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ABSTRACT

Hydrothermal carbonization (HTC) is an environméntdeneficial means to
convert waste materials to value-added solid amplidi products with minimal
greenhouse gas emission. Research is lacking oerstadding the influence of critical
process conditions on product formation and enwirental implication associated with
HTC of waste streams. This work was conducted terdene how reaction conditions
and heterogeneous compound mixtures (representafiveunicipal wastes) influence
hydrothermal carbonization processes. The speeKjeriments include: (1) determine
how carbonization product properties are manipdlatey controlling feedstock
composition, process conditions, and catalyst addi(2) determine if carbonization of
heterogeneous mixtures follows similar pathwayshas with pure feedstocks; and (3)
evaluate and compare the carbon and energy-relatgdications associated with
carbonization products with those associated witierocommon waste management

processes for solid waste.
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CHAPTER 1.

INTRODUCTION

1.1 MOTIVATION

Hydrothermal carbonization (HTC) is a wet thermahwersion process that has been
shown to transform organic compounds (such as l@ermaad organic waste) to value-
added products in closed systems under autogenassypes and over relatively low
temperatures (180 - 35%C) (Berge et al., 2011). During carbonization, faedks
undergo a series of reactions, including hydrolysiehydration, decarboxylation,
aromatization and condensation, ultimately resgltmthe generation of gas, liquid and
solid (referred as hydrochar so as to differentiattom solids generated from dry
conversion processes) products. These productsdaamered significant study, with the
majority of studies conducted evaluating the prbeerof the generated hydrochar.
Because the majority of carbon present in feedst@rkains integrated within the
hydrochar, the recovered solids energy densitylmeced (Berge et al., 2011; Hwang et
al., 2012). In addition, the hydrochar has beemnegd to be attractive for use in many
different applications, including soil augmentati@mvironmental remediation and as an
alternative energy source (Goto et al.,, 2004; Hwahal., 2012; Liu et al., 2010;

Paraknowitsch et al., 2009). Carbonization has lésn found to be more energetically
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advantageous than other dry thermal conversionegess (e.g., pyrolysis) for the
conversion of wet materials.

HTC was first experimentally explored as a meansrtmluce coal from cellulose
in 1913 by Bergius (Bergius, 1913). During thetga® decades, carbonization studies
have reemerged and explored as a means to crea lwwv-cost carbon-based
nanomaterials/nanostructures from carbohydrates., (lwang et al., 2012). More
recently, HTC has been proposed as a potentidhgcsive municipal solid waste (MSW)
conversion technique. Because, during HTC, a ldrgetion of the carbon remains
integrated within the solid material, successfuboaization of wastes has the potential
to substantially reduce fugitive greenhouse gassons associated with current waste
treatment/management processes, including MSW ilendhd compost and incineration
facilities (Berge et al., 2011, Sevilla et al., 20) (Erlach et al., 2012; Escala et al., 2013;
Hao et al., 2013; Kruse et al., 2013; Liu et a012, Malghani et al., 2013; Ramke et al.,
2009). HTC of waste streams has also emerged adeatial alternative strategy to
produce a solid fuel source from waste streams.keashal. (2009), Hwang et al. (2010),
and Berge et al. (2011) have all reported thatptweluced hydrochar has an energy
density equivalent to different types of coals (ebgown, lignite, etc.). Other advantages
associated with carbonization include that emergimgmpounds, such as
pharmaceuticals, personal care products, and endodisrupting compounds, may be
thermally degraded or transformed during carbommnaf.ibra et al., 2011). In addition,
HTC of waste materials has been shown to requa® delids processing/treatment, such

as chemical or mechanical dewatering of biosolRisnike et al., 2009). HTC of waste
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materials also results in considerable waste volamé mass reduction, ultimately
requiring less ultimate storage/disposal space.

To date, carbonization has been conducted on bimitarieties of model
feedstocks and more complex biomass, such as asdulignin, hemicelluloses, starch
and wood (Gao et al.,, 2012; Kang et al., 2012; kabhi et al., 2008; Sevilla and
Fuertes, 2009b; Yan et al., 2009). There has h#knwork evaluating the carbonization
mechanisms of complex waste materials or completerbgeneous mixtures of
compounds (e.g., lignin, cellulose, hemicellulosegars). Before adopting HTC as a
waste management technique, it is important to nstaled the potential benefits and
environmental application of HTC products and tiftuence of feedstock properties and
processing parameters (such as time, temperatdrpranessing liquid) on carbonization

products.

1.2 RESEARCHOBJECTIVES

There is a distinct need for mechanistically undding how reaction conditions
and heterogeneous compound mixtures (representativeunicipal wastes) influence
hydrothermal carbonization processes. The ovelg#abive of this dissertation work is
to systematically investigate the carbonization mabdel compounds of varying
complexity and the carbonization of heterogeneoastev materials to evaluate the
feasibility of using HTC as a waste management. tdbke specific objectives of this

work include:
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1. Determine how carbonization product properties raemipulated by controlling
feedstock composition (Chapters 2, 3, and 5), p®a®nditions (i.e., reaction
time and temperature, Chapters 2 - 5), and catatidition (Chapter 4).

2. Determine if carbonization of heterogeneous midui@lows similar pathways
as that with pure feedstocks (Chapter 5).

3. Evaluate and compare the carbon and energy-relafaccations associated with
carbonization products with those associated withero common waste

management processes for solid waste (Chapter 2).

1.3 DISSERTATIONORGANIZATION

This dissertation is divided into six chapters. fitees 2 — 5 contain results from
laboratory experiments aimed at meeting the smeo#fsearch objectives of this work.
Chapter 6 contains overall conclusions from thisdgt The following outlines the
information provided in each chapter:

In Chapter 2, results from the carbonization of solid wastearats (e.g., model
food waste, paper and artificially mixed MSW) aeparted and the carbon and energy-
related implications associated with the carbormaproducts are compared to those
associated with the landfilling, composting, andaembic digestion of the same
materials. This work has been published in thenjauwaste Management (Lu et al.,
2012).

In Chapter 3, cellulose carbonization was conducted under miffetemperatures
(225— 275°C) and over a range of reaction times (up to 9% fitse gas, liquid and solid

properties were measured to determine how chamgesrbonization process parameters
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influence carbonization. This work has been publishn the journalBioresource
Technology (Lu I, 2013).

To explore the impact of catalyst addition on caibation, laboratory
experiments were conducted in which HCLS,, NaOH, NaCl, CaGJ or acetic acid
was added to the initial process water. It is &mdited that the addition of catalysts to the
carbonization process will occur via the use dofralative initial process waters. Thus the
catalysts and their respective concentrations wkosen to mimic those likely found in
domestic and industrial wastewaters. Carbonizatforellulose was conducted at 260
for a period of up to 3 hours. Results from theggeements are included @hapter 4.
The chemical composition of the carbonization padsiuvere evaluated and used to
understand the influence of each on the process Whrk has been accepted for
publication in the journaBioresource Technology.

Results from the carbonization of several individpare compounds (e.g.,
xylose, lignin, starch and glucose) and mixtures thiese compounds (e.g.,
cellulose/xylolse/lignin and starch/glucose) arespnted inChapter 5. Results from
these experiments were compared to results obtaulesh carbonizing more complex
feedstocks (e.g., paper, pine wood, and corn) mofla&i chemical composition. These
experiments were conducted at 25@&nd for reaction times up to 96 hours. Thesdtsesu
are used to help understand the influence of feeksthemical composition (e.g.,
cellulose, lignin, starch) and complexity on carlzation products, as well as the
interaction between the constituents. This workl viié submitted to the journal

Bioresource Technol ogy.
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Chapter 6 includes the conclusions of the presssgarch and recommendations

on future studies.
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CHAPTER 2.
THERMAL CONVERSION OFMUNICIPAL SoLID WASTE VIA HYDROTHERMAL
CARBONIZATION: COMPARISON OFCARBONIZATION PRODUCTS TO

PRODUCTS FROMCURRENTWASTE MANAGEMENT OF TECHNIQUES

' Thermal conversion of municipal solid waste via fogHermal carbonization: Comparison of
carbonization products to products from currentterasanagement techniques, Lu, X., Jordan, B., Berge
nt, 32, 1353-1365. Ratinere with permission of publisher.
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ABSTRACT

Hydrothermal carbonization (HTC) is a novel therroahversion process that may be a
viable means for managing solid waste streams whigeimizing greenhouse gas
production and producing residual material withringic value. HTC is a wet, relatively
low temperature (180 — 35(C) thermal conversion process that has been shown t
convert biomass to a carbonaceous residue refesrad hydrochar. Results from batch
experiments indicate HTC of representative wasteenads is feasible, and results in the
majority of carbon (45 — 75% of the initially presecarbon) remaining within the
hydrochar. Gas production during the batch expamis suggests that longer reaction
periods may be desirable to maximize the productibenergy-favorable products. If
using the hydrochar for applications in which tlebon will remain stored, it appears
that the gaseous products from HTC result in fegv@0,-equivalent emissions than the
gases associated with landfilling, composting, imatheration. When considering the use
of hydrochar as a solid fuel, more energy can beseld from the hydrochar than from
the gases resulting from waste degradation duinglfilling and anaerobic digestion;
however the carbon emissions are greater (for alit@s except for paper). Carbon
emissions resulting from the use of the hydroclsaa éuel source are smaller than those
associated with incineration, suggesting HTC mayesas an environmentally beneficial
alternative to incineration. Results from this stusuggest that HTC may play a

beneficial role in waste management schemes.
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2.1 INTRODUCTION

Hydrothermal carbonization (HTC) is a novel therroahversion technique that
may serve as an environmentally beneficial wasteagament/treatment process. During
HTC, a feedstock is heated in subcritical watemfieratures typically ranging from 180
— 350C) and at autogenous pressures. As a result, tustfck is decomposed by a
series of simultaneous reactions, including hydisly dehydration, decarboxylation,
aromatization, and recondensation (Libra et al,120A carbonaceous residue, referred
to as hydrochar, is formed. Research has demoadtiatat conversion via HTC of
feedstocks ranging from pure substances (e.g.pg&jcellulose) to those more complex
in nature (e.g., walnut shells, paper) resultsronmting the integration of carbon in the
hydrochar.

The predominant focus of the majority of work asatmsd with the development
and use of HTC has stemmed from the desire to ereatstainable carbon
nanomaterials/nanostructures (e.g., Cui et al. 2D@nir-Caken et al. 2009; Fang et al.
2006; Wang et al., 2001), with applications rangiram hydrogen storage to chemical
adsorption (e.g., Chang et al., 1998; Sevilla et 2011a). The significant potential
environmental benefits associated with this prochsas led to the recent exploration of
waste stream carbonization (Berge et al., 2011k&wnd Ziegler. 2010; Libra et al.,
2011; Ramke et al., 2009). HTC has shown promisa sgstainable waste conversion
technique, ultimately converting waste materials walue-added products, while
promoting integration of carbon in the solid-phdése., Berge et al., 2011; Funke and
Ziegler. 2010; Hwang et al., 2010; Libra et al.120Ramke et al., 2009). The ability to

recover and reuse waste materials is advantag@sus, promotes the desired waste
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management hierarchy prevalent in many countriesgpd3ed uses of hydrochar include:
an adsorbent for environmental remediation (Lualet 2010), a novel carbon material
(Cui et al., 2006; Demir-Caken et al., 2009; Tairet al., 2007a,b), a solid fuel source
(Cao et al., 2007; Paraknowitsch et al., 2009),smlddaugmentation (Libra et al., 2011).

There are many potential advantages associatedusitiy HTC as a solid waste
treatment tool. Because, during HTC, a large foactf the carbon remains integrated
within the solid material, successful carbonizatioh wastes has the potential to
substantially reduce fugitive greenhouse gas eamssiassociated with current
treatment/management processes, including MSW illndhd compost (including D)
and incineration facilities. Ramke et al. (2009)yang et al. (2010), and Berge et al.
(2011) carbonized solid waste materials (includipgper, food waste, and mixed
materials) at different temperatures (180 — 30Pand report that the majority of carbon
initially present remains integrated within the hyahar material (50 — 90% of initially
present carbon). In each of these studies, less 208 of the initially present carbon
was transferred to the gas-phase, with the balafhcsarbon being transferred to the
liquid-phase. The carbon fractionation reportedtimse carbonization studies suggests
that the hydrochar produced via MSW carbonizaticay reerve as a significant carbon
sink. It is important to note that the final usetioé hydrochar will dictate the degree of
ultimate carbon storage.

HTC of waste streams has also emerged as a poétaiiBanative strategy to
produce a solid fuel source. Many of the experimenaluating the conversion of MSW
via HTC have focused on evaluating the energyedlgiroperties of the hydrochar.

Ramke et al. (2009), Hwang et al. (2010), and Bettgal. (2011) have all reported that

10
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the produced hydrochar has an energy density deguivin different types of coals (e.qg.,
brown, lignite, etc.). Lu et al. (2011) report thegrbonization results in enhancing the
solid energy content by 1.01 to 1.41 times. Onlame basis, the enhancement is more
significant and reportedly ranges from 6.39 totiries (Lu et al. 2011).

Other advantages associated with HTC include tin&rging compounds, such as
pharmaceuticals, personal care products, and endodisrupting compounds, which
currently pose significant environmental concerns landfills, animal wastes, and
wastewater may be thermally degraded or transfortheithg carbonization (Berge et al.
2011). In addition, HTC of waste materials requiess solids processing/treatment (such
as chemical or mechanical dewatering of biosofisnke et al. 2009).

To date, there have been relatively few experimémtssed on evaluating the
HTC of solid waste (e.g., Berge et al. 2011; Rarakal. 2009). The majority of the
studies conducted have evaluated the carbonizafiomodel wastes at a few, somewhat
arbitrary, times. These experiments have providddable information regarding HTC
feasibility and potential environmental benefit¢dowever, the studies lack the data
necessary to understand how carbonization produwrnposition (e.g., carbon
fractionation, hydrocarbons in the gas-phase) aadtion extent change with time. Solid
yields and carbonization extents have been showohtmge with time during other
thermochemical conversion processes (e.g., Bridgw#206). During pyrolysis, solids
yields increase with increases in residence tinge,(Bridgwater 2006). It is unknown if
a similar relationship is true for HTC. Understarglihow carbonization proceeds over
time is also important when assessing overall m®ceeds/requirements (e.g., energy).

