UC Riverside
UC Riverside Electronic Theses and Dissertations

Title
Idle Resource Conversion Through Thermal and Chemical Methods Into Value-Added
Products

Permalink
https://escholarship.org/uc/item/6df2d2n{

Author
Gale, Mark Mitsuo

Publication Date
2022

Copyright Information
This work is made available under the terms of a Creative Commons Attribution License,
available at https://creativecommons.org/licenses/by/4.0

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/6df2d2nt
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA
RIVERSIDE

Idle Resource Conversion Through Thermal and Chemical Methods Into Value-Added
Products

A Dissertation submitted in partial satisfaction
of the requirements for the degree of
Doctor of Philosophy
in
Chemical and Environmental Engineering
by

Mark Mitsuo Gale

June 2022

Dissertation Committee:
Dr. Kandis Leslie Abdul-Aziz, Chairperson
Dr. Charles E. Wyman
Dr. Jianzhong Wu



Copyright by
Mark Mitsuo Gale
2022



The Dissertation of Mark Mitsuo Gale is approved:

Committee Chairperson

University of California, Riverside



Acknowledgements

I would like to acknowledge and express my gratitude towards my advisor, Dr.
Kandis Leslie Abdul-Aziz. Her guidance, support, and knowledge helped me grow
tremendously in the past 4 years. | gained an immense amount of insight in research and in
life from her. 1 will be forever grateful for her continuous pushes, support, and
opportunities. I would like to thank Dr. Charles E. Wyman for being another mentor to me
as he imparted wisdom and industry knowledge. Dr. Wyman’s lab also supplied the corn
stover for many of my experiments. Also, | would like to thank Dr. Charles Cai for his
advice and knowledge on Parr reactors and lignin.

| have also been fortunate to have amazing labmates. Thank you; Luz Cruz,
Seongbin Jo, Tu Nguyen, Soham Shah, Barnali Sutradhar, and Somchate Wasantwisut, for
all their feedback and help in the laboratory. I’d like to thank, Byrce Biship, Irene Cruz-
Rubio, Monica Fajardo, James Feeney, Allison Hong, Marissa Moreno, Peter Nguyen,
Ogechukwu Ogbechie, Eric Song, Bradley Troung, Andrew Wassef, and Richard Yang;
all who were student researchers who | mentored. | learned many invaluable lessons from
them, and they helped support all the research | produced. | want to specially recognize
Marissa Moreno for her hard work and dedication with the hydrothermal carbonization,
slow pyrolysis, and activated carbon experiments. I’d also like to specially recognize Peter
Nguyen with his hard work and dedication on PET co-pyrolysis and activation
experiments.

The text of this dissertation, in part, is a reprint of the material as it appears in

“Physiochemical Properties of Biochar and Activated Carbon from Biomass Residue:

v



Influence of Process Conditions to Adsorbent Properties” 2021 and ‘“Heterogeneous
Catalyst Design Principles for the Conversion of Lignin into High-Value Commodity Fuels
and Chemicals” 2020. The co-author, Dr. Kandis Leslie Gilliard-Abdul-Aziz, listed in that
publication directed and supervised the research which forms the basis for this dissertation.
The co-author, Tu Nguyen, performed FTIR experiments and assisted in writing the section
of FTIR of the 2021 paper. The co-author, Marissa Moreno, performed experiments
regarding biochar and activated carbon of the 2021 paper. The co-author, Dr. Charles Cali,
provided guidance and advice for the 2020 paper. | would like to thank all the co-authors
for all their efforts and hard work.

| want to thank all the professors whom | was a teaching assistant for: Dr. Kandis
Leslie Abdul-Aziz, Dr. Christopher Clark, Dr. Younjin Min, Dr. Kevin Simpson, and Dr.
Charles Wyman. Thank for all the help and letting me have creative freedom to develop
my own teaching strategies. | gained numerous teaching skills and strategies that | will use
in my teaching career. Thanks for supporting me and listening to any of my ideas no matter
how crazy they were.

| would like to thank my family and friends for their support throughout my life
and graduate school. My parents, Irene and Charles Gale, have always provided support
and motivation for me. | want to thank all my friends who have helped keep me sane and
been supportive of my journey. Last, but certainly not least, | would like to specially thank

my girlfriend, Celine Lu, for her love, support, and understanding of graduate school.



A portion of the research presented in this dissertation has been previously published as:

Gale, M.; Nguyen, T.; Moreno, M.; Gilliard-AbdulAziz, K. L. Physiochemical Properties
of Biochar and Activated Carbon from Biomass Residue: Influence of Process
Conditions to Adsorbent Properties. ACS Omega 2021, 6 (15), 10224-10233.
https://doi.org/10.1021/acsomega.1c00530.

Gale, M.; Cai, C. M.; Gilliard-Abdul-Aziz, K. L. Heterogeneous Catalyst Design
Principles for the Conversion of Lignin into High-Value Commaodity Fuels and
Chemicals. ChemSusChem 2020, 13 (8), 1947-1966.
https://doi.org/10.1002/cssc.202000002.

vi



Dedication

To my family and friends.

vil



ABSTRACT OF THE DISSERTATION

Idle Resource Conversion Through Thermal and Chemical Methods Into Value-Added
Products

by

Mark Mitsuo Gale

Doctor of Philosophy, Graduate Program in Chemical and Environmental Engineering
University of California, Riverside, June 2022
Dr. Kandis Leslie Abdul-Aziz, Chairperson

Idle resource utilization will be a part of the solution for climate change.
Agricultural waste like corn stover (CS) is predominantly left on the field and can be
sustainably collected. Plastic waste is a growing environmental issue that is in dire need of
methods to reduce accumulation. Agricultural and plastic waste have the potential to be
converted into valuable products which can offset the reliance on nonrenewable resources.

This dissertation evaluates the physiochemical properties of the solid fraction,
biochar, of hydrothermal carbonization (HTC), slow pyrolysis (SP), and co-pyrolysis
(CoSP). SP and CoSP utilize oxygen-free environments along with high temperatures to
carbonize a carbon feedstock. HTC uses an oxygen-free environment with subcritical
water and more moderate temperatures to carbonize. Furthermore, this work explores the
chemical activation of the biochar generated from the aforementioned methods to create
an upgraded product, activated carbon (AC). This study reports the influence of parameters
during carbonization on the biochar and subsequent AC. The subcritical water in HTC

played a crucial role in the more efficient degradation of biomass when compared to SP.

viil



The ACs from the direct method and HTC removed up to 98% of the vanillin, the highest
removal of any of the ACs, and produced the highest surface area.

The study of CoSP produced key insights on how polystyrene (PS) and
polyethylene terephthalate (PET) interacts with CS. PS is a hydrogen donor and produces
lower quality biochar and AC. PET produced high surface area biochar from the acids and
oligomers formed during degradation. The oligomers are microplastics which are observed
to be on the surface of the biochar and have potential environmental and health concerns.
After activation, some of the CS-PET samples had a reduction of surface area due to the
interactions between KOH and the products formed during thermal degradation of PET.
Overall, the ACs produced from CS and plastics were lower quality in surface area and
adsorption capabilities when compared with AC made from CS only. Additional idle

resource utilization projects have the foundation developed and await a new researcher.
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Chapter 1 Introduction



1.1 Background Knowledge

The world relies on non-renewable resources that produce an inordinate amount of
waste which in turn has adverse effects on the environment. Researching methods to
convert idle waste streams into valuable products can create a circular resource economy
which will help mitigate environmental harm by reducing the stockpiles of waste. Biomass
circular economies help mitigate environmental harm by the full utilization of
lignocellulosic biomass waste for energy, products, and chemical commoditiest. When full
utilization methods are not employed, the accumulation of waste and unused resources pile
up. In biomass, corn stover is one of the most produced agricultural residues in the United
States and is often left on the field?. Corn stover, the remnants of harvesting corn, removal
is not a common practice and the removal can benefit future crops®*. Over 4,900 million
tons of plastic exist in the environment and around 380 million tons of plastic per year is
produced annually®. There is an abundance of agricultural and plastic waste which have
untapped potential that can help offset the reliance on non-renewable resources.
Researching methods and processes to fully utilize idle resources are crucial to making an
impact on climate change.

Products that have value and applications are essential when promoting circular
economies. Biochar can be created by many forms of biomass and has several applications
like soil remediation®, energy generation’, and adsorption®. Biochar is produced from
carbonization of biomass. Two techniques used are hydrothermal carbonization (HTC) and
pyrolysis. During carbonization, biomass is heated in an inert environment that produces

three product streams- biochar (solid), bio-oil (liquid), and a gas phase. HTC uses



subcritical water as a solvent which can allow for lower temperatures when compared to
pyrolysis. Pyrolysis has been studied in depth for the bio-oil production, with flash and fast
pyrolysis being the preferred method to maximize bio-oil yield®!°. Slow pyrolysis is
preferred for biochar production. Biochar can be a precursor to activated carbon, another
value-added product.

In 2015, the activated carbon market was valued at $4.7 billion USD and growth is
further projected, making activated carbon (AC) a valuable product!!. Corn stover can be
a feedstock to make activated carbon'?!3, AC has numerous uses including in catalysis,
water treatment plants, and air purification'*1’. Each application has different properties
of AC that are desired, and the production of AC can be modified to best suit the specific
application.

The addition of adding plastic to biomass for during pyrolysis is known as co-
pyrolysis. Co-pyrolysis may be able to “kill two birds with one stone” by tackling the
plastic waste challenge. Plastic waste poses many challenges with recycling not being
practicable solution'®2%, Co-pyrolysis is a form of upcycling to create value-added
products from multiple feedstocks. Like many carbonization papers, the research focus of
co-pyrolysis has been the oil fraction?>?*, The biochar produced from co-pyrolysis can be
a precursor to activated carbon as well. More research on the solid fraction is a necessary
step to probe the viability of co-pyrolysis as a solution to idle agricultural and plastic waste.
1.2 Goals and Objectives

The overall goal of this research is to better understand methods to turn waste

resources into value-added products. This research focuses on the thermal and chemical



conversion of agricultural and plastic waste into solids. There are two objectives that this
work focuses on:
1. Evaluate the physiochemical properties of biochar and activated carbon

produced from corn stover

This objective focuses on two carbonization techniques: HTC and SP, of corn
stover into biochar and the subsequent chemical activation into activated carbon. The solid
fraction of carbonization fractions has generally been overlooked and understudied, this
work helps bridge the knowledge gap in the field. HTC and pyrolysis are two techniques
that are commonly used to produce oils and have a leftover solid fraction that gets tossed
aside or used as low-grade fuel. By comparing the physicochemical properties and how
they relate to activated carbon, this work can open pathways to economic prosperity in
rural America and the renewable energy sector. This objective assesses how different
parameters in carbonization affect the end products. The activated carbon is further probed
for performance in the adsorption of phenolic compounds.

2. Evaluate the products formed from the carbonization of corn stover and

plastics

The addition of plastics to pyrolysis of biomass, co-pyrolysis, has shown benefits
for the bio-oil fraction; however, the biochar fraction has been glossed over. This objective
investigates how the effects of adding polystyrene and PET plastics to corn stover affects
the biochar and activated carbon. This work evaluates the change in physiochemical
properties of the biochar with different parameters including temperature, dwell duration,

and ratio of biomass to plastic. The work will highlight the differences between products
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of co-pyrolysis and slow pyrolysis. The biochar will further be activated to probe additional

physiochemical properties and adsorption of phenolic compounds.

1.3 Organization of Dissertation

The organization of this dissertation is as follows: Chapter 2 begins with the work
of carbonizing corn stover to produce biochar and activated carbon. The chapter discusses
two carbonization techniques, hydrothermal carbonization and slow pyrolysis, to produce
biochar. Temperature, duration, and ratio parameters were tested to determine
physiochemical properties of biochar. Activated carbon was produced using a chemical
activator, KOH, and the biochar produced from the carbonization technique- known as a
two-step method. These activated carbons were compared to each other and a direct
method. The activated carbons and biochars were characterized by SEM, XRD, BET
surface area, FTIR, and XPS. The activated carbons were probed for vanillin adsorption
experiments.

Chapter 3 discusses the addition of plastics to corn stover and studies the effects of
co-pyrolysis. Polystyrene and polyethylene terephthalate (PET) plastics were investigated
for the effects on corn stover biochar and activated carbon. The different co-pyrolysis
biochars and activated carbons analyzed against each other as well as the same products
from slow pyrolysis. The same characterization and vanillin experiments from Chapter 2
were conducted to help probe the distinct properties of the biochar and activated carbon.

Chapter 4 provides a literature review on heterogenous catalytic depolymerization
of lignin into fuels and chemicals. Depolymerization of lignin is another technique to

promote a bicircular economy. The chapter highlights different catalysis design principles



when converting lignin into value-added products. The review has a focus on bimetallic
catalysts. Research furthering this was not conducted due to challenges in funding of the
project.

Chapter 5 focuses on projects that did not get pursued and could have future
research project developed from them. This work is comprised of Soxhlet extraction, PVC
dechlorination, and orange peel biochar for plant growth. Finally, Chapter 6 highlights the
findings and significance of the dissertation and the research conducted. Chapter 6 wraps

up the dissertation.
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Chapter 2 Physiochemical Properties of
Biochar and Activated Carbon Produced
from Corn Stover Carbonization

The text of this dissertation chapter, in full, is a reprint of the material as it appears in
“Physiochemical Properties of Biochar and Activated Carbon from Biomass Residue:
Influence of Process Conditions to Adsorbent Properties” 2021. The text has been modified
to fit the dissertation guidelines. The co-author Dr. Kandis Leslie Gilliard-Abdul-Aziz
listed in that publication directed and supervised the research which forms the basis for this

dissertation chapter.
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2.1 Abstract

This study evaluates the influence of hydrothermal carbonization (HTC) or slow pyrolysis
(SP) process conditions on the physicochemical properties of precursor biochars and
activated carbon (AC). The AC is achieved through a direct or two-step method with
subsequent chemical activation using KOH. A theory is developed on the biochar
propensity to be chemically activated based on the lignocellulosic structure composition.
X-ray photoelectron spectroscopy (XPS) elemental analysis shows that the O/C ratio
decreases after chemical activation for HTC biochar but remains the same for SP biochar.
X-ray powder diffraction (XRD) indicates that SP biochar and all AC have broad
amorphous carbon peaks, whereas the corn stover and HTC biochar have distinct cellulosic
crystalline peaks. Vanillin absorbent experiments were performed on the various activated
carbons with up to 98% reduction shown. The best absorbent for vanillin was the AC

produced directly from corn stover, followed by AC HTC, and then AC SP.

2.2 Introduction

In a circular bioeconomy, maximizing the use of lignocellulosic biomass waste is
paramount for the full utilization of energy, products, and chemical commodities with
minimal environmental harm?. For example, corn stover is one of the most produced
agricultural residues in the United States and is one of the primary feedstocks for cellulosic
ethanol?>. Corn stover, consisting of stalks, leaves, and cobs, was removed from
approximately 6.3% of corn operations in the US, suggesting an ample supply with
minimal demand®. In addition to bioethanol, corn stover can be used for other purposes,

including fibers, hydrocarbons, and animal feed. The full utilization of lignocellulosic
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biomass by turning corn stover into value-added products will help progress the circular
bioeconomy, increase the agricultural sector’s profitability, and decrease the dependence
on non-renewable resources.

One beneficial and low-cost value-added product that can be produced from corn
stover is activated carbon*®°. Activated carbon (AC) is a high surface area, porous structure
made from various carbon sources using either a direct one-step or a two-step process
requiring an initial carbon precursor before activation. AC has an abundance of uses®®
especially as adsorbents for wastewater treatment. Wastewater treatment plants utilize AC
to remove pollutants, such as dyes, pharmaceuticals, heavy metals, and organic
contaminants. The removal of industrial phenolic waste such as vanillin is especially
important because they have adverse environmental effects®*t. The adsorbent capacity is
often one of the key metrics used to evaluate the effectiveness of activated carbons. By
converting agricultural residues into AC for wastewater treatment, it can lower costs and
create a more sustainable pathway to clean drinking water.

Activated carbon properties, such as surface functional groups, pore size, and
surface area, can be modified to fit the desired criterion or application. The AC properties
can often be tailored by changing the reaction parameters for the preparation of biochar
precursors and activation methods. One way to form biochar precursors is the use of
hydrothermal carbonization (HTC). HTC is a green process that uses mild temperatures,
water as a solvent, and an inert environment. HTC can produce three fractions: solid (char),
liquid (bio-oil), and gas. The process is performed at a point where water is subcritical,

which is useful in breaking down the polymeric backbone of the biomass. HTC uses
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temperatures between 180 to 250 °C*2 and has several advantages compared to pyrolysis,
including lower energy inputs, no need to dry the feedstock, reduced ash content, and
higher solid yields'®. Pyrolysis, an alternative to HTC, is a standard thermal method to
convert biomass into biochar. It can use low or high temperatures with little to no oxygen.
There are three major categories of pyrolysis based on the duration and associated
temperature ramp: flash, slow, and fast pyrolysis!*. For slow pyrolysis, the ramp rate is on
the order of minutes or hours, ranging between 10 °C/min to 10 °C/h. The temperature
range is lower than that of the flash pyrolysis, less than 500 °C*®. To optimize biochar
production, one should focus on utilizing low temperatures and moderate ramp rates like
that of slow pyrolysis.

AC can be made from biochar precursors using either physical or chemical
activation. Physical activation requires two separate steps: first with pyrolysis or thermal
treatment, then exposure to an oxidizing gas such as steam or CO,'®. Chemical activation
can be done either by a direct one-step process or a two-step process. The direct one-step
process involves impregnating or mixing biomass with a chemical activating agent under
thermal treatment!’. The one-step method performs the carbonization and activation step
simultaneously. The two-step process is done by an initial carbonization step to form
biochar followed by thermal activation®®. Several types of chemicals can be used as
activating agents, including K2COs, NaOH, ZnCl,, and KOH®2° In all cases, the
activating agent is used with an ideal ratio to biomass to ensure complete activation and
formation of pores and improved surface area. Several groups have studied the activation

mechanism using KOH. Huang et al.?* found KOH reacts with carbon around 530 °C to
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produce KO and K>COs, which react to create metallic K and a graphite-like
microcrystalline structure. Otowa et al.?? also found the formation of K,O by dehydration
and K>COs by a carbonate reaction. Metallic K is formed and intercalated in the carbon
matrix at high temperatures, resulting in atomic layers of carbon being widened and
forming pores.

The method used for the biochar precursor preparation can ultimately affect the
AC's properties (surface area, porosity, and prevalent surface functional groups). This
study performs an in-depth investigation on how biochar precursors derived from the direct
method, HTC, and slow pyrolysis can affect the physiochemical properties of activated
carbons. Vanillin adsorption experiments are used to probe the adsorption capabilities of
AC. Vanillin was chosen to represent a phenolic pollutant in water. We utilized chemical
activation with KOH due to its superior dehydrating abilities and propensity to achieve the
highest surface areas in activated carbon. There are many studies on using HTC?>2 or
slow pyrolysis!>?6:2 of biomass residues to produce biochar; however, only a few compare
the two methods for corn stover?®. This article analyzes the biochar precursors, activated
carbons, and probe the activated carbon’s physiochemical and adsorptive properties.
2.3 Materials and Methods

2.3.1 Hydrothermal Carbonization (HTC)

A 300 mL Series 4561 Bench Parr Reactor was used for the HTC reactions. Corn
stover was milled to 1 mm. DI water and corn stover were added 8:1 by mass, unless noted
otherwise, to the reactor and purged with nitrogen for 10 minutes. The reactor was heated

and held at the desired dwell temperature for 1, 2, or 4 hours. Once finished, the reactor
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was submerged in ice water to stop the reaction. The liquid and solid phases were separated
using vacuum filtration. The solid phase was rinsed with 300 mL of DI water to remove
most of the bio-oils, leaving the solid biochar behind. While a portion of the liquid phase
is not water-soluble and may still be left in the porous solid structure, we believe this is a
negligible amount. The biochar was dried overnight in an oven at 105 °C before chemical

activation with KOH.

2.3.2 Slow Pyrolysis (SP)

A Thermo Scientific Type 1315M Benchtop Muffle Furnace inside a nitrogen
glovebox was used for slow pyrolysis. Corn stover, milled to 1 mm, was placed inside a
crucible and purged in a nitrogen environment. The sample was then placed in the muffle
furnace and heated to the desired temperature at a ramp rate of 10 °C/min. The sample was
held for 1, 4, or 8 hours at the desired temperature, then allowed to cool to room

temperature.

2.3.3 Chemical Activation of Biochar

The same muffle furnace setup for the slow pyrolysis experiments was used for the
chemical and thermal activation of carbon. The biochar, either from HTC or SP, was
combined with KOH in a 2:1 ratio of biochar to KOH by mass. DI water was added to the
mixture and stirred for 1 hour to ensure it was homogeneous. The mixture was then dried
in an oven at 105 °C. The sample was transferred into the nitrogen environment muffle
furnace, heated to 300 °C for 2 hours at a ramp rate of 10 °C/min to remove moisture, then
further heated to 800 °C for 3 hours with a ramp rate of 10 °C/min. Once cooled, the sample

was washed with 0.1 M HCI solution to neutralize any remaining KOH. The sample was
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vacuumed filtered and washed with DI water until the filtrate was pH neutral. The sample,
now activated carbon, was dried in an oven overnight at 105 °C before characterization.
For the direct chemical activation method, corn stover replaced the biochar in equal
amounts and the rest of the procedure for chemical activation remained the same.

