier transform infrared (FTIR) 

spectroscopy was used to qualitatively describe the constituents and functional groups of 

EPS, protease-treated EPS (PT-EPS) and cellulose-treated EPS (CT-EPS). The results of 
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this study will provide fundamental information on the stability of TiO2 NPs in natural 

environments. 

4.1.2 Materials and methods 

 

4.1.2.1 Nanoparticles 

 

Titanium dioxide (TiO2) NPs were purchased from Sigma-Aldrich (catalog number 

718467). According to the manufacturer, the nanomaterials were >99.5% pure with a 

primary particle size of 21 nm. To prepare the nanoparticle suspension, dry nanopartic les 

were added to the background solution and stirred with a magnetic stir bar for 20 min. The 

stock solution (20 mg/L, pH 8) of TiO2 was prepared in deionized (DI) water (>18.25 

MΩ/cm) and stored at 4 ℃. All chemicals used in this work were of analytical grade. 

4.1.2.2 EPS extraction and purification 

Bacillus subtilis was cultivated aerobically in Luria broth at 28 ℃ and 180 rpm to 

early stationary (24 h) growth phase. The cells were removed from the culture solution by 

centrifugation (5000 × g, 15 min, 4 ℃) and EPS was isolated from the supernatant solution 

as described by Omoike and Chorover (2006). Briefly, the supernatant solution was 

centrifuged at higher force (12,000 × g, 15 min, 4 ℃) to remove residual cells. EPS was 

precipitated from the supernatant solution by adding cold reagent-grade ethanol at a 

volumetric ratio of 3:1, and the mixture was then stored at 4 ℃ for 48 h. The precipitate 

was separated from the ethanol suspension by centrifugation (12,000 × g, 15 min, 4 ℃). 

The pellet obtained after centrifugation was dialyzed using cellulose membranes (3500 

MWCO, Spectrum) to remove low molecular weight impurities including ethanol. After 
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dialysis for 72 h against three changes of Mill-Q water per day, the EPS solution was 

freeze-dried in a vacuum freeze-drier and stored at 4 ℃ until use. EPS was treated with 

protease (PT-EPS) and cellulase (CT-EPS) to remove protein and polysacchar ide 

components, respectively; a detailed description of this method is provided in the 

Supporting Information. In addition, the untreated bulk EPS was named as B-EPS to 

distinguish different types of EPS. The stock solutions (100 mg/L, pH 8.0) of B-EPS, PT-

EPS and CT-EPS were prepared in DI water and stored at 4 ℃. Since the dissolved organic 

carbon (DOC) concentration in surface waters is typically within the range of 1-20 mg/L 

and the stabilization of TiO2 occurred at DOC concentration between 0.406-4.06 mg/L 

(Zhang et al., 2009), the three EPS working solutions were maintained at 2 mg/L of total 

organic carbon (TOC) during TiO2 NP aggregation experiments. 

4.1.2.3 Characterization of EPS and TiO2 

The total contents of B-EPS, PT-EPS and CT-EPS were defined as the sum of 

polysaccharides and proteins. Polysaccharides were measured by the phenol-sulfuric acid 

method (Dubois et al., 1956). Proteins were determined by bicinchoninic acid (BCA) 

(Biosynthesis Co., Ltd., Beijing). The total organic C and total N concentrations of EPS 

were assayed using a TOC/TN analyzer (multi N/C 3100, Analytik Jena, Germany). The 

detailed methods of Fourier Transform Infrared Spectroscopy (FTIR) spectra measurement 

for B-EPS, PT-EPS, CT-EPS as well as the three enzymes (pronase, papain and cellulose) 

are provided in the Supporting Information. 

Powder X-ray diffraction (XRD) of the TiO2 NPs was performed on a Bruker D8 

Advance diffractometer (Bruker AXS Gmbh, Karlsruhe, Germany). The size, shape, and 
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morphology of TiO2 NPs were analyzed by transmission electron microscope (TEM) with 

selected area electron diffraction. A Philips EM-12 TEM was operated at an accelerating 

voltage of 120 kV to acquire images. A Zetasizer Nano ZS Instrument (ZEN 3600, 

Malvern, UK) was used to determine the electrophoretic mobility (EPM) and the isoelectric 

point (IEP) of TiO2 NPs and EPS at 25 ℃. The electrophoretic mobility (EPM) of TiO2  

NPs was also measured across a wide range of NaCl and CaCl2 concentrations in the 

presence and absence of EPS at pH 8.0. For each condition, each of the three samples was 

measured in triplicate with more than ten runs to determine the EPM values.  

The method of the adsorption experiments for B-EPS, PT-EPS and CT-EPS on TiO2  

NPs as a function of electrolyte concentration is provided in the Supporting Information. 

4.1.2.4 Aggregation experiments 

 

The change of TiO2 intensity-weighted averaged hydrodynamic diameter (Dh) over 

time (t) was measured using time-resolved dynamic light scattering (TR-DLS) (Zetasizer 

Nano ZEN 3600, Malvern, UK) operating with a He-Ne laser at a wavelength of 633 nm. 

The aggregation profiles of NaCl concentrations ranging from 1 to 500 mM and CaCl2 

concentrations ranging from 0.05 to 40 mM in the presence or absence of EPS were 

generated at pH 8.0. In these experiments, the appropriate electrolyte stock solution was 

added into the DLS cuvette containing a predetermined volume of diluted TiO2 suspension 

and EPS solution to bring the final suspension volume to 1.2 mL. The concentration of 

TiO2 NPs in the DLS vial was controlled at 10 mg/L. The cuvette was vortexed for 1 s 

immediately prior to measurement. The Dh measurement was monitored over a time period 
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from 1 to 60 min. During the DLS measurements, the scattered light intensity was detected 

by a photodetector at a scattering angle of 173°，with each auto-correlation function being 

accumulated over a period of 10 s.  

4.1.2.5 Determination of aggregation kinetics 

In this study, the early stage aggregation kinetics of TiO2 particles are expressed as 

the initial rate of increase in Dh with time t as measured by TR-DLS. The initial aggregation 

rate constant (k) is proportional to the initial rate of increase in Dh and inversely 

proportional to the initial primary TiO2 NPs concentration in the suspension, N0 (Chen and 

Elimelech et al., 2006, 2007): 

 

The initial increase of the TiO2 NPs Dh with time (dDh (t)/dt) was calculated in the time 

period from aggregation initiation (t0) to the time when Dh exceeded 1.50Dh0 according to 

the method of Huangfu et al. (2013). The value of dDh(t)/dt was obtained through linear 

least squares regression analysis. This relationship has been widely used in aggregation 

kinetics studies of various NPs (Chen and Elimelech, 2007; Saleh et al., 2010; Zhang et al., 

2013). 

    The particle attachment efficiency α, ranging from 0 to 1 and quantifying the aggregation 

kinetics of TiO2 NPs, is determined by normalizing the k obtained under different solution 

conditions by the kfast obtained under favorable (fast) aggregation conditions (Chen and 

Elimelech et al., 2007; Huangfu et al., 2013): 

(1) 
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As the initial TiO2 concentrations (N0) were maintained constant for the measurements at 

varying ionic strengths, eq. (2) can be simplified by neglecting N0 and calculating α by the 

initial slope of the aggregation profile at a given electrolyte concentration normalized by 

the initial slope under favorable (fast) aggregation conditions. To calculate α in the 

presence of B-EPS, PT-EPS and CT-EPS, (dDh(t)/dt)t→0,fast is obtained from the average 

values of (dDh(t)/dt)fast in the diffusion-limited regime (ionic strength above the critical 

coagulation concentration) in the presence of either NaCl or CaCl2. 

4.1.3 Results and discussion 

4.1.3.1 Material characterization 

4.1.3.1.1 EPS characteristics 

The contents and constituents of B-EPS, PT-EPS and CT-EPS are shown in Fig. 4.1. 

The three kinds of EPS consisted primarily of organic carbon and organic nitrogen, and 

their resulting C:N ratio was in the order of PT-EPS > B-EPS > CT-EPS, indicating that 

the content of EPS-protein was in the order of CT-EPS > B-EPS > PT-EPS. In order to 

obtain the EPS constituents accurately, the amounts of polysaccharides and proteins in B-

EPS, PT-EPS and CT-EPS were determined. As presented in Fig. 4.1, the polysacchar ides 

in three kinds of EPS followed the sequence of PT-EPS (466.15 ± 3.34 mg g-1) > B-EPS 

(364.98 ± 7.77 mg g-1) > CT-EPS (87.56 ± 10.00 mg g-1), and proteins were in the order of 

CT-EPS (260.67 ± 5.28 mg g-1) > B-EPS (112.33 ± 6.67 mg g-1) > PT-EPS (72.33 ± 5.77 

mg g-1). These results indicate that polysaccharides and proteins are the main constituents 

(2) 
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of the three kinds of EPS, with B-EPS and PT-EPS rich in polysaccharides and CT-EPS 

rich in proteins. The biochemical components were also supported by the FTIR spectra of 

the three different EPSs (Fig. 4.2a) (Badireddy et al., 2010; Chen et al., 2013; Liu et al., 

2013; Ojeda et al., 2008; Omoike and Chorover, 2006; Wang et al., 2012). Notably, the 

bands at 1654 cm-1, 1559 cm-1 and 1454 cm-1 are assigned to the C=O of AmideⅠ, N-H/C-

N of Amide Ⅱ, and -CH3/-CH2 of Amide Ⅲ in protein, respectively. The band at 1410 cm-

1 is attributed to C=O symmetric stretching of -COO- groups. The band at 1220 cm-1 is 

attributed to P=O of phosphodiester backbone of nucleic acid (DNA and RNA), or 

phosphorylated proteins. The bands at 1000-1132 cm-1 are due to the C-O and C-C 

stretching, C-O-C and C-O-H deformation vibrations of the polysaccharides structures. 

Based on these data, the peak areas of AmideⅠ(1610-1772 cm-1) and the functional groups 

for polysaccharides (930-1180 cm-1) were calculated (the shadows in Fig. 4.2a), and the 

peak area ratios of AmideⅠto polysaccharides were obtained subsequently. For these three 

kinds of EPS, the ratios were in the sequence of CT-EPS > B-EPS > PT-EPS, indicat ing 

that CT-EPS is rich in proteins compared with B-EPS and PT-EPS, while PT-EPS is rich 

in polysaccharides relative to B-EPS and CT-EPS. These results are consistent with those 

obtained from the chemical analysis of the three EPSs. The FTIR spectra of pronase, papain 

and cellulose show that the common absorption peak of each enzyme occurred at 1021 cm-

1 (Fig. 4.2b), which did not appear in the spectra of PT-EPS and CT-EPS (Fig. 4.2a), 

suggesting that there was no enzyme residue left in the PT-EPS and CT-EPS. 
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Figure  4.1 .  The amount of total organic carbon, total nitrogen, polysaccharide and 
protein, as well as the C:N ratio in B-EPS, PT-EPS and CT-EPS. 
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Figure  4.2 .  FTIR spectra of (a) B-EPS, PT-EPS and CT-EPS and (b) pronase, 
papain and cellulase . 
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4.1.3.1.2 TiO2 NPs 

The X-ray diffraction pattern of TiO2 NPs are shown in Fig. 4.3. The determined 

characteristic 2θ values and [hkl] planes are 25.23 [101], 37.95 [004], 48.06 [200], 53.99 

[105] and 62.73 [204] attributed to reflections of anatase TiO2，which compared well with 

the standard JCPDs File number (21-1272). These data are consistent with previously 

published values (Hudlikar et al., 2012; Khade et al., 2015). The size distribution of TiO2  

NPs (Fig. 4.4a) was determined using the Digital Micrograph software to measure the 

diameters of 200 nanoparticles selected randomly from a TEM grid. A representative TEM 

image of the TiO2 NPs is presented in the inset. The average diameter of TiO2 NPs was 

19.2 nm and the standard deviation was 5 nm. Similar results were achieved by Chowdhury 

et al. (2011), who reported that the effective diameter of TiO2 NPs was determined as 18.4 

± 6.0 nm through TEM images analysis. Based on 30 DLS measurements shown in Fig. 

S3b, TiO2 particles had the diameters of 10-50 nm with an average intensity-weighted 

hydrodynamic diameter of 17.2±0.34 nm, which is very close to the average diameter of 

the nanoparticles.  

TEM imaging of the TiO2 NPs shows that they are nearly spherical in shape and 

formed aggregates (Fig. 4.5a). Fig. 4.5b illustrates the Selected Area Electron Diffrac t ion 

(SAED) pattern of TiO2 NPs. These TiO2 NPs are anatase phase with good crystallinity 

with dotted concentric rings which can be assigned to nonspherical shape of TiO2. The IEP 

of stabilized TiO2 NPs was approximately 6.4 (Fig. 4.6), which is in agreement with 

previously published values (Loosli et al., 2013; Preocanin and Kallay, 2006; Shih et al., 

2012).  
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Figure  4.3 .  X-ray diffraction pattern of TiO 2  NPs. 
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Figure  4.4 .  (a) Size distribution of 200 TiO 2  NPs. The inset presents a 

representative TEM image of TiO 2  NPs. The scale bar represents 100 nm. (b) 

Representative number-weighted hydrodynamic diameter distribution of TiO 2  NPs 
(10 mg/L).  
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Figure  4.5 .  (a) Transmission electron microscopic (TEM) images of TiO 2  

nanoparticles and (b) selected area electron diffraction (SAED) patterns of TiO 2  
powers.  
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Figure  4.6 .  EPM of TiO 2  colloids as a function of pH.  

 



  

83 
 

4.1.3.2. Aggregation kinetics of TiO2 in monovalent and divalent electrolyte 

solutions 

The attachment efficiencies (α) of TiO2 particles as a function of electrolyte (NaCl 

and CaCl2) solutions are presented in Fig. 4.7. Representative aggregation profiles are 

presented in Fig. 4.8. The aggregation behavior of TiO2 particles in electrolyte solutions is 

consistent with the DLVO theory. At relatively low concentrations of electrolyte solutions 

(i.e., < 10 mM for NaCl, < 1 mM for CaCl2), the increase in electrolyte concentration will 

elevate the degree of charge screening and lead an increase in aggregation kinetics, as 

reflected by the rise in attachment efficiency. This is known as the reaction-limited regime 

(α < 1). At higher electrolyte concentrations (10 mM - 500 mM for NaCl, 10 mM - 40 mM 

for CaCl2), the charge of TiO2 particles is completely screened and the energy barrier 

between TiO2 particles is eliminated, enabling the nanoparticles to undergo diffusion-

limited aggregation (α = 1). In the diffusion- limited regime, the kinetics of aggregation 

reaches the maximum and is independent of the electrolyte concentration. The intersection 

of the reaction - and diffusion - limited regimes yields the critical coagulation concentration 

(CCC) in the respective electrolyte solution (Chen and Elimelech, 2006). The CCC for the 

TiO2 NPs was 11.0 mM in NaCl, which was much higher than that in CaCl2 (1.3 mM). 

These CCC values are consistent with the data obtained by Liu et al. (2011), who reported 

CCC values in NaCl ranging from 5 to 18 mM and CaCl2 ranging from 0.6 to 2 mM for 

commercial TiO2 NP powders. The ratio of CCC values we derived (1.3/11.0) is 

proportional to z-3.08, which is in accordance with the Schultz-Hardy rule for predicting a 

proportional fraction of nanomaterials from z-6 to z-2, (z is the valence of the calcium 

counterion) (Elimelech et al., 1995; Petosa et al., 2010). 
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Figure  4.7 .  Attachment efficiencies of TiO 2  as a function of NaCl and CaCl2  

concentrations. The attachment efficiencies are calculated by normalizing the 

actual aggregation rate with the favorable (fast) aggregation rate of NaCl or CaCl 2  

alone. Aggregation experiments were conducted at pH 8.0 and 25℃. 
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Figure  4.8 .  Aggregation profiles of TiO 2  colloids in (a) NaCl and (b) CaCl2  
solutions.  
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4.1.3.2 Analysis of the aggregation kinetics of TiO2 nanoparticles with DLVO 

theory. 

 

The experimental values of the attachment efficiency of TiO2 NPs were analyzed via 

comparison to theoretical values calculated using classical DLVO theory as reported by 

Huynh and Chen (2011). These theoretical values of attachment efficiency were calculated 

to predict and explain hydrodynamic and colloidal interactions of the TiO2 NPs. The 

expression for α was given by Chen and Elimelech (2006) and adapted from McGown et 

al. (1967).  

 

Governed by the separation between two particles h, the function β(h) accounts for the 

hydrodynamic interactions induced by approaching particles (Chen and Elimelech, 2006; 

Honig et al., 1971). The van der Waals attraction force VA (h) was calculated with 

consideration of the electromagnetic retardation effect as proposed by Gregory (1981). Eq. 

(3) includes the Boltzmann constant k, absolute temperature T, and the nanoparticle radius 

a as measured by DLS (8.6 nm). VT (h), the total interaction energy between two particles, 

is the sum of VA (h) and VR (h), the electrical double layer interaction. VR (h) was calculated 

using the linear superposition approximation as done by Gregory (1975) and Huynh and 

Chen (2011). The electrical double layer interaction was determined using a logarithmic 

regression analysis to develop the relationship between ζ potential values and ionic strength 

(Elimelech et al., 1995) using more than 20 measured ζ potential values spanning more 

(3) 
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than 4 log range in ionic strength. This relationship was then used to calculate the surface 

potential φ and the reduced surface potential γ (Huynh and Chen, 2011). Theoretica l 

attachment efficiency values were fitted with the experimental attachment efficiency 

values by using the Hamaker constant A as the single fitting parameter (using the value of 

A that produced the greatest agreement between experimental and theoretical value ). 

Additional details on the calculation of theoretical attachment efficiency values are 

provided in the Supporting Information.  

   The best-fitting theoretical attachment efficiencies are denoted by the solid line in Fig. 

4.9. This curve was derived using a Hamaker constant of 1.97×10-19 J for TiO2 NPs in 

aqueous solution, which is concordant with values previously reported in literature (Visser, 

1972), and in reasonable agreement with the experimental α values. 
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Figure  4.9 .  Attachment efficiencies of TiO 2  nanoparticles as a function of NaCl 

concentration. The solid line represents theoretical prediction using DLVO with a 

Hamaker constant of 1.97×10-1 9  J and temperature of 25°C.  

4.1.3.3. Effects of B-EPS, PT-EPS and CT-EPS on TiO2 nanoparticle aggregation in 

sodium cations 

 

To explore the effects of B-EPS, PT-EPS and CT-EPS on TiO2 NPs aggregation rate, 

the attachment efficiency in the presence of B-EPS, PT-EPS and CT-EPS as a function of 

NaCl concentration was examined (Fig. 4.10). The addition of B-EPS, PT-EPS and CT-

EPS resulted in much lower α values compared with the EPS-free solution, indicating that 

EPS hindered the aggregation of TiO2 NPs to a great extent. These results are consistent 

with previous studies investigating the effects of macromolecules (BSA, alginate, NOM) 

on NPs (Ag, C60, hematite, TiO2) stability (Chen and Elimelech et al., 2007; Domingos et 

al., 2009; Gebauer et al., 2012; Palomino and Stoll, 2013). Unexpectedly, a slight 
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difference in electrophoretic mobility values was observed between the TiO2 NPs in the 

absence and presence of EPS in the NaCl solution (Fig. 4.11a). This results demonstrated 

that despite a significantly altered α value, EPS did not have a large effect on EPM. 

Therefore, in this condition, the change in aggregation rate of TiO2 can be attributed to 

some other reasons. The most probable reason is the steric repulsion from the adsorption 

of EPS molecules onto TiO2 NPs, which greatly stabilizes the systems. The mass fraction 

of B-EPS, PT-EPS, and CT-EPS adsorption on TiO2 NPs is plotted as a function of NaCl 

concentration in Fig. 4.12a. The adsorption data demonstrated the presence of steric 

hindrance (generated by the adsorbed EPS) during the aggregation process of TiO2 NPs in 

NaCl solution. 

In the presence of B-EPS, PT-EPS and CT-EPS, the CCC increased from 11.0 mM 

(no EPS) to 382.2 mM, 345.0 mM, and 678.3 mM NaCl, respectively (Fig. 4.10), 

suggesting that CT-EPS stabilized TiO2 NPs more effectively than B-EPS and PT-EPS. 