The specific objectives of this study were to: €Vnluate the carbonization of model
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solid waste streams over time to assess impacatauition time on product (e.g., solid,
liquid, and gas) composition and (2) use the cadadion experiment results to conduct a
preliminary assessment of how products formed duHTC compare to those formed
during currently utilized waste management procegeqy., landfills and compost and
incineration facilities). Although it is expectetiat carbon emissions from products
formed during HTC will be lower than those produaaring other processes, such
comparisons have not yet been conducted. In addliit is unknown how the energy
associated with hydrochar compares with the enasgpciated with gaseous products
from landfilling, incineration, and anaerobic diges.
2.2 MECHANISMSOFHYDROTHERMAL CARBONIZATION
2.2.1 Mechanisms of Hydrothermal Carbonization

HTC is a thermal conversion process that has begorted to convert biomass
(and other organics) to a carbon-rich, energy-desise. HTC has been shown to be
exothermic in nature for pure compounds (Funke diegler 2009; Funke and Ziegler
2010; Titirici et al. 2007a) and energetically madvantageous than dry carbonization
processes (i.e., pyrolysis), particularly for fdedks containing moisture (Erlach and
Tsatsaronis 2010; Libra et al. 2011; Ro et al. 2088requirement of HTC is that the
solid feedstock be completely immersed in liquidimiy carbonization, requiring the
process occur in a closed system under saturatessires. The presence of sufficient
water is a critical element associated with HTCaose as temperatures increase, the
physical and chemical properties of water changeifstantly, ultimately mimicking that
of organic solvents (Siskin and Katritzky 2001; y&iand Savage 2002; Wantanabe et al.

2004). At 206C, for example, water behavior approaches that ethemol (Akia and
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Savage 2002; Siskin and Katritzky 2001; Watanabealet2004). The elevated
temperatures promote ionic reactions and incre&se shturation concentrations of
dissolved inorganic and organic components (FumkeZaegler 2010). The heated water
has also been shown to have an autocatalytic effedeedstock carbonization (Funke
and Ziegler 2010), facilitating hydrolysis, ioniordensation, and bond cleavage (Funke
and Zeigler 2009). This has been observed wheruatinad) the conversion of cellulose.
Cellulose conversion has been reported to occlovadr temperatures (< 22¢) under
wet conditions than those reported for dry proce$3e0 — 400C) (Libra et al. 2011).

The mechanisms associated with HTC are currentlygbexplored. Titirici et al.
(2007a), Sevilla and Fuertes (2009a,b), and FunkieZaigler (2010) report that a series
of hydrolysis, condensation, decarboxylic, and dieatyon reactions occur during HTC.
Accordingly, during HTC, the hydrogen and oxygemtent of the feedstock decrease
(Funke and Ziegler 2009; Libra et al. 2011). Savdhd Fuertes (2009b) used HTC to
produce carbon materials from cellulose and proplosdollowing hydrochar production
steps: (1) cellulose hydrolysis, (2) dehydratiod fragmentation, (3) polymerization or
condensation, (4) polymer aromatization, (5) nucd@a and (6) particle growth.

As the feedstock is converted to hydrochar, aifsamf organics is solubilized in
the liquid-phase. The pH of the process watereisegally low (< 5, commonly ~2)
resulting from the production of organic acids,rsas acetic acid. The chemical oxygen
demand (COD) and total organic carbon (TOC) of esscwaters resulting from the
carbonization of waste materials has been meadareal limited number of feedstocks
(Berge et al. 2011; Ramke et al. 2009). Conceotratof these parameters are in the

range of a typical young landfill leachate (Berdeak 2011; Ramke et al. 2009). A
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fraction of carbon is also transferred to the gaase, likely a result of decarboxylation
(Funke and Zeigler 2009). The evolved gas is siaadl consists primarily of carbon
dioxide. Other hydrocarbons have also been detaectagdpreciable concentrations (e.g.,
methane, ethane, propene) (Berge et al. 2011).

The rate and extent of these conversion proceskely ldepend on process
conditions including temperature, time, feedstooknposition, and water to solid ratio
(Funke and Zeigler 2009). Few studies have evadllabw process conditions influence
HTC of different feedstocks. Titirici et al. (2008pmpared properties of hydrochar
resulting from HTC of various pentoses and hexamed report that no significant
difference in hydrochar composition/properties exisetween feedstocks of mono- and
polysaccharide carbons, suggesting that the contplex different sugars does not
influence carbonization mechanisms. Yao et al0{2@ound the mechanism of HTC of
fructose to be greatly influenced by temperatuié temperatures between 120 — @0
fructose formed 5-hydroxymethlfurfural (HMF) by iamolecular dehydration, while at
temperatures between 170-1€5) HMF was not observed.

To date, there have been a limited number of stuehaluating the carbonization
of waste materials. Notable studies evaluating HifGvastes include Ramke et al.
(2009), Hwang et al. (2010), and Berge et al. (30Carbonization temperatures (180 —
300°C), times (50 sec — 20 hours), feedstock, and feekissolid concentrations (20 —
50%) varied from study to study. Reported resiutism these experiments indicate that
the majority of carbon does remain in the solid eniat, with smaller fractions being
transferred to the liquid- and gas-phases. Thepergwrents also evaluated the energy-

related properties of the hydrochar, and reportggndensities equivalent to lignite coals
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or higher, ranging from 15 - 30 MJ/kg (Berge et2fl11; Hwang et al. 2010; Lu et al.
2011; Ramke et al. 2009). It is important to nbtyever, that none of these studies have
evaluated how product composition changes with.time
2.2.2 Comparison to Other Thermal Conversion Processes

The purpose of this section is to compare HTC witire common thermal waste
conversion processes, including pyrolysis, gadifica and incineration. Operational and
product distribution data associated with eachnegle can be found in Table 2.1. The
guality and quantity of generated products (e.gs, diquid and solid) associated with
each conversion technique depends highly on feekistomposition and operational
parameters, particularly reaction time and tempeedt thus the values presented in

Table 2.1 represent typical reported ranges.
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Table 2.1 Comparison of Operational ParameterdPaoduct Distribution for Pyrolysis, Gasificatiomcineration, and HTC.

9T

Product Distribution
Reaction | Reaction . Feedstock Char Liquid Gas
Process Temp. Time Reaction Moisture : : Dist
(°C)- 2 (hr)* Atmosphere Content Dist. Carbon Energy Dist. Energy (% ' Energy
(%, wt.)' | (%, wt.) | (MI/kg)F | (%, wt.)' | (MJI/kg) Wt")'l (MJ/n)

. seconds . 24 — 7 i 10 - 13- 5-
Pyrolysis 300 - 500 <o .8 inert dry 12-35 | gJoaa | 11- 3%7| 30-75 3569 35 3oL
Gasification | 500 - 800| seconds aig/O dry 10 4 — 48° | not avail 5 not avai 85 20%,1_0,11

seconds- go- | 12-16
Incineration | 850 - 120( minutes air/O, dry 15-20 2-1% NA NA NA 90 MJ{:',(%”aSt
€
inert/limite
a hours - ) 18- 5-20 . .
HTC 180 - 250 days d r%e':sat wet 50 - 80 58 - 83 3653 | (as TOC) notavail| 2-5 not avail

®note that HTC explorations have been limited, ojaition has not yet occurreltiepends on process (fast, slow, intermediate, )fléd@pends on

feedstock energypased on typical MSW found in Tchobanoglous e1993.
YLibra et al. 2011°Bridgwater 20063Wu et al. 1997¢Zhang et al. 201GHe et al. 2008°Buah et al. 2007'Ryu et al. 2007°Berge et al., 2011;

°Phan et al. 2008°Gang et al. 2007!Bosmans and Helsen 20#8Tchobanoglous et al. 1998Mumme et al. 2011.
NA = not applicable
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HTC differs from combustion, gasification, and pysis in that the process
occurs at comparatively lower temperatures, is EBmfe.g., compared to fluidized bed
gasification), and requires a wet feedstock andduafition of supplemental liquid (Table
2.1). During HTC, the feedstock is decomposed lagtien mechanisms similar to those
in pyrolysis (e.g., hydrolysis, dehydration, decetylation, aromatization, and
recondensation, Demirba 2000; Libra et al. 201lih)contrast to pyrolysis (and the other
conversion processes), HTC produces higher so&d {iydrochar) yields and more water
soluble organic compounds. Gaseous oxidation ptedymarticularly carbon dioxide,
resulting from HTC are small because unlike combuasand gasification, exposure to
oxygen is limited to that initially present in tmeactor headspace and any dissolved
oxygen in the water. It should also be noted thattbtal gas produced during HTC is
small in comparison to other thermal conversioncesses, and thus with a smaller
fraction of carbon being transferred to the gasol@&.1). The composition of the gas
resulting from HTC has only recently been exploregults show presence of energy rich
hydrocarbons.

An advantage of HTC over dry conversion processd$iat heterogeneous wet
organic residues and waste streams can be procegbedt preliminary separating and
drying. Pyrolysis, gasification, and combustioguikee the feedstock be dried prior to
conversion. Energy required to dry feedstocks @sipnificant, obviously depending on
feedstock moisture content. Because, during HTE ptimse change from water to steam
is largely avoided, the required energy to heatwihter (in a closed system to saturation
conditions) is small in comparison to that requitecevaporate the same mass of water

(Berge et al. 2011). In addition, hydrochar quaditd quantity (e.g., structure, size and
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functionality) can be varied by changing the carbation time, feedstock type and
concentration, as well as by using additives aalikzers.

The chemical structure of hydrochar more closebengbles natural coals than
pyrolysis-derived chars (Libra et al. 2011; Schunegicet al 1960), which is important
when considering the future hydrochar applicatiolitss has prompted investigation of
using hydrochar as a substitute for fossil fuelsanventional combustion processes or in
novel fuel cells and engines (e.g., Cao et al.,726@raknowitsch et al., 2009). Typical
energy contents of chars resulting from each psoaes shown inTable 2.1. Note that the
energy content is dependent on feedstock compositid reaction conditions.

The majority of products produced from thermal eansion products are used for
energy-related applications. There has been aflok@ent exploration is using char
resulting from pyrolysis as biochar (terminologynooonly used to denote char
application in soils) to increase soil fertility,hile providing a long-term carbon sink
(e.g., Lehmann and Joseph 2009). Because HTClia $#irly new technique, potential
uses of the char are still being explored/developdgdrochar may serve as a solid fuel
source or as an environmental adsorbent. Hydroalsarhas the potential to also serve
as a valuable soil amendment. Land applicationyaidchar, particularly when rich in
carboxyl group.

2.3 MATERIALS AND METHODS
2.3.1 Carbonization Experiments

Model feedstocks were chosen to represent compeémypical municipal solid

waste (MSW). The following feedstocks were chospaper (33% (wt.) of waste

discarded in landfills), food waste, and mixed MSWiscarded office paper was used as
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the paper feedstock; it was shredded (2 by 10-nutamgles) prior to use. Rabbit food
was used to simulate food wastes discarded in ilmdhd was crushed prior to use.
Mixed MSW was simulated using representative wasa¢erials and mixed to achieve
distributions typically landfilled (USEPA 2006). @position of the mixed MSW (wt.
basis) is: 45.5% paper (shredded discarded offagger), 9.6% glass (crushed glass
bottles), 16.4% plastic (shredded discarded pldstitles), 17.6% food (crushed rabbit
food), and 10.9% metal (shredded discarded alumionans). An ultimate analysis of
each initial feedstock is included in Table 2.1 n@octed by Hazen Research, Inc.,
Golden, CO).

Batch carbonization experiment procedures folloasthof Berge et al. (2011).
Briefly, the batch experiments were conducted i@-ffi. stainless steel tubular reactors.
Each reactor consisted of a one-inch diameter letsnsteel pipe nipple and end-caps,
equipped with a gas sampling valve to allow cotewblcollection of gas samples. A
solids concentration of 20% (wt.) of each feedstaels carbonized. A series of reactors
containing the feedstocks were prepared and heat2680C. Reactors were sacrificially
sampled over a period 5 days. At each sampling, ttheereactors were placed in a cold
water bath to quench the reaction. After reactwese cooled, gas samples were
collected and volume measured. The hydrochar waaraeed from the process liquid via
vacuum filtration and subsequently dried at@@ remove residual moisture.

Gas samples were collected in 3-L foil gas sampbags. Gas volumes were
measured by evacuating the gas sampling bag withOd. gas-tight syringe. Gas
samples (0.05 — 0.1 mL) were injected to a GC/M§ileat 7890 equipped with a mass

spectrometer) for determination of carbon dioxidaaentration, as well as identification
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of other components in the gas stream (identifocatiia the NIST 2008 library). Gas
samples for this analysis were routed through aCafonPlot column (30 m long and
0.53 mm id, J&W Scientific). Initial oven tempened was 3%C. After 5-min, the
temperature was increased at a rate €&8in until a final temperature of 2%D was
achieved. Carbon dioxide gas standards were olot&iom Matheson Trigas.

After separating the solids from the liquid (viacuam filtration), the liquid
samples were weighed and analyzed for typical waiefity parameters, including: pH,
conductivity, chemical oxygen demand (COD) andltotganic carbon (TOC), following
procedures outlined by Berge et al. (2011). Dsetids were weighed to determine
hydrochar yields, and carbon (Perkin Elmer 2400nt€letal Analyzer) and energy
content (IKA C-200 bomb calorimeter) were measured.

2.3.2 Carbon Emission Calculations

Calculations were performed to provide a prelimynastimate of how the total
carbon emissions associated with products from Ho®@pare to products associated
with other waste management processes, includmdfils (gas), composting (gas) and
incineration (gas). All calculations are focusedgbyion products from these processes; a
systems level analysis was not performed. In additin all analyses, total carbon
emissions are reported; emissions from biogenicrcgsuare not neglected. These
calculations also assume that the char materiahiresrstable over time, with negligible
carbon being emitted following carbonization. Hoald be noted that there has been little
work evaluating carbon retention in the hydrochaerdime.