2.3.4 Surface Area Analysis

Surface analysis was conducted using the Micromeritics ASAP 2020 and ASAP
2020 Plus physisorption instruments to perform Brunauer-Emmett-Teller (BET)
measurements. The sample was loaded and degassed for 4 to 11 hours until an outgassing
rate of less than 5 umHg/min was achieved to ensure moisture and volatile contaminants
were removed before analysis. N2 physisorption and 5-point BET analysis were used to
measure surface area, pore-volume, and pore size. The BET was calibrated with a silica-
alumina reference material with a standard error of 2.5%. Replicates of most of the biochar
and AC were performed to determine the intrinsic errors in the surface areas and pore sizes

with 95% confidence levels.

2.3.5 Scanning Electron Microscopy (SEM)

A TESCAN Vega3 SBH SEM was used to capture images of the various corn
stover, biochar, and activated carbon samples. A ThermoFisher Scientific NNS450 was
also used to capture images of activated carbon samples. Before imaging, the samples were
placed under vacuum, purged with argon, then sputter-coated with Au for 10 seconds to
improve the clarity of the images. The images were taken between 900-1,700-times

magnification with a voltage of 5 kV.
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2.3.6 X-ray Diffraction (XRD) and X-ray Photoelectron Spectroscopy (XPS)

A PANalytical Empyrean Series 2 XRD instrument was utilized to evaluate the
carbon structures. The emission source was Cu-Ka (1.54056 A wavelength) with a Ni beta
filter. A zero-diffraction plate was employed to minimize background peaks. X-ray
photoelectron spectroscopy (XPS) characterization was carried out using a Kratos AXIS
ULTRA XPS system equipped with an Al X-ray source and a 165-mm mean radius
electron energy hemispherical analyzer. Neutralizing was applied during the measurements

to compensate for sample charging.

2.3.7 Fourier — Transform Infrared Spectroscopy (FTIR)

Surface functional groups of char and the activated carbons were investigated using
an FTIR Spectrometer (Nicolet iS10, Thermo Scientific) equipped with a Diffuse
Reflectance Infrared Fourier Transform Spectroscopy accessory (Praying Mantis, Harrick)
and a High Temperature Reaction Chamber (HVC, Harrick). Gathered spectra was an
average of 64 scans with 8 cm™ resolution between the range of 650 to 4,000 cm™. A
general procedure would be diluting a small amount of the sample with KBr. The ratio of
sample to KBr was about 1:100 by mass. The mixture was ground into a fine powder with
a pestle and mortar and loaded into the chamber. The sample was held at 100 °C under
helium flow for 50 minutes before a spectrum was taken. A background spectrum
consisting of only ground KBr was collected under the same heating conditions before

FTIR experiments were done that day.
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2.3.8 Batch Adsorption Study of Vanillin

The batch experiments of the vanillin adsorption studies using the activated carbon
from slow pyrolysis, hydrothermal carbonization, and the direct method were conducted at
room temperature in a 150 mL beaker. For each run, 20 to 50 mg of the adsorbent was
placed in a beaker containing 50 mL of a vanillin solution, which had a range of
concentration between 50 to 200 mg/L. The suspension was stirred for a desired time,
between 30 to 120 min, using a magnetic agitator. After agitation, the suspensions were
gravity filtered. The concentration of the filtrate was determined by using an Agilent Cary
60 UV-visible spectrophotometer. The absorbance wavelength was measured between 200
to 500 nm at a rate of 60 nm/min and a 0.50 nm interval.

Adsorbate capacity, normalized to the surface area, was calculated using the

equation below,

Co=Cey,

Adsorbate capacity = —2—— (1),

Surface area

where C, is the concentration of adsorbate at time ¢ in mg/L, C, is the initial concentration

of adsorbate in mg/L, m is the mass of the activated carbon in mg, V is the volume of the

adsorbate solution in L, and surface area is of the adsorbent and is in m?.
2.4 Results and Discussion
2.4.1 Physiochemical Properties of Biochar

2.4.1.1 Hydrothermal Carbonization
We studied the influence of dwell temperature at 200 °C, 220 °C, and 240 °C on

the formed biochar after hydrothermal treatment. Figure 2.1(a) shows the XRD pattern of
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HTC-treated corn stover with a 2-hour dwell time at different temperatures. The patterns
are compared with that of untreated corn stover. The XRD pattern of corn stover has
prominent cellulosic peaks at ~16 20 (101) and ~22 260 (220). The cellulosic peaks of the
formed biochars decrease in intensity and become broad as the temperature increases. This
broadening coincides with the decrease in the crystallite sizes of the cellulose and
hemicellulose. It indicates that the HTC process promotes the partial breakdown of the
cellulosic and hemicellulosic components of the corn stover. Interestingly, the turbostratic
carbon (t-carbon) peak at ~26 20 increases as the temperature increases, showing the
potential growth of graphene layers. T-carbon is a unique class of carbon having structural
ordering in between that of amorphous carbon phase and crystalline graphite phase?.
Figure 2.1(b) shows the change in the surface area as a function of the dwell
temperature and time. The biochar formed at 200 °C for 1-hour produced the lowest surface
area at 1.0 + 0.12 m?/g. As the temperature increased to 220 °C, the surface area increased
to 3.5 + 0.38 m?/g. This change may coincide with cellulose chains hydrolyzing at
temperatures >220 °C, as corroborated with our XRD data®. At 240 °C, the surface area
decreased to 2.9 + 0.34 m?/g. The same trend was observed with the 4-hour dwell time at
200 °C, 220 °C, and 240 °C, with surface areas of 3.3 + 0.36 m?/g, 4.5 + 0.50 m?/g, and 2.8
+ 0.41 m?/g, respectively. Based on our XRD and surface area analysis, we believe that the
surface area increases as the biomass constituents are broken down, with the hemicellulose
degrading first and the cellulose second. We would expect this degradation order as
hemicellulose is much less resistant to hydrolysis than cellulose3!. Any further thermal

degradation of biomass may occur through hydrolysis, isomerization, dehydration, and
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fragmentation®233, The surface areas for the 2-hour dwell time at dwell temperatures 200
°C, 220 °C, and 240 °C were 3.0 + .17 m?/g, 2.6 + 0.20 m?/g, and 6.9 + 1.3 m?/g,
respectively. We note that the highest achieved surface area for the HTC experiments was
found using a 2-hour dwell time and 240 °C dwell temperature. Figure 2.2 (a) shows the
average pore size as a function of temperature and dwell time. The average pore size
increased when the temperature increased from 200 °C to 220 °C in all the cases. The
increase in the pore size could coincide with the widening of pores caused by cellulose
chains hydrolyzing. When the temperature was further increased to 240 °C, in the 1-hour
run, there was a slight increase in average pore size but in the 2- and 4-hour runs, the
average pore size decreased.

The color of the biochar varied with temperature and dwell time (Figure 2.3). The
biochar color varied from light brown to a black fine powder consistency. The milled corn
stover had the appearance of sawdust prior to the hydrothermal treatment. The color change
of the biomass is most likely due to the Maillard reaction and the degradation of the sugars
contained in the biomass®*. The morphology changes of the corn stover for select biochar
samples were studied using SEM. Figure 2.4(b-c) shows the evolution of the corn stover
to HTC biochar as a function of temperature and duration. As the temperature and time
increase, the surface becomes rougher indicating structural degradation from the
hydrothermal process. Figure 2.4(a) shows the milled corn stover before HTC. The corn
stover structure is rigid and fibrous. Figure 2.4(b) shows the biochar formed after the HTC
process at 220 °C and 1-hour dwell time. The surface changes are apparent with the

formation of pits that are possible starting locations for pore formation. As the temperature
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and time are increased, as shown in Figure 2.4(c,d) to 240 °C for 4-hour dwell time shows
the most dramatic changes with little to no resemblance to the original corn stover. The
hydrothermal degradation process occurs due to a myriad of simultaneous reactions
including hydrolysis>%, dehydration®! and decarboxylation®. At higher temperatures,
other reaction mechanisms are dominant such as condensation polymerization®>%®, The
temperatures of this study are sufficient for the promotion of these simultaneous reactions
that become prevalent at 240 °C and promote the degradation of the corn stover. The effect
of temperature on the properties and morphology of HTC biochar is complex and
multifaceted. Despite a greater degree of degradation at higher temperatures, our findings
indicate no clear trend in the surface area and pore size.

We varied the ratio of water to biomass from 8:1 to 5:1 or 10:1 at 220 °C to
determine if the amount of water influenced the biochar characteristics. Table 2.1 shows
the results for varying the ratio. The 5:1 ratio had the lowest surface area at 2.2 + 0.24 m?/g,
the 8:1 had a higher surface area at 2.6 + 0.41 m?/g, and the 10:1 ratio had the highest
surface area of 3.6 + 0.40 m?/g. Interestingly, the 8:1 experiment had the lowest solid
biochar yield, while the highest biochar yield was achieved from the 5:1 ratio. Considering
solid loss after the experiments, we surmise that the difference in solid retention is a higher
production of liquid and gaseous products for the 8:1 compared to the other ratios.
Nevertheless, the higher water to biomass ratio improves surface area and pore structure.

We wanted to determine if the reactor's volume influenced the biochar's properties
as the amount to charge the reactor would be of interest for scaling up this process. We

maintained the 8:1 ratio for water to biomass and studied HTC on 1 g, 5 g, and 10 g of
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biomass. Table 2.1 shows the comparison of the three different runs as a function of added
water volume. The run with 1 g of corn stover achieved the highest surface area at 5.6 +
0.62 m?/g. However, the biochar yield was very low due to some of the biochar residue
adhering to the reactor's walls. The run for the 10 g sample indicated a higher biochar yield
but a lower surface area, 4.1 + 0.45 m?/g. We surmise the different mass to reactor volume
allowed for different heat transfer rates which in turn promoted different biochars. Thus,

the reactor size has significance when optimizing the formation of biochar.

2.4.1.2 Slow Pyrolysis

Figure 2.5(a) shows the XRD patterns for biochar derived from slow pyrolysis at
300 °C, 500 °C, and 700 °C. The XRD spectra for the biochar formed at 300 °C show
cellulosic peaks comparable to the peaks from the corn stover. This indicates that at 300
°C, there was a minimal change in the structural characteristics of the biochar. The biochar
formed at 500 °C and 700 °C are quite different, with the formation of broad peaks between
15 to 30 26, resembling amorphous carbon peaks. We surmise that temperatures above 500
°C were substantial enough to break down the lignocellulosic structure for the complete
breakdown of cellulose and hemicellulose. Interestingly, all the HTC biochars have
cellulosic peaks, while those of SP biochars at elevated temperatures above 500 °C were
apparently amorphous. This is an indication of different reactions occurring in the different
carbonization methods. The biochar from SP and HTC are both precursors to activated
carbon, comparing biochar formed from the two different processes is essential. This
breakdown in the structure corresponds to a higher surface area for SP biochar compared

to that formed from HTC.
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The change of the surface area as a function of the slow pyrolysis temperature is
shown in Figure 2.5(b). The trend shows that as the temperature increases, the solid
residue’s surface area increases as well. From 300 °C to 500 °C, the surface area went from
1.5+ 0.03 m?/g t0 5.0 + 1.5 m?/g, but once the temperature reaches 550 °C, the surface area
increases to 111 + 23 m?/g. An SP 240 °C experiment was conducted to compare with HTC
240 °C biochar. Compared to HTC, SP biochar's surface area formed at 240 °C is 1.2 + 0.2
m?/g vs. HTC biochar of 6.9 + 1.3 m?/g. We surmise that HTC, using subcritical water,
may be more effective with breaking down biomass structure than SP at low temperatures.

The decrease in the pore sizes and surface area after 550 °C could be due to the
limited reactivity of the lignin-rich biochar. The decomposition of hemicellulose and
cellulose usually occurs between 200 to 450 °C. Particularly, cellulose decomposition
reactions dominate between 300 °C and 450 °C%. The thermal decomposition of corn
stover is limited at low temperatures, and the large concentration of hemicellulose and
cellulose limits the surface area and pore morphology. This can be seen when comparing
HTC and SP at 240 °C, which highlights the impact of subcritical water in breaking down
biomass. Fragmentation becomes a dominating reaction at higher temperatures and is at its
maximum around 600 °C*". The lignin polymeric structure has a higher kinetic threshold
for decomposition that dominates at temperatures above 500 °C%. It is possible that the
increase in surface area at 550 °C is primarily due to the decomposition of cellulose and
hemicellulose forming high surface area biochar. As the temperature increases, the solid
degrades into aromatic species and other hydrocarbons that escape into the gas phase which

a portion can be condensed into an oil phase. There is a small spike from 600 to 650 °C,
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which could be some polymerization and some other products forming on the solid3"3,
Generally, the surface area of the slow pyrolysis carbon samples decreases at higher
temperatures, which may be attributed to the formation of large pores. Initially, the pore
size of the samples is mesoporous, then decreases and increases again at elevated
temperatures. Table 2.1 shows the morphological changes of the carbon as a function of a
change of the duration at 550 °C. It appears the longer the dwell time, the higher the surface
area. However, the increase in the surface area from 1 hour to 8 hours is less than 5%. The
limited change after 1 hour confirms that the reaction reaches steady-state in 1 hour. The
average pore size is plotted in Figure 2.2(b) as a function of temperature. Interestingly, the
average pore size plot is an inverse of the surface area plot between 500 °C and 700 °C,
Figure 2.2(b). As the average pore size decreases, the total surface area increases, which
would suggest that there is an increased number of smaller pores that causes the increases
in the available surface area. At higher temperatures, we observe a decrease in surface area.
We speculate that the decrease can be attributed to either pore collapse or an increase in
the size of the pores, as can be seen for temperatures above 650 °C.

The visual appearance of the biochar from the slow pyrolysis remained consistently
black for all dwell times and temperatures tested. The slow pyrolysis did not show much
color change over the range as the lowest temperature, 300 °C, would be past the Maillard
reaction's upper limits. In Figure 2.6(a-d), the biochar SEM images for select samples from
slow pyrolysis can be seen in which the structure changed as the temperature increased.
Notably, SP biochar samples still had the rigid structure shown of the fibrous corn stover

structure. Nevertheless, BET analysis confirms that the structure does become more porous
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as the temperature increased. HTC and SP produced distinct biochar from each other which
the degradation of cellulose and hemicellulose played an important role. HTC led to lower
surface areas and larger average pore sizes while SP led to higher surface areas and smaller
average pore sizes. The subcritical water of HTC and higher temperatures in SP leads to

different reactions occurring and some were more prominent than others.

2.4.2 Activated carbon from Biochar derived from HTC and SP

The biochars from the HTC and SP methods were chemically activated to produce
activated carbon for the adsorption of phenolic compounds. The properties of the activated
carbons were characterized using XPS, XRD, FTIR, and SEM and compared to that of
direct chemical activation of the corn stover. The results of XRD of select activated carbons
show the formation of amorphous carbon (Figure 2.7). The activated carbon XRD patterns
have two broad peaks from ~20 to 30 and ~40 to 50 26. These represent amorphous carbon
peaks as one would generally find broad peaks ranging from 10 to 30 and 35 to 50 20 for
amorphous carbon composed of aromatic carbon sheets oriented in a considerably random
fashion®. The XRD pattern for the direct activation of corn stover has a peak at 29.5°,
which corresponds to silicate minerals in the sample®®. XPS was conducted to perform an
elemental analysis of the biochar materials prior to and after activation with KOH. We
determined that the O/C content of the HTC biochars and AC direct materials decreased
after activation. However, the O/C content of the SP biochar remained the same. This
confirms that the SP biochar is not as amenable as HTC biochar for subsequent chemical

activation by KOH.
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Table 2.2 and Table 2.3 contains the surface areas of the activated carbon samples
using biochar precursors from the direct, HTC, and SP methods. Surprisingly, the highest
surface areas were achieved with the direct and HTC biochar precursors. For example, the
highest surface area from the activation of the HTC biochar sample prepared at 240 °C for
2-hour was 1,167 + 164 m?/g. We activated milled corn stover with no prior treatment as a
control and observed a surface area of 956 + 39 m?/g. This surface area is around what can
be found on many commercial activated carbons. The highest surface area from the AC SP
series of experiments was from the biochar formed from the 300 °C 1-hour run at 1,008 +
94 m?/g. The lowest achieved surface area was from 550 °C slow pyrolysis biochar at 376
+ 107 m?/g. Despite having higher starting surface areas compared to HTC biochars, the
activated carbons formed from SP biochars have lower surface areas than those created
from HTC biochars. Thus, the increased biochar surface area is inversely proportional to
activated carbon surface area, this trend can be seen in Table 2.3. Figure 2.8 shows the N>
adsorption/desorption isotherms of the produced activated carbons. The AC Direct (Figure
2.8(a)) and AC HTC (Figure 2.8(b)) had the highest porosity suggesting saturation of
micropores and mesopores in the structure. The isotherm for AC SP (Figure 2.8(c))
indicates a lower adsorptive capacity with a microporous structure. The average pore size
of all the activated carbons as seen in Table 2.3 was between 4 and 9 nm, indicating there
are mesopores in each sample. There were minimal differences in the AC direct, AC HTC,
and AC SP average pore size. The most noticeable difference between the samples was
surface area primarily contributed by the micropore region. AC direct and AC HTC had

surface areas with a higher micropore area.
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Figures 2.9(a-d) show the SEM images of the activated carbon samples for select
samples. The HTC activated carbon images in Figures 2.9(a-b) have a stark difference in
appearance and morphology than the SP biochar activated carbon images in Figures 2.9(c-
d). The HTC biochar activated carbon samples have significant surface changes with a
clear breakdown of the rigid structure and courser appearance. This is especially apparent
when compared to the original corn stover shown in Figure 2.4a. The slow pyrolysis
activated carbon images from the slow pyrolysis biochar still have a rigid structure with
less visible change compared to HTC activated carbons. The differences observed from
SEM in the activated carbon derived from either the HTC or SP biochar could indicate the
differences in the surface area and pore sizes.

We surmise that the difference in the maximum surface area achieved and porosity
for HTC biochar or SP biochar-derived activated carbon is due to cellulose and lignin
concentration. For instance, a study by Tiryaki et al. created activated carbon from tomato
leaves that had 10.9% cellulose and 24.8% lignin that produced a surface area of 305
m2/g*. In comparison, carbon with a higher cellulose content with a ratio of 26.2%
cellulose and 36.5% lignin had a surface area of 839 m?/g. A study performed by Zhang et
al. determined that as the lignin concentration increased, the surface area decreased. It
was theorized that the polysaccharide structure of cellulose allowed the formation of a
mesoporous structure. The complex polymeric aromatic structure of lignin though
contributed to the layered and microporous structure. We conclude that the SP biochars at
high temperatures above 500 °C lack an appreciable amount of cellulose, corroborated by

XRD, and thus are less prone to mesoporous structure formation. The hydroxyl groups in
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the cellulose and hemicellulose structure are reactive to the KOH chemical activation,
reducing micropores. In contrast, lignin’s aromatic backbone is more predisposed to
produce macropores and carbon sheets. Thus, the HTC samples rich in cellulose are more

prone to micropore formation.
2.4.3 Adsorbent Properties of Activated carbons for vanillin

2.4.3.1 Characterization of Functional Groups

The adsorption characteristics of the AC HTC, AC SP, and AC direct materials
depends on the surface functional groups. FTIR analysis was used to analyze the surface
functional groups of the formed biochars and the associated activated carbons. Figure 2.
10(a) shows the comparative structures of biochar formed from HTC and SP. Both spectra
show a broad band between 3,150 — 3,400 cm™ attributed to the O — H stretching of the
hydroxyl groups. The area between 3,000 — 2,800 cm-! is attributed to the C — H stretching.
The peak intensity for the HTC 240 °C is greater, showing that there are more of these
functional groups formed after hydrotreatment. The peaks between 1,700 — 1,650 cm™ and
at 1,050 cm™ can be assigned to the C — O stretching of the carboxyl groups. The peaks
between 1,100 — 1,000 cm™ refer to the C — OH and C — O stretch. These results indicate
that the surface of the biochars is mostly oxygen containing groups, including hydroxyl (—
OH) and carboxylic (—-COOH) functional groups. The activated carbons from all biochars
formed from the direct, HTC, and SP had peaks indicative of C — O, C — H, and C — OH
bonds as seen in Figure 2.10(b). The lower intensities infer that the surface of the carbon
has predominant hydroxyl and C — O groups, however, at a lower concentration than the

biochar precursors. This is also corroborated by the O/C ratio measured by XPS in Table
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2.2 showing a lower O/C ratio than the biochars. The additional peaks and stronger
intensity for the HTC corn stover over the other samples show that it has more oxygen-
containing groups, which could be attributed to the higher concentration of cellulose and

hemicellulose.