CT-EPS are rich in proteins, thus the protein-like substances in EPS may play an important 

role in the stabilization of TiO2 NPs. Kusaka et al. (1976) found the aggregation of small 

globular protein components occurred in the membrane fraction of Bacillus subtilis. In this 

condition, the globular architecture of adsorbed extracellular protein on the hydrophobic 

TiO2 surfaces induces long-range steric repulsive force, thereby promoting the stability of 

TiO2 NPs. For Single-Walled Carbon Nanotubes (SWCNTs) and MnO2 NPs, their stability 

has shown to be obviously improved by globular protein (Huangfu et al., 2013; Saleh et 

al., 2010). 
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Figure  4.10 .  Attachment efficiencies of TiO 2  as a function of NaCl concentration 

in the presence of B-EPS, PT-EPS and CT-EPS. The attachment efficiencies are 

calculated by normalizing the actual aggregation rate with the favorable (fast) 

aggregation rate of NaCl alone. Aggregation experiments were conducted at pH 8.0 

and 25℃.  
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Figure  4.11 .  Electrophoretic mobility (EPM) of TiO 2  in the presence of B-EPS, PT-

EPS and CT-EPS as a function of (a) NaCl or (b) CaCl2  concentration. EPM 

measurements were conducted at pH 8.0 and 25℃ 
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Fig. 4 .12 .  The mass fraction of EPS-C adsorbed by TiO 2  NPs as a function of (a) 
NaCl and (b) CaCl2  concentration.  
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4.1.3.4. Effects of B-EPS, PT-EPS and CT-EPS on TiO2 nanoparticle aggregation in 

calcium cations. 

Fig. 4.13 shows the attachment efficiencies of the TiO2 NPs in the presence and 

absence of B-EPS, PT-EPS and CT-EPS as a function of CaCl2 concentration. 

Comparatively, at low CaCl2 concentrations, the TiO2 NPs are more stable in the presence 

of B-EPS and PT-EPS. This can be explained by the steric influence imposed by the 

adsorbed B-EPS and PT-EPS on the TiO2 NPs (Fig. 4.12b). However, the aggregation 

efficiencies kept increasing with increasing Ca2+ concentration in the presence of B-EPS 

and PT-EPS; with Ca2+ concentration increased to approximately above 10 mM, the 

attachment efficiencies increased to greater than unity. Similar behavior was also observed 

for SWCNT and fullerene NPs in the presence of alginate and humic acid at high calcium 

ion concentrations (Chen and Elimelech, 2007; Saleh et al., 2010). Representative 

aggregation profiles of TiO2 NPs in the absence and presence of B-EPS and PT-EPS in 

CaCl2 solution are presented in Fig. 4.14. In the absence of B-EPS or PT-EPS, the 

aggregation rate was constant at 5 mM and 10 mM CaCl2 due to these concentrations are 

above the CCC value for TiO2. However, upon addition of B-EPS or PT-EPS, the slopes 

of the aggregation curves at 5 and 10 mM CaCl2 are higher than those without B-EPS or 

PT-EPS, indicating the increase of the aggregation rate in the presence of B-EPS or PT-

EPS. This phenomenon is different from that in NaCl system (Fig. 4.15), revealing the 

involvement of a different aggregation mechanism in the presence of B-EPS and PT-EPS 

at high CaCl2 concentrations.  

The enhanced aggregation of TiO2 NPs in the presence of B-EPS or PT-EPS in CaCl2 

solutions could be attributed to the composition of B-EPS and PT-EPS, which mainly 
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consist of expolysaccharides. It is reported that rhamsan, dextran, succinoglycan and 

alginate are all bacterial polysaccharides that contain carboxylate groups (Herzberg et al., 

2009; Labille et al., 2005; Yuan et al., 2011; Zhurina et al., 2014). Li and Elimelech (2004) 

reported that the adhesion of organic fouling on carboxylate modified latex (CML) colloid 

was attributed to the intermolecular bridging by Ca2+, which linked the COO- groups on 

the CML with COO- groups on the membrane surface. Therefore, it can be deduced that 

the enhanced aggregation of TiO2 NPs in the presence of B-EPS or PT-EPS is due to the 

intermolecular bridging by Ca2+ between the COO- groups in polysaccharides. This 

speculation was confirmed by the determination of the z-average diameters of B-EPS, PT-

EPS, and CT-EPS in the different CaCl2 concentration. As shown in Fig. 4.16, the z-

average diameters of B-EPS and PT-EPS increased with CaCl2 concentration, but no 

significant change was found for CT-EPS. In our system comprising TiO2 NPs and 

expolysaccharide at high CaCl2 concentrations, the experimental results show that the 

dissolved expolysaccharide macromolecules form polysaccharide aggregates through 

intermolecular bridging via calcium complexation. Subsequently, these aggregates bridge 

the TiO2 aggregates together, resulting in the accelerated growth in the overall aggregate 

size. Several researchers have also reported that Ca2+ ions can cause the polysacchar ide 

aggregate formation through intermolecular bridging of polysaccharides, resulting in 

enhanced aggregation (Chen and Elimelech et al., 2006, 2007; Huangfu et al., 2013; Liu et 

al., 2010; Xiang et al., 2014). 

In the presence of CT-EPS, the CCC value of the TiO2 NPs in CaCl2 increased from 

1.3 mM (no EPS) to 12.5 mM (Fig. 4.13). Over the tested range of CaCl2 concentrations, 
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it is evident that the presence of CT-EPS increased the stability of the TiO2 NPs, as shown 

by the lower attachment efficiency at a given CaCl2 concentration. Additionally, the 

aggregation profiles of TiO2 NPs in the absence and presence of CT-EPS in CaCl2 solution 

also demonstrated that the addition of CT-EPS can enhance the stability of the TiO2 NPs 

(Fig. S7). In addition, the attachment efficiencies are lower than 1.0 at high CaCl2 

concentrations in the diffusion- limited regime, suggesting that steric interaction due to the 

adsorbed CT-EPS is also involved in this stabilization process.  

EPM data can also be used to analyze the interaction mechanism between EPS and 

TiO2 NPs. These EPM values for the TiO2 NPs in the absence and presence of EPS in 

CaCl2 solution are presented in Fig. 6b. The EPM values of TiO2 NPs became less negative 

with increasing CaCl2 concentration, and charge reversal occurred in the absence of EPS 

at high CaCl2 concentration, which can be ascribed to charge screening from the electrical 

double layer compression or charge neutralization due to the specific adsorption of Ca2+ 

on TiO2 surface (Liu et al., 2010; Zhang et al., 2009; Saleh et al., 2010). With the addition 

of EPS, a similar trend of increasing EPM with Ca2+ concentration is shown, but at lesser 

magnitude than in the absence of EPS, and a charge reversal never occurs. This is indicat ive 

of complexation between Ca2+ and EPS that results in the negatively charged functiona l 

groups of EPS (e.g. ionic carboxylates and phosphoryl) contributing to the negative EPM 

of the TiO2 NPs (Li et al., 2004; Tipping et al., 1981). The decrease in EPM values suggests 

that the electrostatic force may play a role in the interaction between negatively charged 

TiO2 and EPS, and this was consistent with the result observed by Mosley et al. (2003). 

Therefore, the aggregation effect of EPS on TiO2 NPs was attributed to a combination of 
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electrostatic forces and the bridging effect, while the stabilizing effect of EPS on TiO2 NPs 

was attributed to a combination of electrostatic and steric repulsion. 
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Figure  4.13 .  Attachment efficiencies of TiO 2  as a function of CaCl2  concentration 

in the presence of B-EPS, PT-EPS and CT-EPS. The attachment efficiencies are 

calculated by normalizing the actual aggregation rate with the favorable (fast)  

aggregation rate of CaCl2  alone. Aggregation experiments were conducted at pH 8.0 

and 25℃.  
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Figure  4.14 .  Aggregation profiles of TiO 2  colloids in various CaCl2  solutions in the 
absence and presence of (a) B-EPS, (b) PT-EPS and (c) CT-EPS. 
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Figure  4.15 .  Aggregation profiles of TiO 2  colloids in various NaCl solutions in the 

absence and presence of (a) B-EPS, (b) PT-EPS and (c) CT-EPS. 
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Figure  4.16 .  Z-average diameter of B-EPS, PT-EPS and CT-EPS as a function of 
CaCl2  concentration.  

4.1.4 Conclusions 

The wide presence of EPS in natural environments and increasing discharges of NPs 

have made their future interaction inevitable. This paper reported the influence of EPS on 

the aggregation behavior of TiO2 NPs in the presence of NaCl and CaCl2. Results indicate 

that EPS has a strong influence on the aggregation process and therefore the transport of 

TiO2 NPs in natural environments. In the presence of NaCl and low concentration CaCl2, 

EPS can facilitate the stabilization of TiO2 NPs effectively, with extracellular protein 

playing an important role in this process; Under this condition, EPS may enhance the 

toxicity of nanoparticles to living organisms and decrease its removal efficiency from 

water. However, at high CaCl2 concentration, the presence of EPS can enhance the 
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aggregation rate, which is ascribed to the aggregation of the dissolved expolysacchar ide 

macromolecules through intermolecular bridging, which in turn links the TiO2 NPs and 

aggregates together, resulting in enhanced aggregate growth, reduced toxicity to organisms 

and increased its removal efficiency. 

Most natural occurring and anthropogenic nanoparticles are negatively charged in the 

environment (Hunter et al., 1979; Li et al., 2012; Neihof et al., 1972). Therefore, the 

findings from this study are helpful to understand the influence of EPS on negative ly 

charged NP aggregation, which is essential to evaluate the fate and transport of engineered 

as well as natural nanoparticles and subsequently their environment impact. Future 

research need to focus on different EPS sources and concentrations, and a wide range of 

environmental conditions (e.g. pH, temperature).  
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4.2 Role of pH and Ionic Strength in the Aggregation of TiO2 Nanoparticles 

in the Presence of Extracellular Polymeric Substances from Bacillus subtilis 

Abstract 

Increased use of commercial titanium dioxide nanoparticles (TiO2 NPs) in 

consumer products most likely leads to their additional environmental release. Aggregation 

and disaggregation processes are expected to play an important role in the fate and transpor t 

of TiO2 NPs in natural aquatic ecosystems. Therefore, in this work, we have studied the 

colloidal stability of TiO2 NPs in the presence of extracellular polymeric substances (EPS) 

from Bacillus subtilis and the adsorption behavior of EPS on TiO2 NPs in aqueous solutions 

at different pH values and ionic strengths (IS). The adsorption and aggregation processes 

were found to depend on the solution chemistry. The mass fraction of EPS on TiO2 NPs 

decreased with increased pH and NaCl concentrations, which was verified by Fourier 

transform infrared spectroscopy. The presence of EPS can substantially influence the 

colloidal stability of TiO2 NPs. In deionized water, the aggregation of NPs was induced by 

the addition of EPS only when the pH was below the TiO2 NP point of zero charge (≈6). 

When the pH was equal to pHPZC, T iO2, the TiO2 NPs would rapidly form large aggregates, 

but the adsorption of EPS leads to partial fragmentation via electrostatic repulsion and 

steric hindrance. When the pH was greater than pHPZC, T iO2, the aggregation rate was 

minimally affected by the increased EPS concentration. In NaCl solution, the aggregation 

rate of TiO2 NPs obviously increased with increased NaCl concentration. The critical 

coagulation concentration (CCC) of TiO2 NPs is 13.9 mM in the absence of EPS and 

increases to 155.6, 213.7 and 316.4 mM in the presence of 1, 5 and 10 mg/L EPS in NaCl 

solution, respectively, which indicates that the steric hindrance occurs after the addition of 
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EPS. This study suggests that environmental conditions and EPS concentration greatly 

modify the colloidal stability of TiO2 nanoparticles.   
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4.2.1 Introduction 

Engineered nanoparticles (ENPs) and their transport, fate, and transformation 

processes in environmental systems are currently of high interest because of the substantia l 

quantities of ENPs that are entering natural environments (Batley et al., 2013; Dwivedi et 

al., 2015; Keller et al., 2013; Wiesner et al., 2006). According to Keller et al. (2013), over 

520,000-618,000 tons of global ENPs were produced in 2010; 63-91% of these went to 

landfills, with the residual parts released into soils (8-28%), bodies of water (0.4-7%), and 

the atmosphere (0.1-1.5%). Nanoparticles can, in some cases, severely threaten the global 

environment and humans, as suggested by some ENPs that exhibit great toxicity and risk 

to organisms (Farré et al., 2009; Menard et al., 2011; Mohanty et al., 2014; Rehn et al., 

2003; Wei et al., 1994). The colloidal stability of engineered nanoparticles is a basic 

parameter for evaluating their bioavailability, fate, and underlying toxic effects towards 

living organisms (Li et al., 2011; Huangfu et al., 2013; Pelletier et al., 2010). These 

characteristics are related to the essential properties of nanoparticles (particle size, shape 

and crystalline structure) and the environmental media conditions (pH, IS, ionic valence) 

(Christian et al., 2008; Chowdhury et al., 2011; French et al., 2009; Guzman et al., 2006; 

Li et al., 2015; Liu et al., 2012; Wan et al., 2016). 

When released into the environment, ENPs will interact with natural colloids such as 

inorganic particles (clays, metal oxides, and silicates) and other environmental constituents 

such as dissolved natural organic matter (NOM) and the NOM-contained humic and non-

humic substances, e.g., polysaccharides (Loosli et al., 2013; Palomino and Stoll, 2013; 

Praetorius et al., 2014; Wang et al., 2015; Zhang et al., 2009). The adsorption of NOM on 
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nanoparticle surfaces has been shown to either prevent the particles from directly 

interacting with each other or to promote the aggregation of the particles due to a variation 

in environmental media conditions (pH, IS, and ionic valence) (Han et al., 2017; Huangfu 

et al., 2013; Zhang et al., 2013; Peng et al., 2015; Zhu et al., 2014). Therefore, a better 

understanding of adsorption and aggregation processes between NPs is fundamental for 

assessing their environmental fate and risk to ecosystems. Based on some research results, 

in the presence of NOM and electrolyte solutions, the adsorbed NOM can modify the 

surface physicochemical properties (surface charge and surface chemistry) of ENPs and 

drastically increase or decrease the colloidal stability of the nanoparticles by a combinat ion 

of electrostatic and steric repulsions (Keller et al., 2010; Kim et al., 2009; Li et al., 2015; 

Romanello and Cortalezzi, 2013; Sheng et al., 2016; Thio et al., 2011). In addition, 

heteroaggregation of ENPs with natural colloids is commonplace in natural surface waters 

(Praetorius et al., 2014; Huynh et al., 2012; Zhang et al., 2015). The study by Zhang et al. 

(2015) demonstrated that the reactivity of MnO2 can be inhibited by iron oxide particles by 

heteroaggregation between the negatively charged MnO2 and the positively charged iron 

oxides.  

An important fraction of NOM is extracellular polymeric substances (EPS), which are 

the matrix of the biofilm in the environment (Loosli et al., 2015; Flemming and Wingender, 

2010). EPS are complex compounds of macromolecular polyelectrolytes that consist 

mainly of polysaccharides and proteins, with a small amount of nucleic acids and lipids 

(Cao et al., 2011a; Omoike et al., 2006). EPS can bind with bacterial cells through complex 

interactions to form a vast net-like structure that entrains enough water to protect the 
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bacterial cells against dewatering (Wingender et al., 1999) and harm from hazardous 

substances (Sutherland, 2001). In addition, as a nutrient source, EPS can provide carbon-, 

nitrogen- and phosphorus-containing compounds for utilization by the biofilm microbia l 

community during nutrient shortages (Sutherland, 2001; Zhang and Bishop, 2003). 

Therefore, as ubiquitous biological organic matter, EPS may play an important role in 

various environmental processes. As shown in our previous study, different EPS 

constituents (polysaccharide and protein) played different roles in the stabilization of TiO 2  

NPs in CaCl2 solution at pH 8.0 (Lin et al., 2016). However, the mechanism by which the 

EPS affects the colloidal stability of nanoparticles is still unclear, and few reports have 

researched the effect of EPS concentration, pH, and IS on the colloidal stability of 

nanoparticles. Therefore, the research aim of this study is to investigate the effect of EPS 

concentration on the colloidal stability of nanoparticles at different pH and IS and more 

specifically, to evaluate the effect of EPS adsorption on the aggregation of nanoparticles.  

Among metal oxide NPs, titanium dioxide (TiO2) is one of the most heavily produced 

nanomaterials due to its wide use in sunscreens, cosmetics, catalysts, bottle coatings, 

pharmaceuticals, foods, fibers, plastic, energy storage, and antimicrobial materials (Chen 

et al., 2015; Chen and Mao, 2007a; Loosli et al., 2013). Thus, TiO2 was selected as the 

target nanoparticle in this study. In the previous study, we found that EPS can either be 

tightly associated with the cell surface (bound EPS) or indirectly attached to the cell surface 

(loosely associated EPS) (Cao et al., 2011b; Zhu et al., 2009). Bound EPS attaches to the 

cell surface as peripheral capsules and loosely associated EPS are less organized 

(amorphous) slimes that are shed into the surrounding environment (Wingender et al., 



  

113 
 

1999; Kachlany et al., 2001; Zhao et al., 2015). In this study, we selected loosely associated 

EPS as the target EPS. In this work, time-resolved dynamic light scattering (TR-DLS) 

experiments were employed to study the aggregation kinetics of TiO2 NPs in the presence 

or absence of EPS at different pH (pH=4, 6, and 8) and NaCl concentrations (0-1500 mM). 

Changing the solution chemistry by adjusting the concentration of the chosen electrolyte 

(NaCl) allowed us to examine the effects of IS on the rate of TiO2 NP aggregation. To 

explore an additional aggregation mechanism of TiO2 NPs that is likely to occur in the 

environment, the adsorption of EPS onto TiO2 NP surfaces was also measured at different 

pH and NaCl concentrations. 

4.2.2 Materials and methodology 
 

4.2.2.1 Nanoparticles 

 

Titanium dioxide (TiO2) anatase NPs were purchased from Sigma-Aldrich (catalogue 

number 718467). According to the manufacturer, the nanomaterials were >99.5% pure with 

a primary particle size of 21 nm, and they are not capped by any organic compounds. For 

preparing the nanoparticle suspension, dry nanoparticles were added to the background 

solution, and a magnetic stir bar was used to stir for 20 min. Detailed descriptions of TiO2  

NPs were reported in our previous study (Lin et al., 2016). All the chemicals used in this 

work are of analytical grade. 
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4.2.2.2 EPS extraction and purification 

 

The cultivation of Bacillus subtilis and the extraction and purification of EPS were 

performed as reported by Omoike and Chorover (2006). The method has been described in 

detail in our previous work (Lin et al., 2016), as well as in the Supplementary material. As 

determined before, the extracted EPS from B. subtilis were composed of polysacchar ide, 

protein, and nucleic acid components as well as carboxyl, phosphoryl, amino, and hydroxyl 

functional groups (Cao et al., 2011a). The stock solutions (240 mg/L) of EPS were prepared 

in DI water and stored at 4 ℃. The working solutions of EPS were maintained at 0 - 20 

mg/L during TiO2 NP aggregation experiments.  

4.2.2.3. Adsorption experiment 

Adsorption experiments were conducted in 1 mM NaCl at pH 5.0. Stock TiO2 NP 

suspensions (1 g/L) and aliquots of the EPS stock solution were prepared in this 

background solution and pre-equilibrated overnight at pH 5.0. And 500 mg/L TiO2 NPs 

were mixed with the same volume of 0-250 mg/L EPS. The compounds were shaken lightly 

at 25 ℃ for 2 h before they were centrifuged at 12,000×g for 30 min. The effect of pH 

(values ranging from 3 to 10) on the adsorption of EPS on the TiO2 surfaces was studied. 

The concentration of TiO2 NPs and EPS were 500 mg/L and 250 mg/L, respectively, and  

1 mM NaCl solution was used as the background solution. Similar experiments were 

carried out in the presence of 0-1500 mM NaCl at pH 5.0. A TOC analyzer (Analytik Jena, 

Germany) was used to determine the total organic C concentrations of the EPS in the 

supernatant. The amount of EPS-C that was adsorbed was the difference between the 
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amount of EPS that was added and the amount of EPS that remained in the supernatant. In 

these adsorption experiments, 10 mM HCl or NaOH was used to adjust the suspension pH. 