Methane and carbon dioxide emissions resulting freaste degradation during

landfilling of the waste materials were modeledngsihe EPA Landfill Gas Emissions
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Model (LandGEM), a first order decay model (USEFR#02), and typical gas collection
efficiencies. The methane yields (Lo), decay rdi9s and moisture contents for each
material used in this analysis were taken from $@nd Barlaz (2011) and Eleazer et al.
(1997), and are listed in Table 2.3. Obviously, galection efficiencies play a major
role in the determination of fugitive emissions.ll€ction efficiencies change over time
at landfills, ranging from no collection during vwaplacement to 90 - 95% collection
after placement of the final cover (e.g., Levis &atlaz 2011; Spokas et al. 2006). For
the purposes of this study, a hypothetical waséegrhent/gas collection scenario was
adopted, mimicking a scenario reported by Levis Badaz (2011). It is assumed that a
temporary cover is placed on the waste after ygaolection efficiency of 75%), and a
final cover during year 15 (collection efficiency @%). It is also assumed that there is
no gas collection during year 1. The gas collecéfiitiencies used are reported in Table
2.4. The landfill gas is assumed to be 50% (vokjhane and 50% (vol.) carbon dioxide.
Methane emissions were converted to carbon dicadpgvalents using a global warming
potential (GWP) of 25. Gas generation calculatimese performed over a period of 75
years, although it is unlikely active gas colleotiwill be sustained for that period of
time.

The maximum gaseous emissions from waste degradatiming composting
were calculated via stoichiometry (elemental analysf initial waste materials is
included in Table 2.2) and assuming that the mgjocarbon in the biodegradable
fraction of the waste is released as,CAppreciable levels of methane and nitrous oxide
also are emitted during composting. The contrimgiof these gases were included in the

analysis and calculated using ratios provided b¥R&S (2011): 0.0003 g nitrous oxide/g
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wet waste and 0.004 g methane/g wet waste. The GWiRrous oxide is 310. Carbon
emission calculations were performed over a rarfgeaste biodegradation efficiencies
(0 — 100%).

Table 2.2 Waste Material Elemental Analysis.

Waste Material %C (Ya) | %H (Yoan) | %0 (Yaw) | %N (Yain) Cl;ﬂri)tl(:::]l:r(eo/())

Paper 36 5 48.1 0.04 7.6
Food 42.5 5.8 40.8 3.2 12.6
Mixed MSW 28.5 3.8 38.7 0.56 6.3

'values in this table are for rabbit food. Typif@dd waste generally has a much

larger moisture content.

db = dry basis

Similar to composting, the maximum gaseous emissi@sulting from waste

conversion during incineration of the waste matemneere calculated using stoichiometry
(data in Table 2.6), assuming that all carbon prese the waste is released as £O
Carbon emissions from waste conversion were cdkai@r a range of waste conversion
efficiencies. Although conversion efficiencies @sated with incineration are typically
high, these calculations were performed for illagwe purposes. Carbon emissions
calculated from HTC are based on the carbon dioxmaEmasured in the gas-phase.

Methane concentrations were below the detectioit.lim

Table 2.3 Gas Generation Parameters.

Waste Lo (mL CHa/g Moisture Decay rate
Material dry waste) Content (%) (yrh)
Paper 217 6 0.029
Food 300 70 0.144
Mixed MSW 92 21 0.04

Yvalues taken from Levis and Barlaz 2011 and Eleerzal. 1997
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Table 2.4 Gas Collection Efficienciés.

Time (year) Ga_s _Collection
Efficiency (%)

1 0
2 45
3 60
4 65
5 70
6 75
7 75
8 75
9 75
10 75
11 79
12 83
13 87
14 91
15 95
>15 95

based on values reported by Levis
and Barlaz 2011

2.3.3 Energy Calculations

Energy associated with the products from landfiylimcineration, and anaerobic
digestion were calculated and subsequently compardtbse associated with hydrochar
produced during HTC. It is important to note thamplete energy balances of each
process were not conducted; a systems analysisotgserformed.

Using the predicted methane generation resultiog fthe LandGEM model (and
the gas collection efficiencies reported in Tabk) Znd the energy content of methane
(38 MJ/n?), the energy generation expected from landfilliofy each material was
calculated by summing yearly energy productionegach waste material. It is assumed
that 100% of the collected gas will be used to gmeeenergy at 100% efficiency.

Energy resulting from waste incineration was calted using typical energy contents of
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the waste materials, assuming 100% conversion stayand assuming that all heat in
the combustion gas is converted to energy with 1@fciency. Energy from the
anaerobic digestion of food waste was calculatesedaon the maximum amount of
biogas measured at anaerobic digestion faciligesnted by Levis et al. (2010) (136'm
gas/Mg waste) and assuming 100% of the gas isatetleand subsequently converted to
energy at 100% efficiency. Energy derived from HiEC process is via the resulting
hydrochar. The measured hydrochar energy contesrts used with the hydrochar yields
to determine the total energy associated with tydrdcthar. Any energy that may be
derived from the gas- and liquid-phases resultinghfHTC is neglected in this analysis.
When using the hydrochar as a fuel source, theoaairitegrated within the solid
during HTC will be released. The HTC-related carkamssions when using the hydroch
as an energy source include the carbon releasédgdcombustion (assuming 100% of
the carbon is released) plus the carbon dioxideuymed during HTC. For comparison,
landfill gas combustion emissions (assume the meths converted to CQand water)
were added to those associated with fugitive eommsspreviously calculated.
2.4 RESULTSAND DISCUSSION
2.4.1 HTC of waste materials
2.4.1.1Carbon Distribution
Carbon in the gas, liquid and solid-phases was anedsduring the carbonization
of each feedstock. Carbon fractionations resultirayn carbonization are shown in
Figure 2.1. Carbon recoveries in these experimeartged from 85 — 110 %. For all
feedstocks, the carbon content of the liquid-plaeszeased slightly over time, while the

carbon in the gas increased slightly (Figure 2HA9llowing an initial decline of carbon in
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the solid-phase (likely due to feedstock solubilaa and/or leaching of carbon from the
waste material), the solid-phase carbon contenaireed high (approximately 45-75% of
the initially present carbon remained within thédsmaterial) and relatively constant for
all feedstocks over the 120 hour reaction pericatb@nization of food waste and mixed
MSW resulted in the highest fraction of initial ban remaining in the solid-phase (~64 -
67 %, Figure 2.1), while paper resulted in the $esailsolid-phase carbon retention (~44
%). Carbon retention in the hydrochar from MSWhbcauization is skewed by the carbon
in the inert, uncarbonizable materials. Carbonrithistions associated with the food and
mixed MSW appear to stabilize after 20 hours, sstigg that the majority of

carbonization occurs relatively fast, during thestfi8 - 16 hours. Carbon distributions
associated with paper did not stabilize until atipproximately 72 hours (Figure 2.1).

These differences may be due to changes in feddstmaposition.
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Portions of the initially present carbon are trengfd to the liquid- and gas-
phases. The COD/TOC ratios associated with theegeowater are presented in Figure
2.2. The high ratios suggest that there is a higbtibn of easily oxidizable organics in
the water. This observation is consistent with regpahat the liquid-phase contains
significant organic acids, such as acetic acidBet al., 2011; Funke and Zeigler 2009,
2010). The ratios change with time, suggestingtyipes of organics released into the
process water are either changing or transformiingreases in this ratio suggest that
higher concentrations of easily oxidizable orgamaeay be present. The pH of the

process waters were < 5.5.
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The gas produced during carbonization is predontiywazarbon dioxide, with
trace amounts of other gases such as ethane, groped butane. Carbon dioxide has
been reported as the predominant gas in otherestudnd indicates that decarboxylation
occurred (e.g., Berge et al. 2011; Ramke et al9R0@5as composition was found to
change with reaction time (Figure 2.3). Althoughce gas concentrations (or masses)
were not quantified, qualitative comparisons of poment peak areas can be used to
compare gas production between feedstocks. Toalmerfor changes in gas production
over time (gas volume increases with time), eachpmnent peak area was multiplied by
the corresponding gas volume at the sample tinnéerdstingly, the mass of several of
the trace gases, including propene, propane, buahane, and ethylene, increase with
reaction time, which may have a favorable impactfudare potential energy recovery.
Several of these trace gases have appreciable yedertsities: propene: 49 MJ/Kg;
butane: 50 MJ/kg, and propane: 50 MJ/kg. Propereseasaare significantly greater when
carbonizing paper or MSW than food waste. Furan aiss detected in the MS scans and
appears to decrease with time. More analysisgsired to confirm furan identification.
These gas results suggest that longer reactiondsemay be desirable to maximize the

production of energy-favorable products.
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Carbon conversion fractionge(y were calculated to compare conversion between
feedstocks using the relationship provided in equat:

Cfeed_ct
— feed”nt 1
Cfeed_CS,oo ( )

Me,s
where Geeqis the mass of carbon in the initial feedstogkjcthe mass of carbon in the
recovered solids at time t, angl.ds the final carbon mass in the recovered solitisis
relationship is analoglous to that often used itidsstate and pyrolysis models to
describe gravimetric conversion fractions (e.g.géwgval and Dollimore 1996; Khawam
and Flanagan 2006). Comparison of conversionifnadrends reveals an interesting
phenomenon (Figure 2.4). The carbonization fracéissociated with food waste initially
increases, and then abruptly decreases. Thelimteease is likely a result of initial
feedstock solubilization. An initial decline in hydhar yield (see Figure 2.5a)
corroborates this hypothesis. It is likely thatds®ck solubilization and char formation
occur simulataneously. The abrupt decline in cosiger fraction is indicative of more
char production than feedstock solubilization. sTanalysis suggests that carbonization
of food waste follows the hypothesized pathways a#rbonization: feedstock
solubilization followed by carbon partitioning tbet gas and/or solid-phase. Different
trends in carbonization fraction are observed fapgy and MSW. The paper carbon
conversion fraction trend changes little over timgggesting that either solubilization of
paper is very fast, char formation is very fast, smiubilization of the paper is
insignificant and carbonization follows a pathwaifedent than that observed for food
waste. The trend associated with mixed MSW is megr&tive of changes in carbon

distribution associated with the paper and foodt&vas' he conversion fraction exceeds

1.0 during early times, corresponding to early tio@d waste solubilization. The impact
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of char production is dampened by the small chamgpaper conversion fraction and the
recovery of carbon in the inert materials thatresetransformed during HTC (e.qg., glass,

metal).
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Barlaz (1998) developed carbon storage factors $C®kass of carbon remaining
in the solid following biological decomposition anlandfill/dry mass of feedstock) as a
means to compare the mass of carbon remainingeBtarithin solid material following
biological decomposition in landfills. When compameith CSFs reported by Staley and
Barlaz (2009) for landfilling of paper, food, andSW, it appears carbonization of similar
wastes may result in greater carbon storage. Tloellaked CSFs associated with the
carbonization of each feedstock over the 120 heactron period were greater than those
reported by Staley and Barlaz (2009) (Figure 2.6Jhe CSFs associated with
carbonization appear to remain relatively stablerottme, suggesting that time of
carbonization has little impact on carbon stor&giebal implications from this analysis

should be used with caution, as long-term stabdftgarbon in the hydrochar is not well

understood.
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2.4.1.2 Hydrochar Yield and Energy Value

Because of the inherent value in the char mateesulting from carbonization,
solids recovery (often refered to as hydrochardyielnd energy content of the char
material are important to assess over time. Hydgiogields are calculated based on the
total solids recovered at each sampling time dovidg the mass of the initial feedstock.
During early sampling time, it is possible (andel{y) that the solids recovered will
consist of both hydrochar and unreacted feedsta#.solid recoveries ranged from 30 —
60%, and fit within the reported range of hydroclyslds associated with various
feedstocks (e.g., Berge et al. 2011; Ramke et08I9R The solid recoveries change over
time. Initially a decrease (likely a result of tial feedstock solubilization) in solid
recovery is observed, followed by a slight increasd subsequent stabilization (Figure
2.5a). The initial decline is more pronouncedftmd waste, likely a result of significant
initial feedstock solubilization. The largest clyald is attained for the MSW, which is
likely skewed because of the high recovery of upgaizable items (Berge et al. 2011).
The lowest yield is associated with paper, follogvihat reported by Berge et al. (2011).

Mass conversion fractions @vfollowing those used in solid-state reactions and

in pyrolysis were calculated using equation 2:

Mfeed_Ms,t
M = e @)
feed 5,00

where Meeg IS the mass of the initial feedstocks Ms the mass of solids recovered at

time t, and M, is the final solid residue mass. The trends aasedi with mass
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conversion fraction closely mimic those observed darbon conversion fractions and
char yields (see Figure 2.4), corroborating presibypotheses.

The energy content of the solid material resulfiogn the carbonization of paper
and food increases with time (Figure 2.5b), whlmportant when considering optimal
reaction periods. The energy content associateith wie solids resulting from
carbonization of mixed MSW remained fairly constanth time, likely a result of the
lack of conversion of glass/metals. Previous studiave reported that the produced
hydrochar has an energy density equivalent to reiffetypes of coals (e.g., Ramke et al.
2009; Hwang et al. 2011) and report that the hylso@nergy content correlates well
with carbon content of the solids. The same is tnudis study. The hydrochar resulting
from carbonization of food waste contained the agjlenergy content (~30MJ/kg). The
MSW energy content was the lowest of the threeegasind is likely skewed by the glass
and aluminum energy contents. Greater energy ceioveefficiencies (equivalent to the
energy in the char divided by the energy in thel$éeck), however, were obtained during
the carbonization of paper (Figure 2.4).

Utilization of this char as an energy source is pramising option for use of the
solids. Although Muthuraman et al. (2010) repodnaling of thermally pretreated MSW
and Indian coal resulted in significant reductioncoal ignition temperature, there has
been relatively little work exploring the use ofdngchar for energy purposes. One
notable exception to this is work conducted by Raoaitsch et al. (2009). They found
that hydrochar can be used as an energy source indirect carbon fuel cell. It is
important to note that during combustion of the rogtiar, all carbon will be released

(section 4.3).
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2.4.2 Comparison of carbon emissions from products forrdedng HTC and other

waste management processes

There are several potential uses for the hydrogivaduced during HTC.
Depending on the ultimate application, environmkimgplications will change. In this
section, results from the HTC batch experiments uwsed to compare carbonaceous
emissions associated with products from HTC to e¢hassociated with landfilling,
composting, and incineration. It is important menthat this discussion is only valid if
the hydrochar is used as a soil amendment, addofbernvironmental remediation,
and/or simply as a material for storage of cardbmhe intent of hydrochar use is for
energy generation (discussed in section 4.3), yldeochar will be likely combusted and
all integrated carbon released to the atmosphere.
2.4.2.1 Landfilling

The fugitive emissions in carbon dioxide-equivaderassociated with waste
degradation during landfilling of paper, food, amtked MSW are shown in Figure 2.7.
Comparing results from LandGEM and those obtainesinfthe HTC laboratory
experiments, it is evident that HTC results in gigantly fewer g CQ-equivalent
emissions per gram of wet waste for each wasteriabfEigure 2.7). This is expected, as
the majority of carbon during HTC is integrated hit the solid material. Carbonizing
paper, food and mixed MSW results in saving appnately 0.25, 0.44, and 0.13 g €O

equivalents per gram of wet waste, respectivebn ththe materials were landfilled.
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Figure 2.7 Comparison of carbon emissions betwaedfilling and carbonizing paper,
food waste, and mixed MSW. Emissions from lanidiijlwere estimated using first-
order decay.