2.4.3.2 Adsorption performance

Physical adsorption of vanillin molecules depends on the functional groups on the
surface of the activated carbon. We compared the vanillin adsorption performance of the
activated carbon with respect to their biochar precursor characteristics and synthesis. Batch
adsorption experiments of the activated carbons were carried out, and the results are
presented in Figure 2.11 and Figure 2.12. The results show that the samples perform about
the same for concentrations between 50 — 200 mg/L (Figure 2.11,2.12(a)). For example,
98% of vanillin can be removed within 60 min by using the activated carbon prepared from
the corn stover direct method and the HTC biochar. Comparatively, it takes the activated
carbon prepared from the SP biochar greater than 120 mins to adsorb 98% of vanillin.

The surface functional groups, pore volume, and pore size of activated carbon
positively influence the adsorption rate, and amount of vanillin adsorbed onto the activated
carbon surface. Therefore, the effect of the mass of the activated carbon to the reaction
medium was used to determine the effects of the removal of vanillin. The solution volume
and concentration were kept constant at 50 mL of 50 mg/L and were used at room
temperature with a 60-minute contact time. As shown in Figure 2.11,2.12(b), at 20 mg
loading, AC direct had the best removal of vanillin at ~14% more removed than AC HTC

and even greater for AC SP. While AC direct had slightly less surface area, it adsorbed
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more than AC HTC by a noticeable amount, which may have implications that surface area
is not the only parameter that affects the adsorption of vanillin. Parameters like surface
functional groups and pore structure may affect the adsorption of vanillin. Each sample
adsorbed more vanillin when the loading increased from 20 to 35 mg, with AC direct and
AC HTC having removed similar amounts. With further increased amounts, AC HTC and
AC direct remained the same, and AC SP continued to increase in adsorption capabilities.
At the 50 mg loading, over 98% is removed for AC direct and AC HTC, while only 58%
is removed for AC SP. The surface and morphology of the AC SP are drastically different
than the other two ACs. This can be seen in the normalized adsorption capacity, where
even per m? the adsorption of vanillin onto AC SP is less than that of the others. This is an
indication that more than the surface area is involved in the removal of vanillin, which we
speculate could be due to the number of adsorption sites, the pore structure, and/or the
surface functional groups.

Surface functional groups can affect the adsorptive properties of activated carbon.
The presence of dissolved oxygen on activated carbon can increase the adsorptive capacity
of phenolic compounds through oxidative coupling reactions*®. From the FTIR data, the
HTC biochar had more oxygen-containing surface functional groups than SP biochar.
However, when activated, distinguishing which has the most oxygen-containing surface
functional groups becomes difficult. The results from the AC Direct and AC HTC are very
similar, indicating similar surface functional groups, which we speculate is a reason for the

higher adsorption of vanillin compared to AC SP.
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The contact time between the activated carbon and vanillin is a critical parameter
for the adsorption process, thus contact time optimization was investigated. The effect of
contact time on the adsorption of vanillin by the prepared activated carbons was examined
at room temperature by using 50 mg of activated carbon and 50 ml of 50 mg/L vanillin
solution. The adsorption experiment was carried out for up to 2 hours to determine the
adequate adsorption time, and the result is presented in Figure 2.11(c). The amount of the
absorbed vanillin for AC HTC and AC direct increased from 0 minutes to 30 minutes and
plateaued afterward. The adsorption on SP, however, increased rapidly from 60 minutes to
120 minutes. For AC HTC and AC direct the results show that the adsorption sites were
saturated after 30 minutes. The AC SP continued to adsorb as the time increased, indicating
that the maximum adsorption had not been achieved. This shows a possibility that the

adsorption rate for SP is slower when compared to that of the AC HTC and AC direct.

2.5 Conclusion

This paper compared the properties of biochar precursors and activated carbons that
were chemically activated either from corn stover using the direct method, HTC, or SP.
XRD and BET analysis showed that HTC and SP biochar differed in their lignocellulosic
composition after the reaction at elevated temperatures. The role of water in HTC plays an
integral part in the decomposition of corn stover as it allows hydrolysis and other reactions
to break down the biomass more efficiently than SP. SEM analysis showed that the HTC
and SP biochars formed more pores as the temperature increased. FTIR spectroscopy

analysis showed that HTC biochars had a higher density of oxygen-based surface
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functional groups than SP biochars. Additionally, the formed AC from corn stover and
HTC biochar precursors was apparently more oxygen-rich.

The activated carbon formed from the studied biochar precursors was then probed
for the adsorption of vanillin. The lignocellulosic composition of the biochar is influential
on the surface area, pore size, pore structure, and available surface functional groups for
the formed activated carbons. In terms of their adsorptive abilities, the AC direct and AC
HTC had significantly better adsorption of vanillin than the AC SP. When normalized to
the surface area, AC direct and AC HTC had improved performance compared to AC SP
as a function of duration and total AC amount used, which implies that other properties
such as pore structure and surface functional groups are important. The AC direct and AC
HTC performed better than AC SP, indicating the importance of the biochar pretreatment
method to activated carbon properties. Overall, activated carbon was produced from a
highly relevant agricultural residue, corn stover. The results suggest that AC generated
directly from corn stover had properties comparable to the absorbents made from HTC and
SP biochars. The production of activated carbon as adsorbents for phenolic compounds
may not warrant the extra thermochemical step of biochar precursor synthesis from HTC

and SP.
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2.8 Figures and Tables
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Figure 2.1 (a) XRD spectra of HTC biochar prepared at different temperatures and a
dwell time of 2 hours. (b) Surface areas of HTC formed biochar plotted as a function of
temperature.
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Figure 2.2 (a) Average pore size for HTC biochar. (b) Average pore size of SP biochar for
various temperatures after 1-hour duration
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Figure 2.3 Images of hydrothermal carbonization biochar as a
function of temperature and duration.
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Figure 2.4 SEM images of the HTC biochar at different temperatures and dwell time. (a)
Corn stover milled 1mm (Mag:1.43 kx). (b) HTC 220 °C 1 hour (Mag: 1.43 kx). (c) HTC
220 °C 2 hours (Mag: 1.15 kx). (d) HTC 240 °C 4 hours (Mag: 1.17 kx).
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Figure 2.5 (a) XRD spectra for slow pyrolysis of corn stover at different temperatures.
(b) Surface area of slow pyrolysis of corn stover for 1 hour over a range of 300 - 700 °C.
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Figure 2.6 SEM images of SP biochar at different temperatures. (a) SP 400 °C 1 hour
(Mag: 931 x). (b) SP 500 °C 1 hour (Mag: 1.23 kx). (c) SP 600 °C 1 hour (Mag: 934 kx).
(d) SP 600 °C 1 hour (Mag: 1.28 kx).
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Figure 2.9 SEM images of Activated Carbon. (a) AC HTC 200 °C 1 hour (Mag: 1.14
kx). (b) AC HTC 240 °C 2 hours (Mag: 1.14 kx). (c) AC SP 400 °C 1 hour (Mag: 1.0 kx).
(d) AC SP 550 °C 1 hour (Mag: 1.0 kx).
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Table 2.1 HTC biochar surface area when varying the ratio of water to biomass and total
amount of biomass Slow pyrolysis biochar surface area with changing duration

Sample Surfazc ¢ f?rea P?)‘Il'zrgigzee % Recovered
m g nm

HTC 5:1 Ratio® 2.2+ 0.24° 30 + 7.6° 50.8%
HTC 8:1 Ratio® 2.6+0.41 18 + 4.6 46.5%
HTC 10:1 Ratio® 3.6 + 0.40° 35+ 8.9° 49.0%
HTC 1 gP 5.6 £0.62° 23+5.8° 39.3%
HTC 5 ¢P 2.6 +0.41 18+4.6 46.5%
HTC 10 P 4.1+ 0.45° 20+5.1° 52.7%

SP 550 °C 0 hour 9.9+ 1.6° 33+3.4° 29.3%
SP 550 °C 1 hour 111 +23 5.0+ 0.51 27.8%
SP 550 °C 4 hours 107 + 18¢ 5.7 +0.58¢ 27.0%
SP 550 °C 8 hours 105 + 17 7.0+0.71¢ 27.4%

*HTC experiments ran at 220 °C for 2 hours with 5g of biomass.

PHTC experiments ran at 220 °C for 2 hours with a ratio of 8:1 water to biomass.
¢Approximate error calculated from previous data replicates in similar pretreatment
conditions
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Table 2.2 The surface area and X-ray photoelectron spectroscopic elemental analysis of
the biochar and associated activated carbons.

Relative Atomic Concentration (%)

Sample Surfacze Area
(m*/g) O N C S 0/C
CS 1.2+0.13 24 1 75 0 0.32
SP500 50+1.5 18 1 81 0 0.22
HTC240 69+1.3 22 1 77 0 0.29
AC Direct 956 + 39 17 0 82 0 0.21
AC SP500 646 + 19 18 1 81 0 0.22
ACHTC240 1,167+ 164 13 1 86 0 0.15
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Table 2.3 Activated carbon surface area of direct activation, HTC, and SP precursors.

Surface Area Average Pore Micropore Area
Sample 2 -1 Size 2 -1
m s nm m g
AC qun Stover 956 + 39 6.9+ 0.09 814+9.5
Direct
ACHTC 200 °C 1 750 4 71° 5.7+ 0.40 664 + 58
hour
ACHTC 200 °C 2 940 + 78 5.9+0.56 821 +24
hour
ACHTC 220°C4 939 + 97¢ 8.5+0.60 849 + 74
hour
ACHTC240°C 1 934 + 97¢ 3.9+0.27 812+ 70
hour
ACHTC 240 °C 2 1,167 + 164 6.0+1.0 994 + 121
hour
AC SP 300 °C 1 hour 1,008 + 94¢ 6.9 + 0.49° 840 = 73°
AC SP 400 °C 1 hour 821 + 77¢ 4.6 £0.32° 710 + 62°
AC SP 500 °C 1 hour 646 + 19 4.1+0.17 563 £20
AC SP 550 °C 1 hour 376 + 107 4.4+0.31 326+ 102
AC SP 600 °C 1 hour 521 +49¢ 4.0 +£0.28¢ 448 + 39°
AC SP 650 °C 1 hour 579 + 24 4.4+0.16 488 +4.4

¢Approximate error calculated from previous data replicates
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Chapter 3 Physiochemical Properties of
Biochar and Activated Carbon from Co-
Pyrolysis of Corn Stover and Plastics
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3.1 Abstract

The physiochemical properties of biochar and activated carbon produced from co-
pyrolysis (CoSP) of corn stover (CS) and plastics, polystyrene (PS) and polyethylene
terephthalate (PET). The hydrogen donor effect of PS on CS is evaluated for the solid
fraction and proved to create a lower quality biochar and activated for surface area and
adsorption. CS-PET biochar produced high surface area biochar, 423.8 + 24.8 m?/g for 500
°C 2h 1:1 biochar, but contained microplastics on the surface. Chemically activated with
KOH, the microplastics and acids produced from PET degradation inhibited activation and
thus created lower surface area for the samples containing high amounts of PET, 1:1 and
4:1 samples. X-ray diffraction, scanning electron microscopy, X-ray photoelectron
spectroscopy, and Fourier-transform infrared spectroscopy highlighted the differences
between the biochars and activated carbon. Vanillin adsorption testing showed AC CS
performed the best at removing 95% of the vanillin after 2 hours, whereas the AC CS-PS

and AC CS-PET removed 45% and 46%, respectively.

3.2 Introduction

Plastic upcycling is an alternative to recycling where plastic is converted to value-
added products like activated carbon, fuels, waxes, and lubricants'3. Plastic waste is a
growing problem in the world with some forms of plastic can take up to 1,000 years to
decompose in landfills®. In 2015, an estimated 4,900 million tons of plastic have been
discarded, and the number is projected to increase to 12,000 million tons by 2050°. A
common belief is that recycling is a viable solution for the plastic waste; however, several

factors prevent recycling on all forms of plastics*®®. These include the lower value
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products formed from mechanical recycling and select forms of plastic are very
inexpensive materials to make, which means there is little profit margin for adopting
recycling strategies. Recycling plastic is a challenging and energy-intensive process due to
contamination and additives. For these reasons, there is little to no economic incentive to
recycle plastic. Plastic is an overarching term to describe a synthetic material comprising
of polymers. Around 40% of plastic produced falls into the single use products composed
of polyethylene, polypropylene, and polyethylene terephthalate (PET)®. PET is a polymer
containing repeating ethylene glycol and terephthalic acid monomers. Polyesters like PET
that contain high ratio of aromatic components are very resistant to microbial degradation
which can pose issues with limiting accumulation'®!!, In 2016, 14 million tons of
polystyrene (PS) were produced and PS is an aromatic polymer comprised of styrene
monomers*?. The high molecular weight of PS contributes to the difficulty in degradation
of the material®3. The attributes of PET and PS that make it widely used such as stability
and low resistance to outside forces are also what make it difficult to degrade. Finding
ways to transform these plastics will be necessary to combat the growing accumulation
problem.

One technique to transform plastics into a value-added product is by using pyrolysis
to breakdown the polymeric structure into three fractions: solid, liquid and gas that can be
valorized to chemical commodities and material sorbents. A strategy that incorporates the
existing biorefinery framework seeks to combine processing of natural and synthetic
polymers in a process called co-pyrolysis (CoSP). Co-pyrolysis involves thermoconversion

of the biomass and plastic feeds in an inert environment and temperatures between 300-
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700 °C. The liquid fraction is known as pyrolysis (or bio) oil and is one of the most valuable
streams that can be used a s a feed for fuels and chemical commodities'**¢. During co-
pyrolysis, many studies have indicated a synergistic relationship between the plastic and
biomass to improve the oil qualities higher calorific value and alkenes!’8, It is theorized
that certain plastics act as a hydrogen donor in co-pyrolysis'®?°. The solid fraction, biochar,
has not been studied in depth and is often regarded for use as a sorbent; however, it is not
clear whether co-pyrolysis also improves the qualities of the biochar. While the co-
pyrolysis of corn stover and polystyrene have been studied together, the focus was on the
pyrolysis oil yield and quality?*. Generally, biochar is largely ignored; however, additional
research is needed on biochar to optimize the use of all fractions from pyrolysis. The goal
of this study is to evaluate the physiochemical properties of biochar produced from co-
pyrolysis of corn stover and PS/PET and assess whether there are synergistic qualities that
can improve their use for sorbents or activated carbon.

Biochar in of itself is nutrient rich and can be utilized for soil remediation, among
other applications. Typically, biochar can be further chemically or physically treated to
form activated carbon. Activated carbon is utilized in industries such as water
treatment?>23, air purification®2, and catalysis?? often as a support or used for pollution
remediation. Chemical activation is a method in which an activating agent such as KOH
reacts with the biochar to form large pores and are exfoliated. In a two-step process where
biochar is first formed then activated, the reaction temperature and dwell time can influence
the final activated carbon pore structure, surface area and pore size. This study will evaluate

the different physiochemical properties of the activated carbon produced from co-pyrolysis
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utilizing CS-PS biochar, CS-PET biochar, and CS biochar. The physiochemical and
morphological properties of biochar and AC were analyzed using BET surface area, XRD,
SEM, FTIR, and XPS. Vanillin adsorption experiments were conducted to investigate the
adsorptive properties of the AC to mimic phenolic removal of chemical compounds in
industrial wastewater streams.

3.3 Materials and Methods

3.3.1 Slow Pyrolysis and Co-pyrolysis.

A Carbolite Gero Tube Furnace with a constant flow of nitrogen gas at a rate of 600
mL/minute was used for the pyrolysis experiments. The feedstock was comprised of either
corn stover, milled to 1 mm, and a plastic, either Sigma Aldrich Polystyrene MW 192,000
or hand cut 0.5 cm squares of PET plastic from plastic water bottles. The feedstock was
placed in a ceramic boat and purged with nitrogen for 5 volumes of the reactor to ensure
an oxygen free environment. The sample was then placed in the tube furnace and heated to
the desired temperature at a ramp rate of 10 °C/min and held for the desired duration and
then allowed to cool to room temperature. The oil was collected using a single pass cold

trap attached to the end of the exhaust of the tube furnace.

3.3.2. Chemical Activation of Biochar.

A Thermo Scientific Type 1315M Benchtop Muffle Furnace inside a nitrogen
glovebox setup was used for the chemical and thermal activation of carbon. The biochar
was combined with KOH in a 2:1 ratio of biochar to KOH by mass. DI water was added to
the mixture and stirred for 1 h to ensure it was homogeneous. The mixture was then dried

in an oven at 105 °C overnight. The sample was transferred into the nitrogen environment
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muffle furnace, heated to 300 °C for 2 h at a ramp rate of 10 °C/min to remove moisture,
and then further heated to 800 °C for 3 h with a ramp rate of 10 °C/min. Once cooled, the
sample was washed with a 0.1 M HCI solution to neutralize any remaining KOH. The
sample was vacuumed-filtered and washed with DI water until the filtrate was pH neutral.
The formed activated caron (AC) was dried in an oven overnight at 105 °C before
characterization. For the direct chemical activation method, corn stover replaced the
biochar in equal amounts and the rest of the procedure for chemical activation remained

the same.

3.3.3. Surface Area Analysis.

Surface analysis was conducted using the Micromeritics ASAP 2020 physisorption
instrument to perform BET measurements. The sample was loaded and degassed for 8 h
until an outgassing rate of less than 5 um Hg/min was achieved to ensure moisture and
volatile contaminants were removed before analysis. N2 physisorption and five-point BET
analysis were used to measure the surface area, pore volume, and pore size. The BET was
calibrated with a silica—alumina reference material with a standard error of 2.5%.
Replicates of most of the biochar and AC were performed to determine the intrinsic errors
in the surface areas and pore sizes with 95% confidence levels.

3.3.4. Scanning Electron Microscopy.

A TESCAN Vega3 SBH SEM was used to measure images of the various corn
stover, biochar, and AC samples. Before imaging, the samples were placed under vacuum,

purged with argon, and then sputter-coated with Au for 10 s to improve the clarity of the
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images. The images were taken at 1,000 times magnification with a voltage of 5 kV unless

stated otherwise.

3.3.5. XRD and XPS

A PANalytical Empyrean Series 2 XRD instrument was utilized to evaluate the
carbon structures. The emission source was Cu Ka (1.54056 A wavelength) with a Ni beta
filter. A zero-diffraction plate was employed to minimize the background peaks. XPS
characterization was carried out using a Kratos AXIS ULTRA XPS system equipped with
an Al X-ray source and a 165 mm mean radius electron energy hemispherical analyzer.

Neutralizing was applied during the measurements to compensate for sample charging.

3.3.6. Fourier Transform Infrared Spectroscopy (FTIR).

Surface functional groups of char and the ACs were investigated using an FTIR
Spectrometer (Nicolet 6700, Thermo Electron Corporation). The FTIR used a KBr beam
splitter with a deuterated triglycine sulfate (DTGS) detector. Gathered spectra was an

average of 16 scans with 4 cm™ resolution between the range of 525-4000 cm ™.

3.3.7. Batch Adsorption Study of Vanillin.

The batch experiments of the vanillin adsorption studies using the AC and biochar
were conducted at room temperature in a 150 mL beaker. For each run, 50 mg of the
adsorbent was placed in a beaker containing 50 mL of a vanillin solution, which had a
concentration of 100 mg/L. The suspension was stirred for a desired time, between 30 and
120 min, using a magnetic agitator. After agitation, the suspensions were gravity-filtered.

The concentration of the filtrate was determined by using an Agilent Cary 60 UV—visible
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spectrophotometer. The absorbance wavelength was measured between 200 and 500 nm at

a rate of 60 nm/min and a 0.50 nm interval.
3.4 Results and Discussion
3.4.1 Biochar Properties from Co-Pyrolysis of Corn Stover and Plastics

3.4.1.1 Physiochemical Properties of Biochar from CS and PS

The physiochemical properties of the biochar from co-pyrolysis of corn stover and
polystyrene (CS-PS) were investigated. The effect of temperature on surface area was
studied using the following temperatures: 400 °C, 500 °C, and 600 °C, shown in Table 3.1.
Surface area is a key indicator of biochar as it plays a critical role in many applications.
The surface area of the 500 °C and 600 °C biochars are higher than 400 °C biochar. At 400
°C, the degradation of corn stover is low and likely the cause of the lowest surface area.
When corn stover is carbonized using slow pyrolysis, an optimal point for surface area was
found around 550 °C, which was due to multiple reactions, primarily fragmentation?®. At
550 °C the decomposition of cellulose and hemicellulose play an important role in surface
area. The 500 °C and 600 °C having an increase in surface area compared to the 400 °C is
due to the degradation reaction in corn stover. The addition of polystyrene seems to have
not had significant impact on this trend. A low surface area is observed overall for these
biochars.

A study of pyrolysis of PS showed no degradation at 300 °C, but between 350°C
the sample had completely degraded to a liquid. Between 350-500 °C char was formed
with the maximum at 500 °C which is an indication of condensation if the ring structure if

the aromatic compounds at higher temperatures®. The experiments in the study were
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conducted in a closed batch reactor where the co-pyrolysis experiments were conducted in
a tube furnace with a constant flow of N2 sweep gas. The sweep gas will likely cause no
condensation reactions to occur with the biochar due to limited exposure to the biomass
biochar. For PS pyrolysis temperatures greater than 500 °C are recommended if the desired
product is gas or char®®. The CS-PS biochar produced did not show significant benefit in
surface area and showed a decrease in biochar production from increased temperatures.
The constant flow of N2 could be the cause for PS not having a significant impact on the
biochar. Another study of pyrolysis of polystyrene that had the vapor removed from the
solid fraction showed results that agreed with ours, as temperature increased solid char
decreased3’. Around 500 °C, there is primarily random scission and depolymerization
forming styrene reactions occurring and at slightly higher temperatures, intramolecular
hydrogen transfer occur®?.