4.2.2.4 ATR-FTIR spectroscopy 

    The TiO2-EPS complexes were collected after the adsorption of EPS on the TiO2 surface 

at different pH values (3, 5, 7, and 9) and NaCl concentrations (0.25, 5, 100, and 500 mM). 

After centrifugation (at 12,000×g for 30 min) to remove the free EPS in the solution, the 

wet pastes of EPS-TiO2 complexes were deposited on a ZnSe crystal in an FTIR 

spectrometer (Vertex 70, Bruker Optics, Germany), which permits in situ investigations of 

functional groups of EPS that are adsorbed by the nanoparticles in water (Cagnasso et al., 

2010; Ha et al., 2010). The ATR-FTIR spectra for the TiO2-EPS complexes were collected 

in the range from 4000 to 400 cm-1. Each spectrum of the samples was collected by 

averaging 256 scans at 4 cm-1 resolution. Spectra of the electrolyte solution were collected 

and used as the background. 

4.2.2.5 Aggregation rates and coagulation kinetics 

Dynamic light scattering (DLS) (ZEN 3600, Malvern, UK) was used to determine the 

time-resolved hydrodynamic sizes of the particle suspension and to measure the 

aggregation rates of TiO2 nanoparticles. In these experiments, the appropriate electrolyte 

or EPS stock solution was added to the DLS cuvette that contained a diluted TiO2  

suspension whose volume was predetermined to bring the final suspension volume to 1.2 

mL. The cuvette was vortexed for 1 s immediately prior to measurement. For the 

measurement of the aggregation rate, the concentration of TiO2 NPs in the DLS vial was 

controlled at 10 mg/L, and the concentration of EPS ranged from 0 to 20 mg/L. These 

experiments were conducted in 1 mM NaCl solution at different pH values (4, 6, and 8). 
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Each reaction was measured during a time period from 1 to 60 min. The aggregation rates 

were the slope, k. The slope is zero if the nanoparticle suspension is stable with time and 

will be positive if it is not stable. For the measurement of aggregation kinetics, the 

concentrations of both the TiO2 NPs suspensions and the EPS solution in the DLS vial were 

controlled to be 10 mg/L. NaCl solution was used to supply the IS, and the concentration 

of the NaCl solution ranged from 0 to 1500 mM (solution pH=4.0).  

The attachment efficiency, α, was used as an indicator to predict the suspension stability 

as a function of IS, and α is determined by normalizing the k obtained under different 

solution conditions by the rate constant kfast, which is obtained under diffusion-limited 

(fast) aggregation conditions (Chen and Elimelech et al., 2007b; Huangfu et al., 2013):  

                                 

The terms with the subscript “fast” refer to diffusion- limited aggregation conditions. As 

the initial TiO2 concentrations (N0) were kept constant for the measurements at varying 

ISs, this equation can be simplified by cancelling N0. To calculate α in the presence of EPS, 

(dDh(t)/dt)t→0,fast is obtained from the average values of (dDh(t)/dt)fast in the diffusion-

limited regime when the IS higher than the critical coagulation concentration (CCC) in the 

presence of NaCl.  

(3) 
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4.2.2.6. Zeta potential measurements 

The zeta potential of TiO2 NPs and EPS as functions of pH and NaCl concentration 

were measured in DI water using a Zetasizer analyzer (Nano ZEN 3600, Malvern, UK) at 

25 ℃. The zeta potential and z-average diameter of TiO2 NPs as a function of EPS 

concentration were measured at pH values 4.0, 6.0 and 8.0 at 25 ℃. The zeta potential of 

the TiO2 NPs was concurrently measured in the absence or presence of 1, 5, and 10 mg/L 

EPS as a function of NaCl concentration at 25 ℃. The samples for the zeta potential 

measurements were prepared in a similar manner as the samples for the aggregation and 

adsorption experiments. Triplicate measurements were performed with more than ten runs 

per measurement to determine the values of electrophoretic mobility (EPM). The zeta 

potential was obtained from the EPM using the generalized Smoluchowski equation. 

4.2.3 Results and Discussion 

4.2.3.1 Adsorption of EPS on TiO2 nanoparticles 

The curves describing the EPS adsorption on TiO2 NPs as a function of the 

equilibrium EPS concentration are shown in Fig. 4.17. The adsorption of EPS-C on TiO2  

NPs increased drastically at low EPS equilibrium concentrations and then plateaued. The 

batch data of EPS-C adsorbed by TiO2 NPs were fitted using the Langmuir equation, which 

can be expressed as X=XmKC/(1+KC) (Langmuir, 1916), where X is the amount of EPS-C 

adsorbed per unit mass of TiO2 NPs (mg/g), Xm is the maximum amount of EPS-C that was 

adsorbed (mg/g), K is an empirical affinity constant related to the adsorption energy (L/mg) 

and C is the equilibrium concentration of EPS-C in the aqueous phase (mg/L). The 
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maximum amount of EPS-C that was adsorbed on TiO2 was 24.88 mg/g, and the K value, 

derived from the adsorption isotherms, was 0.05 L/mg.  

The amount of EPS-C adsorbed by TiO2 NPs plotted vs. the pH value is shown in Fig. 

4.18a. The amount of adsorbed EPS-C was almost unchanged as the pH increased from 3 

to 6 but decreased rapidly as the pH increased from 6 to 10. A possible interpretation of 

this phenomenon may be related to the surface charge of the nanoparticles and the EPS. 

Fig. 4.18b shows the zeta potential of TiO2 and EPS as a function of solution pH. The 

results show that EPS displayed a negative zeta potential at all the pH values, while TiO 2  

NPs showed a positive zeta potential at pH values up to 6.5; above 6.5 the zeta potential 

again became negative. With the increased pH, the functional groups of the EPS gradually 

became negatively charged due to deprotonation of carboxyl (pH 2.0-6.0), phospholip id 

(pH 2.4-7.2), phosphodiester (pH 3.2-3.5), hydroxyl (pH 9.0-10.0) and amino (pH 9.0-

11.0) groups (Martinez et al., 2002). At such low pH values, the negatively charged EPS 

indicated the abundance of some low-pKa functional groups, such as carboxyl, and 

phospholipids, and this hypothesis has been proven by Hong et al. (2013). When the pH < 

6.5, the anionic EPS reacted with the positively charged groups of the TiO2 NPs; 

electrostatic attraction is one of the driving forces for the interaction between the 

nanoparticles and the EPS. When pH > 6.5, both the TiO2 NPs and EPS are negative ly 

charged, so the electrostatic repulsion between them may result in decreasing the amount 

of EPS that is adsorbed on TiO2 NPs. In addition to the electrostatic forces, hydrophobic 

forces may play important roles in this process due to the adsorption of hydrophobic EPS 

constituents (polysaccharide or protein) on the TiO2 NPs; the functional groups in EPS, 
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such as hydroxyl, amino, and phosphate groups, could form hydrogen bonds with TiO2  

NPs in water (Azeredo et al., 1999; Flemming et al., 2010; Hong et al., 2011; Zhu et al., 

2009). 

Ionic strength is also an important factor affecting the adsorption of EPS on 

nanoparticles. Fig. 4.19a shows the adsorption of EPS-C on TiO2 NPs vs. the NaCl 

concentration. The amount of EPS adsorbed on the TiO2 NPs decreased drastically as the 

NaCl concentration increased from 0 to 500 mM, but changed slightly when NaCl 

concentration was above 500 mM. This phenomenon can be explained by the results shown 

in Fig. 4.19b, in which the absolute values of the zeta potentials of both TiO2 NPs and EPS 

decreased dramatically when the NaCl concentration is below 500 mM and then changed 

little with the increase of NaCl concentration, indicating that the electrostatic attraction 

between the EPS and TiO2 progressively decreased with the increased NaCl concentration.   
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Figure  4.17 .  Adsorption isotherms of EPS on TiO 2  NPs at pH 5.0. Adsorption 

experiments were conducted in 1 mM NaCl and 25 ℃.  
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Figure  4.18 .  (a) The amount of EPS-C adsorbed by TiO 2  NPs. (b) Zeta potential of 

TiO2  NPs and EPS as a function of pH. Adsorption experiments and zeta potential 

measurements were conducted in 1 mM NaCl solution and 25℃.  
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Figure  4.19 .  (a) The amount of EPS-C adsorbed by TiO 2  NPs and (b) zeta potential 

of EPS and TiO 2  NPs as a function of NaCl concentrations. Adsorption experiments 

and zeta potential measurements were conducted at pH 5.0 and 25℃.  
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4.2.3.2. ATR-FTIR spectra 

The ATR-FTIR spectra of the EPS-TiO2 complexes as a function of pH are shown in 

Fig. 4.20a. Variation of the solution pH can induce protonation or deprotonation of the 

functional groups in EPS (Omoike et al., 2004). The bands that are centered at 1075 and 

1240 cm-1 correspond to the symmetric and asymmetric stretching of PO2-, and the band 

that is centered at 1396 cm-1 is attributed to the C=O symmetric stretching of -COO- groups 

(Lin et al., 2016; Omoike et al., 2004). The gradual reduction of intensity with increasing 

pH is consistent with the deprotonation of these functional groups and the subsequent 

weakening of the interaction between the EPS and TiO2 nanoparticles. The peaks at 1647 

and 1543 cm-1 correspond to the C=O of amides (amide I) and the N-H/C-N in the CO-

NH- (amide II) of proteins, respectively (Cao et al., 2011b). In the previous research, 

Omoike et al. (2004) indicated that the amide I (1600-1700 cm-1) and amide II (1500-1600 

cm-1) bands contain information on the secondary structure of the EPS proteins, and the 

protein conformation can change from helical at lower pH to unordered random coil at 

higher pH. As shown in Fig. 4.20c, the shift of amide I and amide II bands as well as the 

decrease of the peak intensities of them with the increasing pH indicated that the 

destruction of amide groups in EPS proteins. The destruction of amide groups in proteins 

in solutions of higher pH may have led to a decrease in the absorption intensity of these 

two peaks in the spectra of EPS-TiO2 complexes. These results are in agreement with the 

chemical adsorption experiments that demonstrated a gradually decreasing adsorption 

capacity as a function of solution pH. 
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The ATR-FTIR spectra of the EPS-TiO2 complexes as a function of IS are shown in 

Fig. 4.20b. The band intensity at 1085 cm-1 obviously decreased with the increasing NaCl 

concentration from 0.25 to 500 mM, which likely reflects the fact that cations in solution 

can screen anionic phosphate groups. In a previous study, Grdadolnik et al. (1993) have 

found that the stretching vibrations of both charged PO2- and ester O-P-O are sensitive to 

cation interactions. The ratio of the amide I to amide II band intensities increased from 3.72 

(0.25 mM) to 4.80 (5 mM), 5.07 (100 mM), and 7.59 (500 mM) with the increase of NaCl 

concentration, likely reflecting a change in the secondary structure of the protein (Ishida et 

al., 1993). These results are also in agreement with the chemical adsorption experiments 

that revealed the gradually decreased adsorption capacity as a function of solution IS. 
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Figure  4.20 .  ATR-FTIR spectra of TiO 2 -EPS complexes at different (a) pH and (b) 
NaCl concentration; (c) FTIR spectra of EPS at different pH values.  
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4.2.3.3. Effect of EPS on the colloidal stability of TiO2 nanoparticles at different pH 

values  

In our previous work (Lin et al., 2016), the EPM values of the TiO2 ENPs as a function 

of pH from 3.0 to 10.0 have been investigated. When the pH was below 4.5, the zeta 

potential showed that the TiO2 NPs were positively charged with a constant EPM value. 

As the pH increased, the pHPZC, T iO2 of the TiO2 NPs was reached, at a value of 

approximately 6.4, which in good agreement with previous studies (Loosli et al., 2013; 

Wang et al., 2016). By further increasing the pH, the TiO2 NPs became negatively charged.  

When the pH was below 4.5 and above 8.0, the TiO2 ENPs were stabilized against 

aggregation. 

The influence of EPS concentration on the aggregation of TiO2 NPs was investigated 

at pH = 4 (<pHPZC, T iO2), 6 (=pHPZC, T iO2) and 8 (>pHPZC, T iO2), the aggregation profiles are 

shown in Fig. 4.21, and the relevant aggregation rates are reported in Fig. 4.22. At pH=4 

(pH<pHPZC, T iO2), the aggregation rate of the TiO2 NPs suspension remains zero in the 

absence of EPS. After the addition of EPS, three different behaviors are acquired. First, 

when the concentration of EPS is below 0.1 mg/L, the aggregation rate of TiO2 NPs was 

approximately zero. When the concentration of EPS ranged from 0.1 to 0.6 mg/L, the 

aggregation rate of TiO2 NPs increased first increased and then decreased with increasing 

EPS concentrations. The aggregation rate reached a maximum value when the EPS 

concentration was 0.3 mg/L. Finally, when the concentration of EPS was greater than 0.6 

mg/L, the aggregation rate decreased to zero and the suspension of TiO2 NPs was again 

found to be stable. At pH=6 (pH=pHPZC, T iO2), the addition and adsorption of EPS on the 
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nanoparticle surface caused the fragmentation of TiO2 aggregates that formed in the 

absence of EPS, and the variation in aggregation rates indicated that the NP solution 

remained stable even at the lowest EPS concentration. At pH=8 (pH>pHPZC, T iO2), the 

aggregation rate constant of the TiO2 NPs was zero, and the addition of EPS had little 

influence on the aggregation rate. 

Figs. 4.23 and 4.24 showed the corresponding zeta potential values and z-average 

diameters that were determined after the samples had equilibrated for 30 min at different 

pH values. When the pH<pHPZC, T iO2, before EPS was added, the zeta potential and z-

average diameter of the TiO2 NPs were +31±0.3 mV and 180±20 nm, respectively. When 

EPS was added, three zones of stability were also observed: (a) at low EPS concentration 

(below 0.1 mg/L), the zeta potential of the TiO2 NPs remained positive (having values 

greater than +20 mV) and the z-average values of the NPs were smaller than 300 nm; (b) 

at increased EPS concentrations (from 0.1 to 0.6 mg/L), the zeta potential of TiO2 NPs was 

between +10 mV and -15 mV, which resulted in fast aggregation rates. When the 

concentration of EPS reach 0.3 mg/L, the charge of the TiO2 NPs was neutralized 

(corresponding to the isoelectric point), and the value of z-average diameter reached its 

maximum. Beyond the isoelectric point (IEP), the charge inversion occurred, and the 

values of both the zeta potential and the z-average diameter decreased quickly until the 

concentration of EPS reached 0.6 mg/L; (c) when the concentration of EPS was greater 

than 0.6 mg/L, the system was again stable, with zeta potential values of approximately -

20 mV and a corresponding z-average diameter of 213±15 nm (Figs. 4.23a and 4.24a). 

Under the same conditions, the higher adsorption capacity of EPS on TiO2 surface (Fig. 
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4.18a) indicated that the steric hindrance of the adsorbed EPS may play a key role in the 

colloidal stability of TiO2 NPs (Chen and Elimelech, 2007b; Duster et al., 2014). When the 

pH = pHPZC, T iO2, the zeta potential of TiO2 NP was approximately zero, and the diameter 

was close to 1150 nm. The continuous addition and adsorption of EPS on the NP surface 

resulted in the decrease of the zeta potential and size, which stabilized at -30 mV and 200 

nm at EPS concentrations greater than 1 mg/L, respectively (Figs. 4.23b and 4.24b). Under 

these conditions, electrostatic repulsion may play an important role in stabilizing the TiO2  

NPs. When the pH > pHPZC, T iO2, the TiO2 NPs zeta potential exhibited a negative value, 

and their z-average diameter was close to 200 nm (Figs. 4.23c and 4.24c). Adding EPS 

changed the zeta potential and size negligibly, demonstrating the absence of interactions 

between the TiO2 NPs and EPS; this result was supported by the lower adsorption capacity 

of EPS on TiO2 at high pH (Fig. 4.18a). 
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Figure  4.21 .  Aggregation profiles of TiO 2  NP as a function of EPS concentration 
when (a) pH=4, (b) pH=6 and (c) pH=8 
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Figure  4.22 .  Kinetics aggregation rates as a function of the EPS concentrations 

when (a) pH < pHP ZC, Ti O 2 , (b) pH= pHP ZC, Ti O 2  and (c) pH > pHP ZC, Ti O 2 .  Aggregation 

experiments were conducted in 1 mM NaCl solution and 25℃.  
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Figure  4.23 .  Zeta potential of TiO 2  nanoparticles as a function of EPS 

concentration at (a) pH 4.0, (b) pH 6.0 and (c) pH 8.0. Zeta potential measurements 

were conducted in 1 mM NaCl solution and 25℃.  



  

132 
 

0.01 0.1 1 10
0

200

400

600

800

1000

1200

1400

 

 

z
-a

v
e

ra
g

e
 d

ia
m

e
te

r,
 n

m

EPS concentration (mg/L)

 

0.01 0.1 1 10
0

200

400

600

800

1000

1200

 

 

z
-a

v
e

ra
g

e
 d

ia
m

e
te

r,
 n

m

EPS concentration (mg/L)

 

0.1 1 10
100

200

300

400

500

600

 

 

z
-a

v
e

ra
g

e
 d

ia
m

e
te

r,
 n

m

EPS concentration (mg/L)

 

Figure  4.24 .  z-average diameter variation of TiO 2  nanoparticles as a function of 

EPS concentration at (a) pH 4.0, (b) pH 6.0 and (c) pH 8.0. z-average diameter 

measurements were conducted in 1 mM NaCl solution and 25℃.  
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4.2.3.4. Effect of EPS on the colloidal stability of TiO2 nanoparticles in electrolyte 

solution  

 

In order to provide a foundation for comparisons with the aggregation kinetics after 

addition of EPS, the aggregation kinetics of the TiO2 NPs in the electrolyte solution were 

first studied. The attachment efficiencies (α) of TiO2 NPs according to NaCl solutions at 

pH 4.0 are presented in Fig. 4.25a and the representative aggregation curves are shown in 

Fig. 4.26a. The aggregation behavior of TiO2 NPs in NaCl solutions is consistent with 

Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory. As shown in Fig. 4.27, at 

relatively low NaCl concentration (i.e., < 15 mM), as reflected by the elevated attachment 

efficiency, the degree of charge screening and the aggregation rates increased with the 

increased NaCl concentration. This phenomenon is known as the reaction-limited regime 

(α < 1). At higher NaCl concentrations (≥15 mM), due to the completely charge screening 

of the TiO2 nanoparticles and then the eliminated energy barrier between TiO2  

nanoparticles, making the nanoparticles undergo the diffusion- limited aggregation (α = 1) 

regime. In this regime, the aggregation rates kfast reached the maximum and are not 

dependent on the electrolyte concentration. The analysis of the aggregation kinetics of TiO2  

nanoparticles with DLVO theory are shown in the Supplementary material. The 

intersection of these two regimes yields the critical coagulation concentration (CCC) in the 

salt solution (Chen and Elimelech, 2006). By extrapolating through the two regimes, the 

CCC was found to be 13.9 mM in NaCl solution. 

To explore the effect of EPS on the colloidal stability of TiO2 nanoparticles, the 

attachment efficiency of TiO2 NPs after addition of EPS was examined (Fig. 4.25a) and 
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the representative aggregation curves are presented in Fig. 4.26b, c, d, the concentration of 

EPS were 1 mg/L, 5 mg/L and 10 mg/L, respectively. The addition of EPS resulted in much 

lower α values compared with the EPS-free solution, which indicate that EPS can hinder 

the aggregation of TiO2 nanoparticles to a great extent in NaCl solution at pH 4.0. Lower 

adsorption capacity of EPS on TiO2 in high NaCl concentration decreased the electrostatic 

effect between TiO2 NPs and led to a higher aggregation rate of TiO2 NPs. It seems that 

the aggregation behavior was agreement with the DLVO theory, since the reaction- and 

diffusion- limited regimes are observed after the addition of EPS. The CCC of TiO2  

nanoparticles in the presence of 1 mg/L, 5 mg/L and 10 mg/L EPS were 155.6 mM, 213.7 

mM and 316.4 mM in NaCl solutions, respectively. At higher EPS concentrations, the 

higher CCC value demonstrated that the increased EPS concentration can increase the 

colloidal stability of TiO2 NPs. According to a previous study, the stability of nanopartic les 

is mainly dependent on the surface charge of nanoparticles (Zhang et al., 2009). Fig. 4.25b 

shows the EPM values of TiO2 NPs in the absence or presence of EPS in NaCl solution at 

pH 4.0. In the absence of EPS, the EPMs of TiO2 NPs became less positive with the 

increased IS, which can be ascribe to charge neutralization (the adsorption of reverse ion) 

or enhanced charge screening. Addition of EPS to the TiO2 suspensions resulted in 

complete charge reversal from positive to negative, and the zeta potential of TiO2 became 

less negative with increased IS, which also attributed to charge neutralization (the 

adsorption of reverse ion) or enhanced charge screening.  