Emissions when landfilling waste materials exceasasé associated with waste
carbonization after 6.2, 0.83, and 3.5 years fpepaood, and mixed MSW, respectively
(Figure 2.7). Compared to landfilling, the impactwaste carbonization is greater for
waste materials that degrade quickly, such as feaste, because of the lack of initial
landfill gas collection. When considering the masdood waste generated in the US
(28.8 million Mg/year, Levis et al. 2010) and assugthe majority of the food is
landfilled, the CQ@-equivalents that can be avoided by carbonization sagnificant
(~12.7 million Mg of CQ-equivalents each year). Significant reductions d@,-
equivalents will also result when carbonizing MSWi g@aper. Using the reported mass

of MSW landfilled in 2009 (297 Tg, USEPA 2011), ~3dlion Mg of CO,-equivalents

may be avoided each year by carbonizing MSW.
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Obviously both gas collection and extent of degtiadagreatly influence the g
COs-equivalents emitted as a result of landfilling thaterials. The greater the collection
efficiency, the fewer emissons. To evaluate howngea in the degree of waste
degradation and gas collection efficiencies infleethe comparison of carbon emissions
between landfills and HTC, calculations were perfed over a range (from 0 — 100%) of
reported methane yields and over a series of ghsction efficiencies (representing
average landfill life collection efficiencies). Agould be expected, when the extent of
waste degradation is low and gas collection efficies are high, carbon emissions from
waste degradation in landfills approach those aattwith HTC (Fgure 2.8).

Factors not included in this analysis that may hevémpact on these calculations
include methane oxidation in landfill covers. Lewnd Barlaz (2011) report methane
oxidation to range from 10 - 55%. A decrease inssions because of oxidation will
reduce the difference between HTC and landfillidging the percentage recommended
by US EPA (10%, USEPA 1998), the overall conclusibat fewer carbon emissions
generally result from carbonization than landfgjiwill not change. In addition, nitrous
oxide emissions from landfills have been reporeed.( Bogner et al. 2011 and Scheutz et
al. 2011). Depending on landfill operation (e.gerobic bioreactor), nitrous oxide

emissions may be significant. These emissionsatrencluded in this analysis.
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Fgure 2.8 Influence of average landfill gas coltatefficiencies on fugitive carbon
emissions associated with (a) paper, (b) food wasite (c) mixed MSW.
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2.4.2.2 Composting

Carbon emissions from waste degradation during ostipg were calculated
over a range of waste biodegradation efficiendles (00%) (Figure 2.9a). In all cases,
at high levels of waste biodegradation, gas emmssifn g CQ-equivalents) from
composting are significantly larger than those eisded with HTC. This is not
surprising, as gas collection does not usually obcduring composting. Waste
biodegradation via composting is only favorableténms of carbon emissions when
waste degradation is less than 17, 10, and 13%pdéper, food, and mixed MSW,
respectively. Typically, 50 — 80% of the degraéaldarbon is degraded during
composting (Hermann et al. 2011). Compost is ofteed as a soil amendment, during
which s smaller fraction of the carbon is slowhgdeded (~20 — 30% of carbon remains
sequestered, Hermann et al. 2011). The long-teatilisy of hydrochar is currently
unknown. After being applied in a soil, hydrochaegthdation would need to be

substantial to reach the level of carbon emissams®ciated with the compost.
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Figure 2.9 Comparison of carbon emissions front¢aposting and carbonization of
paper, food, and mixed MSW and (b) incinerating eadbonization of paper, food, and

mixed MSW.
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2.4.2.3 Incineration

Carbon emissions from combustion gas resulting freaste conversion via
incineration were calculated for a range of wasteversion efficiencies (Figure 2.9b).
Although waste conversion is typically around 10@4ange of efficiencies were used
for illustrative purposes. Results indicate thas @missions (in g G&equivalents) from
incineration are significantly larger than thoseagsated with HTC, assuming there is no
capture or storage of the emitted £&m incineration. This result is not surprisintn
terms of g C@-equivalents, incineration would only be favorabi¢h waste conversions
below 20%. Conversions of such low efficiency aw desirable when incinerating
waste. It should be noted that the only gaseoussemn accounted for in this analysis
during incineration is carbon dioxide. Trace ggsexiuced during both incineration and
HTC were not included in this analysis. Trace gaslpction associated with HTC is still
fairly unknown.
2.4.3 Comparison of energy generation from products aatat with HTC and other

waste management processes

An advantage associated with HTC is the generatioa high energy content
hydrochar. The energy that may be potentiallywetrifrom the hydrochar was compared
to that expected from the products from landfillfmgethane), incineration (combustion
gas), and anaerobic digestion (methane) of the seasée materials. Results from this

analysis are presented in Table.2.5
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Table 2.5 Potential Energy generation from Wastedgement Processes F101J/g

wet waste)-
Waste . : Anaerobic | Incineratio 3
Material Landfilling Composting Digestior? n HTC
Paper 5.7 0 - 12.9 7.8
Food 1.98 0 2.6-3.6 543 | 11.94
Mixed
MSW 2.1 0 - 15.5 9.76

Tassuming 100% conversion to energy and energy tbotenethane is 38 MJ/in

Zusing gas calculations with gas collection efficies reported in Table 2.3

®maximum energy over a 120 hr period

“*pbased on typical food waste, with a moisture canéii0%.

®based on the maximum amount of biogas measurathatabic digestion facilities reported by Levis
et al. (2010): 136 fgas/Mg waste and assuming 50 — 70% of the gastisane; 100% of the gas is
collected

The energy associated with the hydrochar resuftioigp carbonization is greater
than that expected as a result of landfilling eaelste material (Table 2.5). The energy
generation as a result of carbonization of foodtevas 6 times greater than that
associated with landfilling of the same materiak discussed previously, a large fraction
of methane is lost when landfilling food becausdast waste degradation at a time in
which landfill gas collection efficiencies are sin&larbonization of MSW is expected to
result in 4.6 times more energy than landfillinghe$e calculations assume the
conversion to electricity is equivalent for all duzts (e.g., char and gas). It should also
be noted that the use of all of the energy prediet® a result of landfilling is unlikely.
Because of changes in energy generation over tinmsepften not economically feasible
to use 100% of the methane from a landfill to gateeenergy (Berge et al. 2009). There
is, however, greater likelihood that 100% of thergy potential can be recovered from

the char material, as it is storable and can bé asaeeded.
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Table 2.6 Comparison of Carbon Emissions Resuftimg Using the Hydrochar as a
Solid Fuel (g C@equivalents/g wet waste).

Landfill?

100% Waste
Degradation 90% Waste Degradation Incineration
Waste | HTC | Collection Efficiencies: | Collection Efficiencies: 3
Material | * 60% | 70% | 80% | 95% | 60% | 70% | 80% | 95% | 100% Conv.
Paper | 091 210 1.77 1.4%.96| 1.89| 1.60| 1.30 1.01 1.32
Food 1.24| 0.88 0.74 0.590.36| 0.80| 0.66| 0.53] 0.39 1.56
MSW | 1.00| 0.79] 0.69 0.580.42| 0.71| 0.62| 0.52| 0.42 1.05
‘emissions account for carbon release during corugl00% of the carbon) and
the carbon emissions during HT&€arbon emissions include fugitive emissions and
those associated with landfill gas combustitinese values are provided for
comparison.

A disadvantage to using hydrochar as an energycsasrthe release of carbon
integrated within the solid during HTC. Table 2.6ntains the total carbon dioxide
equivalent emissions when using the hydrochar fagla Carbon emissions associated
with landfilling of the same waste materials argodisted in Table 2.6. The landfill gas
calculations were conducted for 100 and 90% wasggatlation over a series of life-time
average gas collection efficiencies. As shown, @aidation of paper still results in lower
CO.-equivalent emissions when using the hydrochar did fuel. This is not the case,
however, for food and MSW. In these instances,ctli®on emissions are larger. The
energy associated with the hydrochar is signifigalarger. A systems level analysis is
necessary to better understand the trade-offs ketvemergy generation and carbon
emissions. It should also be noted that the enfagy HTC in this analysis does not
include any energy that may be derived from theagakliquid-phases. This information

is not currently known for HTC.
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A comparison of energy derived from the methaneegged during anaerobic
digestion of food waste was also conducted (Tald® 2Using anaerobic digestion data
provided by Levis et al. (2010), food waste digestwill result in 2.6 — 3.6 (I MJ/g
wet waste. This is significantly lower than thatigded from the hydrochar. The range of
energy values results from a range of reported amettcontents of the digestion gas,
suggesting that HTC may be an attractive alteredby energy purposes.

When considering incineration of these waste nmalterit appears that the energy
derived from the combustion gas during incineratogreater for paper and MSW than
from the hydrochar. Energy associated with thedwgidar from food waste carbonization
is greater than that associated with its incinerati It should be noted that the energy
value associated with food waste incineration ddpdnghly on the moisture content of
the food. The incineration calculations in Tablé @ssume a moisture content of typical
food (~70%). Carbon emissions from incineratiorthaf wastes remain lower than those
associated with using the hydrochar as a fuel go(fable 2.6). This suggests that the

energy from hydrochar may serve as a more benkéit&native to incineration.

2.5 CONCLUSIONS

Results from the batch experiments indicate HT@aste materials results in the
majority of carbon (45-75% of the initially presenarbon) remaining within the
hydrochar. Carbon distributions associated withdfa@ste and MSW stabilized after 20
hours, while carbonization of paper was slowerbiftation observed after 72 hours.
Conversion fraction trends illustrate that food teassolubilization occurs prior

to/simultaneously with hydrochar formation, followi hypothesized char formation
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mechanisms, while conversion mechanisms associtedpaper are still unclear. Gas
production from HTC suggests that longer reactiengals may be desirable to maximize
production of energy-favorable products. More dataecessary to determine potential
energy yields from the gas.

If using the hydrochar in application in which terbon will remain stored (such
as an environmental adsorbent, soil amendment,n@mval material), it appears that the
gaseous product from HTC results in fewer g @Quivalent emissions than those
associated with landfilling, composting, and incaten. This conclusion is expected, as
the majority of carbon remains integrated in thdrbghar. Converting wastes via HTC
to usable materials in which carbon remains integkasuch as an environmental
adsorbent) there are definite advantages when aomgpamissions from the products of
waste treatment processes

When using the hydrochar as a solid fuel, moreg@nean be derived from the
hydrochar than the gases resulting from waste degom during landfilling and
anaerobic digestion. However, there is a trade-@df higher carbon emissions may
result. Carbonization of paper results in lower,@Quivalent emissions when compared
to degradation of the paper in a landfill. Howewhrs is not the case for food and MSW.
Incineration of paper and MSW results in more epdtwn that from the hydrochar,
while the hydrochar resulting from the carbonizatod food waste results in more energy
than incinerating the food. Carbon emissions rasufrom the use of the hydrochar as a
fuel source are smaller than those associated wdimeration, suggesting HTC may

serve as an environmentally beneficial alternaivmcineration.
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Results from this study suggest that HTC may playereficial role in waste
management schemes. The type and extent of enwarmtaimbenefits will be dependent
on hydrochar use/the purpose for HTC (e.g., engygyeration or carbon storage).
Research evaluating conversion of wastes via HTRillsn its infancy, and much work
iIs needed to better understand the environmentplidations associated with HTC.
There is also a need for more information regardivegenergy characteristics of the gas
and liquid-phases. Once the necessary data armetta life cycle assessment of each
process is required and will provide greater insitgh overall system environmental

impact
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CHAPTER 3.
INFLUENCE OFREACTION TIME AND TEMPERATURE OFPRODUCT
FORMATION AND CHARACTERISTICSASSOCIATED WITH THE

HYDROTHERMAL CARBONIZATION OF CELLULOSE?

? Influence of reaction time and temperature on pebhrmation associated with the hydrothermal
carbonization of cellulose, Lu, X., Pellechia, Ryrg, J. R. V.; Berge, N. D., 2013. Bioresource
printed here with permission oflighbr.
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ABSTRACT

Studies have demonstrated that hydrothermal cazhtion of biomass and waste streams
results in the formation of beneficial materialsterces with minimal greenhouse gas
production. Data necessary to understand how a&rifprocess conditions influence
carbonization mechanisms, product formation, asd@ated environmental implications
are currently lacking. The purpose of this workashydrothermally carbonize cellulose
at different temperatures and to systematically@araver a 96-hour period to determine
how changes in reaction temperature influence mdvolution. Understanding
cellulose carbonization will provide insight to lbanization of cellulosic biomass and
waste materials. Results from batch experimentgae that the majority of cellulose
conversion occurs between the first 0.5 to 4 hoamd, faster conversion occurs at higher
temperatures. Data collected over time suggestilos# solubilization occurs prior to
conversion. The composition of solids recoverecera®6 hours is similar at all
temperatures, consisting primarily of sgarbons (furanic and aromatic groups) and alkyl

groups.