The impact of duration on co-pyrolysis was studied, and the results are shown in
Table 3.2. The 1-hour duration run produced a biochar of 11.1 + 1.5 m?/g and when the
duration increased, a slight increase of surface area was observed with the 2-hours and 4-
hours producing 11.7 + 2.8 m*/g and 14.3 £ 5.3 m?/g, respectively. In slow pyrolysis of
corn stover an optimal temperature was found to be around 550 °C?®, Paired with the
temperature effect results, there is justification to assume that 500 °C is under the optimal
temperature for surface area generation reactions. Longer duration allows for more surface
rich compounds to be formed. If the duration effect was tested at a higher temperature, the

reverse may be observed due to reactions like cracking and further fragmentation
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completely converting the solid mass into the gas and liquid phases. The impact of duration
may vary depending on the vessel due to the kinetics and heat transfer differences.

The ratio of CS to PS was varied from 1:1, 4:1, 9:1, and 1:0 to further investigate
the impact of PS in CoSP. Table 3.3 provides the surface area results. The highest surface
area of the biochars containing PS was the 4:1 ratio at 11.7 + 2.8 m?/g. The pure biomass
has a higher surface area of 12.4 + 3.7 m?/g than any of the CS-PS biochars. Overall, the
biochars had low surface areas. The optimal point at 4:1 ratio shows there is an impact on
the properties of biochar from PS. The hydrogen donor effect may be a cause the
differences between ratios.

The amount of biochar recovered as a ratio of initial corn stover changed very little
with the ratio change of polystyrene. This is an indication that the solid residue is comprised
mainly of corn stover, and PS residue mass is playing little to no part in the char. While the
polymer may not be playing a role in the mass of the biochar, the PS can still be affecting
how the final biochar ends up. The temperature and duration effects showed as each
parameter increased, more of the char is converted into the liquid and gas fractions. This is
expected as pyrolysis of biomass is well documented, that increases in temperature and
duration will cause less solid residue.

PS has been shown to be a hydrogen donor in co-pyrolysis of cellulose and PS and
produces monocyclic aromatic hydrocarbons®3. However, the hydrogen donor effect on the
biochar did not benefit the biochar in surface area or production. When the CS-PS biochar

is compared with the CS biochar, the surface area is lower.
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Figure 3.1 shows the XRD spectra of the biochars produced from slow pyrolysis of
corn stover and co-pyrolysis of corn stover and plastic. The XRD shows the transformation
of corn stover into biochar. At 500 °C, the cellulose peaks have disappeared and broad
amorphous carbon peaks, 15-30° 26, are visible. Turbostratic carbon (t-carbon) peak has
also become more intense indicating a higher ratio of t-carbon. On the CS-PS biochar, there
is a lack of a peak at 18-19° 20, which is a peak for polystyrene***°. There are no detectable
levels of polystyrene on the surface of the biochar which furthers the idea polystyrene is
not playing a significant role in biochar mass. The 1:1 ratio of CS-PS biochar has less
intense peaks of t-carbon and quartz than the 4:1 ratio or the CS biochar.

Scanning electron microscopy (SEM) images were taken of the CS-PS biochars and
are shown in Figure 3.2. As temperature increases, the observable degradation on the
surface increases as well. The CS-PS biochar shows a resemblance to biochar produced
from CS. The wood like structure of corn stover is still visible. This promotes the idea that
the impact of PS on biochar is minimal.

FTIR of the CS-PS biochar can be seen in Figure 3.3A. The biochars of CS and CS-
PS show some triple bond stretching around 2100 cm™ (C=C). There is stretching in the
double bond region around 1530-1610 cm™ which is attributed to C=0 and C=C. The 4:1
CS-PS biochar has as deeper peak in the double bond region whereas the biochar CS and
CS-PS 1:1 have shallower peaks. C-O and C=0O from alcohols, carbonyl groups, and

potentially silicone stretching can be observed from 860-1200 cm™.
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3.4.1.2 Physiochemical Properties of Biochar from CS and PET

The physiochemical properties of the biochar from co-pyrolysis of corn stover and
polyethylene terephthalate (PET) were investigated. The effect of temperature was studied
using the same temperatures as the polystyrene experiment: 400 °C, 500 °C, and 600 °C,
shown in Table 3.4. The 400 °C biochar had the lowest surface area by a significant margin
at 12.9 + 11.9 m?/g. Thermal degradation of PET starts after 400 °C with a the maximum
weight loss at 442 °C3. The surface area produced at 400 C is likely due to the
carbonization of corn stover and PET is playing little part. However, once thermal
degradation of PET occurs, the surface area drastically increases. At 500 °C, the biochar
had the highest surface areas of the tested temperature range at 91.2 + 20.4 m?/g. PET
pyrolysis creates benzoic acid, terephthalic acid, and cyclic oligomers from random
scission at ester links and potentially transesterification involving end groups®”3¢. Co-
pyrolysis of cellulose and PET has been studied, where the benzoic acid and terephthalic
acid are likely consumed during the char formation®3. The surface area is suspected to be
due to the interactions of the acids and the cyclic oligomers with the corn stover. The
oligomers may be depositing on the surface and creating additional surface area structures.

To ascertain a better understanding of PET influencing corn stover, varying the
ratio can between CS and PET can be used. The ratio effect was studied with ratios (corn
stover to PET) of 1:1, 4:1, 9:1 and 1:0 shown in Table 3.5. The ratio that gave the highest
surface area with PET was 1:1 with a surface area of 423.8 + 24.2 m?/g. This is a very high
surface area for a biochar and rivals some activated carbon surface areas. As the ratio of

CS to PET increases, the surface area falls with the 4:1 and 9:1 biochars having surface
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areas of 91.2 + 20.4 m?/g and 74.5 + 26.8 m?/g, respectively. This advances the importance
of thermal degradation of PET on co-pyrolysis. The biochar from corn stover produced
significant lower surface area biochar, 12.4 + 3.7 m?/g, when compared to the CS-PET
biochar. The PET is helping to form high surface area compounds on the biochar. To
confirm this, the amount of biochar produced as a function of initial corn stover showed
that the PET did impact the mass of the biochar.

SEM can be used to look at the surface changes with the addition of PET. Figure
3.4 shows the SEM imaging of the PET biochar ratio effect. When comparing Figure 3.4A
and 3.4C, 1:1 and 9:1 ratio, respectively, a noticeable surface difference is observed. The
1:1 biochar has a flakier looking structure which is a result of a more intense
decomposition. The biochar does not resemble the original corn stover. However, in the
9:1 biochar, the corn stover stalks within the structure are visible. This can be seen in the
rectangular and wood-like structures on the SEM image. When looking at the difference of
ratios, the 9:1 has 80% more corn stover than the 1:1 ratio, which partially accounts for the
drastic difference. The other portion is the PET; PET is in the formation of the biochar and
thus will contribute to the morphology differences. The SEM images help explain how
PET has changed the surface which led to increased surface area.

When the images are zoomed in more an interesting structure is observed on the
surface. Figure 3.5 shows the 1:1 and 9:1 biochar zoomed in to 4,200 times and 8,000
times, respectively. “Rice grain” structures that appear on the surfaces of our samples.
Figure 3.5B has sharp “rice grains” on the surface which looks to have created additional

ridges. Ridges can increase surface area, as it is similar to adding fins to a heat exchanger.
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Figure 3.5D, 9:1 CS-PET biochar, shows small rice grains all over the surface without
creating as merged of a look. The results indicate that these structures are microplastics,
the oligomers formed during PET degradation. The microplastics may present
contamination issues and there are potential harmful effects being studied®. The PET
biochars may not be suitable for applications where human consumption is involved such
as water filtration.

XRD is used to observe changes in the surface of the biochars, shown in Figure 3.1.
As corn stover is converted to biochar through CoSP with PET, the disappearance of the
cellulose peaks is apparent. Both the 4:1 and 1:1 ratio show increased t-carbon peaks at
26.6° 20. When comparing the biochar from CS and biochars from CS-PET, there are more
pronounced peaks of crystalline quartz and carbon. At 24.3° 20, there is a peak for PET
plastic*. The peak at 20.6-21.2° 20 coincides with quartz as well as PET plastic*®#2, This
indicates that there is residual PET on the surface in detectable levels which furthers the
theory that microplastics are on the surface of the CS-PET biochars. A peak at 27.7° 20 is
likely to be crystalline carbon in the biochar*®. Broad amorphous carbon peaks are show in
all the biochars.

FTIR of CS-PET biochar can be observed in Figure 3.3A. The CS-PET biochars
show deep stretching in the double bond region which is attributed to C=0 and C=C. An
additional peak is observed around 1400 cm™* which indicated C-C, C-O-C, and C-O bonds.
This peak is not observed in the biochars of CS and CS-PS. This peak may be attributed to
the PET polymer residue left on the biochar. C=0 and C-O stretching are observed on all

the biochar around 880-1200 cm™.
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The CS-PET and CS-PS biochars can also be compared to evaluate the different
effects of each plastic. CS-PS biochar had lower surface areas at the same conditions for
each temperature and ratio when compared with CS-PET biochar. The difference in plastic
degradation is the major difference. PET degradation produces acids and oligomers that PS
degradation does not. PS is a hydrogen donor, and the extra hydrogen is causing reactions
like dehydration. The PET degradation compounds are likely creating the surface area
difference. SEM imaging showed the microplastics on the surface of CS- PET biochars;
however, when CS-PS biochars were probed no such structures were found. Following that
the XRD showed a polymer peak for CS-PET and none for CS-PS biochars. The FTIR also
showed a potential residue polymer peak around 1400 cm™ that the CS and CS-PS did not

show.

3.4.2 Activated Carbon Properties from Co-Pyrolysis of Corn Stover and

Plastics

3.4.2.1 Physiochemical Properties of AC from CS and PS

The biochar from CoSP CS-PS was chemically activated with KOH to form
activated carbon (AC). The surface area of the AC was examined to observe how the
different parameter changes of biochar production affect the final product. Table 3.6 shows
the temperature effect parameter for AC. The lowest temperature, 400 °C, had the highest
surface area at 572.6 + 21.5 m?/g. The 500 °C and 600 °C ACs produced lower surface
areas, 477.0 + 40.8 m?/g and 440.1+ 59.3 m?/g, respectively. AC CS from SP showed the
same trend that a lower pyrolysis temperature created higher surface area AC?. For

biochar, the addition of PS to CS showed little difference to trends observed with only CS.
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Also, PS showed little low interaction with the biochar mass, indicating that the biochar is
mainly CS. Previous work showed activation and pyrolysis used similar compounds in the
biomass thus higher pyrolysis temperature will decompose more of the necessary
compounds to produce high surface area?®.

Table 3.7 shows the duration effect of CoSP on the AC surface area. The shortest
duration, 1-hour of CoSP, produced the highest surface area AC at 482.6 + 22.9 m?/g.
Surface area has an inverse relationship with duration at 500 °C and 4:1 ratio, as the
duration increased the surface area decreased. The change in surface area between the 1-,
2-, and 4-hour runs is small but a distinct difference. The higher surface area biochars
tended to produce lower surface area ACs, which was a general trend observed with SP of
CS?. The longer duration is degrading the CS-PS mixture which is causing the KOH to
react with other species that do not produce as high of surface area compounds.

Table 3.8 shows the ratio effect on the AC. The AC 4:1 ratio had the highest surface
area of CS-PS ACs with 477.0 + 40.8 m?/g. The 1:1 and 9:1 activated carbons had surface
areas of 445.9 and 404.7 + 5.7 m?/g, respectively. This indicates there is an optimal point
for the CS-PS ratio. However, the pure biomass AC had a surface area of 614.4 + 0.2 m?/g,
which is the highest surface area AC. When evaluating the ratio effect, the 4:1 ratio had
the highest surface are for both the biochar and AC which contradicts the theory that a
higher surface area biochar will produce a lower surface area AC. This signifies an impact
of PS on the solid fraction. The activation mechanisms may provide insight on the impact.

The activation method of KOH reacts with the carbon and oxygen species in

biomass and plastics. KOH chemical activation of carbon rich species can be summarized
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by K-species etching the carbon matrix through redox reactions, H.O, formed during the
reaction, increasing porosity through gasification, and metallic K expanding the carbon
lattices**5. These interactions with carbon rich species lead to high surface area and high
porosity structures. Another important interaction in chemical activation is KOH with
oxygen containing species, C-O, C-O-H, and C-O-C*. KOH reacts with O-containing
species in biomass to remove O-containing groups thereby creating free radicals and
vacancies. OH", from KOH, will fill the vacancies to form new O-containing groups which
will increase oxygen and porosity in the sample*’.

XRD can provide additional information on the crystalline structure shown in AC.
In Figure 3.6, the XRD spectra for the various AC. The 4:1 ratio CS-PS biochar activation
shows little change in XRD spectra, the quartz peak is more intense in the AC- Figure 3.1
is compared with Figure 3.6. Both show t-carbon peak at 26.6° 26, broad amorphous carbon
peaks, 15-30° and 40-50° 26, and crystalline carbon. The 1:1 ratio CS-PS does show more
changes. The quartz peak, 20.9° 20, and crystalline carbon peaks disappear with a graphite
oxide peak appearing, 23.3° 208, and a more intense t-carbon peak.

SEM imaging of the activation of CS-PS biochar can be seen in Figure 3.7. In
Figure 3.7B, the AC surface morphology and appearance has changed drastically from the
biochar, Figure 3.7A. KOH has reacted with the biochar and formed a significant porosity
in the structure. From the images, more macropores and mesopores can be observed in the
AC, and micropores can be inferred to have formed as well.

Fourier transform infrared (FTIR) spectrometry was conducted on the biochar

samples and activated carbon to examine the surface functional groups. FTIR spectra for
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the AC of CS-PS can be observed in Figure 3.3B. The major stretching is attributed to the
triple bond region of C=C around 2100 cm™. The AC produced from CS and CS-PS are
nearly identical. The AC CS-PS has a slightly shallower triple bond peak which would be
attributed to the hydrogen donor effect from PS degradation. The FTIR spectras show that
the activation tends to create similar surface function groups. The activation can be
observed by comparing Figure 3.3A and 3.3B. The biochar stretching in the double bond
and fingerprint regions disappear when activated. There is no more observed C=0, C=C,
and C-O bonds in the FTIR in Figure 3.3B.

Table 3.9 shows the elemental analysis, XPS, of biochar and AC. The impact on
the plastics during CoSP can be highlighted here. The CS-PS biochar produced a lower
oxygen content by percentage than CS biochar. PS is a hydrogen donor in CoSP and the
extra hydrogen is likely causing deoxygenation reactions thus creating a lower O-
containing biochar. When the CS-PS biochar is activated the oxygen content jumps from
18% to 26%, the highest of any of the samples. The KOH is adding oxygen to the vacancies
created during activation. The importance of having O-containing groups in the feedstock
of activation was discussed by Chen et al*’. The decrease in oxygen containing groups in
CoSP of CS-PS is likely playing the significant role in lower surface area of activated
carbon.

3.4.2.2 Physiochemical Properties of AC from CS and PET

The CS-PET biochar was chemical activated and studied for its physiochemical

properties. Once activated, the temperature effect shows some unexpected results. Table

3.10 shows the surface area results for changes in the temperature parameter. At the high
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temperature of 600 °C, the surface area is the highest at 510.7 + 4.7 m?/g. The lowest
surface area was recorded from the 500 °C sample of 87.8 + 3.2 m?/g. The 400 °C was in
the middle with a surface area of 359.9 +1.0 m?/g. The impact of temperature on AC CS-
PET tend to challenge many of the results gained from AC pyrolysis. The results highlight
the need for further investigation of PET plastic influence in CoSP. The 500 C AC had a
reduction in surface area when compared with the biochar. The CoSP biochar inhibited the
activation method. The ratio effect and analysis of the KOH activation may help explain
the results.

To investigate more into the relationship between PET and CS, the ratio effect was
evaluated for AC. The ratio effect was studied with biochar produced at 500 °C 2 hours
and varying the ratio from 1:1, 4:1, and 9:1 of CS-PET, respectively. The surface areas
from the ACs are shown in Table 3.11. The 1:1 ratio AC produced the highest surface area
at 409.2 + 1.2 m?/g, and 9:1 ratio was just under the 1:1 with a surface area of 390.1 + 10.7
m?/g The 4:1 ratio produced the lowest surface area at 87.8 + 3.2 m?/g. The surface area of
the CS-PET biochar from the 1:1 ratio decreased slightly from 423.8 + 24.2 m?/g to 409.2
+ 1.2 m?/g as well as the 4:1 AC saw a decrease from biochar to AC. The 9:1 ratio CS-PET
increased in surface area post activation. PET is the cause of the decrease as the samples
with the higher concentrations of PET showed decreases in surface area. The 9:1 sample is
predominantly CS which is the probable cause why it did not show the same trend as the
4:1 and 1:1 samples.

Alkali assisted pyrolysis of PET allowed for lower temperature thermal

decomposition®. The alkali strongly affected the thermal degradation of PET polymer. The
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chemical activation of biochar uses an Akali reactant, KOH, to form the AC. This helps
explain the decrease in surface area as likely the KOH is being reacted with the oligomers
and leftover PET polymers at low temperatures. Thus, the biomass section of the biochar
may not be as influenced due to the KOH reacting with polymers first. The polymers in the
previous section were hypothesized to be a key contribution to surface area and if they are
consumed during activation a loss in surface area would be expected. Another theory is the
acids that are produced from pyrolysis of PET are reacting with the KOH prior to the
temperature. The acid site may be on the surface of the biochar as well as trapped inside
the pores as bio-oil.

SEM imaging was taken to observe the changes on the surface. In Figure 3.8, the
ratio effect can be observed on the surface. As the amount of corn stover increases, the
surface morphology changes as well, becoming a more porous. The microplastics on the
surface of the biochar are no longer visible. The disappearance is attributed to the high
temperatures thermally degrading the polymers completely and KOH reacting with the
polymers first. The surface on the 1:1 AC looks similar to the 1:1 biochar, which may be
an indication that the KOH did not have as dramatic impact as it does with corn stover. The
9:1 ratio AC looks like the pure corn stover AC. The 4:1 AC looks like some portions have
reacted while others still look like the biochar. These observations further indicate the KOH
is reacting with the PET plastic first prior to reacting with the corn stover biochar, which
is a reason for the lower surface area upon activation for the 1:1 and 4:1 AC.

The AC from corn stover has higher surface area, 614.4 + 0.2 m?/g, than any of the

CS-PET ACs. While the CS-PET biochars had higher surface areas, once activated the AC
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CS produced a higher surface area. If one’s goal is to create a high surface area AC, the
addition of PET should not be valued highly.

Figure 3.6 has the XRD results for the AC CS-PET. In the AC 1:1 CS-PET XRD
spectrum, there are only amorphous carbon peaks. No other peaks are visible. The AC 4:1
CS-PET spectrum contains the amorphous carbon, quartz, and t-carbon peaks. The
activation removed the PET peak shown in the biochar, Figure 3.1. The XRD helps further
the idea that KOH is reacting with the polymers on the surface first and removing them.

Figure 3.3B shows the FTIR results of the CS-PET activated carbon. The biochar,
Figure 3.3A, once activated, no longer contains the stretching of C-O, C=0, C-O-C and
C=C. There is also no peak around 1400 cm™ which may be credited to the microplastics
which furthers the idea that PET is no longer on the surface. The activated carbon spectrum
from CS-PET looks like the AC from other samples like CS-PS and CS. In fact, all the
activated carbons have similar shapes and slightly different peaks for CO2 and triple bonds.

Elemental analysis for CS and PET is shown in Table 3.9. CoSP of CS-PET created
the lowest oxygen containing biochar at 15%. While it created a lower oxygen content, the
biochar had the highest surface area. After activation the oxygen content increased to 23%,
the lowest of the ACs. KOH is known to fill in vacancies during activation and increase
oxygen content. When activated though the surface area of the CS-PET sample was
reduced. O-containing groups in biomass are significant during activation, and the
reduction during CoSP of CS-PET is a potential cause for the reduction in surface area.
Activation of CS had a minor jump in oxygen content, 21% to 24%, and CS-PS had a more

significant jump, 18% to 26%. AC CS-PS and AC CS-PET had low surface areas, and both
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shared a lower oxygen biochar as a starting point which supports the importance of O-

containing groups in biomass prior to activation.