In addition, the aggregation rate of TiO2 nanoparticles was inhibited in the presence 

of EPS, possibly because of steric repulsion due to the adsorption of EPS molecules onto 
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nanoparticles, which also can greatly stabilize the system. This hypothesis was confirmed 

by the phenomenon that the aggregation rate of TiO2 nanoparticles was decreased to zero 

in 50 mM NaCl in the presence of 10 mg/L EPS in Fig. 4.28. The added EPS prevented the 

aggregation processes between the nanoparticles despite the electrostatic repulsion was 

suppressed at such high ISs. 
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Figure  4.25 .  (a) Attachment efficiencies and (b) Zeta potential of TiO 2  NPs in the 

absence or presence of 1 mg/L, 5 mg/L and 10 mg/L EPS as a function of NaCl 

concentration. Aggregation experiments and zeta potential measurements were 

conducted at pH 4.0 and 25℃.  
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Figure  4.26 .  Aggregation profiles of TiO 2  NP in different concentration of NaCl 

solution in the (a) absence and presence of (b) 1 mg/L EPS, (c) 5 mg/L EPS and (d) 
10 mg/L EPS.  
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Figure  4.27 .  Attachment efficiency of TiO 2  nanoparticles as a function of NaCl 

concentration. The solid line represents theoretical prediction using DLVO with a 

Hamaker constant of 6.0×10-2 0  J and temperature of 25℃.  

0 500 1000 1500 2000 2500 3000 3500
0

500

1000

1500

2000

2500

 

 

 50 mM NaCl

 50 mM NaCl+10mg/L EPS

H
y
d
ro

d
y
n
m

a
m

ic
 d

ia
m

e
te

r,
 n

m

Time/s
 

Figure  4.28 .  Aggregation profiles of TiO 2  NPs in 50 mM NaCl solutions in the 
presence or absence of 10 mg/L EPS.  
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4.2.4 Conclusions 

   The adsorption of EPS on TiO2 surfaces and the effect of EPS on the aggregation 

behavior of TiO2 NPs is strongly dependent on the physicochemical characteristics of the 

environmental medium (pH and IS). The adsorption capacity of EPS on TiO2 NP surfaces 

decreased with the increase of solution pH and IS. Additionally, the conformation and 

protonation state of functional groups of EPS can be changed by the different chemical 

conditions. The adsorption of EPS can promote the aggregation of TiO2 nanoparticles only 

when the nanoparticle surfaces are positively charged, however, the adsorption of EPS 

leads to the stabilization of TiO2 NPs or disaggregation of TiO2 NP aggregates in other 

conditions. This study provides basic information on researching the effect of EPS on 

protecting the bacteria in the biofilm from the potential toxicity of engineered nanopartic les 

in different environment media. 
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4.3 Influence of Coagulant Residual on Filtration of Food Grade and 

Industrial Grade TiO2 in Water Treatment Systems  

Abstract 

This investigation assessed the role the coagulant residual, TiO2 structure, solution 

chemistry, and ionic strength (IS) have on the removal efficiency of TiO2 nanopartic les 

from the filtration stage of drinking water treatment. Six solution conditions were tested in 

this study: two IS of KCl and CaCl2 (1.83 and 10 mM), as well as artificial ground water 

(AGW) (10 mM), and artificial surface water (ASW) (1.83 mM). Coagulant (0, 0.05, 0.5, 

5 mg/L KAl(SO4)2·12H2O) was added to each of the solution conditions to simulate the 

residual coagulant present in the filtration stage of water treatment through an open 2D 

micromodel with uniformly spaced cylindrical collectors. This system allowed for the 

calculation of the single collector removal efficiency for the particles suspended in 

simulated water treatment conditions using real-time visualization measurements. In 

addition, the TiO2 particle were characterized in the various suspensions by measuring their 

hydrodynamic diameter, zeta potential, and zero point of charge before introduction into 

the micromodel. Results from this study indicate that for identia l solution chemistries and 

residual coagulant concentrations, industrial grade TiO2 (IG) had a higher removal 

efficiency than food grade TiO2 (FG). This was due to the IG particles forming larger 

aggregates than the FG particles. In addition, particles suspended in divalent salts had a 

greater removal efficiency than particles suspended in KCl. Higher ionic strength 

suspensions also lead to greater removal of the TiO2. For all TiO2 suspensions, the greater 

coagulant residual concentrations increased the removal efficiency up until 0.5 mg/L alum, 

above that threshold the effect of coagulant residual were negligible. This study 

javascript:void(0)
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demonstrates the limits that modification of solution chemistry has on the removal of TiO 2  

particles. 
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4.3.1 Introduction 

Currently, more than 80% of all the coagulants all around the world include 

aluminum (Al) ions(Sharp, Parsons, and Jefferson 2006). Al-based coagulants such as alum 

(KAl(SO4)2·12H2O), are commonly used in drinking water treatment to enhance the 

removal of particulate, colloidal, and dissolved substances via coagulation 

processes(Sharp, Parsons, and Jefferson 2006). The treatment of surface water with alum 

has been in operation for hundreds of years all over the world (Srinivasan, Viraraghavan, 

and Subramanian 1999; Chowdhury et al. 2011; Jacobson and Delucchi 2011). It is an 

effective method for coagulation, because the aluminum ions act by forming surface-active 

hydrolysis products that adsorb on particle surfaces and reduce their stabilizing surface 

charge. This forms an aluminium hydroxide precipitate, which increases the rate of 

formation of particle aggregates. The particle aggregates can then be removed by 

separation processes such as sedimentation and filtration leading to drinkable water.  

In a typical drinking water treatment process, coagulation is commonly referred to 

as the destabilization step. The next stage of water treatment, flocculation, refers to cases 

where the coagulant (such as alum) dominates through fluid motion (i.e. orthokinet ic 

aggregation) and aggregates (flocs) tend to be larger (Benjamin 2002; Gregory 2005). The 

metal salts used as coagulants (i.e. aluminum, iron) are effective in removing colloida l 

particles and dissolved organic substances through charge neutralization and sweep 

flocculation mechanisms (Duan and Gregory 2003). Specifically, the Duan and Gregory 

(2003) study found that charge neutralization can be effective in destabilizing colloida l 

particles at low dosages of aluminum and ferric salts (5 – 50 µM), bulk precipitation of 
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metal hydroxide yielded larger flocs from sweep flocculation, and that optimum pH is 

important for the effectiveness of the coagulant. Sweep flocculation leads to faster 

aggregation than charge neutralization, and gives stronger/denser flocs (Gregory 2005). 

Moreover, an important phenomena involving the effectiveness of metal coagulants is from 

the pH change caused by hydrolysis of the metal cations (in this case, Al3+); the change in 

pH of the solution governs the metal coagulants’ effectiveness during coagulation since 

metal ion solubility will be affected (Crittenden and Harza 2005; Gregory 2005). Indeed, 

other researchers have demonstrated the use of conventional water treatment processes (i.e. 

coagulation, flocculation, sedimentation, and filtration) to effectively remove natural 

organic matter, suspended solids, and other inorganic constituents from water and 

wastewater (Duan, Wang et al. 2002; Domínguez, Beltrán de Heredia et al. 2005; Beltrán-

Heredia, Sánchez-Martín et al. 2009; Zhao, Liu et al. 2009; Kim, Liu et al. 2012). However, 

even with an extensive body of literature on these stages of water treatment and a growing 

number of papers on micro and nano material stability, the capacity of conventional water 

to remove micro and nano particles has not yet been fully determined.  

One proposed strategy to remove a greater number of micro and nano sized metal 

oxide particles would be to simply add more coagulant. However, previous studies have 

demonstrated that a portion of the alum added to the raw water is not removed during 

treatment and remains as residual aluminium in the treated water (Crapper McLachlan and 

De Boni 1980; Vaidyanathan and Tien 1988; Van Benschoten and Edzwald 1990). Indeed, 

there is considerable concern throughout the world over the levels of aluminium found in 

drinking water sources (raw water) and treated drinking water. This has arisen mainly for 
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two reasons. First, acid rain has caused the aluminium level in many freshwater sources to 

increase (Schecher and Driscoll 1988). This high (3.6 to 6 mg/l) concentration of 

aluminium in treated water gives rise to turbidity, reduces disinfection efficiency, and may 

precipitate as Al(OH)3 during the course of distribution (Rahman 1992). Secondly, the 

possibility of an association between aluminium and neuropathological diseases, includ ing 

presenile dementia and Alzheimer’s disease is frequently hypothesized (Schecher and 

Driscoll 1988; Crapper McLachlan and De Boni 1980; Stauber et al. 1999). Therefore, 

standards have been established for the control of residual Al in drinking water. The 

drinking water quality limit for Al according the World Health Organization (WHO) 

guidelines is 0.2 mg/L, while the limit for Japan and the USA are 0.1 mg/L (Kimura et al. 

2013) and 0.05 mg/L(Kimura et al. 2013), respectively. Thus, the quantity of coagulant 

used must be balanced with the potential amount of particle removal to ensure drinking 

water safety. 

Thus, the goal of this project was to shed light on the relationship between the 

coagulant residual concentration and the removal efficiency in the filtration stage of water 

treatment of micro and nano sized TiO2 particles. This systematic study for the assessment 

of current water treatment infrastructure in removing nano and micro sized particles prior 

to their entering water distribution systems (Lecoanet and Wiesner 2004; Dunphy Guzman, 

Finnegan et al. 2006) was conducted in a 2D filtration micromodel. This micromodel was 

thus used to study the removal efficiency of two grades of TiO2 suspended in standard 

drinking water influent by using a variety of environmentally relevant coagulant residual 

in order to give insight into potential removal strategies. 
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4.3.2 Methods and Materials 

4.3.2.1 TiO2 particles preparation  

The food grade (FG) TiO2 employed in this study was acquired from Arizona State 

University to represent the particles applied in food products. Particle size was determined 

to be 48 – 122 nm with a phase composition of 2% rutile and 98% anatase based on 

previous report (C. Chen, Waller, and Walker 2017). And a representative industrial grade 

(IG) TiO2, as a comparison, employed in this study were P25 Evonik Degussa (Evonik 

Industries AG) with a phase composition of 18% rutile and 82% anatase of which purity 

of 99.5%. The average size reported by the manufacturer to be 21 nm (X-ray diffraction), 

however, is composed of fused aggregate particles that can aggregate to form larger 

secondary aggregates in suspension. Before transport test experiments, a stock suspension 

of for each grade of TiO2 was prepared via a similar protocol by Chen et al. (2017). The 

TiO2 particles were sonicated (Transsonic 460/H; Barnstead Lab-Line) for ~5 min to help 

break up aggregation immediately before transport experiments. Coated TiO2 with FITC 

for each grade were prepared by a similarly reported procedure (Maurizi et al., 2009) by 

utilizing FITC as the coating agent for both grades if TiO2. 

 

4.3.2.2 Test Solutions 

Six solution conditions were tested in this study: two ionic strengths (IS) of 

monovalent KCl and divalent CaCl2, artificial groundwater (AGW), and artificial surface 

water (ASW). Two IS values were selected to control for the IS of ASW (1.83 mM) (Yip 

et al., 2011) and AGW (10 mM) (Bolster et al., 1999), respectively. The complete list of 

constituents for AGW and ASW can be found in previous research (Kinsinger, et al, 2014). 
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All chemicals were ACS grade reagents (Fisher Scientific). For select experiments, to study 

the coagulant residual effect on removal efficiency, 4 concentrations of alum were applied 

to each suspension with the 2 different grades of TiO2, including 0, 0.05, 0.5, 5 mg/L of 

alum (KAl (SO4)2·12H2O,  Sigma-Aldrich). Those concentrations were selected to 

represent a typical average of the drinking water quality limit for Al. Specifically, 0 mg/L 

was used as the control, 0.05 mg/L is meant to represent the limit in the US, 0.5 mg/L 

represents the limit of the World Health Organization (WHO), while 5 mg/L represents a 

value in the range of treated wastewater effluent (<5 mg/L) (Crittenden and Harza, 2005). 

 

4.3.2.3 Particles characterization in suspension 

Electrophoretic mobility (EPM) and hydrodynamic diameter of the FG and IG TiO2  

particle suspensions were determined using a ZetaPALS Analyzer (Brookhaven 

Instruments, Holtsville, NY). Zeta potential was calculated from the EPM using the 

Smoluchowski equation, which is applicable when the Debye length (thickness of the 

double layer) of a particle is much less than the particle size (Elimelech et al.,  1998; 

Gregory, 2006). Hydrodynamic diameter was measured using the dynamic light scattering 

function of the same ZetaPALS Analyzer instrument. Particle suspensions were sonicated 

for 10 min before addition to respective media, where a final 30 s sonication was performed 

just before characterization. The zeta potential and hydrodynamic diameter were 

determined from the average of 5 runs, with each run lasting 2 min.  

Multi-angle static light scattering (SLS) (BI-200SM, Brookhaven Instruments, 

Holtsville, NY) was used to determine the aggregate morphology of the food grade and 

industrial grade TiO2 aggregates as a function of concentration of coagulant residual. A 5 

https://www.google.com/search?q=Sigma-Aldrich,+Inc&stick=H4sIAAAAAAAAAOPgE-LUz9U3sLC0SK5U4gIxLXPi44uLtTQzyq30k_NzclKTSzLz8_Tzi9IT8zKrEkGcYqvi0qTizJTMxKLM1GIAV9ce_kQAAAA&sa=X&ved=0ahUKEwjWn8iGsuLYAhUC6GMKHW9wD3MQmxMIpQEoAjAW
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mW HeNe Laser (Uniphase) was employed to provide a single- frequency output with a 

wavelength of 632.8 nm. For light scattering measurements borosilicate culture tubes 

(Fisher Scientific, PA) were used as the sample cuvette. Scattering angle was varied from 

15° to 45°, for a total of ten discrete angles equally distributed on a logarithmic scale. 

Fractal dimension of the food grade and industrial grade TiO2 aggregates was determined 

from scattering intensities utilizing Rayleigh-Gans-Debye (RGD) theory from the 

following equations:  

 

( ) fD
I q q


               (1) 

4
sin

2
q

 




            (2)  

Where θ = scattering angle; λ = wavelength of incident light; Df = fractal dimension; q = 

scattering wave vector; I(q) = scattering intensity.  

 

 

4.3.2.4 Quantitative analysis of transport experiments in a 2D micromodel   

2D micromodel transport experiments (Chen et al., 2017) were used to simulate 

conventional filtration process. Alum, (KAl(SO4)2·12H2O) at a dosage of 0, 0.05, 0.5, 5 

mg/L was used with the limit for drinking water of Japan, USA, and WHO, which is more 

commonly used for practical water treatment operations (Gregory, 2006). The TiO2  

concentration (bare and coated) was 5ppm for all experiments. 60 mL samples were 

prepared in the solution for 2D transport experiments. Samples collected were used to 
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evaluate particle removal efficiency. The removal efficiency is the fraction of particles 

approaching collector that actually collide, described as 

                                                                                                                                [1] 

where I is the number of attachment per collector, dc is the collector diameter (m), v is the 

velocity (m/s), and cp is the particle concentration. 

 

4.3.2.5 Statistical analysis 

All characterization and transport experiments were performed in triplicate in order to have 

an average and standard error. To test for differences between water chemistry, fractal 

dimension, and removal efficiency in all experiments listed above, a t-test was conducted 

to determine statistically significant differences for confidence intervals of 95% and 99% 

(p < 0.05 and p < 0.01, respectively).  

 

4.3.3 Results and Discussion 

4.3.3.1 Effects of coagulant residual level and solution chemistry on zeta potential of 

FG and IG TiO2 

The zeta potential of food grade and industrial grade TiO2, as a function of the 

concentration of the coagulant residual alum (0, 0.05, 0.5, 5 mg/L KAl(SO4)2·12H2O) are 

presented in Figure 4.29A-D, respectively. The zeta potential of food grade TiO2 in the 

absence of the coagulant residual were highly negative in all of the suspensions tested. 

While the zeta potential of industrial grade TiO2 were highly positive in all of the 

suspensions tested in the absence of alum. This is consistent with previous studies 

demonstrating that the isoelectric point of industrial grade TiO2 was approximately pH 6.2 

4

c p

I

d vc
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(Suttiponparnit et al. 2011; Kosmulski 2002).  Particles have a positive zeta potential when 

pH is lower than 6, while the zeta potential is negative when pH is higher than 6 (Jiang, 

Oberdörster, and Biswas 2009).  

The addition of the coagulant residual lead to the suspensions becoming more 

acidic due to the formation of sulfuric acid from the hydrolysis of alum to form hydrolyzed 

cationic species (N. Kinsinger et al. 2015). The dominate species was Al(OH)4 -, although 

a minor species of Al(OH)4 + was also present. The positively charged hydrolyzed species 

strongly adsorbed to the negatively charged TiO2 particles (IEP ~ pH 6.2) (Duan and 

Gregory 1998), leading to charge neutralization and particle destabilization. With a further 

increase in alum loading, the particles can develop an excess charge from the positive 

species and this can lead to charge reversal, re-stabilizing the particles (Duan and Gregory 

2003, 1998). It has been found that only ~5 µM Al/m2 particle surface is required for charge 

neutralization at pH 6, assuming a complete available titanium surface area (P.-H. Lin, 

Lion, and Weber-Shirk 2010). Therefore, the observed positively charged particles (Fig. 

4.29) are due to charge reversal from excess absorption of the positively charged Al 

species. This could explain the phenomenon of the zeta potential of the particle surfaces 

becoming more electrically neutral with increasing alum concentration, resulting in 

particles destabilization.   

In general, the valence of the suspension lead to small, but significant differences 

in zeta potential for both grades of particles at each respective coagulant dosage and IS (P 

< 0.05). The monovalent suspensions tended to be the most stable (highest absolute zeta 

potential value), followed by the ASW or AGW (depending on IS), with the divalent cation 
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suspension being closest to neutral (lowest absolute zeta potential value). Similar stability 

trends have been observed with regard to simple KCl and CaCl2 systems (Chowdhury et 

al. 2011) and in more complex waters (A. A. Keller et al. 2010).  Interestingly, the ionic 

strength of the suspension (between 1.83 and 10 mM) did not significant affect the zeta 

potential of either particle (Fig 4.29 A vs. C and B vs. D). This may be because precipitat ion 

began to be observed for FG TiO2 with the addition of 5 mg/L alum. This is due to the 

solubility limit of the excessive coagulant dosage, which occurs when the concentration of 

Al (III) exceeds solubility limit (minimum at near pH 6) (Dentel and Gossett 1988) and 

promotes precipitation of amorphous colloidal hydroxide particles (homogeneous or 

heterogeneous) (Duan and Gregory 2003).  
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B 

C D 

A 

Figure  4.29. Zeta potentials of food and industrial grade TiO
2
 with 0, 0.05, 0.5, 5 

mg/L concentration of Alum in ASW with comparison group of  1.83 mM KCl and 

CaCl2  (A,C)  and in AGW with comparison group of 10 mM KCl and CaCl2  

respectively.  Errors bars indicate one standard deviation of triplicate 
measurements.  