3.1 INTRODUCTION

Recent studies demonstrate that hydrothermal cerdoon (HTC) of biomass
and solid and liquid waste streams (e.g., municgadid waste, and human and animal
liquid wastes) results in the formation of beneficmaterials/resources with minimal
greenhouse gas production (e.g., Berge et al.,;20dlto et al., 2011b; Fuertes et al.,
2010; Goto et al., 2004; Hoekman et al., 2011; Hywtnal., 2012; Knezediet al., 2009;

Libra et al., 2011; Lu et al., 2012; Sevilla anceEas, 2009b; Titirici et al., 2007a; Xiao
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et al.,, 2012). HTC is a wet thermal conversion psscthat occurs at relatively low
temperatures (180 — 3W) in closed systems under autogenous pressuresngDu
carbonization, a series of simultaneous reactiomsuding hydrolysis, dehydration,
decarboxylation, aromatization, and recondensaimmur, leading to the generation of a
carbon-rich, high energy density, value-added nateeferred to as hydrochar. This
functionalized carbon material has been the fodusiany HTC-related investigations
(e.g., Baccile et al.,, 2009; Cao et al.,, 2011; &adt al., 2011b; Fuertes et al., 2010;
Hwang et al., 2012; Kang et al., 2012), which hdeemonstrated that it may be used in
several environmentally-relevant applications, sashsoil augmentation, environmental
remediation, and energy source generation (Gotal.et2004; Hwang et al., 2012;
Kammann et al., 2012; Liu et al., 2010; Paraknashitst al., 2009).

Carbonization investigations have been performedemualstocks ranging from
pure substances, such as glucose and celluloseo(Ealal., 2011a; Kang et al., 2012;
Knezevi et al., 2009; Rkowska et al., 2011; Sevilla and Fuertes, 2009&cbjnore
complex feedstocks, such as paper, food wasteaanubl waste (Berge et al., 2011; Cao
et al.,, 2011; Goto et al.,, 2004; Hwang et al., 30These carbonization studies have
demonstrated that a large fraction of carbon ihtipresent in the feedstock remains
integrated within the hydrochar material duringbcearization (Funke and Ziegler, 2010;
Libra et al., 2011) and that hydrochar energy-eelgbroperties and structure resemble
that of a low-grade coal (Berge et al., 2011; Hwahgl., 2012). Although these results
provide valuable information regarding HTC feasibiland potential environmental

benefits, few have described the time-dependenugen of the solid, liquid, and gas-
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phase carbonization products or how environmentaplications associated with
carbonization change with reaction time and tentpeza

The majority of carbonization studies have beendocted over somewhat
arbitrary and limited time frames, detailing thedcterization of products at the selected
times (e.g., Berge et al., 2011; Falco et al., 20Fhlco et al., 2011b; Hwang et al., 2012;
Kang et al., 2012; Sevilla and Fuertes, 2009a,bih ¥de exception of a few studies (e.g.,
Hoekman et al., 2011; Knezéviet al., 2010; Kneze¢i et al., 2009; Lu et al., 2012;
Mumme et al., 2011; Rkowska et al., 2011), data describing solid, liq@dd gas-phase
product formation ranging from early time to reanticompletion is lacking. Because
carbonization kinetics likely vary between publidhstudies, reports of only a few
measurements at arbitrary time frames complicatepesisons between published data.
Reaction time is an important carbonization progessmeter requiring a more in-depth
exploration to better understand product formation.

A distinct need for a detailed understanding of boaization product
formation/evolution over time at different reactidemperatures remains. Such an
understanding will allow for optimization of carlbmation, ultimately resulting in lower
energy requirements, greater potential energy egovand minimal environmental
impact. The purpose of this work is to understdredvolution of carbonization product
formation and environmental implications associatedh cellulose carbonization.
Cellulose was chosen because it is a relativelplarfeedstock and will provide insight
to carbonization of cellulosic biomass and wastéeneds. The specific objectives of this
work include: (1) understanding time dependent @arlistribution in carbonization

products at different reaction temperatures; (Blwating how reaction temperature and

51

www.manaraa.com



time influence liquid and gaseous product formatiand composition; and (3)
characterizing changes in the chemical composdiwh structure of hydrochar over time

at different carbonization temperatures.

3.2 MATERIALS AND METHODS
3.2.1 HTC batch experiments

Microcrystalline cellulose derived from the Westeedcedar plant (Thuja plicata,
with average particle size of 50 um, Acros Orggnias used as the feedstock in all
experiments. Cellulose carbonization was conductetb0-mL gas-tight stainless steel
tubular reactors (MSC, Inc.) rated to withstandicypated pressures and temperatures.
Each reactor was equipped with a gas-sampling viahedlow controlled collection of
gas samples. The in-situ liquid temperature was sored with a pipe-fitting
thermocouple probe (Type J) inserted in the reaatdra data logger (Temp-300, Oakton
Instruments). Temperatures were recorded every miwites for the duration of the
experiment. It should be noted that the reactds keetween 80 and 100 minutes to reach
the target reaction temperature (Figure 3.1), sintd other studies (e.g., Mumme et al.,
2011). Although some studies define time zero wtlen reactor reaches the desired
temperature, time zero in this work correspondthéotime the reactor is placed in the
oven. The length and rate of reactor heating atamays clear in the published studies.
As discussed in subsequent sections in this worgigaificant fraction of conversion
occurs during this heating period. Thus this pergdnportant, potentially representing

that in industrial implementation.
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Figure 3.1 Heating profile associated with the ¢hegaluated temperatures.

The batch experiments were conducted following @doices previously described

(Berge et al., 2011, Lu et al., 2012). Briefly,aiss of reactors containing cellulose (20

%, wt.) and deionized (DI) water were prepared.dRea were sealed (unstirred) and

heated in a laboratory oven to the desired temperal hree reaction temperatures were

evaluated: 225, 250 and 2T5 At each sampling time, the reactors were remdx@u

the oven and subsequently placed in a cold-watdr tta quench the reaction. After

reactors were cooled, gas samples were collectether 1 or 3-L foil gas sampling bags

(SKC, Inc.) and volume measured using a 1-L gaht tgyringe (Hamilton Co.),

following procedures previously described by Beeg@l. (2011). Solids were separated
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from the process liquid via vacuum filtration (0.8&h nitrocellulose filters, Millipore)
and subsequently dried at°80to remove residual moisture. All experiments €ath
temperature and time) were conducted in duplicate.

Samples from the solid (ultimate analysis for solat 256C, energy content,
carbon content*C solid-state NMR), liquid (total organic carbonQ), pH, chemical
oxygen demand (CODJH NMR), and gas phases (gas volume and compositieng
taken to evaluate carbonization product evolutiondiéferent temperatures. These
collected data were used to calculate carbon aadygnelated properties associated with
the recovered solids, including: carbon fracticarbon densification, carbon conversion
fraction, energy density, and energetic retentifficiency (see Table 3.1 for parameter
definitions and equations).

3.2.2 Analytical techniques

Collected gas samples were analyzed for carbonid#oand other trace gases.
Carbon dioxide was quantified using GC-MS (Agilef@90 equipped with a mass
spectrometer). Gas samples were routed through-@&etsonPlot column (30m long and
0.53 mm id, J&W Scientific). Initial oven tempened was 3%C. After 5-min, the
temperature was increased at a rate €&8in until a final temperature of 2%D was
achieved. Carbon dioxide standards were purchiasedMatheson Tri-gas. Trace gases
were also identified (via the NIST 2008 library)ings this technique. Quantification of
trace gases was not conducted. The relative anmfugas species was determined by

multiplying the peak area by the total gas volureeagated at each sample time.
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Table 3.1 Terminology and associated equations.

Term Definition Equation
Mass of carbon in the
solid, liquid or gas-
phase normalized by
Carbon mass of initially present mass carbon in solid, liquid or gas phase
fraction carbon. Values are mass of carbon in initial feedstock
based on carbon mass
balances and reported
on a dry basis
— Cfeed - Ct
Measure of the extent of . Ceed — Coo .
Carbon . where Geeqis the mass of carbon in the
. solid-phase carbon I . :
conversion . . initial feedstock, €is the carbon in the
: conversion (defined by . :
fraction recovered solids at time t, and G the
Lu et al. 2012) : .
average carbon in the recovered solids
after 96 hours
Carbon DenSIflcatlon of Cart_)on % carbon in the recovered solids
densification | " the recovered solids S e
(dry basis) /0 carbon in the initial feedstoc
Carbon Measured _Cark_)on ) mass of carbon in solids
content concentration in solids d d
(%’ dry baSiS) mass or ary solids
Mass of solids
Solids recovered normalized mass of dried solids recovered
recovery by mass of initial mass of dry initial feedstock
feedstock (dry basis)
Energy Densification of solid measured energy content of recovered sol
o7 energy content (dry
densification basis) measured energy content of feedstock
Measure of the fraction
Energetic of feedstock energy Energy content of recovered solids
retention retained within the solid Energy content of feedstock
efficiency material (based on dry X solids recovery

basis)
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After separating the solids from the liquid (delsed previously), the liquid
samples were weighed and analyzed for typical wageality parameters, including: pH,
total organic carbon (TOC), conductivity, and cheshi oxygen demand (COD)
(following methods outlined by Berge et al., 201@pnductivity and pH were measured
using electrodes (Thermo Scientific Orion). CODswaeasured using HACH reagents
(HR + test kit, Loveland, CO). TOC was measuredgia TOC analyzer (TOC-Vcsn,
Shimadzu). To determine composition of organichaliquid-phase, samples were also
analyzed usingH NMR. Liquid samples (0.6 mL) were analyzed with a Varian
Mercury/VX 400 MHz spectrometer. All samples wepked with 0.1 mL deuterium
oxide (D, 99.9 %, Cambridge Isotope Laboratories,)lto allow?H field frequency
locking. The vendor supplied WET1D pulse sequemag used to suppress the dominant
resonance from #D. Spectra were collected with a 2.18 s acquistiioe over a 16 ppm
spectra width with 16 transients and a 10 s relanatelay between each scan.

All dried solids were weighed and solids recovedakulated (mass of dry solids
recovered divided by the mass of initial dry sglid€arbon content in the solid samples
from all times and temperatures was measured witBl@mental analyzer (Perkin Elmer
2400). Samples of recovered solids at®®5®ere sent to Hazen Research, Inc. (Golden,
CO) for ultimate analysis (carbon, hydrogen, oxygemoisture, and ash content).
Recovered solids energy contents were measured) asihbomb calorimeter (C-200,
IKA). Carbon mass balances were conducted by dyargithe carbon content in the gas
(as carbon dioxide), liquid (as total organic carpand solid phases (solid-phase carbon

content and solids recovery).
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Recovered solids were also analyzed usit@NMR to identify and provide
semi-quantitative information associated with fumthl groups at each reaction
temperature and time. Cross-polarization with magigle spinning (CP-MAS) spectra
were collected on a Varian Unity-Inova 500 MHz dpmmeter using a Doty Scientific
XC4 4mm MAS probe. The spectra were collectednatiant temperature with sample
rotation rate of 8 kHz. TOSS sideband suppressias used as well as TPPM
decoupling at a@H field strength of 62.4 kHz. Contact time of i had a linear
amplitude ramped on th&®C RF channel. Spectra were collected with a 50 ms
acquisition time over a 400 ppm spectra width. Tenber of transients varied from
2,000 to 50,000 with a 1.5 s relaxation delay betweach scan.

Each NMR spectrum was subsequently deconvoluted)MestRenova software
(MestreLab Research, Version 7.0). Four main regjiare detected in thEC NMR
spectra (Table 3.3), following that reported by &kcet al. (2009) and Falco et al.
(2011b) . Peaks within Region | (0 — 48 ppm) re$wdin the production of nonpolar
alkyl carbons. Region Il (60 — 105 ppm) repres€lH® bonds associated with cellulose
(Dudley et al., 1983). The peaks within this regaam be further subdivided to describe
individual components of cellulose. Region IIl (12051 ppm) is representative of’sp
hybrid carbons, containing peaks associated withnfig and aromatic carbons. The four
peaks at 110, 118, 140 and 150 ppm are associdfedimanic compounds. The peaks at
110 and 150 ppm correspondpie@arbons and-carbons connected to H or alkyl chains,
respectively. The peak at 118 ppm is attributednmo p-carbons connecting two furan
rings. The peak at 143 ppm is assigned to theohwarbons connecting two furan rings.

The peak at 126 and 133 ppm represents aromatipaamds. Peaks within Region 1V
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(175 - 207 ppm) are attributed to C=0 bonds (caybgroups). Peak intensities, width
and the Gaussian/Lorentzian ratio were allowed ary \during deconvolution. Carbon
distributed in the identified functional groups a@adculated based on the percent area of
each peak and normalized to the amount of carbothensolid-phase (measured as

described previously).

3.3 RESULTSAND DISCUSSION
3.3.1 Carbon distribution

Mass balance analyses indicate that cellulose naétion results in a significant
fraction (> 77%) of initially present carbon retathwithin the solid-phase over the 96-
hour reaction period at all temperatures evalugtadure 3.2). This observation is
consistent with observations at shorter time frarmesther cellulose carbonization
studies reported in the literature (e.g., Kanglet2012; Sevilla and Fuertes, 2009b).
Between 7 and 30% of initially present carbon mnsferred to the liquid-phase. A
smaller fraction (<10%) of initially present carbos transferred to the gas-phase,
consistent with observations at selected timesreavipus studies (Berge et al., 2011;
Hoekman et al., 2011; Lu et al., 2012). Carbonvedes in all experiments range from

90-115%.
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Figure 3.2 Carbon distribution over time at 225),2&nd 278C in the solid (a and b),
liquid (c and d), and gas-phases (e and f). Daitatpoepresent averages from duplicate
experiments.
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3.3.2 Influence of reaction time

Carbon distribution (defined in Table 3.1) changesh reaction time and
provides insight to carbonization pathways/mechagisAt each temperature (225, 250,
and 275C), carbon distribution follows two distinct ratieehds, similar to that reported
by Knezevic et al. (2010; 2009) for the conversodrwood, pyrolysis oil, and glucose.
The first period, associated with early time ddtamg ranges from O to 6-8 hours), is
characterized by significant changes in carborritdigion (Figure 3.2b,d,f). During this
period and following an initial lag, a rapid dedimn solid-phase carbon is observed,
likely due to feedstock solubilization. Lu et a20(2) and Knezevic et al. (2010) also
observed solubilization of feedstock componentdofedd by char formation when
carbonizing rabbit food and wood, respectively.sldhecrease in carbon integrated within
the solid-phase is coupled with a simultaneouses®e in liquid and gas-phase carbon
(see Figure 3.2b,d,f) as well as with a decreasesaids recovered (Figure 3.3),
supporting this hypothesis. Carbon conversion ivast (as defined by Lu et al. (2012),
Table 3.1) were calculated and reflect the extdnsalid-phase carbon conversion.
Carbon conversion fractions greater than one akelyli indicative of feedstock
solubilization. Conversion fraction results sugg#sé rate and/or extent of initial
feedstock solubilization is dependent on heatinge réand thus final reaction
temperature), as illustrated in Figure 3.4. A msignificant initial decrease in solid-
phase carbon, in conjunction with larger carbonveosion fractions, was observed at
225°C than that observed at 250 and Z75At 275C, calculated carbon conversion
fractions never exceed one, suggesting that eiffiethe rate of feedstock solubilization

and subsequent char production increases as tetmgeirscreases and is not captured by
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Figure 3.3 Solids recovery at 225, 250, and Z76ver: (a) 96 hours and (b) the first 8
hours. Data points represent averages from duplegberiments.

the sampling frequency or (2) the pathway of caitaiion changes with temperature and

the significance of feedstock solubilization deetiras temperature increases. Falco et al.