3.4.3 Adsorption Properties of AC

Vanillin adsorption experiments were conducted on the activated carbon to test the
application of the products, Table 3.12. AC CS was able to remove 95% of the vanillin
(100 mg/L) after 2 hours. AC CS-PS and ACPET were able to remove 45% and 46%,
respectively, after 2 hours. The AC from CS-PS and CS-PET performed almost identical
for all the trials with a slight advantage at removal to AC CS-PET. AC CS outperformed
the other ACs by a significant margin across all tested durations. Surface area is a metric
to help determine adsorption capacity. The higher surface area of AC CS played a role in
the better adsorption; however, surface area does not tell the entire story. While AC CS-
PS has a marginally higher surface area than AC CS-PET, the performance was slight
worse. If surface area was the only metric that matter, then the biochar of CS-PET would
outperform the AC. When the CS-PET biochar was tested for vanillin adsorption, the
sample removed too little for the UV Vis to detect. The surface functional group can play
a significant role in the ability to adsorb the vanillin. The FTIR for the activated carbon
data showed similar spectra for all and the surface functional groups could not be
distinguished from it. However, the activation mechanisms of the CS, CS-PS, and CS-PET

are all different which lead to different adsorption capabilities.

3.5 Conclusion
The physiochemical properties of biochar and activated carbon produced from co-

pyrolysis of corn stover and a plastic (PS or PET) were evaluated. The biochar and
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activated carbon produced from CS-PS showed lower surface areas than that made from
corn stover. The hydrogen donor effect of PS did not create better biochar or AC for surface
area or adsorption properties. The biochars from CS-PET have high surface areas in
particularly the 500 °C 2h 1:1 ratio, 423.8 + 24.8 m?/g. However, polymers were found on
the surface of the biochar. Once activated, the polymers were no longer present, but the
surface area decreased. The 1:1 and 4:1 CS-PET samples both had lower surface areas
when activated which is attributed to the PET thermal degradation. PET thermal
degradation produces oligomers and acids which interact with the KOH thus inhibiting
high surface area formations. Overall, co-pyrolysis of corn stover and plastic produced
lower surface area activated carbons that performed worse at vanillin adsorption when
compared to pyrolysis of corn stover. Co-pyrolysis may have many applications such as
upgrading bio-oil, however, this may come at the expense of the solid fraction.
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3.8 Figures and Tables
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Figure 3.1 X-ray diffraction of biochars and corn stover
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Figure 3.2 SEM images of CoSP biochar 2h 4:1 CS-PS A) 400 °C. B) 500 °C C) 600 °C
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Figure 3.4 SEM images for biochar of CS-PET. Conditions 500 °C 2h CS-PET A) 1:1
ratio. B) 4:1 ratio. C) 9:1 Ratio
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Figure 3.5 Biochar SEM CS-PET 500 C 2h A) 1:1 1 kx B) 1:1 4.2kx C) 9:1 1kx D) 9:1
8kx
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Figure 3.6 X-ray diffraction of activated carbons

82



Figure 3.7 SEM Images. 1,000x magnification A) Biochar 400 C 2h 4:1 CS-PS B) AC of
Biochar from A
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Figure 3.8 SEM images of AC CS-PET 500 C 2h 1,000x
ratio C) 9tol ratio.
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Table 3.1 Temperature effect biochar CS-PS

Sample % Recovered as a
. Surface Area .
2 h 4:1 ratio (M2/g) function of corn
CS-PS g stover
400 °C 25+03 38.1%
500 °C 11.7+2.8 32.2%
600 °C 10.8 8.5 31.3%
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Table 3.2 Duration effect of Biochar CS-PS

oSam-pIe . Surface % Recovered as a
500 °C 4:1 ratio Area (m?/g) function of corn stover
CS-PS g
1lh 11.1+1.5 32.4%
2h 11.7+2.8 32.2%
4 h 143+5.3 31.3%
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Table 3.3 Ratio effect of Biochar CS-PS

Sample

[1)
iczy  Srears e
CS-PS g
1:1 ratio 6.5+0.8 31.3%
4:1 ratio 11.7+£2.8 32.2%
9:1 ratio 70+£3.2 31.7%
1:0 ratio 12.4+3.7 32.4%
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Table 3.4 Temperature Effect Biochar CS-PET

Sample % Recovered
. Surface Area .
2 h 4:1 ratio (m?/g) as a function
CS-PET g of corn stover
400 °C 129+ 11.9 45.2%
500 °C 91.2+204 39.3%
600 °C 81.3+4.1 36.0%
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Table 3.5 Ratio Effect of Biochar CS-PET

Sample % Recovered

500°C2h Sur(frz:qcze/: ?rea as a function
CS-PET g of corn stover
1:1 ratio 423.8 £24.2 53.2%
4:1 ratio 91.2+20.4 39.3%
9:1 ratio 74.5+26.8 36.1%
1:0 ratio 12.4+3.7 32.4%
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Table 3.6 AC Surface Area Temperature Effect CS-PS

Sample

AC 2 h 4:1 ratio S“r(facze/ z?rea
CS-PS m?/g
400 °C 572.6+21.5
500 °C 477.0+ 40.8
600 °C 440.1 £ 59.3
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Table 3.7 AC Surface Area Duration effect CS-PS

Sample
AC 500 °C 4:1 ratio S“"(f;cz‘; ‘?m
CS-PS 8
1h 482.6+22.9
2h 477.0 + 40.8
4h 436.5 + 13.3
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Table 3.8 AC Surface area ratio effect CS-PS

Sample

AC500°C2h S“r(f::fzi z?rea
CS-PS g
1:1 ratio 4303 + 15.6
4:1 ratio 477.0 + 40.8
9:1 ratio 4047+ 5.7
1:0 ratio 614.4+02
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Table 3.9 XPS Atomic Surface Composition. Biochars are all 500 C 2h. CS-PS and CS-
PET are 1:1 ratio. AC is made from the respective biochar.

Surface Area
Sample C O N
m?/g
Biochar CS 124+ 3.7 78 21

Biochar CS-PS 6.5+0.8 81 18
Biochar CS-PET 423.8+248 84 15
AC CS 614.4+0.2 75 24

AC CS-PS 430.3+156 73 26
AC CS-PET 409.2+1.2 76 23

R e e
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Table 3.10 AC Surface Area Temperature effect CS-PET

Sample
AC2h4:1 Sur(frz:qcze/a ?rea
CS-PET g
400 °C 359.9+1.0
500 °C 87.8+3.2
600 °C 510.7 £4.7
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Table 3.11 AC surface area for ratio effect

Sample

AC500°C2h S“r{;cz‘; ‘?”"a
CS-PET g
1:1 ratio 4092 +1.2
4:1 ratio 87.8+3.2
9:1 ratio 390.1 +£10.7
1:0 ratio 614.4+0.2
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Table 3.12 Vanillin Adsorption

Sample Percent Removed%o
500 °C 2h 30min 1h  2h
AC 1:1 CS-PS 33 42 45
AC 1:1 CS-PET 31 44 46
ACCS 78 84 95
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4.1 Abstract

Lignin valorization has risen as a promising pathway to supplant the use of
petrochemicals for chemical commodities and fuels. However, the challenges of separating
and breaking down lignin from lignocellulosic biomass are the primary barriers to success.
Integrated biorefinery systems that incorporate both homo- and heterogeneous catalysis for
the upgrading of lignin intermediates have emerged as a viable solution. Homogeneous
catalysis can perform selected chemistries, such as the hydrolysis and dehydration of ester
or ether bonds, that are more suitable for the pretreatment and fractionation of biomass.
Heterogeneous catalysis, however, offers a tunable platform for the conversion of extracted
lignin into chemicals, fuels, and materials. Tremendous effort has been invested in
elucidating the necessary factors for the valorization of lignin by using heterogeneous
catalysts, with efforts to explore more robust methods to drive down costs. Current progress
in lignin conversion has fostered numerous advances but understanding the key catalyst
design principles is important for advancing the field. This Minireview aims to provide a
summary on the fundamental design principles for the selective conversion of lignin by
using heterogeneous catalysts, including the pairing of catalyst metals, supports, and
solvents. The review puts a particular focus on the use of bimetallic catalysts on porous
supports as a strategy for the selective conversion of lignin. Finally, future research on the

valorization of lignin is proposed on the basis of recent progress.

4.2 Introduction
The world currently relies heavily on natural resources such as coal, gas, and

petroleum as a source for fuel and chemicals. In fact, 87% of the energy produced in the
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United States comes from non-renewable sourcest. Much of the petrochemical resources
are finite and the development of an alternative infrastructure that relies on renewable
resources will be key to the economic and environmental wellbeing of the world. Plant
biomass may relieve the dependence on petroleum by utilizing the abundant source of
carbon to create sustainable feedstocks. There are many challenges with achieving this goal
but utilizing all parts of biomass to their full economic potential may make this a reality.
One potential solution is to continue improving current biorefinery strategies towards
integrated catalytic approaches that seek to improve total utilization of biomass waste
towards fungible fuels and biochemicals. Lignin in particular, has rightfully garnered
significant attention due to its substantial contribution in biomass, in terms of mass and
carbon content. However, its valorization to commercially relevant fuels and chemicals has
been relatively challenging compared to carbohydrates due to lignin’s high degree of
polymerization, diverse spectrum of chemical moieties, and complex structure.

The most promising route for the catalytic conversion of biomass is the
development of catalyst systems that can be streamlined into biorefineries to economically
achieve high selectivity, conversion, and robustness. At a high level, catalytic processing
can be categorized as either homogeneous or heterogeneous that can be differentiated by
the use of catalysts that are either soluble or insoluble in the liquid medium during the
intended reaction, respectively. Both types are useful for processing biomass and biomass-
derived intermediates and a combinatory strategy is often proposed to take advantage of
the merits of both?°. Homogeneous catalysis for biomass upgrading primarily addresses

the challenges of direct processing raw biomass feedstocks to drive sufficient biomass
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deconstruction by solubilization, hydrolysis, and dehydration to liquid chemical
intermediates such as sugars, furfurals, oxo acids, polyols, and depolymerized technical
lignins'®*2, However, homogeneous biomass reactions often produce a limited scope of
water-soluble intermediates that necessitate subsequent separation steps to recover
valuable reactive chemical intermediates while separating them from the catalytic
component and contaminates such as mineral ash, chlorine, and acids. A recent
combinatory integrated approach of homogeneous reaction in tandem with heterogeneous
process has achieved an impressive 60% total carbon utilization of biomass to fungible
fuels and technical grade lignin?. Heterogeneous catalysts can be manipulated to extend the
chemistries not seen in homogeneous catalysis. Albeit, heterogeneous catalysts have issues
of their own when it comes to the surface-active sites of the catalyst interacting with the
lignin polymeric structure. In an effort to enhance the use of heterogeneous catalysts for
lignin valorization strategies, the material design principles for the choice of the catalyst(s),
supports, and even the solvents must be understood to improve both the selectivity and
conversion. This review will detail pertinent material principles to improve for the selective
conversion of model lignin intermediates or extracted lignin into chemicals and fuels.
While some reviews have just focused on homogeneous'®!* and heterogeneous®*51
catalysts, our review has a wholistic view of the optimization of material and solvent

properties needed for biomass upgrading.

4.3 Lignin Structure
Biomass can be used to produce energy, food, chemicals, and many other products.

Cellulose, hemicellulose, and lignin, in varying amounts, comprise biomass*’. Cellulose is

105



composed of glucose monomers that make up the largest fraction'’. The next predominant
form is hemicellulose which is comprised of glucose and other sugars such as xylose and
five-carbon monosaccharides!’. Cellulose and hemicellulose are the most frequently used
biomass feedstock to produce biofuels'®?? and chemicals?*2’. Lignin is the structural
component that adds a hydrophobic protective layer in the cell walls of plants?®. Depending
on the plant species, the fraction of lignin can vary between 15% in tobacco leaf to over
40% in wood bark and hazelnut shells?®®. The structural robustness and complicated
network of lignin, consisting of polymeric aromatic groups, renders it an ample resource
for value-added chemicals and materials. Thus, current research thrusts serve to utilize
lignin as a viable feedstock opposing the common belief that “you can make anything out
of lignin except money.”

The structure of lignin is complicated and can differ depending on the species®®3!,
temperature®>3, and environmental history of biomass resources®3. Some common
features of the lignin structure include ether and diethyl bonds suchas -0 -4, 0 — O —
4,5-5,B-54—0-5, and B — P linkages®*8, Figure 4.1 shows a representation of the
lignin structure including the common linkages mentioned above. Most research on the
valorization of lignin uses model compounds to optimize the reaction conditions and
materials properties of the catalysts. Afterwards, the optimized catalysts are applied to raw
or extracted lignin where further optimization of both the process, scaling and separation
is needed to improve the activity, selectivity and stability which can differ from model

studies significantly®.
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4.4 Pretreatment Methods

The pretreatment method or isolation of lignin from lignocellulosic biomass is a
significant factor that can influence the final product distribution and yield. Biomass can
either be pretreated using mechanical or chemical-based methods. The factors that
determine the effectiveness of the pretreatment method include the complicated network
of lignin around the structure, the crystallinity of cellulose, environmental historical effects
and the integrity of the biomass source. Select mechanical methods include ball milling or
grinding which acts to disrupt the crystallinity and polymeric structure of lignin and the
other cellulosic components. Ball milling of biomass undergoes ultrafine grinding to create
submicron particles and powders breaking up the lignocellulosic structure allowing for the
extraction. There are many factors that influence the effectiveness of ball milling including
the ball-to-biomass ratio, milling time, and the condition of the biomass (e.g. dry or wet
conditions). Despites its use as a possible environmentally friendly alternative to chemical-
based methods, the quality of lignin obtained is far inferior to that needed for further
upgrading. Ball milling and other mechanical grinding methods are often not used as a
stand-alone pretreatment method and is often followed by chemical-based methods for
solubilization or separation of the lignin from the milled lignocellulosic biomass
framework 4042,

The chemical-based pretreatment methods play an important for preserving the
quality of lignin needed for valorization. Chemical methods provide a less destructive
alternative to ball milling where enzymes, solvents, acid or base chemistry can separate the

cellulose, hemicellulose and lignin fractions. The chemical methods can be divided into

107



biological, acid/base or solvation chemistry. In biological chemical separation, enzymes or
fungi are used to breakdown the polymer by selective scission of ether or ester bonds*3#4,
Biological pretreatments have high selectivity with relatively low process conditions and
little to no need for harsh chemicals making them an environmentally friendly and energy
efficient process. The enzymes and fungi can be genetically engineered to produce desired
products. However, the genetic tools are still under development and need to surpass
several milestones before being effective for pretreatment*>#4-4¢, Despite these advantages,
biological pretreatments can take long periods of incubation time, large amounts of space
for reactors, and can have prohibitive costs for large scale applications.

Acidic pretreatment methods including sulfuric acid and hydrochloric acid are used
to promote the delignification of biomass. The acidic conditions help to degrade lignin
through fragmentation of the B-O-4 aryl ether bonds leading to its depolymerization;
however, if the acid environment is sufficiently severe, additional cross-condensation
reactions may occur between lignin and sugars that lead to repolymerization and the
formation of unwanted pseudo-lignins*>46-4°, At elevated temperatures, the use of acid
chemistry accelerates the hydrolysis of cellulose and hemicellulose producing sugar
monomers primarily consisting of glucose and xylose, respectively*>*®, The Klason
method uses sulfuric acid to solubilize the cellulose and hemicellulose while lignin is
extracted as the insoluble component®®. The lignin that comes out of the Klason process
has undergone changes due to the acidic media and oxygen-containing groups at the

benzylic positions.
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Alkaline pretreatment uses high pH reagents like sodium hydroxide and ammonia
to delignify biomass. The alkaline conditions promote the solubilization of lignin through
saponification of the ester bonds. Alkaline pretreatment is effective at removing lignin, but
the relatively higher concentrations of bases used compared to dilute acid reactions can
lead to significant recovery and treatment costs (as observed by the paper pulp industry).
The saponification reactions involved may adversely affect the lignin structure for
subsequent catalytic upgrading*>46:52,

The combination of solvents with dilute concentrations of acid or bases is used to
promote the glycolysis or scission of bonds for facile separation of lignin from cellulose
and hemicellulose. There are many different chemical methods that utilize solvents such
as the Klason®:®3, Kraft*®>* Organosolv®®>*® and Co-Solvent Enhanced Lignocellulosic
Fractionation (CELF) 5758, Each of these isolation techniques utilize solvents with either
acids or bases giving unique isolated lignin feedstocks. There are several types of solvents
employed to isolate and dissolve lignin ranging from harsh solvents, such as
tetrahydrofuran, ethanol, benzene to more green and sustainable alternatives such as water
and ionic liquids®®52. lonic liquids consist of liquid salts with anion and cation components
that can selectively extract and recover lignin with an anti-solvent®2. The use of ionic
liquids can separate lignin with little or no structural degradation.

Co-solvent pretreatments, such as Organosolv, are effective modifications to dilute
acid or base homogeneous processes that employs a combination of organic solvents and
water to promote the dissolution and fractionation of biomass into separate lignin,

hemicellulose, and cellulose streams®. Many co-solvent pretreatment methods are also
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capable of producing high quality lignin. The extracted lignin contains a minimal amount
of ashes and sugars for more effective catalytic upgrading, serving as the primary lignin
feedstock to many of the catalytic systems mentioned in this review. Co-solvent systems
such as ethanol-water®>% methanol-water®*®, acetone-water®®%’, formic acid-water®°,
tetrahydrofuran (THF)-water>®8, and gamma-Valerolactone (GVL)-water®’® have been
shown to produce high quality lignin feedstocks. The lignin is precipitated out and has a
higher purity and less structural changes than acid and base pretreated lignin®®. . The CELF
method uses tetrahydrofuran (THF) with dilute acid to remove lignin and solubilize
biomass from hardwoods and corn stover®’®8, This method is able to recover over 90% of
lignin from maple wood and keep the lignin in a relatively unaltered and pristine form.
Once the pristine lignin is separated it will then dissolve in THF to react with the
homogeneous or heterogeneous catalysts. The use of co-solvent pretreatments in tandem
with subsequent heterogeneous processes are pertinent for a bioeconomic conversion
system that fully utilizes the pristine structure of lignin.

Aside from pretreatment methods, there are industrial chemical processes that
produce lignin as waste: one of the most prolific being the Kraft pulping process. In the
paper industry, lignin is a byproduct of the Kraft pulping process. Lignin is found in the
black liquor of the process, which also contains impurities such as sulfur and sodium®.
Due to the low quality of Kraft lignin, it is often used as an energy source through high-
temperature burning’®. Lignin is also a common byproduct of refineries that produce
ethanol from the catalytic conversion of cellulose and hemicellulose’?. Valorization

strategies discussed in the next section can ensure increasing the profitability of
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biorefineries by utilizing rationally-designed heterogeneous catalysts to convert the lignin
byproducts into fungible chemical commodities and fuels.
4.5 Lignin Valorization

The selective depolymerization of lignin using heterogeneous catalysts can create
aromatic monomers or products such as benzene, toluene, and xylenes (BTX)"2. BTX is
commonly derived from petroleum and represents a 100 billion-dollar market’. Additional
value-added products from lignin feedstocks include jet fuel”78, food additives’”"8, carbon
fiber’®8, hydrogels’#!, industrial and household cleaners®?®® and resins®®. There are
even efforts to design and polymerize extracted lignin monomers and dimers into
polymers’#86-88 For example, thermoplastics can be formed from lignin polymerization®.
Lignin-derived guaiacols and aldehydes were synthesized into triphenylmethane-type

polyphenols which can be used to create epoxy thermostats®.

The majority of lignin valorization research usually starts with studying the
effectiveness of developed catalysts for the conversion of model lignin monomers, dimers
and oligomers into high-value fuels, chemicals or materials. After optimization of the
process conditions, the catalysts are applied to raw or extracted lignin where the
heterogeneity of the lignin structure and cross-condensation reactions increases the process
complexity and significantly influence yields. One of the most viable strategies to
overcome some of these challenges is improving the properties of the catalyst and solvent
where the metal nanoparticle, pore structure and active site distribution must be rationally

designed to obtain the desired products.
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While this paper will primarily focus on catalytic strategies for the conversion of
lignin into chemicals and fuels, it is worth mentioning the non-catalytic pathways for lignin
valorization. Such as the thermal decomposition of lignin through pyrolysis®. Pyrolysis is
conducted at high temperatures in inert conditions, devoid of Oz or air, to breakdown
biomass into bio-oil and other byproducts such as natural gas. Bio-oil contains many
different types of organic compounds including sugars, aromatics, amines, and alkanes.
Due to its complex composition, bio-oil can be used for many different applications such
as transportation fuel, heating oil, electricity generation, and chemicals®. Another
thermal decomposition method is hydrothermal carbonization where water is used as a
solvent to produce biochar. The carbonization process can be done at either elevated
temperatures, > 300 °C, or lower temperatures, < 300 °C%. High temperature hydrothermal
carbonization usually produces high carbon content materials like carbon nanotubes®,
graphene, and graphite®. Low temperature carbonization produces lower carbon content
including sugars and hydrochar. The hydrochar can be further utilized as a precursor for
biodiesel and chemical production®®.

4.6 Depolymerization of Lignin

Noble metals are the most commonly used heterogeneous catalysts for the
depolymerization of lignin. Very active catalysts include Pd®"% Ru®'%® and Rh001
while transition-metals, such as Nit%21%3 Fel®105 and Cul%1%7 are most frequently used
as well. The combination of alloys of metals can promote activity through electronic,
interfacial and synergistic effects. This combination in bimetallic catalysts can have several

advantages such as increased activity and/or selectivity with conversion rivaling that of
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precious metals. Some catalyst metal combinations have synergistic natures that may
improve activity, selectivity and/or stability for enhanced depolymerization and
valorization through selective scission of carbon-carbon or carbon-heteroatoms%. When
using more than one metal, the bimetallic catalyst can add complexity since the results can

be notably different from the monometallic catalyst counterparts.