.  
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4.3.3.2 Effects of coagulant residual level and solution chemistry on DLS of FG and 

IG TiO2 

The particle size of food and industrial grade TiO2, as a function of the 

concentration of the coagulant residual alum (0, 0.05, 0.5, 5 mg/L KAl(SO4)2·12H2O) are 

presented in Figure 4.30A-D. In general, particles suspended in CaCl2 formed the largest 

aggregates, followed by the simulated water suspensions, while the KCl suspensions lead 

to the formation of the smallest aggregates for both grades of particles, across all IS and 

alum concentrations. These results are in line with previous studies, which have reported 

that increased concentrations of multi-charged cations lead to greater metal-oxide 

aggregation (F. Lu et al. 2009; Chowdhury, Walker, and Mylon 2013; Lanphere, Luth, and 

Walker 2013). Specifically, Ca2+ ions lead to greater electrical double layer compression 

than monovalent ions due to the larger outer valence shell size (Hayes et al. 2011). This 

phenomenon is most likely due to charge screening and reduced Debye length (Redman, 

Walker, and Elimelech 2004). Previous studies have also demonstrated similar effects 

where calcium ions Ca2 + contributed to enhanced nanoparticle aggregation and larger 

particle sizes (X. Li et al. 2006; Zhang et al. 2009; Pelley and Tufenkji 2008; S. a. Bradford 

and Torkzaban 2013). It has been also reported previously that the Ca2+ ions can bind with 

the oxygen functional groups, which may explain the specific increase in aggregation 

observed in the AGW suspension when compared to the artificial surface water (ASW) 

suspensions (Chowdhury, Walker, and Mylon 2013; Zhang et al. 2007). Increased 

hydroxide precipitation is also a likely cause of the increased TiO2 particle aggregate size, 

due to the presence of highly charged anions, such as sulfate, which promote the hydroxide 
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precipitation that enmesh the smaller TiO2 particles to form significantly larger secondary 

particles that easily settle out of solution (Duan and Gregory 2003). 

 

For both grades of TiO2 the effective diameter significantly increases with the addition of 

alum (P < 0.05) up until 0.5 mg/L for each of the background solutions, while there is no 

increase between 0.5 and 5 mg/L. This may be because Al(III) species exert a profound 

effect on the isoelectric point of TiO2 and on the coagulation of the TiO2 colloid (Wiese 

and Healy 1975). For TiO2 the critical coagulation concentration (CCC) and the critical 

stabilization concentration (CSC) shift from about pH 6 in the absence of Al(III) to about 

pH 9 as the concentration of Al (III) is increased. Since the pH of the DLS was ~ pH 6, one 

possible explanation would be between 0 and 0.5 mg/L, both types of TiO2 were below the 

CCC, while higher than the 0.5 mg/L alum, it was above the CCC, and the aggregate size 

was no longer affected by the alum concentration.  

The percent increase in aggregate size as a function of coagulant residual was 

significantly greater for the FG than IG TiO2 particles (Figure 4.30 A and B, C and D), 

which was consistent with previous studies (Westerhoff et al. 2011).When comparing the 

FG TiO2 particles suspended in two different ionic strengths (1.83 vs. 10 mM) the greater 

ionic strength lead to a significantly greater aggregate size (P < 0.05). The electrical double 

layer (EDL) theory explains a reduction in the thickness of the diffuse double layer with 

increasing ionic strength (Stankovich and Carnie 1996). This allows for a greater degree of 

particle-particle interaction resulting in an increase in the level of aggregation and potential 

for particle settling. The lack of an effect of ionic strength on the solubility was also 
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observed for IG particles (Figure 4.30B and 4.30D). Previous research has demonstrated 

that micro size particles (> 1µm) were stable at increased ionic strengths (0.15 M NaCl) 

(Jiang, Oberdörster, and Biswas 2009). Therefore, the changes in aggregate size and the 

measured zeta potential due to variations in ionic strength are expected to be negligible.  

A strong correlation between the zeta potential and average size was observed. 

When the alum concentration is far from the isoelectric point, the absolute value of zeta 

potential was greater (Figure 4.29). The electrostatic repulsive force is then dominant over 

the van der Waals force; such that agglomeration is suppressed. Consequently, the average 

size was small, ~600 nm for FG TiO2, and ~ 1600 nm for IG TiO2 when alum concentration 

was 0 mg/L. When the alum concentration approached the isoelectric point, the repulsive 

force was weakened due to low surface charge, and the hydrodynamic size increased. 

Under these conditions, large flocs were formed, which settled out of the solution.   
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Figure  4.30. Effective diameter  of food and industrial grade TiO 2  with 0, 0.05, 

0.5, 5 mg/L concentration of Alum in ASW, with comparison group of 1.83 mM 

KCl and CaCl2  (A,C)  and in AGW with comparison group of 10 mM KCl and 

CaCl2  (B,D) respectively.  Errors bars indicate one standard deviation of triplicate 

measurements.  

 

A B 

C D 
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4.3.3.3 Effects of coagulant residual level and solution chemistry on aggregate 

morphology of FG and IG TiO2 

Fractal dimension of the food grade and industrial grade TiO2 aggregates formed in 

the presence of residual coagulant (0, 0.05, 0.5, 5 mg/L KAl(SO4)2·12H2O) was measured 

by static light scattering (SLS). To illustrate more clearly the observed trends with particle 

concentration and ionic strength, the fractal dimensions are plotted in Figure 4.31. In 

general, for FG TiO2, fractal dimension was highest in the simulated water conditions 

(AGW and ASW), followed by a divalent solution (CaCl2) of similar total ionic strength, 

and then monovalent solution (KCl). Contrarily, for IG TiO2, fractal dimension in 

multivalent water conditions (AGW and ASW) were lower than in the same IS divalent 

(CaCl2) and monovalent (KCl) suspensions. Interestingly, for FG TiO2, changes in fractal 

dimension did not correlate with coagulant residual concentration, while for IG TiO2, 

fractal dimension significantly increased between 0.5 and 5 mg/L coagulant residual 

concentration. These results indicate that FG TiO2 aggregates were very stable. An increase 

in measured fractal dimension for IG TiO2 aggregates at and above 0.5 mg/L coagulant 

residual concentration would indicate more tightly packed structures. Whereas slower 

aggregation rates are typically associated with higher fractal dimensions, it is possible that 

the coagulant residual in these conditions destabilized enough of the particles in suspension 

so as to cause the lower fractal dimension aggregates to settle out of suspension.  

The electrolyte concentrations of the single salt solutions used in the experiments 

were 1.83 and 10 mM. This allowed observation of the behavior of the fractal dimension 

at different coagulant residual concentrations. The fractal dimensions were found to range 

from 1.11 to 1.93, which corresponds well to known literature values of 1.0 and 2.1 for 
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diffusion- limited cluster-cluster aggregation (Meakin and Jullien 1988; Heinson, 

Chakrabarti, and Sorensen 2015) and reaction-limited cluster-cluster aggregation (Fry et 

al. 2004; Heinson, Sorensen, and Chakrabarti 2010), respectively. Clearly, the structure of 

aggregates formed from the colloidal particles differs between the two types of TiO 2  

particles evaluated, but the effect of coagulant residual concentration is minimal in these 

conditions. In 2012, Jassby et al. also reported that there was only a minor impact on the 

fractal dimension as a function of IS of TiO2 aggregates due to the fused nature of their 

primary particle structure (Jassby 2011). Yet little else has been reported on the effects of 

coagulant residual concentration on the aggregate structure of colloidal systems.   
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Figure  4.31 .  Fractal dimension of both food and industrial grade TiO
2
 as a function of 

coagulant residual concentration (0, 0.05, 0.5, 5 mg/L ) for AGW and ASW, four 

relevant ionic strength with 1.83 mM KCl and CaCl2  (A,C) and 10 mM KCl and CaCl2  

(B,D) environmental conditions were applied.  Experiments were conducted at a flow 
rate of 1µL/hr. Error bars indicate one standard deviation of triplicate measurements.  

 

 

A 
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4.3.3.4 Effects of coagulant residual level and solution chemistry on removal of FG 

and IG TiO2 

The removal efficiency of food grade and industrial grade TiO2, as a function of the 

concentration of the coagulant residual alum (0, 0.05, 0.5, 5 mg/L KAl(SO4)2·12H2O) are 

presented in Figure 4.32. Results from this study indicate that for all TiO2 suspensions, the 

removal efficiency increased with greater coagulant residual concentrations up until 0.5 

mg/L alum, above that threshold there was no increase in removal. The removal 

efficiencies measured in this study correlate well with the stability characterization results, 

as well as observations of nanoparticle transport reported in the literature (Godinez et 

al., 2013; Wang et al., 2013). For identical solution chemistries and residual coagulant 

concentrations, industrial grade TiO2 had a significantly higher removal efficiency than 

food grade TiO2 (P < 0.05). This was due to the IG particles forming larger (Figure 4.30) 

and thicker aggregations (Figure 4.31) than the FG TiO2 particles. Increases in removal due 

to aggregate size is because the DLVO and hydrodynamic forces increases with the size 

(S. a Bradford, Torkzaban, and Walker 2007) and gravitational forces increases with both 

thicker and larger aggregate size (Ma, Pazmino, and Johnson 2011; G. Chen, Hong, and 

Walker 2010; Cai et al. 2015).  

A larger removal efficiency was observed in the CaCl2 compared with the KCl 

suspension across the same range of alum concentration for both types of FG and IG. This 

difference in removal recovery may be due to a higher degree of adsorption by alum onto 

the collectors in the presence of Ca2+ ions. Higher ionic strength also lead to a significantly 

greater removal for both grades of TiO2, which could be attributable to the increases in 

aggregate size. An interesting deviation from the direct link between aggregate size and 



  

166 
 

removal efficiency is that there is no significant difference in the removal of either grade 

of TiO2 whether suspended in ASW and CaCl2 at 1.83 mM, as well as AGW and CaCl2 at 

10 mM, when keeping alum constant.  

A B 

C D 

Figure  4.32 .  Removal efficiency η of both food and industrial grade TiO
2
 as a function 

of coagulant residual concentration (0, 0.05, 0.5, 5 mg/L ) for AGW and ASW, four 

relevant ionic strength with 1.83 mM KCl and CaCl2  (A,C) and 10 mM KCl and CaCl2  

(B,D) environmental conditions were applied.  Experiments were conducted at a flow 
rate of 1µL/hr. Error bars indicate one standard deviation of triplicate measurements.  
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4.3.4 Conclusions 

In the past, studies have generally used simple monovalent systems to understand 

the fate and transport of industrial grade and food grade TiO2 in porous media; therefore, 

more complex systems including the presence of divalent ions, monovalent ions, simulated 

water (AGW, ASW), and the presence of different concentration alum residual were 

evaluated in this study. The presence of alum for both monovalent and divalent cations, 

lead the FG and IG TiO2 to become less stable and easier to remove. The presence of 

divalent ions (e.g., Ca2+, Mg2+) resulted in FG and IG being less stable compared with 

monovalent ions at similar concentrations regardless of alum concentration.  

The results indicate that there is a significant difference between the behavior of 

FG and IG in simulated water (AGW, ASW) systems. For identical solution chemistr ies 

and residual coagulant concentrations, industrial grade TiO2 (IG) had a higher removal 

efficiency than food grade TiO2 (FG). This was due to the IG particles forming larger 

aggregates than the FG particles. Since AGW have a higher concentration of divalent ions 

(e.g., Ca2+, Mg2+), IG will tend to become less stable and will eventually settle out or be 

removed in these subsurface environments. Conversely, for ASW, with the concentration 

of divalent ions typically lower, IG would remain more stable and their transport will be 

greater in the subsurface layers in natural water bodies.  

Results from this study also indicate that for all TiO2 suspensions, the greater coagulant 

residual concentrations increased the removal efficiency up until 0.5 mg/L alum, above 

that threshold the effect of coagulant residual were negligible. Additionally, AGW had the 

greatest removal efficiency for all coagulant residual concentrations, followed by CaCl2, 
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ASW, and KCl, respectively. Analysis from results of this study suggests that having some 

coagulant residual, up to 0.5 mg/L alum, in the filtration stage of drinking water treatment 

will help remove micro and nano sized particles from drinking water. However, more work 

needs to be done to find the right balance in ensuring drinking water has both low levels of 

micro and nano particles, as well as low levels of coagulant residual.   
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5 Chapter Introduction 
 

This chapter comprises multiple efforts working towards the ultimate goal of rapid 

and transparent integration of scientific research into societal improvement. The first study 

in this chapter incorporated analytical chemistry techniques into a psychology study to 

elucidate the correlation between compounds in drinking water and taste preferences that 

may be modulated by personality. Future benefit of this work could allow individuals to 

personalize their water and help reduce the stigma around the usage of recycled 

wastewater. The second portion of this chapter demonstrated the application of a method 

common in the research community, the literature review, and its utility towards 

synthesizing large and disparate amounts of information intended to affect a common 

effort. In particular, the state-level curation of water data was compiled to provide 

accessible information for researchers, policymakers, farmers, and the general public. The 

results of this chapter demonstrate multiple attempts to bridge the divide between 

researchers, the general public, and policymakers, and they provide examples of the value 

added to society by doing so. 
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5.1 Preference for Tap, Bottled, and Recycled Water: Relations to PTC Taste 

Sensitivity and Personality 

Abstract 

 

This study investigated people's preferences for different water sources and factors 

that predict such preferences using a blind taste test. Water preferences of 143 participants 

for one name-brand bottled water, one groundwater-sourced tap water, and one indirect 

potable reuse (IDR) water were assessed. For predictors of water preference, we measured 

each participant's PTC taste sensitivity and assessed two personality traits (Neuroticism, 

Openness to Experience). We also explored participants' descriptions of each water source. 

Results indicate a preference for water treated with Reverse Osmosis (RO) (bottled and 

IDR water) over groundwater-sourced water, which had higher pH levels and lower 

concentrations of Ca and HCO3−. PTC taste sensitivity did not predict preferences, while 

Openness to Experience and Neuroticism predicted preference for IDR water. Positive 

relations between Openness to Experience and preferences for bottled and IDR water were 

moderated by gender and were stronger among females. Participants described water 

primarily by its taste and texture. Findings suggest that (1) tap water treated by RO is 

equally preferable to some bottled water, (2) personality traits may affect water 

preferences, and (3) prior findings of gender differences in preferences for bottled water 

may reflect personality characteristics. Efforts to increase acceptance for sustainable water 

alternatives, such as IDR, may be more successful by assuring consumers about taste and 

addressing personality traits that encourage or inhibit use. 

  



  

189 
 

5.1.1 Introduction 

 

People have many options of potable water including bottled water and water from 

household taps. Recycled water treated by reverse osmosis (RO) has significant potential 

as a sustainable source of water and, in recent years, it has become more available (Peñate 

& García-Rodríguez, 2012). This industrial-scale treatment process removes most 

contaminants from wastewater and, as a result, it is increasingly used in water purificat ion. 

One method of water recycling, indirect potable reuse (IDR), uses RO to remo ve 

contaminants and then reintroduces the water into the groundwater where it reenters the 

drinking water system. Despite the high quality of IDR water, people tend to reject it for 

various reasons including disgust reactions (authors, under review) and poor taste. This 

reaction begs the question of whether people in a blind taste test can distinguish the taste 

of recycled water from waters that are deemed acceptable, such as bottled and tap water. 

Furthermore, if people can distinguish these waters, which water(s) do they prefer and do 

factors such as taste sensitivity, assessed with the PTC (phenylthiocarbomide) strip tasting 

method, and certain personality characteristics affect any preferences?  

This study investigates these questions by examining whether people distinguish 

bottled and tap water from two different sources (i.e., groundwater-sourced and IDR water 

distributed through household faucets) when blind to the source. It also examines how 

people describe water from each source, if they have preferences among them, and if PTC 

taste sensitivity and the personality traits of Neuroticism and Openness to Experience relate 

to these preferences.  
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5.1.1.1 Drinking Water Preferences  

 

Bottled water has had a sharp increase in popularity since the late 1970s. It is now 

a ubiquitous commodity that people view as synonymous with quality and purity (Hu, 

Morton, & Mahler, 2011; Wilk, 2006). Yet bottled water remains an ill-defined product 

with little regulation over what it contains, resulting in a wide variety of quality (Gleick, 

2010). Bottled water also carries significant environmental impact, including increased 

pollution from the manufacture, transport, and disposal of the containers (Arnold & Larson, 

2006). Despite these drawbacks, people prefer bottled water to tap water for reasons of 

taste and purity (Saylor, Prokopy, & Amberg, 2011).  

People consider a range of information when choosing water to drink. 

Organoleptics, perceptions experienced through the senses (e.g., taste, smell), are central 

to this process (Doria, 2006). Prior research shows that a water’s chemical and physical 

qualities (e.g., mineral content) affect tastes associated with water (Bruvold & Gaffey, 

1969). Processes that alter the chemical concentrations in water, such as filtration methods 

that remove minerals or local soil composition or bottling factories that add minerals, may 

affect a water’s organoleptic properties and, thereby, people’s water preferences. Further 

research investigating more specific physical influence on water preference has 

demonstrated that higher, or more alkaline, pH levels as well as concentrations of specific 

mineral combinations are related to people’s water preferences (Platikanov, et al., 2017). 

Additionally, the presence of sodium with higher concentrations of carbonates or chloride 

relates to generally negative reactions to water (Whelton, Dietrich, Burlingame, Schechs, 

& Duncan, 2007), while higher concentrations of calcium combined with higher levels of 
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carbonates relates to generally positive reactions to water sources (Platikanov et al., 2017). 

Thus, water preferences can be exerted, both positively and negatively, by a water source’s 

specific concentration of chemicals. 

Prior research has examined the chemical differences in water from different 

sources (Bruvold & Gaffey, 1969) and how people describe bottled and tap water when 

they are aware of the source (Doria, 2006; Saylor et al., 2011). For instance, descriptions 

include terms that refer to taste and mouthfeel, smell, and color. Other explanations for 

water preferences are perceived cleanliness, safety, and purity of the source (Opel, 1999), 

the branding of the product (Wilk, 2006), and convenience (Saylor et al., 2011). However, 

most prior studies asked participants to compare their experiences with bottled versus tap 

water when participants were aware of the source. To our knowledge, little research has 

investigated how people describe waters when blind to the source. 

Although taste preferences and perceptions of superior physical qualities affect 

whether people choose bottled over tap water, the quality of tap water in the United States 

is, by and large, very good (Gleick, 2010). Thus, it appears that factors in addition to taste, 

such as a social stigma associated with tap water versus a positive perception of bottled 

water, play a role in this decision process. Although some research reports no preference 

between bottled and tap water in blind taste tests (Trivedi, 2008, cited in Gleick, 2010), 

this research largely exists in grey literature produced outside conventional research and 

publishing sources (Doria, 2006). Prior conventional research that has examined people’s 

blind judgments of bottled and tap water has shown that people, while generally unable to 

distinguish between the two, differ significantly in their ability to detect differences in 
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water (Teillet, Urbano, Cordelle, & Schlich, 2010). Additionally, significant individua l 

differences occur in what features people prefer in water, and that water preferred by some 

people may be rejected by others (Platikanov et al., 2017). Thus, there is currently a lack 

of scientific research on whether people discern taste differences in water when blind to 

the source and factors that may underlie individual preferences. Possible contributing 

factors include individual differences in PTC sensitivity and personality.  

 

 

5.1.1.2 Individual Differences in Water Preference  

PTC sensitivity 

Individual differences in human taste perception, which are inherited, may have 

implications for the water choices people make (Bruvold & Gaffey, 1969). One way that 

taste sensitivity is measured is with the chemical phenylthiocarbomide (PTC), which, when 

applied to a paper strip and tasted, causes a bitter taste to individuals with heightened taste 

sensitivity. This reaction is due to the number of taste buds on the tongue (Bartoshuk, 

Duffy, & Miller, 1994; Tepper, 1998). People with high levels of PTC sensitivity have a 

greater number of taste buds and are called super-tasters (Pickering, Jain, & Bezawada, 

2013); about 25% of the population is estimated to be super-tasters (Bartoshuk et al., 1994).  

PTC sensitivity is correlated with lower detection thresholds for salty, sour, and 

sweet chemicals dissolved in water (Bartoshuk et al., 1994; Hong et al., 2005), which in 

prior research have been related to unfavorable judgments of water (Drewnowski, 

Henderson, & Barratt-Fornell, 2001). Given that higher concentrations of chemicals impact 

water preferences and explain inter-individual differences in such preferences (Platikanov, 
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et al., 2013; Whelton et al., 2007), these findings suggest that PTC sensitive individua ls 

may be able to detect the presence of taste-related chemicals (i.e., Na, Ca, Cl-, HCO3
-, CO3

2-

, and SO4
2- ; Platikanov et al., 2017) at lower concentrations in water sources and, therefore, 

prefer some water sources over others. 

One prominent factor influencing water enjoyment is the total mineral content and 

concentrations of specific chemicals (Bruvold, 1968; Teillet et al., 2010). Higher 

concentrations of salty minerals, such as Na+ and Cl-, may relate to unpalatable taste (World 

Health Organization, 2004), whereas higher concentrations of other minerals, such as Ca, 

SO4
2-, and HCO3

-, may relate to more positive water preferences (Platikanov et al., 2017). 