(2011a; 2011b) report that at temperatures belo@/Q0feedstock hydrolysis followed

by char production is the predominant carbonizagathway, while at temperatures

above 200C, solid-state reactions predominate. Althoughfthal reaction temperature

in these experiments exceeds ZDOit takes at least 30 minutes for the internakter

temperature to reach 206G and between 80 and 100 minutes to reach thet targetion

temperature (Figure 3.1). This slow heating rateelyi increases the extent and

significance of feedstock solubilization during laklse carbonization at final reaction

temperatures greater than 200 This pathway would likely be of importance whee
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process is scaled up for industrial implementatiSolubilization of components of wood

prior to char formation has also been observedn eatetemperatures above 200

(Knezeve et al.,, 2010). The second distinct period (atesnexceeding 8 hours) is

characterized by slower and less significant chamgearbon distribution (Figure 3.2).
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Figure 3.4 Carbon conversion fractions (define@able 3.1) at 225, 250, and 275
over (a) the entire reaction period and (b) overfitst 8 hours. Data points represent
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3.3.3 Influence of reaction temperature

Carbon distribution (defined in Table 3.1) is alstfluenced by reaction
temperature. The fraction of carbon ultimately sfarred to the gas-phase increases with
reaction temperature (Figure 3.2). At 225and after 96 hours, approximately 6.7% of
the initially present carbon was transferred toghs, while approximately 9 and 9.5% of
carbon was transferred to the gas after 96 houb@tand 27%C, respectively. The
fraction of carbon present in both the liquid aralicsphases is also influenced by
reaction temperature. It is expected that at higlesnperatures, gas evolution via
decarboxylation and/or volatilization of organicsincreased, thus greater retention of
carbon in the liquid and solid-phases results aetotemperatures (Falco et al., 2011a).
This hypothesis is substantiated, as the fractiocadoon (after 96 hours) remaining in
the liquid-phase at 226 is greater than that observed at 250 and@7f addition, the
fraction of carbon present within the solids isagee (~86%) at 22& (Figure 3.2).

Similar trends in carbon distribution as a resuft variations in reaction
temperature have been observed in other hydrotheranlonization studies (Table 3.2;
Error! Reference source not found.Figure 3.5) (Falco et al., 2011a; Hoekman et al.,
2011; Knezeu et al., 2010; Knezewi et al., 2009; Rkowska et al., 2011). Comparing
experimental results from different studies is idifft because changes in operational
parameters (e.g., heating rates, reactor configustfeedstock mass concentrations, and
reaction times) may significantly influence carlxation processes. Although it may be
difficult to compare absolute numerical values lesw studies, comparison of reported
experimental trends is valuable. Carbon fractiotadeom hydrothermal carbonization

studies at different reaction temperatures andséweral types of feedstocks (including
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cellulose, glucose, starch, and lignocellulosicnmags) were compiled (Table 3.2 and
Error! Reference source not found.Figure 3.5). Similar to this study, the fraction of
initially present carbon found in the recovereddsbecreases with increases in reaction
temperature. One set of data deviate from thigdtr&evilla and Fuertes (2009a,b) report
a decrease in carbon integrated within the sol@sphwhen carbonizing cellulose,

glucose and starch at temperatures ranging from 1Z50C. This reason for this

difference is unclear, but could be due to diffeemnin operational parameters, reactor

size, reaction kinetics, or reaction time.
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Table 3.2 Information from selected hydrothermaboaization laboratory studies.

Feedstock Reaction Information
Information Solid information Liquid information Gas information
Type | Cone Temp. | Tine (rs) Volume | | C c HHV | Element analysis  fraction c Ref.
’ (°C) (mL) %) fraction | o eooviode | (MIK %) Comp. fractio | Comp.
(%) 9) C% [H®% [0 [ o Hic n (%)
wt) wt) wt)
230 4 33.5 53.8 1.61 NM 71.35| 4.34 24.31 0.25! 0.730
409 Lt 250 2 34.0 54.7 1.61 NM 71.51]  4.30 2419 0294 D7 .
cellulo 250 2 R 36,5 59.6 163 NM 7252]  4.36 23.1 0289 D72 - - - (Fse‘:j("a &
se . 2 24.0 708 161 NM 71.46| 4.38 241 025F 0796 uertes,
160 g L 250 2009b)
4 52.3 84.3 1.61 NM 71.66| 4.55 23.79 0.24p  0.762
320g LT | 250 2 42.7 68.0 1.59 NM 70.72|  4.48 24.8 0.23  6@.7
170 15 2.8 1.62 NM 64.91 | 4.20 30.89| 0.357| 0.752
180 5.1 NR NR NM NM NM NM NM NM
05mol | 190 4.5 9.4 NR NR NM NM NM NM NM NM
Lt 210 28 46.2 1.66 NM 66.29 | 4.15 2956 0.334  0.75]
glucos 230 36 NR NR NM NM NM NM NM NM
e 170 150 6.0 NR NR NM NM NM NM NM NM (Sevilla &
180 : NR 15 NR NR NM NM NM NM NM NM NM NM NM NM Fuertes,
190 4.5 26 NR NR NM NM NM NM NM NM 2009a)
Lmollt |-230 10 31 NR NR NM NM NM NM NM NM
240 : 43 NR NR NM NM NM NM NM NM
240 0.5 37 NR NR NM NM NM NM NM NM
starch | 0-25mol | 180 45 5.1 7.8 1.44 NM 64.16 | 4.1 31.74| 0371 0.764
Lt 200 ) 25 37.0 1.48 NM 65.85 | 3.99 30.16| 0.343  0.727
@ b
%gg to gs,ﬁo gzlg, 1.05to 1.68 NM g;‘o NR NR NR NR
200 38.6' 64.4 1.67 NM 66.7 4.8 26.3 0.287 | 0.844
g'“‘m 220 24 383 | 66.2 1.73 NM 69.8 | a3 256 | 0278 | 0.738
10 wow 240 36.5 63.4 1.74 NM 69.8 4.5 24.8 0.260 | 0.762 (Falco et
(9.1% 260 50 31.8 | 56.8 1.78 NM 718 | 48 21.9 | 0223 | 0758 | NM NM NM NM al,, 2011)
wh 280 30.3 54.9 1.81 NM 724 4.3 20.3 0.202 | 0.688
alcell 160 — 88%to | 90.9to 687to
lignin 540 24 oA o 1.03t0 1.09 NM 298 NR NR NR NR
rye 120 — 8#to | 86.Fto 47%10
straw 280 24 oA Vers 1.02t0 1.68 NM 778 NR NR NR NR
150 8 89.37 90.88 1.02 NM 53.63 6.03 40.32 0.584| 1.349
72 84.33 88.8% 1.08 NM 55.56 5.85 38.55 0.5%0| 1.263
170 8 83.39 86.88 1.04 NM 54.95 5.83 39.19 0.585] 1.27%
72 82.81 92.78 1.12 NM 59.09 5.89 34.98 0.444] 1.196
8 79.47 90.11 113 NM 59.80 6.17 33.91 0.435] 1.238
200 32 71.93 89.01 1.24 NM 65.26 5.86 28.76 0.331] 1.078
40 6957 | 8822 [ 1.27 NM 66.88 | 5.99 26.99 | 0.363] 1.075 .
wood | 50/500 72 1000 66.22 | 88.88 | 1.3F NM 7079 | 573 2336 | 0.247] 0.97F | \m NM NM NM (Tsukashi
(wtiv) 250 8 55.48 | 77.46 | 1.40 NM 73.63 | 557 20.62 | 0.290| 0.908 -H, 1966)
72 55.84 80.83 1.4 NM 76.34 5.71 17.81 0.175] 0.898
260 8 55.99 79.52 1.42 NM 74.90 5.77 19.16 0.162] 0.924
72 53.36 78.45 1.47 NM 77.54 5.64 16.65 0.161] 0.873
270 8 55.47 79.42 143 NM 75.51 5.44 18.93 0.188] 0.865
72 50.73 74.19 1.46 NM 77.13 5.29 17.55 0.171] 0.82F
280 8 53.04 75.33 1.47 NM 74.90 5.10 19.90 0.199] 0.817
72 46.61 68.69 1.47 NM 77.72 4.78 17.31 0.167] 0.738
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300 8 44.93 68.09 157 NM 79.93 5.44 14.63 0.137] 0.817
325 72 39.86 62.49 | 1.57 NM 82.68 4.83 12.49 0.193] 0.70F
350 72 31.10 49.76 1.60 NM 84.39 4.52 11.09 0.099] 0.643
0to a CO,,
300 Otol b 0to47 | NR NM NR NR NR 0.2 1.7° 40 100 CoH
8.8 % wt Oto and (Knezevi
glucos (feedstoc Otol 05 b 0to4d | NR NM NR NR NR 0.t 1.2 17.0¢ NM 18.0 CHs etal,
kiwater) | 350 16.7 28 50° NR NM NR NR NR 021 | 093 | 223 19.F g’(y:lM 2009)
166.7 29 53 NR NM NR NR NR 0.13 | 0.97 16.7 19.7 s)
300 9.910 60.6 sec 0to NR NR NM NR NR NR NR NR 5-HMF, BTO, €O,
4.5 furfural, CO, (Chuntana
0ro glucose, fructose,glyc CHy,
glucos 1.5 % wt 350 1.0to 49.2 sec NR 9.0 NR NR NM NR NR NR NR NR NM olaldehyde, NM CoHy, Eﬂuarglj&mur
anhydroglucose, and CHg a, 2010)
400 0.5t019.8 0to 0 NR NR NM NR NR NR NR NR dehydroxyacetone (by ’
(by HPLC)) GC)
i 215 05 69.1 76.92 111 22.58 54.57 5.89 34.89 0.480 1.299 | 9.17 higher concentration NA
'Xf“" 235 hold 63.7 78.67 1.24 24.37 60.54 5.66 31.59) 0.89] 1.127 | 9.17 of organic acids (by 7.9 co
e o 0 ] :
Jefirey | 1/8 wt 0.083 | time 2000 57.7 73.7 | 1.28 2510 | 62.65| 5.43 32.31 0.887 1.040 | 11.40 153?3'3&‘?2 Lower 5.5 and (Hoekma
pine (feedstoc | 255 0.167 | atthe (stirred) 55.5 713 [ 1.28 26.04 | 6298 5.40 30.72) 0.866 1.029 [ 12.02 congemratioh of 5.8 co, netal.,
and kiwater) 0.5 target 50.3 71.89 1.43 28.26 | 70.06 | 5.19 23.42) 0.95] 0.889 [ 11.27 sugars (by HPAEC- 8.5 (by 2011)
White 1 T 52.1 76.41 1.47 29.17 71.89 5.15 22.26) 0.932 0.860 | 8.56 PP?D) at h‘{gher 9.5 GC)
Fir 275 50.9 72.7% 1.43 29.02 70.08 5.31 21.14) 0.326 0.909 | 8.47 10.7
0.5 temperature
295 50.1 74.62 1.49 29.52 73.01 5.14 19.87] 0.304 0.845 | 7.75 11.8
ol 225 53.3 83.6 157 NM 66.40 5.11 28.49 0932 0.97
ZZ o 245 51.9 | 85.0 1.65 NM 69.70 | 4.9 2531 0%27] o086
265 49.0 83.4 1.70 NM 72.10 5.05 22.85] 024 ] 0.84
225 60.0 84.1 1.41 NM 63.95 5.21 27.30) 0%32[ 0.0¢
Lignin 245 56.9° 82.6 1.46 NM 66.15 5.01 25.55 0%29 | o0.97
1/3 wt 20 (hold time at a
(feedstoc 265 the target 50 53.7 80.5 151 NM 68.43 | 4.65 23.59 oézs 0.87 NM NM M NM (Kang et
b. Kiwater) 225 temperature) 50.0° 85.8 1.73 NM 68.85 4.66 26.69) 0%29| 0.8 al.,, 2012)
xylose 245 49.8 85.7 1.75 NM 69.78 4.69 25.53 0%27| o.8¢
265 47.6 85.2 1.83 NM 72.80 | 4.93 2227 0%23] 0.8F
Pine 225 58.4 87.0 1.50 NM 67.55 | 5.60 24.94  0%28]| 0.99
wood 245 55.4 85.4 1.55 NM 69.86 5.41 22.69) 024 ] 0.9
meal 265 52.6 86.3 1.65 NM 74.22 5.54 17.91]  0%18][ 0.90
Organic acids,
lucose, sucrose
16.14 | 46.06 9 ' .
225 100t0 | 100t0 | 444469 to to NM NM NM NM 0tog.gs | formateand HMF | Oto CO,,
51.8 86.1 25.02 73.50 after 2 hrs; organic 6.74 C,H,,
. ) acids after 96 hrs (by C,He,
'H NMR) CsHg,
Cellul Organic acids, CsHg,
oce 20 % wt 0to 96 160 100t | 100t0 16.14 | 46.06 | 5.55 4820 | 0.785 | 1.447 formate and HMF oto CiHio, | This work
250 471 80.3 1to 1.67 to to to to to to Oto 7.44 after 2 hrs; organic 8.94 and
) . 25.35 76.71 4.29 18.38 0.180 0.671 acids after 96 hrs (by ) furan
'H NMR) (by
Organic acids and GC/M
16.14 | 46.06 .
275 100to | 100t0 | 44,4 68 to to NM NM NM NM Oto7.68 | formateafier2frs; | Oto 9
44.1 78.1 25.10 77.40 organic acids after 96| 9.44
: ) hrs (by*H NMR)

@ data obtained from the figures in the literattealculated based on the information in the litemt((carbon content of solids/carbon content dfainfeedstock)*solids
recovery);® information of liquid and gas is not reported fre treference’ calculated based on the information in literatulM: not measured; NR: not reported; NA: not
available.
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Comparison between studiesreported in theliterature and thiswork
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Figure 3.5The influence of reaction temperature on the foactf carbon present in tl
recovered solids. Data were collected from thedttee and are listed Table 3.2.
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Changes in the gas composition as a result of teatyre are also similar to those
reported in the literature (Table 3.2), althougtvde studies have evaluated changes in
the carbon content of the gas and liquid-phasegkiMan et al. (2011) report carbon
dioxide yields increase from 7.9 to 11.1% over terafures ranging from 235 to 2@5
Trends associated with carbon partitioning to ifhaid-phase at different temperatures
are not reported as frequently (Table 3.2). Hoeketaal. (2011) observed a decrease in
dissolved sugars as temperatures increased fror2Z%E to 255 to 29%C, while the
acetic acid concentration increased.