4.6.1 Hydrogenolysis and Hydrogenation

Hydrogenolysis uses H: to cleave C — C or C — O bonds!®. Figure 4.2 shows a
model of how hydrogenolysis can occur in a model lignin compound, diphenyl ether, one
of the common building blocks for the structure of lignin. The selective use of H2 to cleave
ether bonds has become one of the most used methods for the depolymerization of lignin.
This reaction can occur without the use of catalysts; however, the catalyst acts to selectively
use H> to scission certain bonds. A specified form of hydrogenolysis is
hydrodeoxygenation (HDO), where HDO cleaves C — O bonds and the oxygen is removed
as H20. HDO is often employed to remove excess oxygen from the lignin fraction. The
presence of high concentrations of oxygen limits the use of lignin in fuel and chemicals
because of its low energy density. Excess oxygen can also prohibit the storage of biomass
because of the high acidity and reactivity.

The selectivity of hydrogenolysis can be enhanced with the use of bimetallic
catalysts to increase activity and yield for the desired product. Zhang et al. employed Ni
based bimetallic catalysts, with Ru, Rh and Pd, respectively, stabilized by
Polyvinylpyrrolidone(PVP) in order to depolymerize extracted wood lignin and 2-

phenoxy-1-phenethanol in water'®. Their goal was to perform hydrogenolysis at mild
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conditions, 130 °C and 10 bar of Hy, using NiRu, NiRh and NiPd to determine if the
combinations of the metals changes the catalyst performance. A comparison of the
monomer or dimer product yields and conversion was made between the monometallic
metals, Ni, Rh, Ru and Pd, to the bimetallic catalysts. After one hour of reaction time, the
monometallic monomer product yields were: Ni 0 wt%, Ru 0.16 wt%, Rh 0.27 wt%, and
Pd 0.46 wt%; compared to bimetallic catalyst product yields: NigsRuis 0.8 wt%, NigsRhis
2.6 Wt%, and NigsPd1s 2.4 wt%. After 12 hours the monomer product yield increased to
NigsRu1s 6.4 wt%, NigsRhis 3.6 wt%, and NissPd1s 4.6 wt%. Zhang explored the change of
the Hy pressure effects in model lignin compounds using NigsRuss at 130 °C for 0.5 hours.
The conversion remained constant at higher pressures however the product yield changed.
Monomer yield was higher at low pressures and dimer yield was dominant at high
pressures®. It is surmised that the improved synergistic effects between Ni and Ru
occurred due to the greater concentration of Ni surface atoms and the orientation of the
reactants on the surface prohibiting hydrogenation of the aromatic rings.

Optimization of the bimetallic metal ratios must be done to find the best
composition for the desired reaction and lignin phenotype. A sort of “goldilocks” zone
must be obtained for bimetallic catalysts. Zhai et al. studied the change in the selectivity
and activity for hydrogenolysis of Organosolv extracted birch lignin using different ratios
of Ni and Fe over activated carbon®®. The lignin was depolymerized using Ni:Fe ratios of
2:1,1:1,and 1:2. The 1:1 ratio gave the highest conversion with 20.3% compared to 2:1 of
17.7% and 1:2 of 14.6%. The 1:1 had the highest selectivity to propylguaiacol (PG) and

propylsyringol (PS) out of the three. The 1:1 metal ratio enhanced the ability to remove the
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hydroxyl group whereas the 1:2 and 2:1 ratios formed byproducts including 4-(3-
hydroxypropyl)-2-methoxyphenol (PG-OH) and 4-(3-hydroxy-propyl)-2,6-
dimethoxyphenol (PS-OH).

Pd/C will react with benzyl phenyl ether to create toluene and cyclohexanol through
hydrogenolysis and hydrogenation. When the Pd catalyst is alloyed with W, PdWI/C, the
hydrogenation is significantly limited. The Pd/C catalyst had a 36.5% product yield of
cyclohexanol while PdW/C had a 0.4% product yield. And, Pd had a 0% product yield of
phenol while PAW had a 29% product yield. The bimetallic synergy of Pd and W show
increased conversion to the desired toluene product while limiting hydrogenation®. Pt-
WO3/C showed very similar trends to PdW/C when reacting with m-cresol. Pt/C converted
8.3% of m-cresol and had selectivity of 23% 3-methylcyclohexanone, 7.4% 3-
methylcyclohexanol, 5.5% methylcyclohexane, and 62% toluene. When combined with
WOs3, Pt-WOs was able to increase conversion to 61% with 98% selectivity to toluene!*°,
When tungsten was mixed with the precious metals, Pd and Pt, the catalyst became more
selective to aromatic products and had significantly less hydrogenation.

Alloying Pd with transition metals have also been effective in modulating the
hydrogenation behavior of the developed catalyst. Ni/C and NiPd/C catalysts were
compared at varying temperatures from 180 to 240 °C. At 240 °C, the Ni/C catalyst had
the highest conversion of 79% with a selectivity of 46% to cyclohexanol. NiPd/C increased
the conversion from 78% to 96% conversion with the same selectivity towards

cyclohexanol. At the lower temperature ranges, NiPd/C had a lower occurrence of
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hydrogenating the aromatic rings when compared to Ni/C with a selectivity towards
cyclohexanol being 14% versus 21%, respectively.%

The hydrogenolysis of raw or extracted lignin can change based on the
heterogeneity and irrevocable cross condensation of the raw lignin. As stated earlier, lignin
comes in differing structures and qualities which can drastically change the
depolymerization products. Furthermore, condensation reactions of the aromatic products
also prevent efficacy of the reaction. NiFe/C was used to depolymerize Organosolv
extracted birch lignin vs a lignin-first approach with birch sawdust biomass '3, The
lignin-first approach performs depolymerization and conversion in a one pot manner where
lignin is extracted and disassembled preserving the aromaticity of products. Under the same
conditions (Table 4.1), the Organosolv extracted birch had lower conversion at 20.3%
compared to the lignin-first sawdust at 39.5%. However, the Organosolv extracted had
higher selectivity towards PG and PS than the lignin-first sawdust!%4,

The catalysts commonly used in HDO are Nit* Ru''®, Pd*, Fe!%, Co® and W*®.
Monometallic and bimetallic catalysts of transition and noble metals were used in the
cleavage of the C — O bond on benzyl phenyl ether (BPE)*°. The use of tungsten-based
catalysts seems to promote the aromaticity of the products formed, limiting hydrogenation.
The combination of a noble metal with tungsten is surmised to promote the scission of
f—O—4 and o—O—4 bonds, while preserving the aromaticity of the products. Ru/C
depolymerized BPE into toluene and phenol with a conversion of 94.2% and product yields
of 81.4% and 48.6%, respectively. W/C, in comparison, converts 79.5% of BPE with

product yields of 40.3% of toluene and 33.8% of phenol. The combination of Ru and W
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bimetallic catalyst synergistically increased the conversion to 99.7% and product yields at
92.6% and 61.5% which are higher than either monometallic catalyst®. Each of these
reactions were held at the same conditions as seen in Table 4.2. Higher conversion and
greater selectivity are some of the major advantages of bimetallic catalysts over
monometallic catalysts. Other examples are shown with Pd/C and PdW/C as well. Pd/C
has a conversion of 99.7% of BPE and has product yields of 89% toluene, 0% phenol, and
36.5% cyclohexanol. When Pd is alloyed with W, the conversion increases to 100% and
the product yields change to 100% of toluene, 29% of phenol, and 0.4% cyclohexanol. The
Pd/W bimetallic promoted higher conversion of the ether, promoting hydrogenolysis and
increasing the selectivity towards toluene and phenol. The use of W metal typically has
preference to cleave the lower energy aryl ether bonds instead of the higher energy C =
C7 of the aromatic rings. Coupling W with other metals promotes a synergistic effect
showing that for selective bond cleavage for aromatic products the Metal-W bimetallic
catalyst is more advantageous than using the monometallic catalysts.

Hydrogenation is the saturation of bonds with using H2 to convert C=CorC=0
to C — C or C — OH, respectively. Figure 4.3 shows an example of hydrogenation where
benzene is converted to cyclohexane. Hydrogenation often occurs as an unwanted side
reaction during hydrogenolysis to create different products. The depolymerization of lignin
using either hydrogenation or hydrogenolysis requires a delicate balance which often
changes with the process conditions, solvent, and catalyst used. Nevertheless, the
hydrogenation of bonds is often utilized to create starting materials for polymers,

chemicals, and resins. Finding highly selective catalysts can be difficult as many noble
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metals are excellent at hydrogenation, however, they produce many byproducts that can be
difficult to separate!*®.

Hydrogenation of the aromatic ring products usually proliferate at higher
temperatures. For example, elevated temperatures above 300 °C promoted hydrogenated
yields from the depolymerization of P1000 soda lignin. Transition metal catalysts were
used in supercritical ethanol at 300 °C and 340 °C, and in each case, the increase in
temperature resulted in increased conversion to hydrogenated products. TiN catalyst made
by the urea glass method, increased the monomer yield from 12 wt% to 19 wt%, however,
the hydrogenated products increased as well. While the hydrogenated yields are less than
5% in both cases, there is an increase in yield with an increase in temperature.'®® The TiN
catalyst was tested against 3 other types of Organosolv extracted lignin from wheat straw,
poplar, and spruce. The monomer product distribution of each lignin source was very
similar to each other. The spruce depolymerization gave the highest yield at 21 wt% and
on the lower end of hydrogenated products.

In addition to temperature, the variation in pressure can also be used to promote or
inhibit the hydrogenation of aromatic products. Pressure can have effects on hydrogenation
of the aromatic ring. For model compounds such as 2-phenoxy-1-phenylethanol (1-20
bar)'® and p-Cresol (25-89 bar)!?, higher hydrogen pressure leads to higher ring
hydrogenation. However, when tested with extracted poplar lignin, a higher hydrogen
pressure lead to more aromatic yield (0-30 bar) and limited hydrogenation'?. In model
lignin, hydrogenation and HDO could be competing reactions whereas in the more complex

lignin systems other reactions can occur with additional bonds and functional groups which
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can consume hydrogen. The complexities and heterogeneity of the lignin structure make it
difficult to quantify the effect of pressure on hydrogenation as there could be a multitude

of reactions occurring at one time.

4.6.2 Oxidation

Oxidation processes can be used to selectively break bonds like p — O — 4, C - C,
or aryl ether bonds in the lignin polymer structure??. The p — O — 4 bond is targeted for
lignin depolymerization due to the abundance of the linkage in lignin?2. There are many
different oxidants that have been employed in lignin oxidation such as chlorines,
nitrobenzene, ionic liquids, and metal catalysts®1%0122123  Qxijdation is generally
performed at mild conditions which makes it an attractive upgrading option. However, one
of the difficulties of oxidation is limiting the reaction for partial oxidation of the bonds*?.

There are several oxidants that can be employed for oxidation of lignin and one
way to differentiate them is by strength: strong and mild'%. Strong oxidants will disrupt
the aromatic ring such as hydrogen peroxide!?®. Mild oxidants keep the aromatic ring intact
such as air'?®, oxygen'?’, and nitrobenzene!?®. Hydrogen peroxide is highly efficient,
inexpensive, and may have industrial applications but can cause the products not to have
an aromatic ring*?®. Air is sustainable, very low cost, and is green; however, it may not
yield the best results. Pure oxygen or oxygen enriched air is a low cost, green, and
sustainable that can give improved results over air, though it presents increased hazards.
The improved results may still not be selective enough or have high enough conversions.
Nitrobenzene can be used which has resulted in higher yields and more selective to

aldehydes while keeping the aromatic ring intact™*°. Nitrobenzene is a harmful chemical
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and may present issues during separations though. Oxidants influence product selectivity
and yield which depending on the situation will be another variable to consider in the lignin
valorization puzzle.

In the process of oxidation, radicals form which can cause the reaction to be
reversible. In addition, the radicals can cause compounds to polymerize with each other
creating products that are not desirable. An additional challenge is to ensure that the
product doesn’t over oxidize and break additional bonds. However, if these effects can be
minimized, oxidation is a viable pathway to convert lignin into value-added products such
as phenolic monomers.

Phenolic monomers are a value-added product that can be made through selective
oxidation of lignin. Lancefield et al. investigated targeting the p — O — 4 bond using 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) and zinc to oxidize the bond and
depolymerize lignin*?®, DDQ was able to selectively oxidize lignin p — O — 4 model
polymers at 80 °C with success of 99% conversion at 20 mol% DDQ and 20 mol% tert
buty nitrite (tBUONQ). The oxidized model compound was then treated with excess
amounts of zinc and NH4Cl for selective degradation. The selective degradation gave some
good product yields with several model compounds being in the 80 to 90% range.
Lancefield used both DDQ and Zinc to depolymerize birch lignin. The oxidation method
produced a 5 wt% yield of an isolated phenolic monomer: 3-Hydroxy-1-(4-hydroxy-3,5-
dimethoxyphenyl)-1-propanone!?®, Oxidation was shown to work at mild conditions-80

°C-in both lignin and model lignin compounds to achieve phenolic products.
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Au, Pd, and Au/Pd over graphite catalysts were used to oxidize glycerol®’. Pd had
a higher activity than Au where at 50 °C with double the activity; 319.8 TOF to 151.7 TOF,
respectively. Pd was slightly more selective to glyceric acid at 80.2% and was within 1%
selectivity of glycolic acid and tartronic acid. The Au catalyst had an additional by-product
of hydroxypruvic acid as a by-product. With the combination of Au/Pd supported on
graphite the catalytic activity was significantly higher than in either Au or Pd monometallic
catalyst. The catalytic activity was 674.8 TOF h'* which is more than double Pd and more
than quadruple Au at 50 °C®%". The selectivity of the catalyst was similar to that of the Pd
catalyst with a conversion higher than 50%. The synergy between the two metals markedly
helped the catalyst reaction.

The use of multiple catalysts in a tandem fashion to depolymerize and valorize
lignin has been used. Ru/CeO and CuCl. were combined to react with Organosolv poplar
lignin to form phenols. The Ru/CeO: cleaves the C — O bond through hydrogenolysis while
the CuCl, oxidizes the Cayi — C, bond. When used in unison, this produced 13 wt% vyield
of phenol and 2 wt% guaiacol and 0.5 wt% syringol. When Ru/CeO is used without CuCl;
no phenols were yielded. And when CuCl, was used without Ru/CeQO> only 2.6 wt% of
phenol was yielded™®!. This strategy of combining multiple catalysts to perform different
cleavages could be a key to unlocking the full potential of lignin.

Partial pressure effects were tested using Pd/y-Al>Os for the catalytic wet air
oxidation of sugar cane bagasse. Maintaining a total pressure of 20 bar, the oxygen partial
pressure was varied from 2, 5, and 10 bar to see how it would influence the results. The 5

bar had the highest mass fractions of the aldehydes: vanillin, syringaldehyde, and p-
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hydroxybenzaldehyde. In each case, duration of the reaction would cause a peak for each
aldehyde. This indicates partial pressure of oxygen has an influence on the maximum yields

as a function of reaction time®®2,

4.7 Support Effects

It is ideal that the support of a catalyst has a high surface area to maximize the
number of active sites available for the reaction!®, The support can also influence the
catalytic activity through steric and electronic effects. Almost any material that is thermally
stable and relatively inert can be used as a support, however, not all materials are created
equal***. One of the most common supports for biomass upgrading is activated carbon due
to its high surface area and microporosity. Expensive noble metals can be easily recovered
from spent carbon making it an even more attractive option'*. Some other common
supports include Al;O3, TiO2, ZrOz, SiO2, and SiO2-Al203. Al2O3 due to its mesopores,
high thermal stability, and its ability to be shaped into different structures'34. Additionally,
supports may exhibit support effects where the metal-support interaction can influence the
rates of conversion, selectivity, and products**136,

Carbon can come in many forms and each form can have different support effects.
Carbon nanotubes, oxidized carbon nanotubes, and thermally-treated activated carbon
were impregnated with Ni and tested for the conversion of guaiacol**’. The carbon
nanotubes had the highest conversion followed by the oxidized carbon nanotubes, and the
activated carbon had the lowest conversion. Hydrogenation was prevalent in all of the
supports with the main products all being cyclohexane, cyclohexanol, and

methylcyclohexane. The oxidized carbon nanotube catalyst was the only one to have
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anisole in more than trace amounts in the product, meaning the oxidization could have
modified the active sites thus limiting hydrogenation and promoting hydrogenolysis in a
limited capacity. In addition, the oxidized carbon nanotube support had considerable
amounts of methoxycyclohexanol indicating that not all C — O bonds had been cleaved.
The main product of the activated carbon support had the methoxycyclohexanol followed
by cyclohexanol which could indicate that hydrogenolysis is inefficient on activated
carbon. The carbon nanotube support promoted both hydrogenation and hydrogenolysis.
When compared to the oxidized nanotube support, the results indicate that the presence of
acid sites is important in the promotion of hydrogenolysis'®’. Clearly, certain forms of the
carbon support are more suited for depolymerization and aromatic products.

The acidity or basicity of the support can affect the products that are formed. The
bimetallic catalyst RuW with different supports was used to depolymerize Kraft lignin after
it was found to perform better than its monometallic counterparts. Neutral activated carbon,
acidic ZSM-5, and basic supports MgO-La203 (ML), MgO—CeO. (MC), & MgO-ZrO:
(MZ) were used with supercritical methanol in the depolymerization. The acidic ZSM-5
produced the least amount of methanol soluble solids at 40 wt% and the highest char at 30
wt%. The neutral activated carbon produced the highest methanol soluble solids at 82 wt%
followed closely by the basic ML at 80 wt% each without any char formed. As the basic
supports became more acidic the methanol soluble solid yields dropped to 75 wt% and 68
wt% for MC and MZ, respectively. MZ also had some char formation at 4 wt% which may
be attributed to it being the least basic/most acidic of the basic supports. The number of

acidic and basic sites on the surface of each catalyst were tested using NHz- temperature
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programmed desorption (TPD) and CO»-TPD, respectively. ZSM-5 had the highest acidic
sites with 507 pmol g and no basic sites. Activated carbon had small amounts of acidic,
18.6 umol g%, and basic site, 0.6 pmol g™*. ML, MC, and MZ each had no acidic sites and
decreasing basic sites with 291 pmol g?, 188.3 pmol g, and 104.7 pumol g?,
respectively®®. In the depolymerization of Kraft lignin using RuwW*3, the more acidic
support was worse while in Ma’s paper*3®, the support with the most Lewis acidic sites was
the best. This could indicate that each case is unique with support effects and will need to
be determined on a case by case basis.

Some additional examples of the use of the support include, Ru/C and Ru/Al>O3 on
steam exploded corn stover, had different conversion and major products®®. Ru/C had a
lower conversion at 34% compared to Ru/Al203 61%. Ru/C created 25% toluene, and 23%
methylcyclohexane while Ru/Al>Os created toluene, 18%, and coumaran, 29%. The carbon
support was more selective towards toluene and promoted hydrogenation to form
methylcyclohexane as well. While the AIl.Oz support preferentially promoted
hydrogenolysis to form coumaran and toluene.’® This suggests that the manner of
adsorption of the aromatic rings to the supported noble metal surface plays an important
role in the selectivity. If the aromatic ring is planar to the support, as in the case with
carbon, then it will hydrogenate the ring, but if it is vertical to the support, as in the case
with Al,Os, then it will cleave bonds using hydrogenolysis?.

Ru catalysts on various NbOyx supports were used in the depolymerization of
corncob lignin. The mole yields of arenes and cycloalkanes were 91.1% for Nb2Os, 67.5%

for HY-340 (commercial niobic acid), and 69.2% for niobium phosphate from the
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Comphania Brasileira de Metalurgica e Mineracao (NbPO-CBMM). There is a correlation
between selectivity and quantity of Lewis acid sites, which followed the order Nb2Os >
HY-340 > NbPO-CBMM. The more Lewis acid sites, the more selective the catalyst was
towards aromatic products and the higher the yield of total depolymerized yield including
phenolic monomers. There was significantly more hydrogenation with HY-340 and NbPO-
CBMM which indicates there must be another definitive factor. Particle size and dispersion
of Ru were investigated; interestingly enough, Nb>Os had the highest dispersion and
smallest particle size. Large particles can absorb benzene easier and thus lead to more
hydrogenation than smaller particles. The smaller particle size of Nb2Os grabs onto the
oxygen atom rather than the benzene thus allowing for more selective cleaving of the C —
O bonds. Ma et al. tested this with p-cresol to remove some of the complexities, and when
they tested a Nb.Os with larger Ru particles they had more hydrogenation and less
conversion'3. Therefore, Lewis acid sites and particle size can have large influences on
Nb supported catalysts regarding selectivity and conversion.