Given that sodium, carbonates, chlorides, and other minerals are present to varying degrees 

in different water sources (World Health Organization, 2009), PTC sensitivity might be an 

important factor that influences whether people prefer bottled over tap water. Alternative ly, 

other factors, such as individual differences in certain personality traits may impact 

people’s preferences for sources of water with different chemical concentrations. 

Personality traits  

Another explanation for individual differences in water preference may be how 

particular concentrations of chemicals are perceived. Certain personality traits are related 

to differences in perceptions and reactions to stimuli, including perceptions of food and 

beverages that are consumed (Goubert, Crombez, & Van Damme, 2004; Keller & Siegrist, 

2015). The present study examines this issue by focusing on two personality dimens ions 

that reflect individual differences: Neuroticism, which pertains to anxiety or insecurity and 
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unhappiness, and Openness to Experience, which pertains to imaginative preferences and 

novelty seeking (Milfont & Sibley, 2012). People who score high on Neuroticism are wary 

of ambiguous or unfamiliar stimuli relative to people who score lower on this trait 

(Lommen, Engelhard, & van den Hout, 2010). Alternatively, people who score high on the 

Openness to Experience trait tend to enjoy novel and diverse stimuli relative to people who 

score low on this trait (Jokela, Bleidorn, Lamb, Gosling, & Rentfrow, 2015). 

These findings suggest that people who score higher on Neuroticism may react 

more negatively to the higher concentrations of any taste-related chemicals (i.e., Na, Ca, 

Cl-, HCO3
-, CO3

2-, and SO4
2-) in their water compared to those who score higher on 

Openness to Experience. For instance, people who score high on Openness to Experience 

may enjoy higher concentrations of hardness in water that provide distinct or novel tastes 

(Marcussen, Holm, & Hansen, 2013). In contrast, people who score high on Neuroticism 

may be negatively disposed toward any apparent taste or aesthetic change because it is 

unfamiliar or may cause concern or worry. More specific to the present study, higher 

concentrations of taste-related chemicals in water may relate to negative water preferences 

for people who score higher on Neuroticism, whereas people who score higher on 

Openness to Experience may have greater tolerance for unpalatable tastes or even prefer 

novel tastes in water associated with greater concentrations of various chemicals. There is 

currently no research on how different personality traits relate to the taste of or preferences 

for water from different sources. 
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5.1.1.3 The Current Study 

 

This study has three aims: (1) to discover whether people in a blind taste test can 

detect differences among waters from three common sources, (2) to investigate whether 

PTC sensitivity and the personality traits of Neuroticism and Openness to Experience 

influence preferences for waters with different characteristics including minera l 

concentrations, and (3) to explore what characteristics of water are used to describe 

preferred and non-preferred waters when blind to the source.  

We use a within-subjects experimental design in which participants identified their 

preferences for three different samples of water: a commercially available bottled water 

and two tap waters, one that uses groundwater from an aquifer and the other that uses 

indirect potable reuse (IDR) water. The research tests three hypotheses. One, we expect 

participants will distinguish the waters by taste, but there will be no overall preference 

among the three water sources. Two, we expect that PTC sensitivity will relate to water 

preferences, with more sensitive individuals favoring waters with lower concentrations of 

Na, Ca, Cl, HCO3
-, CO3

2-, and SO4
2-. Three, we predict that individuals higher in 

Neuroticism will rate waters with higher concentrations of these chemicals more negative ly 

and individuals higher in Openness to Experience will rate these waters more positive ly. 

We also test for gender effects, however, we have no specific hypotheses regarding gender. 

Additionally, the words that participants use in their narrative descriptions for preferred 

and not preferred waters were examined to gain understanding of how people characterize 

waters when blind to the source. 
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5.1.2 Methods 

 

5.1.2.1 Participants 

 

Participants were 143 undergraduates (59% female) attending a large public 

university in the southwestern United States. They were recruited from the Psychology 

Department subject pool and received course credit for participation. Participants’ ages 

ranged from 18 to 27 years (M age = 19.18 years, SD = 1.63 years). In terms of ethnic ity, 

the sample was 41% Asian American, 41% Latino/a, 4% European American, 3% Middle 

Eastern, 1% African American, and 9% multiethnic, which is representative of the campus 

and surrounding region. Participants’ identified their college majors, with 48% in 

humanities and social sciences, 33% in natural sciences, 5% in engineering, and 14% 

undeclared.  

5.1.2.2 Materials  

 

The taste test had three water sources: one name-brand bottled water that uses 

reverse osmosis (RO) purification and mineral replacement and two tap waters from 

neighboring cities that utilize different purification methods. One city water system uses 

IDR and the other uses groundwater drawn from an aquifer.  

Chemical analysis on each water was performed with inductively coupled plasma 

mass spectrometry and the chemical concentrations of each water are reported in Table 5.1. 

The three water sources were found to contain sodium (Na), magnesium (Mg), carbonate 

(CO3
2-), bicarbonate (HCO3

-), chloride (Cl-), calcium (Ca), sulfate (SO4
2-), and alkalinity 

(CaCO3). The groundwater drawn from an aquifer had the highest amount of sodium of the 
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three waters tasted. The IDR water had the highest amount of calcium. The three waters 

were comparable in their concentrations of chloride and bicarbonate, though the 

groundwater-sourced water had higher concentrations of carbonate than the other two 

sources.  
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 Table  5.1 .  Concentrations of Dissolved Inorganic Elements Present in the Three 
Water Sources Used 

aND = Not Detected  

                    Concentration in Water (mg/L)  

         Element Bottled Indirect Reuse Groundwater 

 Detection 

Limit 

(mg/L) 

Alkalintity (CaCO3) 22.50 112.50 100.00 5.00000 

Bicarbonate (HCO3
-) 27.41 137.15 121.79 5.00000 

Calcium (Ca) 59.95 108.72 3.49 0.00260 

Carbonate (CO3
2-) 0.06 0.17 1.30 0.00100 

Chloride (Cl-) 0.42 0.82 0.94 0.00350 

Iron (Fe)      NDa 1.37           NDa 0.00009 

Magnesium (Mg) 3.77 11.41 9.00 0.00014 

Manganese (Mn) 0.14 0.06           NDa 0.00001 

Sodium (Na) 19.60 47.65 58.57 0.00140 

Sulfate (SO4
2-) 0.05 0.21 0.19 0.00960 

pH level 7.65 7.39 8.33 

                

N/A 
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The three waters were stored separately in a darkened laboratory space at a constant 

temperature of approximately 18.3 ºC in clear plastic five-gallon water jugs. All water was 

served at room temperature (18.3 ºC). Three Mayday WA101 Hand Pumps for 5 Gallon 

Water Bottles were used to pump water from each jug into clear plastic cups for the taste 

test.  

PTC sensitivity was measured with strips impregnated with phenylthiocarbamide 

(PTC).  Prior research shows sensitivity to PTC is significantly correlated with the ability 

to detect bitter, sweet, and salty tastes (Hong et al., 2005; Kim & Drayna, 2005). To reduce 

the influence of any food consumed on an individual’s taste perceptions and to standardize 

the palates of the participants, an unsalted gluten-free cracker was eaten before tasting the 

waters. 

5.1.2.3 Measures 

 

Background questionnaire  

Participants were asked 10 questions about their personal background, includ ing 

age, gender, ethnicity, primary language and other languages spoken, year in college, major 

area of study, and parents’ educational attainment.  

PTC sensitivity 

Participants’ PTC sensitivity was assessed with strips of PTC-impregnated paper. 

The participant’s response after tasting the strip was reported on a single- item five-point 

Likert-scale rating that ranged from 1 (no taste) to 5 (strong taste). 
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Water ratings 

Participants rated each water immediately after it was tasted on a five-point Likert-

scale item ranging from 1 (strongly dislike) to 5 (strongly like). Participants were also 

asked to write down three attributes of each water, prompted as follows: “Please write 

down three things that describe the water you just tasted.” The coding of these open-

response descriptions is described below.  

Coding and Reliability 

Participants’ descriptions of the characteristics of the water were coded for the 

organoleptic sensation reported (e.g., taste, appearance). Five organoleptic sensations were 

coded: taste, texture, temperature, smell, and color, described below. The first author and 

a trained research assistant independently coded 50% of the descriptions for reliability. 

Coding of organoleptic sensation descriptions was acceptably reliable with Kappa = .75. 

When the coders disagreed, analyses were based on coding by the first author. 

Taste  

Description focused on the flavor of the water (e.g., “the water is sweet” or 

“metallic tasting”).  

Texture  

Description focused on physical characteristics of the water (e.g., “dry” or 

“smooth”) and phenomenological responses to drinking it (e.g., “refreshing”).  
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Temperature  

Description focused on the relative warmth of the water, whether hot (e.g., “the 

water is warm” or “it is room temperature”) or cold (e.g., “the water is cool”).  

Smell 

Description focused on the odor of the water (e.g., “the water smells acidic”).  

Color 

Description focused on clarity (e.g., “cloudy” “clear”), appearance (e.g., “looks 

bad/good” or “the water is bright”), or hue (e.g., “dark” or “white”) of the water.  

The descriptions for all three waters were used to examine the organoleptic 

sensations participants focus on most when tasting water. To explore the way participants 

described water in greater depth, the actual words used to describe the waters were counted 

and then examined to determine which distinct words appeared most frequently. These 

distinct words were combined to generate a list of the 10 most frequent descriptors across 

all three water sources. In addition, two other lists of the ten most frequent descriptors were 

created, one for waters with rated preferences of 1-3, identified as non-preferred waters, 

and one for waters with rated preferences of 4-5, identified as preferred waters.
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5.1.2.4 Personality  

 

The personality traits of Neuroticism and Openness to Experience were measured 

using 37 statements adapted from prior personality survey (John & Srivastava, 1999). The 

survey was labeled How I Am in General. Sample items for Neuroticism included “I am 

someone who doesn’t like the idea of change” and “I am someone who worries about 

things.”  Sample items for Openness to Experience included “I am someone who is curious 

about many different things” and “I am someone who adapts easily to new situations. ” 

Statements were rated on a five-point Likert scale ranging from 1 (disagree strongly) to 5 

(agree strongly). Seventeen items measured Neuroticism (seven reverse-scored) and 20 

items measured Openness to Experience (eight reverse-scored). Reverse-scored items were 

included to avoid response bias. 

5.1.2.5 Procedure 

 

 Participants visited a campus psychology laboratory individually on one occasion. 

They were asked not to eat or drink for one hour before coming to the laboratory and not 

to eat any spicy foods for the entire 24 hours preceding participation. Food consumption, 

particularly spicy foods, have been shown to affect water taste (Hoehl, Schoenberger, & 

Busch-Stockfisch, 2010).  

The participant was seated at a table in the testing room. A trained experimenter 

was in the room during the entire procedure. After reading and signing an informed consent 

form, participants were asked to fill out the background questionnaire. Three identical clear 

plastic cups were placed on the table in front of the participant. Each cup contained equal 
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quantities of water. A paper plate with a gluten-free cracker and a PTC test strip was placed 

next to the cups. Three signs, labelled ‘A’, ‘B’, or ‘C’, were taped to the table in front of 

each water cup. Waters were randomly assigned to the A, B, and C labels to control for 

order effects.  

After participants completed the background questionnaire, they were asked to 

place the PTC test strip on their tongue for 2 seconds and report the extent to which they 

perceived a taste on the 5-point PTC sensitivity measure. After reporting on the taste of the 

strip, participants were instructed to eat as much of the gluten-free cracker as they wished 

as a palette cleanser. Participants then tasted each of the three waters in the alphabetically-

assigned order, rating the water for each sample immediately after drinking it. Before 

drinking any of the water, participants were assured that all of the water samples were 

completely safe to drink. They were also told that they could drink as much or as little of 

the water as they wished and, if desired, they could spit the sample into an empty cup after 

tasting it. To test for potential interference of tasting the PTC on water preferences, a 

subsample of participants (n = 70) ate the crackers and sampled the water before measuring 

PTC sensitivity.  

After the three waters were tasted, participants were asked to complete the 

personality survey. Upon completion, participants were thanked for their time and excused.  

5.1.2.6 Plan of Analysis 

 

 Preliminary analyses tested for pre-existing group differences that may affect water 

preference responses. A repeated-measures ANOVA was computed to test for potentially 
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confounding order effects. Independent sample t-tests were computed to determine if there 

were any differences by gender in PTC sensitivity or the two personality dimensions and 

to assess the potential confound of tasting the PTC strip before tasting the waters. One-way 

ANOVAs were computed to examine potential ethnic differences in water preferences.  

A repeated-measures ANOVA was used to test the hypothesis that participants 

would show similar preferences for all water sources; follow-up contrast ANOVAs were 

used to examine any differences. Ordinal regression was used to examine gender 

differences in water preference. Multiple regression was used to test the hypothesis that 

PTC sensitivity and Neuroticism would predict lower preference for waters with higher 

concentrations of taste-related chemicals and Openness to Experience would predict a 

greater preference for such water. Because gender was previously shown to relate to water 

preference (Doria, 2006), interaction terms were added in a second step of the regression 

to test for interaction effects. Chi squared goodness of fit tests were used to analyze what 

aspects of water people focused on most when describing the waters.  

5.1.3 Results 

 

5.1.3.1 Preliminary Analyses 

 

There were no differences in water preference due to the order in which the waters 

were tasted, F(5, 137) = 0.80, p = .55. Therefore, order of presentation was not included in 

the main analyses. There were no ethnic differences in preferences for any water source, 

F(5, 137) = 1.24, p = .29, therefore participant ethnicity was not included in the main 

analyses. An independent-samples t-test showed that tasting the PTC strip before or after 
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sampling the water did not affect rated preferences for bottled water, t(141) = .95, p = .34, 

IDR water, t(141) = .38, p = .71, or groundwater-sourced water, t(141) = 1.33, p = .19. 

Female participants had more PTC sensitivity (M = 4.04, SD = 1.34) than male 

participants (M = 3.47, SD = 1.55), t(141) = 2.35, p = .02, r = .20. Female participants also 

scored higher on Openness to Experience (females: M = 3.49, SD = 0.47; males: M = 3.32, 

SD = 0.42), t(140) = 2.4, p = .018, r = .20. Thus, gender was added as a covariate in analyses 

that included these variables. There was no gender effect for Neuroticism (females: M = 

2,89, SD = 0.71; males: M = 2.72, SD = 0.76), t(140) = -1.61, p = 0.11, r = .13. 

5.1.3.2 Comparison of Water Sources 

 Means, standard deviations, and correlations are reported in Table 5.2. The 

hypothesis that participants would show similar preferences for all water sources was not 

supported, F(2, 142) = 10.54, p < .001, η2 = .055. Follow-up contrast ANOVAs showed 

that bottled water was not preferred over the other two waters, t(142) = 1.70, p = .091, but 

the two RO filtered waters (bottled water and IDR tap water) were preferred over non-RO 

filtered water (groundwater-sourced tap water), F(1, 140) = 3.19, p = .002, d = .30.  

To test for gender effects, ordinal regressions were computed on the three water 

sources while accounting for Openness to Experience and PTC sensitivity as covariates. 

Results were significant for bottled water, but not for IDR or groundwater-sourced water. 

Females were 2.14 times more likely than males to prefer bottled water, b = -0 .76, Wald 

χ2(1) = 5.76, p = .016. Females were no more likely than males to prefer IDR water, b = 
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0.13, Wald χ2(1) = 0.14, p = .70, or groundwater-sourced water, b = 0.38, Wald χ2(1) = 

1.45, p = .23. 
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Table  5.2 .  Means, Standard Deviations, and Correlations of Water Preference by 
Source, Personality Traits, and PTC Sensitivity  

 1 2 3 4 5   

 

IDR 

water Groundwater 

Bottled 

water 

Openness 

to 

Experience Neuroticism M SD 

1 -     3.77a 0.94 

2 .18* -    3.45a 1.05 

3 -.027 .12 -   3.79a 1.03 

4 .20* .09 .031 -  3.41b 0.42 

5 -.19* -.048 -.034 -.42** - 2.82b 0.63 

6 -.05 .086 .087 -.002 .059 3.79c 1.46 

a Scores based on a 5-point Likert scale with 1 = strongly dislike and 5 = strongly like; 

bscores based on mean personality survey Likert scale items; cscores based on a 5-point 

Likert scale with 1 = no taste and 5 = strong taste. 

*p < .05, **p < .001. 

5.1.3.3 Water Preference and PTC Sensitivity  

 

Contrary to the hypothesis, PTC sensitivity did not predict a preference for any of the 

waters (see Table 5.3). Gender predicted a preference for bottled water in the first step of 
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the regression, but when the interaction of PTC sensitivity and gender was added in the 

second step, the effect was no longer significant.  

Table  5.3 .  Regression Coefficients for PTC Sensitivity and Gender Predicting 
Water Preference of Three Water Sources  

 B SE B   β p-value 

Bottled Water     

Step 1     

Constant 3.59 0.23   

PTC sensitivity 0.06 0.06  .08 0.340 

Gender -0.17 0.08  .17* 0.048 

Step 2     

Constant 3.61 0.23   

PTC sensitivity 0.05 0.06 .08 0.350 

Gender 0.16 0.08 .17† 0.052 

Gender x PTC sensitivity -0.07 0.06 -.11 0.200 

IDR Water      

Step 1     

Constant 3.96 0.21   

PTC sensitivity -0.04 0.05 -.07 0.430 

Gender -0.01 0.08 -.01 0.940 
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Step 2     

Constant 3.96 0.21   

PTC sensitivity -0.04 0.05 -.07 0.430 

Gender -0.01 0.08 -.01 0.940 

Gender x PTC sensitivity -0.01 0.05 -.01 0.870 

Groundwater-Sourced Water      

Step 1     

Constant 3.18 0.25   

PTC sensitivity 0.08 0.06  .10 0.220 

Gender -0.10 0.09 -.10 0.250 

Step 2     

Constant 3.19 0.25   

PTC sensitivity 0.08 0.06  .10 0.220 

Gender -0.10 0.09 -.10 0.250 

Gender x PTC sensitivity -0.02 0.06 -.03 0.740 

Note. Bottled water model: R2 = .04 for Step 1, Δ R2 = .01 for Step 2 (p = .20). IDR water 

model: R2 = .01 for Step 1, Δ R2 = .00 for Step 2 (p = .87). Groundwater-sourced water 

model: R2 = .02 for Step 1, Δ R2 = .00 for Step 2 (p = .74). 

*p < .05, † p < .10. 
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5.1.3.4 Water Preference and Personality Traits 

 

One participant did not complete the personality survey and was dropped, resulting 

in a sample size of 142 for these analyses. We conducted a multiple regression analysis for 

each personality trait (Neuroticism, Openness to Experience) for each water source to 

determine if the traits predicted preferences for the waters in relation to chemical 

concentrations. We also examined the potential moderation of gender for analyses 

including variables in which gender differences emerged.  

The hypothesis that higher scores on Neuroticism would predict less preference for 

waters with higher concentrations of Na, Ca, Cl, HCO3
-, CO3

2-, and SO4
2- was supported 

(see Table 5.4). Higher scores on Neuroticism predicted less preference for IDR water, 

which had a higher concentration of Ca and HCO3
-, relative to the other waters. Scores on 

Neuroticism did not predict preference for bottled or groundwater-sourced waters, both of 

which had lower mineral content. The test for bottled water was significant. Gender 

emerged as a significant predictor of preference for this water, and examination of the 

means indicated that females had reported greater preference for bottled water. When the 

interaction of Neuroticism and gender was added, the model was not significantly 

improved, indicating that preference for bottled water was driven by gender, not the trait 

of Neuroticism. 
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Table  5.4 .  Regression Coefficients for Neuroticism and Gender Predicting Water 
Preference of Three Water Sources  

 B SE B   β p-value 

Bottled Water     

Step 1     

Constant 4.25 0.38   

Neuroticism -0.16 0.13 -.10 0.210 

Gender 0.20 0.08 .20* 0.018 

Step 2     

Constant 4.16 0.39   

Neuroticism -0.13 0.14 -.08 0.360 

Gender 0.20 0.08 .20*  0.020 

Gender x Neuroticism -0.17 0.14 -.11 0.210 

IDR Water     

Constant 4.57 0.34   

Neuroticism -0.27 0.12 -.19* 0.023 

Groundwater-Sourced Water     

Constant  3.61 0.41   

Neuroticism -0.06 0.14 -.03 0.690 

Note. Bottled water model: R2 = .22 for Step 1, Δ R2 = .01 for Step 2 (p = .21). IDR water 

model: R2 = .23 (p = .023). Groundwater-sourced model: R2 = .23 (p = .69).  
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* p < .05, † p < .10. 