Examination of carbon distributions and carbon @wsmn fractions at early
times (< 6-8 hours) also indicates temperature playrole in overall carbonization
kinetics, which is critical in defining optimal danization time frames/conditions. When
comparing early time data, the fraction of carbategrated within the solid phase
decreases at a faster rate as temperatures increaggled with subsequent faster
increases in the fraction of carbon integrated witthe liquid and gas-phases. This
observation is not surprising, as reaction ratesegaly increase with reaction
temperature.

3.3.4 Carbonization product characterization
3.3.4.1 Gas

Approximately 6.7 — 9.4% of carbon was transfertedthe gas-phase. The
predominant gas produced is carbon dioxide, acaugirior approximately 70 - 80%
(vol.) of the gas at all temperatureErfor! Reference source not found.Error!
Reference source not found.Figure 3.5). Trace gases account for approximat&ht

(vol.) of the produced gas. The most predominaatetrgases identified (via GC/MS)
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include ethylene, ethane, propene, propane, butand furan (Figure 3.11).
Quantification of these gases was not performeentitication was performed via the
NIST library. It should be noted that there may duidlitional significant trace gases
present that have not been identified with curranalytical methods. The current
analysis, however, can be used as a tool to gtraditlg compare detected/identified gases
over time. The gas peak areas were multiplied l®y gas volume produced at each
sampling time to represent changes in individua gess with time and temperature
(Figure 3.11), suggesting greater cracking of lohgin hydrocarbons as reaction
severity increases. Masses of released hydrocarliergase with time at each
temperature. The mass of hydrocarbons producedb@C2and 278C are generally
greater than those produced at a reaction temperatii 225C, likely a result of
increased reaction of organics at higher tempegatdrhis is consistent with lower solids
recoveries at higher temperatures. Furan masseng#ls initially increases and then
decreases with time at each reaction temperatuger@=3.11f). Gas-phase furan content
is likely related to the presence of furfurals (s@&s HMF) in the liquid. As furfural is
heated, it decomposes to form furan (Asghari anshita, 2006). Over time, gas-phase
furans may be incorporated into the solid-phasbéaraiBaccile et al., 2009; Titirici et

al., 2008).
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Figure 3.11 Trace gases produced as a resultlofassd carbonization: (a) ethylene, (b)
ethane, (c) propene, (d) propane, (e) butane arfidréin. Data points represent averages
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Figure 3.12 Carbon dioxide (%. vol) produced abheamperature. Data points represent
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Recovery of the detected hydrocarbons may represeatirce of energy, as they
have appreciable energy contents (e.g., ethan@k31g, propane: 50.4 kJ/g, butane: 49.5
kJ/g). Actual concentrations of these gases wetenmeasured, thus the magnitude of
energy in the gas-phase is unknown. Results sudggeger reaction times and higher
temperatures may provide greater potential enesgpwvery. Detected hydrocarbons
appear to reach a constant level after 48-72 hduws.presence of furan in the gas is of
environmental concern, unless it is collected asetun an industrial application. Lower
gas-phase furan concentrations were observed agerdoreaction times and higher
temperatures, remaining fairly constant after 48rbo These results suggest longer

reaction times and higher temperatures will yietdager potential for energy recovery
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from the gas-phase and lower gas-furan concentiatids noted previously, there may
be additional significant trace gases present lilaae not been identified with current
analytical methods that may also result in negaéimgironmental implications and/or
greater energy value.
3.3.4.2 Liquid

Proton NMR was performed on liquid samples takeerafarbonization at 2 and

96 hours at the three temperatures evaluated. Resul (

B0 20 210 200 190 180 170 160 150 140 130 120 110 100 % 8 70 60 0 40 30 220 10 0
3 (ppm)
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Figure 3.19"°C NMR of hydrochar at 22%C.
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Figure 3.20"°C NMR of hydrochar at 25C.

77

T

60

www.manharaa.com



AN S AN AN AN AN AN A AN AN ANANA A A A

;

230 220 210 200 190 180 170

AN AR AN A AN AN Nt AN M NNl

160 150 140 130 120 110 100 90
3 (ppm)

80

70

230 220 210 200 190 180 170

W

160 150 140 130 120 110 100 90

80

70

24
>

230 220 210 200 190 180 170

T A

160 150 140 130 120 110 160 90

80

70

=y
S

40 30 20 10

T T T T T T T
230 220 210 200 190 180 170

W

T
160 150 140 130 120 110 100 90

80

70

24
=

40 30 20 10

T T T T T T T
230 220 210 200 190 180 170

M

24
=

40 30 20 10

230 220 210 200 190 180 170

W

24
>

40 30 20 10

230 220 210 200 190 180 170

MW

24
>

40 30 20 10

230 220 210 200 190 180 170

160 150 140 130 120 110 100 90

78

www.manharaa.com



230 220 210 200 190 180 170 160 150 140 130 120 110 100 9 8 70 6 0 40 30 20 10 0
3 (ppm)

Figure 3.21"*C NMR of hydrochar at 27%C.
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Table3.4 and Figure 3.13) from samples taken at 2-hoursatel the presence of

aliphatics/alcohols, sugars, and aromatics. Byetie of the 96-hour reaction period, the

sugars and aromatics are not present; they likdtgretransformed/decomposed to other

compounds or are integrated within the solid materi

At 225°C, the liquid sample at 2 hours represents thet dithe largest fraction

of carbon in the liquid-phase (Figure 3.2) and aod several organic acids (e.g., acetic,

citric, formic), as well as glucose and HMF. Thels¢a are consistent with reports that

the liquid-phase contains high concentrations gassiand organic acids (e.g., Baccile et

al., 2009; Hoekman et al., 2011; Sasaki et al. 020uirici et al., 2008). Sasaki et al.

(2000) report that organic acids are hydrolysigdpaots of cellulose in sub-/super critical

water. Glucose was detected in the liquid, consistéth Baccile et al. (2009) that report

glucose is an intermediate associated with cekut@sbonization. HMF is a dehydration

product of glucose (Baccile et al., 2009). The cosfjon of 2-hour samples taken at 250

and 275C do not indicate the presence of glucose (organids are detected). The

absence of glucose is likely an artifact of changegaction rates; the 2-hour samples at

Aromatic/Aldehydes
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Figure 3.13'H NMR spectra associated with liquid samples takehand 96 hours at
reaction temperatures of: (a) 225, (b) 250 an@7&)°C. The numbers of the peaks
represent carbons in related chemical structures (
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Figure 3.21"*C NMR of hydrochar at 27%C.
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Table 3.4). The peak present from 5.5 to 4.5 pgresents water.

250 and 27%C are taken following the large peak in liquid-phasrbon content (Figure
3.2). Sugars and aromatics are also present aehtgimperatures, but at lower levels,
likely due to changes in reaction rates at theswégatures. HMF is present at 260at
2hrs, but not in the sample from the liquid at Z75This lack of HMF is also likely a
result of faster reactions at 25

The liquid composition at all temperatures is samifter 96-hours. The glucose
detected in samples taken at 2-hours and &i25no longer present. HMF is also not
present in any of the liquid samples after 96-holine decline in HMF is consistent with
that reported by Asghari and Yoshida (2006). Ovenet HMF likely becomes
incorporated within the solids via polymerizatioohyzondensation (Baccile et al., 2009;
Falco et al., 2011a), as it has been reportedap glrole in solids formation (Falco et al.,
2011a; Titirici et al., 2008). Acidic compounds r@med in all liquid samples.

The COD/TOC ratio of the liquid at the three tengperes ranges from 1.53.5
(Figure 3.14). These relatively high COD/TOC ratigsiggest there is a high
concentration of oxidizable organics present (esugars, acetic acid, formate),
corroborating théH NMR data. The pH of the process water initialgcreases, followed
by a slight increase, ultimately resulting in agarof 2.9- 3.4 (Figure 3.15). The most
significant change in pH occurred before 4 houtsjngd) the time in which the greatest
change in carbon distribution occurred, likely téag from the initial production of

organic acids.
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3.3.4.3 Solids
3.3.4.3.1 Solids Recovery

Solids recovery (defined in Table 3.1) is calculdb@sed on the total mass of dry
solids recovered at each sampling time dividedneydry mass of the initial feedstock. It
is likely that the solids recovered during earipés (< 2 hours) are comprised of both
unreacted and converted cellulose (e.g., hydroch&@dch differences cannot be
distinguished via gravimetric or carbon measuresjergsults from*C NMR analysis
confirm this phenomenon (discussed in detail irerlagections). Solids recovery is
influenced by both reaction temperature and tinmel fit within the reported range of
solids recovered following carbonization of varidaedstocks at reported time intervals
(Table 3.2 and Figure 3.3; e.g., Falco et al., 20 Hoekman et al., 2011; Knezéviet
al., 2009). The observed initial decrease in sakd®vered results from a combination of
initial feedstock solubilization and component fieming to the gas and liquid-phases.
As reaction temperatures increase, the rate dhlirsblids disappearance increases. In
addition, as the target reaction temperature is@®ahe final solids recovery decreases
(Figure 3.3). A similar influence of temperaturesmiids recovery has also been reported
in the literature when carbonizing feedstocks sashcellulose, glucose and wood
(measured over shorter time frames, Table 3.2 agdré 3.6). Sevilla and Fuertes
(2009a,b) report an opposite solids recovery treheén carbonizing cellulose, glucose
and starch at temperatures ranging from 170 -°Q@5(rable 3.2). As discussed

previously, this is likely an artifact of operatadrdifferences.
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3.3.4.3.2 Hydrochar chemical composition
Elemental composition of solids recovered from eixpents conducted at 2%D

was measured. Although the elemental compositiothefsolids recovered at 225 and
275°C were not measured, it is assumed that the cdowensechanisms of cellulose are
similar at different temperatures. The elementahpaosition of the solids recovered at
250°C changes significantly during carbonization. F&g8rl16 illustrates the composition
(normalized by solids recovery) of C, H, O and askhe solids recovered over time at
250°C. During the first hour, few changes in the eletaknomposition of the recovered
solids occur. A significant change in elemental position occurs between 1 and 1.5
hours, the time frame corresponding to signifiagrdnges in the carbon distribution and
solids recovery (Figure 3.2 and Figure 3.3). OWés period, the mass of carbon in the
recovered solids decreases by approximately 24%e wie solid-phase oxygen mass in
the solids decreases by approximately 83%. Follgvli'do hours, smaller changes in the
solids elemental composition occur. The decreasesahd-phase oxygen content
represents the greatest change in the recovered soimposition and is the predominant
component contributing to the decrease in massveegp similar to that observed at
different temperatures for glucose (Falco et &11a). A small fraction of the oxygen in
the cellulose is transferred to the gas (basedadnoa dioxide data), suggesting that the
majority of the oxygen is transferred to the ligqpidase and is incorporated into
dissolved organics or potentially the productionnaiter. Deoxygenation occurs during

both dehydration and decarboxylation and increaststemperature.
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Figure 3.16 Elemental composition data associatduselids recovered at 25C: (a)
recovered solids elemental composition, normalkaetbtal initial solids, carbon fraction
in recovered solids (percent of initially preseathon integrated within the solid-phase),
energetic retention efficiency, and the carbon eonfmeasured) of recovered solids over
time at 250°C and (b) Van Krevelen diagram associated withdsakecovered at 25C.

The lines represent the dehydration and decarbteglpathways.

The carbon content of the recovered solids inceeagi¢h time. This carbon
densification (as defined in Table 3.1) is obseradall temperatures (Figure 3.17).
Increases in carbon densification with temperatuage also been observed in other

studies (Table 3.2 anfirror! Reference source not found.Figure 3.7 and Figure 3.8).
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Carbon densification and deoxygenation have imporenergy-related implications

(Channiwala and Parikh, 2002; Hwang et al., 2012).
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Figure 3.17 Solid-phase carbon densification at 288, and 275C. Data points
represent averages from duplicate experiments.

The energy value of the recovered solids increases time at all temperatures
evaluated (Figure 3.18a), following observationsnafeases in carbon and decreases in
oxygen content. The energy content of the recoveodids after 96 hours varies by less
than 5% at all reaction temperatures (average valdg,000 J/g). The energy content of
the recovered solids is greater at 250 and@7Ban that at 22&. Except for one time
(at one hour), the energy values at 250 and 275§ by less than 8%. A greater

difference is observed when comparing with the gneneasurements at 225 (vary by

92

www.manaraa.com



less than 20%). Energy densification increases title and is slightly larger at 250 and
275°C than at 22%C after 96 hrs (Figure 3.18b). Solids energy déaibn has been
reported when carbonizing a variety of feedstod&arge et al., 2011; Hoekman et al.,
2011; Hwang et al., 2012; Roman et al., 2011). &hergetic retention efficiency is a
measure of the fraction of feedstock energy rethwéhin the solid material (Figure
3.18c). The energetic retention efficiencies angilar at all reaction temperatures. Initial
energetic retention efficiencies are high becawssalids conversion has occurred, only
cellulose solubilization. From 16 to 48 hours, €mergy retained in the solids is slightly
larger at 258C. Although the energy content of recovered sadiftisr 96 hours at 226

is lower than that at 250 and 2T5the energetic retention efficiency is greatet24C
because the mass of recovered solids is greategtanttemperature. The energetic
retention efficiency associated with the solidsovered at 250 and 275 decrease
slighty with time because of the decreases in rex@l/solids mass.