Support effects of ReOx catalyst was tested with 7 different supports (activated
carbon, y-Al;03, SiO2, CeO2, TiOz, ZnO, and Mg0)*° to depolymerize BPE. The acidic
ReOx/Al>0s had the highest conversion with 97.4%, but the selectivity towards toluene and
phenol was poor, 1.7% and 20.3% vyields, respectively. SiO, had a conversion of 50.3%
with a very low selectivity towards toluene and phenol. Both Al>Oz and SiO; created many
other products such as 2-benzylphenol, cyclohexanol, and diphenylmethane, which were
most likely created by consecutive reactions of radicals. Acidic ReOx/AC had a high

conversion of 84.5% and yielded 80.3% toluene and 62.5 phenol. The non-acidic and basic

125



catalysts (CeO., TiOz, ZnO, and MgO) all had low conversion and limited
hydrogenolysis'®.

Pore size is another factor to be considered when selecting the support. Pores are
classified in 3 major groups micropores (< 2 nm), mesopores (between 2 nm and 50 nm),
and micropores (> 50 nm)*l. Zeolite catalysts have been utilized for lignin
depolymerization due its microporous structure, size selectivity, and catalytic
activity'4>143, Zeolites have very precise shape and sizes of the pores to allow certain
reactants to enter, products to be formed, and/or products to exit the pores, which can make
for highly selective catalysts. However, the active sites are predominantly present inside
the micropores, and larger biomass molecules may not be able to access the active site or
if they can could be significantly limited by mass transfer'*4. Though this leads to poor
performance, a possible solution is to combine micropores and mesopores also known as
hierarchical zeolites. Hierarchical zeolites allow for bigger molecules to reach more active
sites, improve product selectivity for said molecules, and enhance active site accessibility
as the larger molecules are less hindered by mass transfer properties#4.

HZSM-5 is a common zeolite used in the petroleum industry, and it can be turned
into a hierarchical zeolite. Mesoporous and cerium doped mesoporous HZSM-5 was
compared to HZSM-5 in the fast pyrolysis of glucose. HZSM-5 is selective to BTX and
when tested had a selectivity of 76.7% and formed 34 wt% coke. The mesoporous HZSM-
5 had a selectivity towards BTX of 57.9%, but instead produced more acetaldehyde, furan,
and acetone with selective yields of 16.6%, 6.2%, and 8.1% respectively. Cerium doped

mesoporous had even lower selectivity towards BTX at 39.4%, in turn, it was more
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selective towards acetaldehyde, furan, and acetone at 25%, 12.5% and 9.5%, respectively.
In addition to being more selective towards different products, the hierarchical zeolites
formed less coked with Meso-HZSM-5 at 25 wt% and Meso-Ce-HZSM-5 at 20 wt%%,
The hierarchical catalysts were more selective towards different molecules and produced
less coked than the microporous HZSM-5 which could be attributed to minimizing
diffusion limitations. Hick et al. also used hierarchical HZSM-5 in model lignin compound
reactions, which enhanced the production of liquids in comparison to the microporous
material. The accessibility to the pores in the hierarchical played a more pronounced role
than BET surface area or mesopore size'#6. While pore size is a key component, limitations
must be noted as well and depending on the desired products could be tailored to the
reaction.

The support can also play a role in hydrophobicity and hydrophilicity which can
alter the products formed. Lignin exhibits both hydrophobic and hydrophilic properties and
the surface of the catalyst being hydrophobic or hydrophilic can be used to optimize
catalytic activity and selectivity'*’. Hydrophilic substrates generally attach to hydrophilic
surfaces and can be reacted to remove oxygen to become more hydrophobic. The effects
of hydrophobicity were tested using CoS2-MoS: catalysts by adding polyvinylpyrrolidone
(PVP) during catalyst preparation; increasing PVP increased the hydrophobicity. These
catalysts were used to perform HDO on 4-ethylphenol and the one with no PVP had the
lowest conversion at 85.1% and lowest selectivity towards ethylbenzene. As the amount of
PVP increased in the catalyst so did conversion and selectivity towards ethylbenzene with

the Co-Mo-S-0.4 catalyst performing at 96.6% conversion and 99.3% selectivity'*®. The
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enhanced hydrophobicity could help prevent sulfur loss and improve stability of the

catalyst thus allowing it to perform better.

4.8 Solvent Effects

The solvent used for the chemical conversion of lignin polymers and monomers
also play a role in the desired product distribution. Ni/C was compared using many
different solvents to depolymerize birch sawdust. Methanol had the highest conversion at
54%. However, the highest selectivity towards Propyl syringol (PS) was a mix of 25%
methanol and the rest water at 75%. The highest selectivity towards Propyl guaiacol (PG)
was 1% methanol and the rest water at 31%%%2, The solvent effect was also tested on
RuW/C for the conversion of BPE. Methanol, 1,4-dioxane, and THF were all solvents that
underperformed with conversions of 5.9%, 43.6% and 36.7%, respectively. This
performance could be attributed to strong interactions on the surface of RuW/C and the
solvent’s high Lewis basicity. Isopropyl alcohol, a hydrogen-donor solvent, was shown to
have higher conversion than the other solvents at 62.7%, but it promoted the hydrogenation
of the aromatic rings. The two best solvents were n-hexane and cyclohexane, both dipolar
aprotic solvents. Cyclohexane had a conversion of 92% and n-hexane had a conversion of
99.7%; each with higher product yields to toluene and phenol than the others. Neither
solvents have Lewis basicity and are not hydrogen-donors, thus having the best results for
BPE hydrogenolysis with RuW/C%®. Many of these solvents were used in BPE
depolymerization by ReOx/AC. Water had the highest conversion at 99.9% and the highest
phenol yield of 85.7%, however, the yield of toluene was low at 41.8%. n-hexane had the

highest yield of toluene at 80.3% along with a high conversion of 84.5% and high yield of
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phenol at 62.5%. Cyclohexane also performed well at 66.5% conversion and yields of
63.1% and 43.9% for toluene and phenol, respectively. Similar to the RuwW/C, 1,4-dioxane,
isopropyl alcohol, methanol, and THF did not perform as well as the apolar solvents, n-
hexane and cyclohexane. For the hydrogenolysis of BPE by ReOx/AC, n-hexane was the
optimized solvent as it has high conversion and high selectivity towards toluene and
phenol*4°,

The properties of the solvents used for the reaction medium was also studied with
Raney Ni for the hydrogenolysis of diphenyl ether. Four major groups were tested: Protic
solvents displaying Lewis basicity, Protic solvents displaying no Lewis basicity, Aprotic
polar solvents, and Aprotic nonpolar solvents. The aprotic nonpolar solvents and protic
solvents displaying no Lewis basicity have the highest conversions with > 99%, and the
products were almost all fully saturated. n-Heptane was the only solvent from the groups
with no Lewis basicity to have an aromatic product, 1.5% benzene. The two groups with
Lewis basicity didn’t have as high of a conversion ranging from 72.7% 2-propanol to
12.4% methanol. The Lewis basicity reduced hydrogenation, with methanol having the
highest selectivity towards aromatic products®®. A comparative analysis between Wang et
al.*°, using Raney Ni, and Ji et al.*®, using RuW/C, showed the opposite trends where
Lewis basicity promoted hydrogenolysis for Raney Ni but promoted hydrogenation for
RuWI/C. Showing that the effect is different for the heterogeneous catalyst used and must
be taken into account for the development of processes that influence lignin

depolymerization.
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Lignin isolated from Willow T. ramosissima was depolymerized with several
different solvents to see which yielded the best results. The experiments were carried out
with a MoOx catalyst on carbon nanotube support under a hydrogen environment.
Methanol, ethanol, isopropyl alcohol, ethylene glycol, water, and several combinations
were screened, with methanol producing the best results. Methanol yielded 33 wt%
phenolic monomers whereas ethanol and isopropyl yielded 21 wt% and 30 wt%,
respectively. Ethylene glycol was lower with 14 wt% and interestingly enough, no guaiacyl
monomers were formed. Water significantly dropped the yield to 7 wt%, possibly due the
lack of lignin solubility. But when combined with ethanol it was able to yield 27 wt%;
however, methanol by itself still yielded the highest monomer yield*®. The ideal solvent
choice for lignin valorization will vary between the type of catalysts used and the source
and type of biomass feedstock.

The solvent can also be a reactant and can contribute to the formation of additional
products. Super critical ethanol has been shown to react with catalysts and form different
hydrocarbons, alcohols, esters, and more. CuMgAl catalysts were used to depolymerize
soda lignin with super critical ethanol which resulted in some cases having greater than
100 wt% vyield. The same reactions were carried out without lignin and this yielded many
C4" products. The more basic sites the catalyst had the more products were yielded from
ethanol. The combination of Cu and basic sites dehydrogenates ethanol which produces
hydrogen. This additional hydrogen can increase hydrogenolysis and help facilitate the
depolymerization of lignin into monomers with a higher deoxygenated fraction!®?.

Molybdenum-based catalysts with super critical ethanol for the depolymerization of Kraft
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lignin also resulted in yields higher than 100 wt%. The a-molybdenum carbide catalyst had
a high yield of 1.64 g/g lignin with no char formed. Ethanol was the best solvent for Kraft
lignin conversion over carbide catalysts; water, methanol, and isopropyl alcohol were
tested and produced low yields™2. The solvent choice is important not only for the

solubility of lignin, but it can also play a role as a reactant.

4.9 Caveats and Pitfalls

There has been a large amount of information presented in this review, but not all
the research in the lignin valorization literature can be compared easily, and some studies
fail to characterize the kinetics, mass transfer and materials properties of the catalyst used
for depolymerization. Mass transfer limitations are often overlooked and can be ruled out
with additional characterization'>3!>*. Neglecting mass transfer limitations may impede
accurate comparisons between catalysts especially those reactions with seemingly high
conversion. As mentioned earlier in the discussion of support effects, the pore structure is
a very important parameter to accurately determine if solubilized lignin is able to diffuse
and interact with active sites in the micropores. Zhai et al. compared multiple catalysts near
iso-conversion conditions for the depolymerization of Organosolv birch lignin and thus
was able to determine when mass transfer limitations was prevalent!®4. The group also
studied the influence of the reaction temperature and pressure on the conversion and
selectivity. Dimitratos et al. effectively tested for diffusion limitations to study the activity
of Au-Pd catalysts before mass transfer limitations prevailed®®. The group varied mass

loading and measured conversion and TOFs in order to test for mass transfer limits.
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Another common pitfall is the confluence of weight percentages to the actual
number and quantity of active sites on the catalyst. The use of weight percentages for the
concentration of the metals does not easily detail the number of atoms and molar amounts
which can vary for monometallic and bimetallic systems. For example, Ji et al. compared
1 wt% Ru, 101 amu, to 1 wt% Pt, 195 amu, which had comparable performances although
Pt has half as many atoms®®. This leads for some additional characterizations to be desired,
such as a dispersion and chemisorption studies to determine how the number of active sites
influences the activity. Another pitfall is the inadequate characterization of the bimetallic
synergistic interactions. There needs to be a delineation between whether metals formed a
solid solution in the form of alloys or core-shells or are two distinct neighboring entities
on the surface. A combination of select characterization methods can be utilized to confirm
the orientation of the metals such as absorption studies, high-angular annular dark-field
imaging scanning transmission electron microscopy (HADDF-STEM) energy dispersive
X-ray spectroscopy (EDX), X-ray absorption near edge structure (XANES), Fourier
transform infrared spectroscopy (FT-IR), and/or in-situ x-ray photoelectron spectroscopy
(XPS). For example, a study by Zhang et al. characterized NiAu using HAADF-STEM,
EDX spectrum, HRTEM, XRD, and XANES*%. This group used iso-conversion conditions
to compare monometallic and bimetallic catalysts in the depolymerization of Organosolv
birch lignin. The reader should be aware that the bimetallic characteristics of the developed
catalysts for some studies may have not been characterized thoroughly to draw conclusions

from simple conversions.
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Lastly, scaling developed processes from the lab to the industrial scale has
additional challenges for lignin valorization. The quality and structure of extracted lignin
can differ from the controlled environment of the lab to the same process used in an
industrial setting. For example, Deuss et al. compared 27 lignin samples; 18 of the 27 were
isolated in the lab through Organosolv pretreatment, while the other 9 were separated using
commercial and industrial processes®. Overall, the Organosolv pretreated lignin in the
laboratory had more B-aryl bonds and yielded more phenolic acetyl products when
depolymerized®. The lignin from industrial scale Organosolv process incurred structural
damage that limited its yield. Thus scaling complications with pretreatment and
depolymerization strategies must be done carefully to ensure high quality lignin is

maintained to make fungible chemical products that is competitive against petrochemicals.

4.10 Conclusion

The world has an abundance of lignocellulosic biomass that can be used as a
renewable alternative to petrochemical feedstocks. However, most conversion strategies
focus on a fraction of the available carbon content utilizing mostly cellulose and
hemicellulose which is not sufficient for the development of economical strategies to
supplant conventional feedstocks. Furthermore, strategies should be developed for the
efficient upgrading of the aromatic polymeric structure of lignin. A possible solution is the
realization of the integrated biorefinery strategies that utilize homogeneous pretreatment
methods with heterogeneous catalysis for lignin valorization. However, as this review
stressed, the valorization of lignin must take ques from material science with the selection

of metals, supports and solvents to develop successful strategies.
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Depolymerization and polymerization through heterogeneous catalytic pathways
require further development before lignin valorization is commercially viable. Determining
the ideal combination of catalyst metal(s) with support can be difficult depending on the
phenotype of the biomass feedstock, quality of the lignin source, and the desired final
products. This review covered many different material design principles, with a particular
focus on the use of bimetallics, support and solvent effects to modulate the activity and
selectivity. The choice and ratio of the catalyst metals are a key attribute for the selective
depolymerization of the lignin polymeric structure. One can choose from cheap transition
metals like Ni, W or Fe that can be coupled or alloyed with more expensive precious metals
like Pd or Ru. Alloying of the metals can potentially improve the activity, and/or selectivity
than the respective monometallic catalysts components for a desired product. In addition
to the type of metal, the support of the catalyst can influence the activity through steric and
electronic effects. Additional factors to consider include the hydrophobicity or
hydrophilicity of the support surface as well as the pore size distributions and acid or base
characteristics.

Most studies rely on the optimization of catalyst processes with studies on model
lignin compounds to mimic common linkages in lignin. The ad hoc study of trends is easier
to observe due to its simplicity in comparison to the complicated polymeric structure of
raw lignin. However, there are additional factors to consider when dealing with raw lignin
where the biomass and phenotype source, historical conditions, and pretreatment method

must be considered. The polymeric structure of lignin can vary from corn stover, sugar
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beets bagasse, and birch, thus complicating the comparison of heterogeneous catalytic
conversion strategies from different laboratories.

Lignin valorization strategies have made many strides in the development of
catalytic processes, but additional milestones must be achieved before the realization of an
economical strategy. There is a need for more fundamental research that can thoroughly
characterize and identify trends in how the lignin structure influences conversion strategies.
Additional efforts must be made to characterize lignin polymeric structure from different
biomass sources and develop trends on how external factors influence the surface structure.
The use of bimetallic heterogeneous catalysts has shown great success in achieving high
yields and selectivity and is a promising step in the biomass conversion field. The in-depth
studies of heterogeneous catalysts will further push the design of better catalysts and
integrated processes to help solve many of our chemical and fuel issues.
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4.13 Figures and Tables

a-0-4

Figure 4.1 Typical structure of lignin, with some common linkages highlighted
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Figure 4.2 Hydrogenolysis of diphenyl ether as a model compound for one of the
common building blocks in lignin
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Figure 4.3 Example of a hydrogenation reaction in which benzene is converted into
cyclohexane
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Table 4.4.1 Depolymerization of extracted or real lignin

Catalyst TC°C) | P Time | Conversion | Feed Products Ref
RUW/AC 260 | 0.7 10h | 47.3% Organosolv | 2-Methoxy- 99
MPa Poplar 4-(propenyl)

Lignin phenol
(48.4%)
OH
O\
X
2,6-Dimethoxyphenol
(15.8%)
OH
/O O\
Oxydibenzene (18.7%)
J 0
NigsRhis 130 |1MPa |12h | 3.6% Organosolv | 4-(3-hydroxypropyl)-2,6- 100
Betula dimethoxyphenol (PS-OH)
platyphylla OH
sgk (_Blrch) 0 O
Lignin
(2.2%) OH
4-(3-hydroxypropyl)-2-
methoxyphenol (PG-OH)
OH
O\
(0.7%) OH
NigsRu1s 130 |1MPa |12h | 6.8% Organosolv | 4-(3-hydroxypropyl)-2,6- 100
Betula dimethoxyphenol (PS-OH)
platyphylla | (1.4%)
suk (Birch)
Lignin
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OH
/O?O\
OH
4-(3-hydroxypropyl)-2-

methoxyphenol (PG-OH)
(5.0%)

OH
OH

NigsPd1s 130 |1MPa | 12h | 46% Organosolv | 4-(3-hydroxypropyl)-2,6- 100
Betula dimethoxyphenol (PS-OH)
platyphylla | (3.3%)
suk (Birch) OH
Lignin 0 ; O
OH
4-(3-hydroxypropyl)-2-
methoxyphenol (PG-OH)
(0.9%)
OH
[EO\
OH
Pt/Al,O3 250 4-6 10h | 45% Steam Toluene (68%) 101
MPa Exploded
Corn Stover ©/
Ru/C 250 | 4-6 8h | 34% Steam Toluene (25%) 101
MPa Exploded

Corn Stover

o
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Methylcyclohexane (23%)

.

Ru/Al,O3 250 | 4-6 8h | 61% Steam Toluene (18%) 101
MPa Exploded
Corn Stover ©/
Coumaran (29%)
g8
Rh/Al,O3 250 4-6 10h | 49% Steam Toluene (70%) 101
MPa Exploded
Corn Stover ©/
Ni/C 200 | 0.1 6h | 54% Organosolv Propylsyrlngol (PS) (67%) | 102
MPa Birch
Sawdust \[2/
Propylguaiacol (PG) (22%)
OH
Ea/ox
NisFe//AC | 200 | 2MPa | 6h | 20.30% Organosolv | Propylsyringol (PS) 104
Birch (58.9%)
Lignin

O

Propylguaiacol (PG)
(26.1%)
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OH

Ni;Fe//AC | 200 |2MPa |6h | 39.50% Birch Propylsyringol (PS) 104
Sawdust (23.70%)
(20% OH
Lignin) No 0 O
Pretreatment
Propylguaiacol (PG)
(11.06%)
OH
E 3/0\
Pd/AC 200 2MPa | 6h 20.10% Organosolv | 4-(3-hydroxypropyl)-2,6- 104
Birch dimethoxyphenol (PS-OH)
Lignin (42.9%)
OH
/O?:O\

OH
4-(3-hydroxypropyl)-2-
methoxyphenol (PG-OH)
(13.8%)

OH
[ {O\
OH
Ni/Al,O3 250 [3MPa |3h |36% Extracted 4-(3-hydroxypropyl)-2,6- m
Birch dimethoxyphenol (PS-OH)
Sawdust (21%)
(19.5 wt%
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Klason OH
Lignin) /O?O\
OH
Ru/Ce0, 200 |3MPa |6h |- Organosolv | Phenol (0 wt%) 131
Poplar OH
Lignin ©/
CuCl, 200 [3MPa |6h |- Organosolv | Phenol (2.6 wt%) 131
Poplar OH
Lignin ©/
Ru/CeO,+ | 200 |[3MPa |[6h |- Organosolv | Phenol (13 wt%) 131
CuCl; Poplar OH
Lignin ©/
Guaiacol (2 wt%)
OH
@/O\
Syringol (0.5 wt%)
OH
Ni-zAus 170 | 1MPa | 12h | 14% Organosolv | 4-(3-hydroxypropyl)-2,6- 156
Birch dimethoxyphenol (PS-OH)
Sawdust (9.3%)
Lignin OH
/O o\

OH
4-(3-hydroxypropyl)-2-
methoxyphenol (PG-OH)

(3.2%)
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OH

o\
OH
TiN (Urea 300 | Super |- 61 wit% P1000 Soda | Monomer yield (12 wt%) 157
Glass) critical THF- Lignin THF-soluble (61 wt%)
Ethanol soluble
TiN (Urea 340 | Super | - 51 wt% P1000 Soda | Monomer yield (19 wt%) 157
Glass) critical THF- Lignin THF-soluble (51 wt%)
Ethanol soluble
Pd/C+HsPO, | 180 |3 MPa | 3h | 37% Organosolv | 4-(3-hydroxypropyl)-2,6- 158
Birch Wood | dimethoxyphenol (PS-OH)
Meal Lignin | (18.2%)
OH
O O
OH
Zr-KIT-5 250 | In 5h 11.8% Organosolv | Phenyl acetate (Percentage | 159
acetic Corn Stover | unknown)
acid Lignin O
~
@]
CuPMO 310 | MeOH | N.R. | 48.3% Organosolv | Phenolics, aromatics 160
Candlenut
Lignin
ZnPd/C 150 |[2MPa |[2h | 100% B-O-4 Propylguaiacol (PG) (56%) | 161
Synthetic OH
Lignin o
Polymer ~

4-(3-hydroxypropyl)-2-
methoxyphenol (PG-OH)
(44%)




OH

OH
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Table 4.4.2 Model Lignin Compounds Depolymerization

Catalyst

T(°C)