The hypothesis that higher scores on Openness to Experience would predict greater 

preference for water with higher concentrations of Na, Ca, Cl, HCO3
-, CO3

2-, and SO4
2- 

was supported (see Table 5.5). Higher scores on Openness to Experience predicted a 

preference for IDR water, which had higher Ca and HCO3
-  levels, in all steps of the 

regression. However, higher scores in Openness to Experience did not predict a preference 

for bottled or groundwater-sourced water. Gender moderated the effect of Openness to 

Experience for both IDR and bottled water in the second step of the regression. These 

results indicate that higher scores in Openness to Experience predicted preference for 

bottled and IDR water for females but not males. A gender effect did not appear for 

groundwater-sourced water. Figure 5.1 shows the interaction plots for each water source. 

Table  5.5 .  Regression Coefficients for Openness to Experience and Gender 
Predicting Water Preference of Three Water Sources  

 B SE B   β p-value 

Bottled Water     

Step 1     

Constant  3.99 0.69   

Openness to Experience -0.06 0.20 -.02 0.770 

Gender  0.19 0.08  .19* 0.025 

Step 2     

Constant  4.13 0.69   
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Openness to Experience -0.11 0.20 -.05 0.580 

Gender  0.20 0.08  .20* 0.018 

Gender x Openness to     

Experience  0.42 0.20  .18* 0.037 

IDR Water     

Step 1     

Constant 2.12 0.61   

Openness to Experience 0.50 0.18  .24** 0.006 

Gender -0.65 0.08 -.07 0.390 

Step 2     

Constant 2.27 0.60   

Openness to Experience 0.44 0.18  .21* 0.013 

Gender -0.05 0.07 -.06 0.470 

Gender x Openness to     

Experience 0.51 0.18  .24** 0.004 

Groundwater-Sourced Water     

Step 1     

Constant  2.53 0.74   

Openness to Experience  0.27 0.22  .11 0.210 
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Gender -0.10 0.09 -.10 0.260 

Step 2     

Constant  2.66 0.74   

Openness to Experience  0.23 0.22  .09 0.290 

Gender -0.09 0.90 -.09 0.300 

Gender x Openness to     

Experience 0.38 0.22 .15† 0.081 

Note. Bottled water model: R2 = .19 for Step 1, Δ R2 = .03 for Step 2 (p = .037). IDR water 

model: R2 = .23 for Step 1, Δ R2 = .06 for Step 2 (p = .004). Groundwater-sourced model: 

R2 = .02 for Step 1, Δ R2 = .02 for Step 2 (p = .081).  

* p < .05, ** p < .01, † p < .10 
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Figure  5.1 .  Interaction plots of the moderator effect of gender on relationship 

between Openness to Experience and preference for each water source. Blue lines 
represent plots for females and green lines represent plots for males.  

5.1.3.5 Descriptions of the Waters 

To examine the characteristics participants used to describe water during the blind 

taste test, a chi-square goodness of fit test and follow-up pairwise analyses were conducted 

on the narrative descriptions coded by organoleptic sensation. Results revealed a 

significant finding, χ2 (4) = 124.28, p < .001. Follow-up pairwise analyses showed that 

taste and texture were the most common characteristics used to describe water, accounting 
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for 45.5% (398 words) and 46.5% (406 words) of descriptors, respectively. Taste and 

texture words occurred at similar rates, χ2 (1) = 0.94, p = .33, and both were more common 

than the other descriptors. Taste was reported more often than temperature (38 words, 

4.3%), color (28 words, 3.2%), or smell (4 words, 0.5%), χ2 (1) = 34.89 – 39.71, p < .001. 

Texture was also more prevalent than temperature, color, or smell, χ2 (1) = 44.59 – 49.59, 

p < .001. 

This study also explored the actual words people used to describe water. There were 

118 distinct words in the 874 total words provided by participants. The 10 words most 

frequently used to describe non-preferred waters (rated 1-3; 293 of the total words) and 

preferred waters (4-5; 581 of the total words) are shown in Table 5.6. The most frequent 

word for preferred water was “clean”, while the most frequent word for non-preferred 

water was “tap-like”. Participants described preferred water as “clean” 53 times (9.12% of 

all preferred water descriptions), and they described non-preferred water as “tap-like” 31 

times (10.58% of total non-preferred water descriptions).  
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Table  5.6 .  Frequency (and Percentage) of Descriptions of the Three Waters 
Combined for Preferred and Non-Preferred  

 Non-preferred water    Preferred water  

Description 

Frequency 

(Percentage) Category Description 

Frequency 

(Percentage) Category 

Tap-like 31 (10.58%)   Taste Clean 53   (9.12%)    Texture 

Normal  16   (5.46%) Texture No taste 42   (7.23%) Taste 

No taste 16   (5.46%) Taste Refreshing 41   (7.06%) Texture 

Aftertaste 13   (4.43%) Taste Smooth 33   (5.68%) Texture 

Weird 13   (4.43%) Taste Normal 29   (4.99%) Texture 

Bitter 13   (4.43%) Taste Fresh 24   (4.13%) Texture 

Detectable 

taste 
13   (4.43%) Taste Pure 20   (3.44%) Texture 

Dirty 13   (4.43%) Texture Clear 20   (3.44%) Color 

Clean 10   (3.41%) Texture Some taste 20   (3.44%) Taste 

Gross 8   (2.73%) Texture No aftertaste 19   (3.27%) Taste 

Note. Non-preferred waters received a score of 1, 2 or 3 and preferred waters received a 

score of 4 or 5 on the 5-point water preference rating, with 1 = strongly disliked and 5 = 

strongly liked. 
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Participants described preferred water sources primarily by noting its absence of 

discernable tastes, using the words “no taste” 42 times (7.23% of preferred water 

descriptions), and “no aftertaste” 19 times (3.37%) each. The physical characteristic of 

cleanliness was a frequent description of preferred water, with participants using the words 

“clean” 53 times (9.21% of preferred descriptions) and “pure” and “clear” 20 times (3.44%) 

to describe preferred water. The most common phenomenological response pertained to 

quenching thirst and ease of drinkability, with participants using the words “refreshing” 41 

times (7.06% of preferred descriptions), and “smooth” 33 times (5.68%) to describe 

preferred water. 

Participants used the words “aftertaste”, “detectable taste”, and “bitter” 13 times 

(4.43% of non-preferred water descriptions) each to describe non-preferred water. The 

most common physical characteristic of non-preferred water was the presence of potential 

contaminants, with participants describing non-preferred water with the words “dirty” 13 

times (4.43% of non-preferred descriptions) and “gross” 8 times (2.73%) each.  

5.1.4 Discussion  

 

This study examined people’s preferences for different water sources and 

individual factors that predict any preferences. The results showed that people prefer RO-

filtered water, both bottled and IDR, over groundwater-sourced water for consumption. 

Because this study used a blinded presentation of the waters, preferences for the three water 

sources cannot be explained by social perceptions of tap versus bottled water. Rather, it 

emerged from some aspect or characteristic in the person, water, or both, which is why our 
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examination of two personal characteristics, PTC sensitivity and personality dimensions, 

are important.  

To our surprise, PTC taste sensitivity did not predict preferences for water sources. 

Thus, all three waters sources were acceptable regardless of a participant’s PTC sensitivity. 

This result may be due to relatively minor differences in mineral concentrations between 

water sources. However, the personality traits of Openness to Experience and Neuroticism 

did predict water preferences and gender emerged as an important factor. Females, but not 

males, who scored higher on Openness to Experience showed greater preference for water 

sources with higher concentrations of Ca and HCO3
-. In describing the waters, participants 

focused mainly on taste and texture. They described preferred waters mostly in terms of 

purity or cleanliness. Negative perceptions of tap water were evident in descriptions of 

non-preferred waters. 

 Participants may have preferred RO-filtered water because this method reduces the 

concentration of dissolved solids relative to other filtration methods. In addition, bottled 

water using RO filtration, including the brand used in this study, may have certain minera ls 

added during the treatment process to increase palatability (Yorgun, Balcioglu, & Saygin, 

2008). When RO-filtered water is reintroduced to the groundwater (IDR), it will also 

acquire some minerals due to its time in the aquifer. Thus, RO-filtered water can include 

minerals that enhance palatability while avoiding minerals that reduce it (Platikanov et al., 

2017). Moreover, by using RO filtration, IDR water might remove a greater number of 

unpalatable minerals. This interpretation would suggest that IDR water using RO filtra t ion 

may have acquired higher concentrations of Ca paired with HCO3
- compared to 
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groundwater-sourced water, which, in turn, led to increased preference for IDR water over 

the groundwater-sourced water. Alternatively, the groundwater-sourced water may have 

been less preferred due to its higher pH levels, which bordered on the 8.5 level associated 

with unpalatable tastes (Whelton et al., 2007).  

 PTC taste sensitivity may not have predicted preferences for water sources because 

the bottled water had low chemical concentrations, and both tap waters we used came from 

municipal water providers held to strict standards (California Environmental Protection 

Agency, 2017), resulting in similar mineral concentrations. Alternatively, water 

preferences may have been influenced by tastes unrelated to PTC sensitivity or by 

characteristics other than taste, such as texture or mouthfeel or odors as found in prior 

research (Doria, 2006; Spence, 2016). Although the regression models including gender 

and PTC sensitivity marginally predicted bottled water preference, the effect was driven 

by gender and not PTC sensitivity, suggesting that some gender-related factor and not PTC 

sensitivity affects the relation between gender and preference for bottled water. Future 

research should investigate this relation further. 

 The finding that participants who scored higher on Openness to Experience 

preferred IDR water more, while participants who scored higher on Neuroticism preferred 

it less may be due to the concentrations of Ca and HCO3
-. Prior research has shown that 

some subgroups of people respond positively to these chemicals, while others respond 

negatively (Platikanov et al., 2017). Individuals higher in Openness to Experience may 

have preferred the distinct tastes associated with higher concentrations of Ca and HCO 3
-, 

while people higher in Neuroticism may have perceived them more negatively. This latter 
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finding concurs with prior research showing that people who score higher in Neuroticism 

respond to ambiguous stimuli more negatively (Lommen et al., 2010) and may even 

catastrophize negative stimuli, such as pain, more than people lower on this trait (Goubert 

et al., 2004).  

The presence of significant gender interactions in the regression models that 

included Openness to Experience indicate that this personality trait influences water 

preferences differently for men and women. Females higher on Openness to Experience 

preferred both bottled and IDR water more than females lower in this trait, while males 

higher on Openness to Experience did not prefer IDR water over the other waters and had 

lower preference for bottled water. Although gender differences in bottled water 

consumption have been found in prior research, the findings were attributed to negative 

perceptions of tap water (Saylor et al., 2011). Because participants were blind to the sources 

of the waters in the present study, our findings suggest that other factors contribute to 

gender differences in water preferences. Additionally, considering that PTC taste 

sensitivity did not predict water preferences, gender differences could not be attributed to 

PTC taste sense (Bartoshuk et al. 1994).  

A potential explanation is that for females, but not males, Openness to Experience 

reduces negative reactions, and increases positive reactions, to the presence of noticeable 

flavors in water. Prior research has found that females, on average, display stronger disgust 

responses than males to negatively-perceived food (Haidt, McCauley, & Rozin, 1994), 

which suggests heightened taste sensitivity among females. As Openness to Experience is 

typified by seeking of experiences and enjoying novelty (Jokela et al., 2015), higher scores 
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in this trait may moderate negative reactions and increase positive perceptions of different 

water sources. Females who score higher in Openness to Experience may then perceive 

waters with higher concentrations of generally favorable taste-related chemicals more 

positively and rate them as more preferable. As such, Openness to Experience may relate 

to greater changes in water preference for females by increasing their positive reactions 

towards specific water sources. Future research should investigate this relation in greater 

depth. 

Participants’ descriptions of preferred and non-preferred waters showed a clear 

emphasis on the consumption experience. Among the many possible characteristics of 

water described, participants focused on taste and texture over smell, color and 

temperature. The water sources used here mainly differed in mineral content that affect the 

taste and hardness of the water, which may have made these characteristics salient (Bruvold 

& Gaffey, 1969). These findings support prior research that shows people, when they are 

not concerned about the safety of a water, report mainly on its taste (Doria, 2006; Saylor 

et al., 2011). This interpretation is consistent with the focus on the presence or absence of 

perceived contaminants in the descriptions, for example, “clean”, “pure”, and “clear” were 

used relatively often to describe preferred water. Concern with cleanliness of water may 

reflect a biologically-based reaction towards potential contamination in consumed 

substances (Curtis, 2013).  Other common descriptors for preferred water were 

“refreshing” and “smooth”, which suggest that people appreciate the invigorating aspects 

of water and the ease with which it is consumed. Emphasizing these characteristics of a 

water may encourage a person’s enjoyment of, and willingness to use, a specific water 
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source. In contrast, participants associated non-preferred water sources with tap water, 

which coincides with prior research showing that tap water has low public opinion and 

negative reactions (Doria, 2006). Therefore, emphasizing the similarities between water 

purification methods, such as RO, to bottled water may increase the brand reputation of tap 

water. 

 This study has several limitations. All participants and water sources were from one 

geographic region, which may restrict generalization of the results. The study was 

conducted with college students in the southwestern U.S. experiencing a multi- year 

drought, which may have affected their reactions to the waters. The study used local tap 

waters with a certain mineral content. Waters with different concentrations of chemica ls 

may compare differently to bottled water or show different relations to PTC sensitivity. 

This study used paper strips to test sensitivity to PTC and more robust methods of assessing 

taste would provide further insight into the relation between individual sensitivity and 

water choices (Hoehl et al., 2010). Openness to Experience and Neuroticism were the only 

personality traits measured and other personality traits may also be associated with water 

preference.  

Despite these limitations, this study has several advantages. Overall, it extends 

understanding of individual differences in water preferences by being the first to examine 

preference for different waters in relation to personality traits. The study supports prior 

research on gender differences in bottled water preferences and, through the use of a blind 

taste test, the results indicate that these differences are not solely attributable to social 

perceptions of purity or cleanliness. By comparing IDR and bottled water, this study 
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demonstrated that RO-treated recycled water compares equally (and favorably) to name-

brand bottled water in terms of quality and consumer taste preference.  

5.1.5 Future Directions 

 Tap water has suffered a poor image in the United States for some time (Gleick, 

2010), which can present a problem for innovative methods of water recycling that 

dispenses water through the tap. Negative reactions to tap water mainly focus on safety and 

taste (Doria, 2006; Gleick 2010). There are also concerns resulting from highly publicized 

instances of public tap water contamination that cannot be discounted (Salzman, 2012). 

This study addressed this issue in a novel way by using blind taste testing to investigate 

experimentally whether people can detect differences among bottled water and different 

sources of tap water, along with individual differences affecting preferences. In so doing it 

uncovered several factors that appear to underlie water preferences other than the social 

prestige and health concerns associated with tap and bottled waters.  

These findings have several practical implications. They suggest tap water using 

RO purification methods can be as preferable as bottled water. They also suggest that water 

filtered with reverse osmosis is preferred by individuals with certain personality 

characteristics, especially for females. The fact that some of these patterns were more 

evident for females, who exert a large influence on household purchasing decisions (Belch 

& Willis, 2002), suggests that campaigns that describe IDR water in ways that emphasize 

positive aspects related to Openness to Experience (e.g., appreciation for novelty) and 

assuaging reservations related to Neuroticism (e.g., negative perceptions of ambiguous 

stimuli) may be effective in promoting use of this sustainable water source. Additiona lly, 
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consumer messaging that emphasizes the purity and similarity of IDR water to bottled 

water might increase acceptance of IDR-treated tap water. Such messaging might include 

information about how water safety is assured to combat understandable concerns about 

cleanliness. Overall, our findings suggest that better understanding in the population at 

large of the effectiveness of IDR tap water filtered by reverse osmosis in ensuring safety 

and taste could increase acceptance of this water and aid cities when they implement this 

technology.    
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5.2 Identifying common ground for sustainable water data management: 

the case of California 

Abstract 

Natural resource management will continue to be increasingly important in the face 

of impending climate change and population growth, respectively impacting supply-side 

and demand-side constraints. Water resources, the subject of this paper, require sustainab le 

management to provide drinking water for society, habitat and ecological water for the 

environment, and a myriad of industrial water uses, including agriculture, power 

generation, and manufacturing. In addition to technologies that increase water supply or 

reduce demand, the effective management of data, specific to water resources, will be 

crucial in the immediate and long-term future. With diverse water data generators, 

collectors, synthesizers, users, and policymakers, an integrated system of water data 

management has potential to ensure sustainable water resource management. To bring this 

potential to fruition, this work synthesizes published recommendations, as well as those of 

water experts, and best practices from examples of water data management to provide a 

preliminary assessment for larger ongoing efforts to improve data for water decision-

making in California. Stakeholder collaboration, data standardization, increased data 

collection, and data transparency and accessibility are amongst the most common and most 

important recommendations for sustainably developing and managing an integrated water 

data management system. 
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5.2.1 Introduction 

Decisions regarding natural resource management are bound by many constraints. 

Water resource management in particular affects a variety of stakeholders, both human and 

non-human, and therefore is influenced by the needs and priorities of competing voices. 

More than simply balancing supply and demand, effective water management decisions 

must take into account the severity of insufficient action or inaction, and consider quality 

as well as quantity of available water sources. Therefore, water management strategies are 

often regionally specific, yet may take inspiration from similar sites around the world. 

One common requirement for all water management decisions is the availability of 

sufficient information. Regardless of water source, climate, natural infrastructure, type of 

water uses, or population, decision makers rely on data to make the most informed choices 

for water management. However, copious amounts of data are useless if unable to be found 

and interpreted by those who wish to utilize them, thereby making water data management 

a crucial component of water resource management. 

Sato et al. (2013) found that of 181 countries surveyed (representing 92% of 

countries on Earth), about ⅓ collected and curated data for the generation, treatment, and 

use of wastewater, while another ⅓ had data for one or two of those three components, and 

the final ⅓ had no data on wastewater whatsoever. Of the data available, only 37% of it 

was recent (within 5 years preceding the publication of the article). While wastewater is 

only one element of water resource management, this finding illustrates that the availability 

of sufficient water data is not a foregone conclusion; on the contrary, it is a luxury that not 

even some of the most developed countries can claim. 
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Water data management is a global issue, one that can conceivably span politica l 

borders and be a source of collaboration (or dissention) among entities whose water 

resource management decisions are interdependent. This work focuses on California (CA), 

USA, as a case study for water data management, inspired by recent legislation AB-1755, 

The Open and Transparent Water Data Act (2016). This bill mandates that the CA 

Department of Water Resources (DWR) create, operate, and maintain a statewide water 

data platform that would integrate existing water and ecological data from mult ip le 

databases and provide data on completed water transfers and exchanges. AB-1755 also 

calls for protocols for data sharing, documentation, quality control, public access, and 

promotion of open-source platforms, as well as decision support tools related to water data. 

DWR is required to conduct these activities in consultation with the CA State Water 

Resources Control Board (SWRCB), the CA Water Quality Monitoring Council 

(CWQMC), and the Department of Fish and Wildlife (DFW) (CA Assembly, 2016). 

With the sixth largest economy in the world, the most populated state in the country, 

and a high level of geographical diversity, California’s prosperity is intrinsically tied to 

water (CA DOF, 2017; U.S. Census, 2011). Between 120-370 trillion cubic metres (100-

300 million acre feet) of water is moved in California annually for the agricultural demands 

on irrigation, the sustenance of human activity, and the necessary environmental flows for 

countless ecosystems (CA DWR, 2013). On average, 40% of this water is used by 

agriculture, 10% by urban centers, and 50% by the environment, although these proportions 

vary drastically across the state’s high geographic variability as seen in Figure 5.2 from the 

Public Policy Institute of California (Mount and Hanak, 2016). 
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Figure  5.2 .  Variability of applied water use in California (1998-2010). Source: 

Public Policy Institute of California (2016)  Water Use in  Calif ornia, based on data 

from Department of Water Resources 2013 California Water Plan Update (Bulletin 
160-13). 

 

Reasons for the lack of useful water data, both in California and around the world, 

are plenty. Although rarely is there a complete lack of information regarding water quality, 

data recorded by different entities are often recorded differently, rendering them 

incomparable or incompatible. The same holds true for water availability, transfers among 

water rights holders, and environmental data (Grantham and Viers, 2014). For example, 

some data collection is automated, and the sheer volume of transmitted data and its format 

can be cumbersome to compare to manually recorded measurements. Temporally and 

geographically distributed data provide additional layers of complexity that can be useful, 

but have to be accounted for when managing and using such data. With so much data being 

recorded by such disparate collectors and contexts all across California, rendering data 
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useful requires a robust framework and management plan that carefully considers who 

requires data for decision making, and what data and format is needed to accomplish this. 

In response to these challenges and the passage of AB-1755, a “Data for Water 

Decision-Making” initiative has been launched and led by UC Water, DWR, and the 

California Council on Science and Technology (CCST). This systematic evaluation of 

previously published recommendations for water data management was performed as a 

preliminary step to identifying and implementing major policy recommendations. The 

following results provide a snapshot of the ongoing larger and more systemic work to 

improve data-driven decision-making for California’s water. While the focus of this case 

study was California, these recommendations are translational across various entities, 

including sub-national (e.g., CA), national, and international water systems. 

5.2.2 Methodological Approach 

5.2.2.1 Literature Review 

Various, diverse stakeholders across California have inherently different needs in 

regards to water, which results in different recommendations for how best to manage water 

data. These recommendations have been published in the form of academic journal articles, 

white papers, policy briefs, and conference or other event proceedings. In order to identify 

common ground and priority actions for water data management in California, 13 

publications from a variety of stakeholder groups in the last decade (since 2006) were 

reviewed. Of the resources evaluated, authors and organizers included local, state, and 

federal agencies, non-profits/NGOs, and research institutions, representing a combination 
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of water data generators, regulators, and users. Documents were evaluated via several 

criteria, including: 

- Author organization and sector (academic, nonprofit, governmental, etc.) 

- Intended audience 

- Motivation 

- Recommended actions 

- Key findings 

The results of the literature review are summarized in Table 5.7. 
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5.2.2.2 Best Practices Within and Beyond California 

         While California currently lacks a comprehensive water data management program, 

water data are collected, synthesized, and displayed by various organizations, for various 

purposes, and in various ways. This work also considers best practices and lessons learned 

from previous water data management projects. Within the state of California, data 

management efforts have previously been initiated by water-focused academic, state 

agency, and federal organizations with widely varying levels of success. We also consider 

the best practices from three unique established water data managements systems that 

operate at the statewide, national, and international level, respectively. Each example of 

water data management was characterized by: 

-        Directing organization and location 

-        Intended user(s) 

-        Notable features 

-        Operating status 

These water data management examples are summarized in Table 5.8. 
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5.2.2.3 Synthe s is  

From this collection of recommendations and examples of water data management, 11 

themes were identified as being notable in multiple publications or data management 

systems. These themes are outlined in Table 5.9, along with a visual representation of the 

number of times that each one appears in our review (Figure 5.3). Based on the distribution 

of themes, a subset of key recommendations for sustainable water data management in 

California has been identified. 

Table  5.9 .   Summary of 11 most common recommendations from literature review.  
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Figure  5.3 .  Number of times each recommendation specifically appears within 

literature review.  

5.2.2.4 Informal Interviews 

In order to validate the range of publications considered and key recommendations 

identified, a series of semi-structured interviews were conducted with several California 

water experts (Table 5.10). The repository of documents was made available to subjects of 

the informational interviews for their reference, and to solicit recommendations for 

supplementary materials to be considered. The interview questions that provided the basis 

for the discussions included: 

 “Are there clear discrepancies between what has been recommended for water data 

management and what has been put into action? Why do you think that is?” 

 “Over the course of your career, have you observed any trends or changes in water 

and water data management?” 



  

241 
 

  “In an ideal world, what would be your vision of a perfect water data management 

system in California?” 

The results of these interviews were incorporated into the following conclusions of this 

work. 

  

 

5.2.3 Results and Discussion 

5.2.3.1 Key Recommendations 

The methodological approach of synthesizing advice for water data management 

resulted in four specific recommendations identified as the most commonly suggested and 

most applicable to governmental policy: 

Table 5 .10 . Part icipan ts  o f s emi-s t ructured  in terv iews  

 

Interviewee Affiliation(s) 

Roger Bales 
Distinguished Professor  
Director  

Director  

 
UC Merced 
Sierra Nevada Research Institute 

UC Water Security and Sustainability Research Initiative 

Gary Darling 
Operations Research Specialist 

Bay-Delta Office, 
Department of Water Resources 

Jay Lund 
Professor 

Director 

 
University of California, Davis 

Center for Watershed Sciences 

Greg Smith Division of Statewide Integrated Water Management, 
Department of Water Resources 

Soroosh Sorooshian 
Distinguished Professor 

Director 

 
University of California, Irvine 

Center for Hydrometeorology and Remote Sensing (CHRS)  

Stephen Weisberg 
Executive Director 

 
Southern California Coastal Water Research Project Authority  

http://snri.ucmerced.edu/
http://ucwater.org/
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1. Increased collaboration and data sharing between data users and generators 

2. Standardization of metrics used in ambient water, water supply, and wastewater 

industries 

3. Greater investment in data collection and water monitoring systems 

4. Data curation that is accessible and transparent 

  

5.3.2.2 Increased collaboration and data sharing between data users and generators.  

Stakeholder collaboration was explicitly called for by multiple state-level 

organizations and research institutions, including DWR, CA Surface Water Ambient 

Monitoring Program, the CA Water Action Plan, and Lawrence Berkeley National 

Laboratory / Lawrence Livermore National Laboratory. An efficient water data 

management system will require a comprehensive set of statewide data from various 

agencies. Thus, cooperation between these groups is necessary to identify overlapping 

efforts and shared goals, and will ensure that future monitoring and initiatives are most 

efficient. Greg Smith of DWR pointed out the need to start with collaboration in order to 

identify and utilize data systems that already exist and are effective. DWR’s Strategic 

Vision and Framework for Integrated Water Management Data and Tools (2012) 

recommends efficient cooperation by establishing watershed-based water budgets, rather 

than using political boundaries. This is similar to the approach taken by the European 

Union when developing river basin management plans to implement the Water Framework 

Directive (WFD) (Grizzetti et al., 2016). As part of the WFD, managing one the largest 
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aquifers in southern Europe, the Mancha Oriental Aquifer, requires that governments, 

private stakeholders, and other social actors share correct and credible data amongst 

themselves in order to facilitate meaningful engagement by all (Sanz et al., 2016). 

Intentionally creating opportunities for stakeholders to come together throughout the 

decision-making process will also provide a venue for local, regional, and state level data 

users to ask and answer questions, ultimately building necessary trust for water data 

management. 

5.3.2.3 Standardization of metrics used in ambient water, water supply, and 

wastewater industries.  

Policy, academic, and state organizations such as PPIC, University of California 

(UC), and DWR have recognized the importance of standardization of data collection and 

reporting in successfully managing water resources in the future. The results of a workshop 

held in Davis, California, Establishing a Cloud-based Water and Energy Data Platform, 

identified data standardization as the main challenge to establishing comprehensive water 

data management (UC Davis, 2016). This is because water data can be highly variable in 

pattern, size, units, terminology, and organization structure. In order to achieve successful 

standardization, several recommendations specifically include the need to establish and 

enforce a protocol or framework for collecting compatible data. For example, Mark Cowin, 

director of DWR, noted as a panelist in the California Groundwater Briefing forum, that 

the most pressing needs for sustainable groundwater management are human and 

organizational in nature (Stanford, 2016). Even when all necessary technical information 

exists, data remain useless to water management if not efficiently translatable between 

fields and users. Dr. Jay Lund, Director of the UC Davis Center for Watershed Sciences, 



  

244 
 

reiterated that any common statewide framework would need the capability to sync with 

existing and future data systems. CCST (2014) takes this a step further in Achieving a 

Sustainable California Water Future through Innovations in Science and Technology by 

recommending integration of future water, energy, and land-use planning. 

5.3.2.4 Greater investment in data collection and water monitoring systems.  

Many organizations that take a statewide perspective on water data management 

identified the need for additional water data to be collected in order to effectively manage 

water resources. Specifically, California has yet to capitalize on the “big data” field, along 

with other new technologies, such as land- and remote-sensing to create opportunities for 

accurate data collection (DWR, 2012).  Investment in data collection can result in improved 

water-use efficiency, integrated statewide resource management, data driven decision-

making, and the ability to meet new regulatory needs (i.e. SGMA, surface water 

management, and water rights accounting), as exemplified by Australia’s commitment to 

the National Water Initiative in response to their “Millenium drought” in 2004 (ANWC, 

2014; Baldwin et al., 2012). The California Water Action Plan (2014) points out that 

increasing the amount of high quality water data available will ultimately enable better 

modeling and predictive research to be done, which can enhance California’s water future. 

However, as Dr. Steve Weisberg of the Southern California Coastal Water Research 

Project said, identifying true water data gaps is a necessary first step to ensure that 

investments aren’t made in data just for data’s sake. 
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5.3.2.5 Data curation that is accessible and transparent.  

From a variety of stakeholder perspectives, transparency and accessibility are 

essential throughout the development of plans to improve California’s water data 

management. By making accessibility and transparency a priority, stakeholder 

collaboration can be encouraged, litigation and misinformation can be avoided, and 

decision-making can be simplified. Further, Naik and Glickfeld (2017) found that 

transparency and verifiability were essential elements in the implementation of a successful 

water data management system in southern California.  Following the Environmental Data 

Summit, convened by the Delta Stewardship Council’s Delta Science Program, a final 

report (2015) cited the massive amount of inaccessible environmental water data in 

California as an example of this need. One option to achieve this goal, as referenced by 

institutions like the Delta Stewardship Council (2015) and the University of California, 

Davis (2016), is the creation of a single, user-friendly platform for housing and accessing 

California water data. DWR’s Gary Darling highlighted the need for any future data 

management infrastructure to enable users to address real world problems, in addition to 

the technical and scientific data accessibility priorities. The challenges faced by previous 

statewide water data management efforts like the California Integrated Water Quality 

System (CIWQS), including the poor user interface and perceived integrity of its data, 

exemplify the importance of accessibility and transparency (SCCWRP, 2007). 

5.2.3.6 Remaining Questions 

After identifying common or shared recommendations among water data 

generators, regulators, and users, we propose a list of questions that should be answered 

before making future decisions about water data management and/or policy. 
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Who are the end users of water data? End users should be the first and foremost 

consideration in conversations regarding data accessibility. Users may include water 

policymakers, resource managers, the public, and more. 

What form should stakeholder collaboration take, and who should be included? 

Collaboration can occur through workshops or forums, creation of a coalition or neutral 

liaison to act as coordinator, or a written agreement or understanding between stakeholders. 

Collaboration should include continued open communication. Data users and generators at 

every level should be represented, but an efficient approach may be to start with the large st 

data users and contributors. 

Who should decide the standardized metrics and protocols for data management? 

While the stakeholder collaboration process should help inform the answer to this question, 

a neutral facilitator may lead the identification of the most common current collection and 

reporting practices, while also ensuring that the data are easily accessible by a variety of 

users. 

Which technologies are optimal for homogenizing and comparing water data? Big 

data management platforms have the ability to translate numbers, units, and terminology, 

in addition to alleviating the burden of changing practices at the data generation level. Data 

management tools, such as those being developed within the U.S. Department of Energy 

(Environmental System Science Community Cyberinfrastructure), are facing challenges of 

“ingestion, curation, archiving, long-term preservation, and publication” (Goldstein et al., 

2007). Other modern technologies can automatically create accuracy and precision 
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thresholds to differentiate data reporting quality. Regardless of the technology, it will be 

important to maintain the context of each data set during standardization and translation. 

Which water sectors have the greatest need for more monitoring and data 

collection? Groundwater, surface water, water rights, environmental water, and flood -

vulnerable areas are some examples of areas mentioned throughout this analysis. However, 

data collection and monitoring priorities may ultimately be determined by system 

vulnerability and largest current inefficiencies or unknowns in California’s water system. 

Additional water data should be collected by whom, and for whom? A state-level 

investment of resources may be required for maximum improvement of water data 

collection and monitoring, which can be for the benefit of and use by water managers, 

users, policymakers, as well as the public. 

  How can water data security be ensured for data contributors? To create necessary 

trust, facilitate effective collaboration, and manage uncertainties in data reporting and 

usage, water data security must be integrated from the beginning of the decision-mak ing 

process. Answering this question requires consideration of proprietary data. For example, 

the California State Water Plan (2013 Update) recommends a written agreement between 

data-sharing institutions that contributes to understanding at local, regional, and state levels 

as one mechanism for establishing boundaries and mutual expectations, and that can help 

identify opportunities for building trust between relevant parties. 
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5.2.4 Conclusions 

Through compilation and comparison of recent recommendations made by diverse 

stakeholders in California’s growing water data management infrastructure, this study has 

identified several key aspects of water data management that should be prioritized. Further, 

we have demonstrated that there are tangible examples of success and failure in water data 

management, which can be utilized. By ensuring that water data in California is managed 

collaboratively, commonly, reliably, and transparently, modern data management 

technology can significantly contribute to water sustainability throughout the state. 

         While the resulting primary recommendations are not surprising, it is useful to be 

able to present the priorities in a semi-quantitative way to inform ongoing larger projects 

that are a part of “Data for Water Decision-Making”. These common recommendations by 

diverse stakeholder entities can also elucidate opportunities for common ground and 

collaboration in the future. Importantly, it enables us to define and begin the process of 

answering the necessary questions to accomplish these priorities. The technology for 

efficiently managing natural resource data is sufficiently in place, and proven benefits are 

evident. However, the political feasibility of a comprehensive water data management 

system in the state of California has been lacking. Given the recent passage of the Open 

and Transparent Water Data Act and movement to facilitate conversations about this 

subject amongst stakeholders, the results of this work are timely in informing policy 

implementation. While data management remains a salient issue in water policymaking in 

California, the key recommendations outlined in this article will be important for both 

establishing and maintaining a sustainable system. 
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Chapter 6 

 

 

 

Summary and Conclusions 
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The primary objectives of this doctoral research were to lessen the gap between 

fundamental novel nanomaterial research and communicating the application and benefit 

of said scientific research to the public. The fundamental research objectives specifica lly 

addressed included the colloidal stability of black phosphorus (BP), a novel 2D 

nanoparticle, to determine its efficacy in biomedical applications, utilizing static light 

scattering to quantify the fractal dimension of 2D engineered nanomaterials (ENMs), 

modeling the interactions of food grade and industrial grade TiO2 with extracellular 

polymeric substances, and simulating drinking water treatment using alum coagulant in 

order to determine best practices for the removal of food grade and industrial grade TiO 2. 

The general objective of communicating and applying science to societal issues included 

the application of analytical techniques to better understand drinking water preferences, 

and reviewing the scientific literature to inform the creation of an effective and accessible 

database for managing water data in California.  

 

The study described in chapter 2 explored the colloidal stability of surfactant-

stabilized, aqueous suspensions of BP in environmentally and biologically relevant 

solution chemistries. Findings revealed that a liquid phase exfoliation synthesis method, 

coupled with dispersions using F68 and F38, provided relative stability of BP in conditions 

of 4 < pH < 10, and at ionic strengths below 100 mM (KCl) and 10 mM (MgCl2), 

respectively. The isoelectric point of BP was found to be at pH 2 and pH <1 for F68 and 

F38 dispersions, respectively. Attachment efficiencies in various ionic strengths were 

calculated via time-resolved dynamic light scattering (TR-DLS) and were used to identify 
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the critical coagulation concentration (CCC) for both F68 and F38 as ~20 mM MgCl2 and 

~250 mM KCl. Results of this study indicate the viability of BP suspensions for use in 

biomedical applications.  

 

Results from chapter 3 confirmed the validity of using static light scattering 

techniques to probe the fractal dimension of 2D ENMs for the purposes of identifying the 

transition from the reaction limited aggregation regime to the diffusion limited aggregation 

regime. This demarcation for graphene oxide (GO) and lithiated-molybdenum disulfide 

(Li-MoS2) ENMs was identified via TR-DLS and SLS, and cryogenic transmiss ion 

electron microscopy (cryo-TEM) and was used to verify the change in fractal dimension 

of GO at ionic strengths representing RLA and DLA regimes. As 2D ENMs proliferate in 

their applications, and thus, environmental release, the ability to accurately characterize 

such suspensions for aggregate morphology with a traditional analytical technique is now 

improved by this research. 

 

The investigations in chapter 4 described the interactions of TiO2 with other 

environmentally relevant solution constituents. Namely, the presence of 10 mg/L of 

extracellular polymeric substances (EPS) in solution dramatically increased the critical 

coagulation concentration of TiO2 from 14 mM NaCl to 316 mM NaCl. This study further 

elucidated the role of pH in the aggregation mechanisms of TiO2 in the presence of EPS. 

At pH 4, below the isoelectric point of TiO2 (pH 6), at which TiO2 exhibits a positive 

electrophoretic mobility (EPM), it was found that small concentrations of EPS (< 0.6 mg/L) 

increased the aggregation rate of TiO2, but above this concentration the aggregation rate 
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decreased and denoted a more stable suspension. At pH 8 (greater than the isoelectric 

point), at which TiO2 exhibits a negative EPM, increasing concentration of EPS had 

insignificant effects on aggregation rate. Also explored in Chapter 4 was the effect of alum 

coagulant on the aggregation rates and CCC of food grade and industrial grade TiO2. It was 

found that while food grade and industrial grade TiO2 ENMs exhibited different CCC 

values of 10 mM and 100 mM KCl, respectively, there was minimal difference in fractal 

dimension of the two particle types in the presence of 0.5 mg/L alum in simulated surface 

water and simulated groundwater. Findings in this chapter provide valuable insight into the 

effects of environmental conditions on the aggregation behavior of TiO2 ENMs. 

 

Chapter 5 illustrated two studies that were rendered more effective by invoking 

interdisciplinary collaboration and the inclusion of scientific methodology and knowledge.  

The first was a psychology study seeking to correlate personality with taste preferences for 

drinking water was strengthened with the addition of pH and elemental analysis of the 

tested water samples (via inductively coupled plasma mass spectrometry). Differences in 

common environmental minerals, as well as those replaced by bottled water manufacturers 

after purification, (calcium, sodium, chlorine, bicarbonate, and carbonate) were associated 

with “Openness to Experience” and persons who scored high in this personality trait were 

more likely to prefer water with higher concentrations of these molecules. The second was 

an assessment of recommendations for effective water data management in California. 

Prompted by legislation passed in 2017 (CA AB 1755), the California Department of Water 

Resources commissioned the California Council on Science and Technology to compile 

and synthesize such recommendations. The application of a scientific literature review for 
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a public policy challenge provided actionable and relevant direction for DWR in their 

attempts to comply with AB 1755, some examples of which include: increased stakeholder 

collaboration, transparent data collection and hosting, and monetary investment in 

monitoring systems.  

This doctoral research provides insights into fundamental nanoparticle research, 

applications of colloidal science to understand ENM behavior in the environment, and 

methodologies of incorporating scientific information and methodologies into public 

policy challenges. This work first examined the aggregation behavior of ENMs, as well as 

the analytical ability to characterize such behavior. Two dimensional ENMs hold promise 

for a myriad of applications, and this work identifies conditional boundaries for their 

effective deployment, as well as increases the ability of the research community to 

characterize these materials using traditional methods. As ENMs proliferate into 

environmental phases, knowledge of the interactions between ENMs and environmenta l 

constituents is necessary to effectively predict fate and transport of the material. This study 

demonstrated two notable environmental conditions and the resultant impacts on TiO2  

ENM behavior, and these studies will provide insight into strategies for the removal of 

ENMs from natural and engineered environments. The closure of additional knowledge 

gaps in the environmental nanotechnology community is necessary for safe and effective 

use of ENMs, and an incessant effort to utilize science for the betterment of society is of 

the utmost importance. This dissertation demonstrates the additional value that scientific 

knowledge and methodology can provide to collaborative, interdisciplinary projects that 

have bearing on public policy decisions.  