Time

Conversion

Feed

Products

Ref

1% Au/G

50

0.3
MPa

Varied

@50%

Glycerol
OH

Ho\)\/OH

Gylceric Acid 78.5%

OH

HO OH

{

Glycolic Acid 8.4%

HO
oH

D

Tartronic Acid 10.4%

o] o]

HO OH

pe

OH

97

1% Pd/G

50

0.3
MPa

Varied

@50%

Glycerol
OH

HO\)\/OH

Gylceric Acid 80.2%

OH

HO

O?
Q
I

Glycolic Acid 9%

HO
oH

D

Tartronic Acid 10.8%

0] 0]

HO

e

OH

97

1%
(AuPd)/
G

50

0.3
MPa

Varied

@50%

Glycerol
OH

Ho\)\/OH

Gylceric Acid 74.3%
OH

HO

O?
O
u

Glycolic Acid 9.6%

97
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HO
\[r\ OH
0
Tartronic Acid 11.6%
o] o]
HOMOH
OH
NiPd/C 240 1 90 Min | 96% Diphenyl Benzene (45%) %
MPa Ether
o0
Cyclohexanol (46%)
O/OH
Pd/AC 260 07 |10h 99.7% Benzyl Toluene (89.0%) 9
MPa phenyl ether
(BPE) ©/
Q/\" Cyclohexanol (36.5%)
O/OH
Pt/AC 260 0.7 10 h 89.2% Benzyl Toluene (60.5%) 9
MPa phenyl ether
(BPE) ©/
Q/\ Phenol (36.5%)
©/OH
Ru/AC 260 07 |10h 94.2% Benzyl Toluene (81.4%) 9
MPa phenyl ether
(BPE) ©/
@A " Phenol (48.6%)
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OH

¥

W/AC 260 0.7 10h 79.5% Benzyl Toluene (40.3%) 9
MPa phenyl ether
(BPE) ©/
Q/\ Phenol (33.8%)
©/OH
RuW/AC | 260 07 |10h 99.7% Benzyl Toluene (92.6%) 9
MPa phenyl ether
(BPE) ©/
T
@f\-- ~~| Phenol (61.5%)
©/OH
PAdW/AC | 260 07 |10h 100% Benzyl Toluene (100%) 9
MPa phenyl ether
(BPE) ©/
Q/\ Phenol (29%)
©/OH
PtW/AC | 260 0.7 10h 98.9% Benzyl Toluene (82.4%) 9
MPa phenyl ether

(BPE)

@A/@

-

Phenol (50.6%)
OH

¥
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NiFe/C 200 |2 6h 100% 1-(4- Guaiacol (100%) 104
MPa hydroxy-3,5-
dimethoxyph OH
enyl)-2-(2- o)
methoxyphen ~
OXy)
propane-
1,3-diol :
ou| Propylsyringol (88%)
HO. OH
oNen Ej
O\
o] el
[
FeS,/AC | 250 10 2h 98% Dibenzyl Toluene (100%) 105
MPa ether
U\O/ﬁ O/
NizaCuy | 300 1 Contin | 70.3% Anisole Benzene (42.2%) lo7
18/ Al,O3 MPa | uous o~ ©
Cyclohexane (27.7%)
Pt/C 200 36 |~3h 8.3% m-cresol Toluene (62%) 110
3- methylcyclo-
hexanone (23%)
O
WO,/C 200 36 |~3h 0% m-cresol None 110
MPa OH
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PtWOy 200 36 |~3h 61% m-cresol Toluene (98%) 110
ReO/AC | 200 3 5h 84.5% Benzyl Toluene (80.3%) 140
MPa phenyl ether
(BPE) O/
Q/\ Phenol (62.5%)
©/OH
ReO/Al2 | 200 3 5h 97.4% Benzyl Toluene (1.7%) 140
03 MPa phenyl ether
(BPE) ©/
Q/\ Phenol (20.3%)
©/OH
ReOx/Si | 200 3 5h 50.3% Benzyl Toluene (7.8%) 140
02 MPa phenyl ether
(BPE) O/
O/\ Phenol (9.5%)
©/OH
ReO,/Ce | 200 3 5h 4.7% Benzyl Toluene (2.4%) 140
02 MPa phenyl ether

(BPE)

o

Q

Q

Phenol (3.4%)
OH

¥
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Pd/C + 250 5 2h 100% 4-Hydroxy-3- | Propylcyclohexane 162
H3PO4 MPa methoxyphen | (71%)
ylacetone
Hom O/\/
O\
Ru/HZS | 200 5 4h 97% 3,3'- Cyclohexane (100%) | 3
M-5 MPa Oxydiphenol
. O
3,
Co/TiO, | 200 1 2h 100% Eugenol 4-propylcyclohexanol | 64
MPa &
HO /O/\/
O HO
NiCuLa/ | 320 17 1h 85.6% Guaiacol cyclohexane (63%) 165
O\
NizAus/N | 100 1 0.5h 33.6% 2-phenoxy-1- | Phenol (15%) 166
aOH MPa phenylethano OH
NizAus/N | 100 1 15 h 37.2% Diphenyl Phenol (6.5%) 166
aOH MPa Ether

o0

=

Cyclohexanol (12.3%)

-
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5.1 Abstract

Idle resource conversion has many approaches to finding solutions. This chapter
discusses Soxhlet extraction, polyvinyl chloride (PVC) upcycling and biochar derived from
orange peel. Soxhlet extraction of algae to produce bio-oil derived from nannochloropsis
and chlorella strands was found to be ineffective. However, the use of Soxhlet extraction
was found to be useful in the removal of bio-oils from biochar as well as creating a
potentially upgraded precursor to activated carbon for the adsorption of vanillin.

Dehydrochlorination is an important step to PVC plastic upcycling as it removes
the chlorine, a toxic compound which poses many challenges when working with PVC.
Temperatures lower than 400 °C will be important for dechlorination as that is when the
majority of HCI gas comes off due to thermal degradation. The combination of La>O3 and
silica alumina catalyst allowed for HCI to be removed a lower temperature range starting
at 210 °C. Lower temperatures will allow for less energy required to dechlorinate which
can translate to lower costs.

Scale up of biochar production allowed production to go from 1g to 40g per run
using a Parr reactor. Using a 300 mL vessel at 250 C for 1 hour dwell time allowed for a
53% recovery of biochar from initial feedstock of dried orange peel. The biochar will be
probed from soil amendment and plant growth by the Pagliaccia lab.
5.2 Introduction

Multiple methods need to be explored to fully utilize idle resources. In this chapter,
Soxhlet extraction, polyvinyl chloride (PVC) upcycling, and orange peel biochar are

researched. The current dependence on fossil fuels is an unsustainable practice. Algae oil
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has been researched to produce biodiesel which can be an alternative to fossil fuels®?.
Algae has the potential to produce more oil per acre than any other feedstock being used
to produce biodiesel®. Algae is an underutilized resource with great potential to solve many
challenges facing the world. Algae oil can be extracted with n-hexane as the solvent and
then be upgraded to produce biodiesel®*. Soxhlet extraction is a technique where solvent
is continuously leaching from the sample and recirculating through boiling and
condensing®. Soxhlet extraction has been used for algae oil extraction®. However, Soxhlet
extraction has other applications. During the production of biochar, bio-oils can be trapped
inside the pores and the oils may contain polycyclic aromatic hydrocarbons (PAHSs)®.
Utilizing a combination of polar and nonpolar solvents have been employed at removing
0ils®’. This has also been shown to produce upgraded activated carbon.

Besides combining plastic and biomass to utilize waste plastic, one can look to
upcycle plastic by itself. Polyvinyl chloride (PVC) is the third most produced plastic in the
world®. Plastic recycling faces many challenges that make it uneconomical and thus not a
feasible strategy to reducing our plastic pollution. The chlorine in PVC makes it
particularly challenging to work with and recycle as it creates toxic emissions®. PVC is
heavily saturated with chlorine, 58%, and this chlorine can produce toxic emissions like
HCI'. These toxic emissions can harm human health and have adverse effects to the
environment thus causing significant concern. Removing the chlorine needs to be one of
the first steps to work safely and reuse PVC. Catalytic de(hydro)chlorination of PVC is
viewed as a potential practical way to remove the chlorine. Some of the challenges

associated with catalytic dechlorination include chlorine poisoning leading to deactivated
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catalysts, low product selectivity, and high cost of precious metals that some catalysts
utilize. Bimetallic alloys on catalysts can create a synergistic effect that can improve not
only conversion but selectively as well'. Once the chlorine has been removed, the PVC
can then be turned into numerous products. One of the potential products is jet fuel, which
primarily consists of hydrocarbons, namely: Co-C16 paraffins, naphthenes, aromatics, and
olefins2,

The final portion of this chapter is the carbonization of orange peels into biochar
for plant growth. In California, citrus production is valued at 3.6 billion USD*3. The citrus
peel is agricultural waste in the production of citrus and juicing. During citrus processing,
50-60% of the citrus is consider waste!4. Utilization of local wastes can help reduce
transportation pollution and provide an economic benefit for the community. Biochar has
been demonstrated as a soil amendment with its ability to suppress disease, remediate
heavy metals and organic pollutants, and revitalize soil properties®®*’. Biochar from

orange peels will be researched for soil amendment.
5.3 Materials and Methods

5.3.1 Solvent Extraction

A Soxhlet Extraction was setup with a glass thimble to hold the feedstock. 150 mL
of solvents were added to a 250 mL round bottom flask which was heated to the solvent’s
boiling point. A condensing unit was attached to the extracting unit to allow for a
continuous leaching process. For the algae oil extraction, 50 g of algae powder, either
nannochloropsis or chlorella, was added to the glass thimble- filled completely. Extraction

of algae oil used Hexanes as the solvent for 4 hours. Solvent was rotovaped to collect algae
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oil. Soxhlet extraction of the bio-oil from biochar involved sequential solvent extraction.
The order began with hexanes (non-polar solvent), followed by a mixture of hexanes and
ethanol (1:1), and finished up with ethanol (polar solvent). Each solvent ran for 3 hours
and was rotovaped afterwards to collect the bio-oil. The solid char was dried in an oven at

105 °C overnight.

5.3.2 PVC Dechlorination and Upgrading

A Hidden Analytical CATLAB-PCS with attached QGA is used for the PVC
Dechlorination experiments. PVC in a powder form is utilized in 100 mg batches and will
be combined with the catalyst. Multiple catalysts will be studied, with a comparison
between basic supports like La>,Oz, and acidic supports like silica alumina. The supports
will be wet impregnated with metals including Ni, Fe, and Pd. After the reaction run has
occurred, the spent catalyst and remaining PVC will be collected and characterized. The
CATLAB microreactor has a mass spectrometer downstream and will be able to analyze
the gases released in real time. This will allow us to study the hydrocarbons and chlorine
species that are removed. The catalysts and absorbent materials will be characterized using

XRD, BET, STEM, and NH3 temperature programmed desorption (TPD).

5.3.3 Orange Peel Biochar

A 300 mL Series 4561 Bench Parr Reactor was used for the orange peel biochar
experiments. Orange peel was sourced from the juicing production at Gless Ranch in
Riverside, CA. Orange peel was dried in a dehydrator for 8.5 hours at 65 °C. 75 g of dried
orange peel was put into the reactor and purged with nitrogen for 10 minutes. The reactor

was heated to 250 °C and held for 1 hour. Once finished, the reactor was submerged in ice
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water to stop the reaction. The biochar was rinsed with a 1:1 mixture of hexanes and ethanol
and vacuumed filtered to remove excess biooil. The biochar was then rinsed with water

and dried overnight in an oven at 105 °C.
5.4 Results and Discussion

5.4.1 Soxhlet Extraction

Algae oil extraction was the original purpose of using Soxhlet extraction in the lab.
High lipid algae were going to be extracted by hexanes; however, when tested with
Nannochloropsis algae, high lipid algae', the amount of oil was minimal. Another high
lipid algae, Chlorella'®, was extracted with hexanes, but produced the same results. Not
enough oil could be produced with a full thimble. A previous study with Chlorella vulgaris
extracted a yield of 61% oil*. The setup was unable to produce any result remotely close to
that. A potential reason for this is Abdulah et. al cultured the algae then freeze dried where
the algae used in the experiments were commercially dried. Though the knowledge of
Soxhlet extraction would prove useful in different experiments.

Soxhlet extraction was experimented with for creating an upgraded biochar and
activated carbon in the co-pyrolysis experiments. Biochar from CSPS was extracted with
sequential solvent extraction of hexanes and ethanol. Pure hexane was the first solvent in
the experiment and no color change was observed in the solvent. This indicated no bio-oil
was extracted. The 1:1 ratio of hexanes and ethanol followed, and a dark color was
observed in the solvent which indicates the leaching of bio-oil. Then pure ethanol was used
which showed no color change during extraction. Previous work indicated increasing

polarity during sequential solvent extraction can provide better removal of pyrolysis oil’.
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The experiment conducted indicated the mixture of hexanes and ethanol provided the best
medium for bio-oil extraction. Table 5.1 shows the surface area of the biochar and activated
carbon before and after Soxhlet extraction. The extracted biochar was chemically activated
following the same procedure as the non-extracted biochar. The surface area of the biochar
and activated increased slightly with extraction. Also, pore size slightly increased. This
maybe be due to the removal of ash and bio-oil that could have partially blocked pores.
However, this difference is marginally and is within error tolerance. Vanillin adsorption
tests showed a larger difference. AC was probed for adsorption with contaminated water
of 100 mg/L vanillin concentration. 50 mg of AC was mixed with 50 mL of the
contaminated water for the desired time frame. The AC 500 2h 4:1 ratio CSPS removed
less than 40% of the contaminates at 30 minutes, 1 hour, and 2 hours. The concentration of
vanillin leftover was too high for the machine to read accurately. However, when the
Soxhlet extracted AC made from the same biochar precursor was tested, the 1-hour run
adsorption reduce the contamination by 59% and the 2-hours run by 63%. Surface
functional groups often play a significant role in adsorption of vanillin?®. The removal of
the bio-oil and ash from the biochar prior to activation may have changed the functional
groups. FTIR could be used to probe this theory; however, due to the scope of the project
further research was not conducted. The use of Soxhlet extraction to improve adsorption
properties has potential for future work; the explanation and study of the physiochemical

properties can be researched.
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5.4.2 PVC Degradation

Figure 5.1a shows the thermal degradation of PVC with a focus on HCI and
Benzene fractions. The initial data on thermal degradation of PVC shows at 280 °C chlorine
starts to be removed at HCI. The majority of the HCI gas found is prior to 400 °C, indicating
that range is going to be important to dechlorination. While there is some Cl», vinyl
chloride, and carbon tetrachloride detected these have relatively low values compared to
HCI. The chain of PVC is also starting to break down as benzene and propane are coming
off at 250 °C and 220 °C, respectively.

Figure 5.1b shows the isothermal degradation of PVC at 300 °C and 400 °C for 30
minutes, respectively. HCI is a primary product of thermal cracking and is the major
chloro-species that comes off. When solely PVC, HCI comes off between 250 °C and 300
°C. When La;0z is added, 1:1 ratio, the amount of HCI comes off is reduced, however, it
comes off at a higher temperature 260 °C to 300 °C. Though when combined with silica
alumina and La»Os, the HCI starts to come off around 210 °C. A grant proposal was
submitted for this work; however, this was not funded thus not continued. PVC upcycling
will play an important role in the solution of plastic waste.

5.4.3 Orange Peel Biochar

The biochar for orange peel is a collaboration project with the Pagliaccia’s Lab.
The Abdul-Aziz lab will produce the biochar from orange peels, while the Pagliaccia’s lab
will probe the biochar for soil amendment while ensuring active growth. The goal was to

produce 2 kg of biochar for plant growth testing, which is significant scale up for biochar
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production. The original setup for biochar was producing around 1-2g of biochar per run
and to meet the needs of the project, scale up was needed.

The scale up would be comprised of multiple parameters including temperature,
duration, and volume of the reactor. From corn stover experiments, a lower temperature
will increase the output of biochar?®. At 250 °C, the biochar accounts for 53% of the
original dried orange peel mass whereas higher temperatures such as 500 °C more the
biomass would be converted to gas and liquid phases. For corn stover experiments, this can
be seen when temperature was probed, at 400 °C 33.4% of biochar was recovered whereas
at 500 °C 29.1% was recovered. For duration, a similar trend was observed, where longer
durations would cause for more of the biomass to be converted to the gas and liquid phase.
A duration of 1 hour was chosen to ensure carbonization but maximize production. For
volume, a larger vessel will allow for more production. A Parr reactor with a volume of
300 mL was employed to increase production. After experimenting, the Parr reactor setup
could produce 40g of biochar at 250 °C and 1 hour dwell.

The bio-oil is separated with a 1:1 mixture of hexanes and ethanol. Hexanes
(nonpolar) and ethanol (polar) are combined due to previous research on sequential solvent
extraction of corn stover biochar using Soxhlet extraction, showing improved removal of
bio-oil. This project is ongoing and can be used as a project for another graduate student in
the Abdul-Aziz lab. At time of this dissertation, the Pagliaccia’s lab will be probing for
plant growth and soil amendment. Future work will involve employing larger reactor sizes
to improve scale up and probing physiochemical properties of the biochar and relating to

soil amendment.
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5.5 Conclusion

Soxhlet extraction, PVC dehydrochlorination, and orange peel biochar experiments
were conducted; however, they were not pursed for various reasons including not securing
funding. Soxhlet extraction was found to be ineffective for algae oil extraction, but useful
for bio-oil removal in biochar. PVC dehydrochlorination may play a crucial role in
upcycling PVC. Orange peel biochar production was scaled up and will be tested for plant
growth and soil amendment. Each of these projects can be developed further by future
graduate students.
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5.8 Figures and Tables
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Figure 5.1 (a) Thermal degradation of PVC to 700 °C. (b) Formation of HCI from PVC
in a two-stage study. First stage 300 °C and second stage 400 °C each for 30 minutes
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Table 5.1 Surface area and pore size of biochar and activated carbon with and without
Soxhlet extraction treatment

Sample Surface Area Pore Size
500 °C 2h 4:1 ratio CSPS (m?/g) (nm)
Biochar 8.9 29.6
Soxhlet Biochar 9.8 30.0
AC 477.0 4.1
AC Soxhlet 497.9 4.4
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Chapter 6 Conclusion
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Conclusion

The overall goal of this research is to analyze different techniques to convert idle
resources into value added products. This dissertation focused on the thermal and chemical
conversion agricultural and plastic waste into biochar and activated carbon. Hydrothermal
Carbonization (HTC) and Slow Pyrolysis (SP) of corn stover were evaluated for the
physiochemical properties of the biochar produced. The physiochemical properties of the
biochar were further probed during the chemical activation to produce Activated Carbon
(AC). Application testing of vanillin adsorption were conducted on the AC produced from
HTC, SP, and the direct method. The direct method AC performed the best for the
adsorption of vanillin followed by the AC HTC and lastly the AC SP. Properties like
surface area, surface function groups, pore size, and pore structure influenced the
adsorptive properties. The objective of evaluating the physicochemical properties of
biochar and activated carbon from corn stover was completed successfully. The AC
produced is a valuable product that can have applications in the water treatment industry.

Co-pyrolysis of corn stover and plastics was evaluated for the physiochemical
properties of the biochar and activated carbon. Polystyrene and PET plastics are two
common plastics that pose challenges to reuse. PS acts as a hydrogen donor during co-
pyrolysis and produces a low oxygen content biochar. Once activated, the surface area and
vanillin adsorption performance are worse than AC CS. The biochar of CS-PET produced
high surface area; however, microplastics were found on the surface. Thermal degradation
produces acids like benzoic acid and polymers, which are attributed with the high surface

area of the biochar. When chemically activated with KOH the products of thermal
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degradation of PET would react with each other creating a lower surface area AC. When
the AC CS-PS, CS-PET, and AC CS were compared, the AC-CS had the highest surface
area and best vanillin adsorption performance. Co-pyrolysis of corn stover and PS or PET
did not produce a beneficial precursor.

A literature review was conducted on heterogenous catalysts for lignin valorization.
Full biomass utilization will help build a circular bioeconomy and lignin is a key factor in
that goal. Lignin is often considered a waste stream and left unused. This review discusses
catalytic design principles and strategies to convert lignin. While utilization of lignin still
has many milestones ahead, significant progress has been made with precious metals like
Ru and Pd. Bimetallic alloys on catalysts have shown promise as well.

Three other idle resource projects were researched: Soxhlet extraction, PVC
upcycling, and orange peel biochar. Soxhlet extraction was conducted on algae and CS-PS
biochar for the removal of bio-oils. The algae extraction was unsuccessful, but the biochar
extraction showed promise. Further research on the benefits of Soxhlet extraction is needed
to determine the viability of producing upgraded biochar as a precursor for activated carbon
adsorption applications. Dehydrochlorination will play an important role in PVC
upcycling. La;0O; and silica alumina showed initial results of lowering the temperature that
HCI gas would come off due to thermal decomposition. Lowering the temperature could
provide lower cost pathways to PVC upcycling and additional research will be required.
Biochar from orange peels was produced for the applications of soil amendment and plant

growth. The application testing is being conducted by another research group and is on-
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going. The biochar production utilized scale up principles and has promise to be a section

in another graduate student’s research.
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