The atomic H/C and O/C ratios were calculated u#iiregelemental composition
data. Results from this analysis are presentedMaraKrevelen diagram (Figure 3.16b).
Van Kevelen diagrams allow for delineation of reactpathways. Straight lines can be
drawn to represent the dehydration and decarboaglataction pathways. As illustrated
in Figure 3.16b for carbonization at 280 as cellulose carbonization proceeds, the
predominant process appears to be dehydration. rB®cdation also occurs, as
evidenced by the production of carbon dioxide. &b@mic ratios change significantly
during the period of greatest cellulose convergioom 1 to 1.5 hours). These atomic
ratios suggest little change during early times—(@ hour), while dehydration is a

predominant pathway following cellulose dissolutiand subsequent initial hydrochar
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formation. Decarboxylation also occurs during thisie period, evidenced by the
commencement of carbon dioxide production and tange in atomic ratios. Following
this, during the period of less significant changesarbon distribution (> 2 hours),
decarboxylation appears to be a more predominantereion pathway, as the H/C ratio
remains relatively constant. Decarboxylation ressiitminimal carbon release with more
significant oxygen release. The H/C and O/C radifber 2 hours are within the range of
values reported for hydrochars resulting from tlebonization of various feedstocks
(Table 3.2) and are similar to that of a low gradal . Based on data from studies
reported in the literature (Table 3.2, Figure 3r&d aFigure 3.10), it appears that

temperature has greater influence on the O/C thatrnon the H/C ratio.
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3.3.4.3.3 *C NMR analysis

Spectra from™C solid-state NMR of solids recovered over timetts three
temperatures provide semi-quantitative solids strat information and insight to
carbonization pathways/mechanisms. Four main nsgare detected in these spectra
(Figure 3.19 — 3.21 and Table 3.3), following theported by Baccile et al. (2009) and
Falco et al. (2011b): nonpolar alkyl carbons @B-ppm), cellulose (60 - 105 ppm).sp
hybrid carbons (furanic and aromatic carbons, dedgloted between 110 — 151 ppm),
and carbonyl carbons (175 — 207 ppm).

Table 3.3 Peak assignments f& NMR spectra.

Spectral Region Represented Chemical shift
. Reference
domain (ppm) structure (ppm)
I: alkyl 0-50 CHy 0-50 Baccile et al., 2009
" Cs 59 — 64
unconverted | 60— 105 Ca, gﬁ S ;; — ;g Kono et al., 2002
. —
cellulose C, (0-C-0) 102 - 104.2
. . Baccile et al., 2009
p -C in furan ring 110 Falco et al., 2011b

B-p bond connecting 118 Falco et al., 2011h
two furan rings

aromatic C 125 Falco et al., 2011b
Baccile et al., 2009;

ll: sp”> C 110 — 151

aromatic C 132 Falco et al., 2011b
o-a bond connecting 4 Falco et al., 2011b
two furan rings
. . Baccile et al., 2009;
o-C in furan ring 150 Falco et al., 2011b
H-C=0 175 Baccile et al., 2009
IV: carbonyl | 175-210 :
R,-C=0 207 Baccile et al., 2009
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Figure 3.19°C NMR of hydrochar at 22%C.
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Figure 3.20"°C NMR of hydrochar at 25C.
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Figure 3.21"*C NMR of hydrochar at 27%C.
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Table 3.4 Chemical compounds associated with th& pembers iftH NMR spectra of
liquid samples (see Figure 3.13).

Chemical
Region shift Compound| Chemical structure Ch_emlcal Multiplici | Reference
range shift (ppm) | ty
(ppm)
Aliphatic | 0.8— 3 | Acetic i 2.07 (Caligiani et
/alcoholic acid )k singlet al., 2007)
1 OH
Levulinic i 26-27 (Chalid,
acid )}\/\”/OH 2012)
Succinic o _ (Caligiani et
acid HONOH singlet | al., 2007)
Acetoaceta f i (Fan, 1996)
o
Citric acid o N 2.87 (Caligiani et
s doublet | al., 2007)
Sugars 3-55 Fructose @i 4.11 (Fan, 1996)
o OH
@‘:OH multiplet
a-fructose B-fructose
B-glucose o 4.64 (Fan, 1996)
oH N¢ doublet
The other protons 3.26 — 3.86
a-glucose o 5.24 (Fan, 1996)
fOH 1’ doublet
The other protons 3.44 — 3.86
Sucrose . ox 5.42 (Fan, 1996)
o) /@f doublet
Aromatic/ | 6.5-9.5 Formate /"\ 8.46 (Fan, 1996;
aldehydes Y singlet | Silwood et
al., 1999)
HMF y © 6.68 (C10) | doublet (Caligiani e
o N\ J ' [754(C11)| doublet | al., 2007)
9.46 (C12) | singlet
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The influence of reaction time on the carbon fi@wi in the recovered solids
structure at each reaction temperature is showiigare 3.22. During the first 1 to 2
hours, the only peaks visible in tf€ NMR spectra are those associated with cellulose,
indicating solids conversion to hydrochar has nett gccurred. Decreases in the areas
associated with these cellulose peaks coupled edatbhon detection in the liquid-phase
(Figure 3.2 and Figure 3.16), suggest celluloseddiigion occurs and is consistent with
calculated carbon conversion fractions, solids veog and carbon distribution data
(Figure 3.2, Figure 3.3 and Figure 3.4). The rdteetlulose disappearance/dissolution is
greatest at 278C ( 3.4). As the peaks associated with celluloserehse, the formation
of peaks representative of alkyl, >s@nd carbonyl carbons increase, suggesting
commencement of hydrochar formation. Evidence afrbghar formation is not apparent
until after 4, 1.5 and 1 hour at reaction tempeeatwf 225, 250 and 275, respectively.
These data suggest cellulose dissolution, at leapart, is a precursor for hydrochar
formation. Knezevic et al. (2010) also observed ghienomenon when carbonizing wood
chips. Falco et al. (2011a), however, did not cedel that significant cellulose
solubilization contributed to or was a precursohtyarochar formation at temperatures
greater than 20C. It should be noted that Falco et al. (2011a)mtitlevaluate cellulose
carbonization during times of greatest converstbay sampled at 4, 6, 24 and 72 hours).
As discussed previously, the slow heating of tlaeta's utilized in this work increase the

importance of cellulose dissolution.
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Figure 3.22 Solid-phase carbon distribution dativdd from 13C NMR data over time
at: (a) 225, (b) 250, and (c) 276.
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The **C NMR spectra at 226 from 0 — 2 hours suggest cellulose crystallinity
changes during early reaction times. Initially,l@lelse appears to be predominantly in
the crystalline form ofd (Atalla and Vanderhart, 1984; Kono et al., 20@jer 2 hours
at 228C, the NMR spectra indicate a change in the pesgsciated with cellulose, as a
clear doublet at C-1 and a higher peak around T2 apC-2,3,5 are present (see Table
3.3 and Figure 3.19). These differences suggestptteystalline form of cellulose is
becoming more predominant (Atalla and Vanderha®84]1 Kono et al., 2002). It is
reported that the crystalline form is less stable tharf,|due to differences in hydrogen
bonds (Watanabe et al., 2007). Yamamoto and HA®93) demonstrated that the
crystalline form of & can be transformed int@ by hydrothermal treatment at 220 — 280
°C in NaOH and Debzi et al. (1991) repditformation results from annealing at 260 —
280°C in inert gases. This apparent formation/deteatiolf§ is may be due to either: (1)
the transformation ofalinto Ip or (2) the dissolution of therlcomponent of cellulose.

Following significant disappearance of cellulosegrbon is predominantly
converted to furanic, aromatic and alkyl compoulfeigure 3.22). As reaction time
increases, there is a slight decrease in furaniboos, while the aromatic carbons
increase. This observation is similar to hydroattearacterization reported by Falco et al.
(2011a) from the carbonization of cellulose andcghe. Reduction of furanic groups
may be a result of intramolecular condensation delydration, contributing to the
generation of more condensed aromatic structuragcdgFet al., 2011a; Falco et al.,
2011b). This observation is also consistent witk ttarbon densification in solids

observed over time. Decreases in the furanic grailgzscorrelate with the observed loss
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of oxygen in the recovered solids, possibly resglfrom decarboxylation of the furanic
rings.

Following cellulose conversion, the percent of camp groups increases and then
decreases slightly. After 96 hours, the intensitycarbonyl groups in the chars at all
temperatures is similar. This observation differenf that reported by Falco et al.
(2011a). Falco et al. (2011a) report a significdatline in the relative intensities of
carbonyl groups as temperature increases from @480 °C. Differences are likely a
result of process parameters, such as reactionaidesolids concentration. The percent
of aliphatic carbons remains fairly constant durtagbonization at 225, 250 and ZI&

The overall char composition after 96 hours atedlction temperatures is similar,
consisting primarily of sp carbons (furanic and aromatic groups), with a tgrea
proportion of furanic groups than aromatic growgosj alkyl groups. Percent differences
between the individual groups at the three tempezatgenerally differ less than ~5%.
The hydrochar resulting from the carbonization elfutose at 27%C contains a slightly
larger percentage of aromatic groups than thosgueeml at 225 and 2%0. The fraction
of alkyl and carbonyl groups is slightly largerlaver temperatures. Falco et al. (2011a;
2011b) observed a higher degree of aromatizatideraperatures increase. Although the
fraction of carbon in the aromatic groups did iase with temperature, the increase was
small. It is possible if a larger range of tempeares were evaluated the degree of
aromatization would increase. The similar finalusture of the hydrochar suggests
similar conversion mechanisms at the temperatuvatuated. Although temperatures
within the range evaluated in this study do not egppto influence carbonization

pathways, temperature does influence conversi@s.rat
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3.3.5 Implications on process optimization

Results from this work can be used to gain insaghtritical process parameters
and optimal carbonization conditions. Reaction tirmean important parameter. The
period of greatest carbon conversion occurs dutiegfirst 8 hours, with appreciable
conversion continuing over a 24-hour period (FigBr2). Carbon conversion continues,
but only varies by approximately 5% after 24 howsggesting reaction times of 24
hours are sufficient for the greatest integratiércarbon in the solid. Higher reaction
temperatures yield faster conversion.

The energy content of the recovered solids is getat higher temperatures (250
and 275C) throughout the majority of the experiment, wthie energy value of recovered
solids from all temperatures approaching a simildue after 96 hours. For the first 48
hours, the energetic retention efficiency is greiate 256C. If operating to maximize
energy recovery, it appears that operation al@%6r up to 48 hours is optimal, although
it should be noted that the energetic retentioitieficies at the three temperatures vary
by less than 6%. This time frame correlates welhwhe hydrocarbon masses in the gas-
phase. Detected hydrocarbons reach their maximdoeyvand thus maximum energy
content, around 48 to 72 hours. However, a baldreteveen carbonization energy
requirements and energy recovery in the solidsgasdphase needs to be evaluated for
process optimization.

Potential environmental concerns associated witanfa compounds decreases
with time. The carbon content of the liquid alsecbases. These decreases, in part,
occur because of compound incorporation into thid-pthase. Additional work is needed

to evaluate potential compound desorption fromhy@rochar over time and/or the time-
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dependence on the release of volatiles during ly@dmo combustion for energy

generation.

3.4 CONCLUSIONS

Results from batch experiments indicate time angperature impart the greatest
impact on cellulose carbonization during the fiBthours, the period of greatest
conversion. Data suggest cellulose solubilizatiastuos prior to conversion. The
composition of solids recovered after 96-hoursimsilar at all temperatures, consisting
primarily of s carbons (furanic and aromatic groups) and alkguigs. The composition
of the gas-phase changes over time, with greates@saof energy-dense hydrocarbons
and lower masses of furan detected at longer mrattnes. Composition of the liquid-
phase also changes with reaction time, ultimatesulting in the formation of organic

acids.
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CHAPTER 4.
INFLUENCE OFPROCESSWATER QUALITY ON HYDROTHERMAL

CARBONIZATION OF CELLULOSE®

* . Influence of process water quality on hydrothdroaabonization of cellulose, Lu X.; Flora, J R; V.
Berge, N. D., 2014. Bioresource Technolddg. 229-239. Reprinted here with permission oflighbr.
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ABSTRACT

Hydrothermal carbonization (HTC) is a thermal caswen process that has been shown
to be environmentally and energetically advantagedor the conversion of wet
feedstocks. Supplemental moisture, usually in trenfof pure water, is added during
carbonization to achieve feedstock submersion.mjpraove process sustainability, it is
important to consider alternative supplemental toogssources. Liquid waste streams
may be ideal alternative liquid source candidatésperiments were conducted to
systematically evaluate how changes in pH, iomergjth, and organic carbon content of
the initial process water influences cellulose oarbation. Results from the experiment
conducted evaluating the influence of process wguatity on carbonization indicate that
changes in initial water quality do influence timiependent carbonization product
composition and yields. These results also sugipestusing municipal and industrial
wastewaters, with the exception of streams witth FBgC} concentrations, may impart

little influence on final carbonization product®lds.

4.1 INTRODUCTION

Hydrothermal carbonization (HTC) is a thermal casian process that has been
shown to be environmentally and energetically athgeous for the conversion of wet
feedstocks, such as biomass and components of ipaingolid waste (MSW), to a
carbon-rich, energy-dense solid material oftenrreteto as hydrochar. Results from the
carbonization of a variety of feedstocks indicdtatta large fraction of carbon initially
present in the feedstock remains integrated withenhydrochar material (Berge et al.,

2011a; Funke & Ziegler, 2010b; Li et al., 2013; datet al., 2011b; Lu, 2013; Titirici et
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al., 2007a), potentially resulting in fewer carbemissions than those associated with
other conversion approaches. The generated hydrbelsasparked significant interest in
carbonization processes, as HTC may serve as airglse means to create functional
materials from renewable sources (Berge et al.1B0Hwang et al., 2012; Libra et al.,
2011a; Roman et al., 2013; Titirici & AntoniettiDP0; Titirici et al., 2012). ). These
functional materials have been used for use as ila aseendment, environmental
adsorbent, and as an energy source (Flora et0dl3; Kammann et al., 2012; Libra et al.,
2011; Liu et al., 2010; Paraknowitsch et al., 2009)

During HTC, wet feedstocks undergo a series of Banaous reactions, including
hydrolysis, dehydration, decarboxylation, aromdtimg and recondensation (Funke &
Ziegler, 2010a; Libra et al., 2011a; Sevilla & Resr 2009b; Titirici et al., 2007b).
These reactions occur under autogeneous pressames,at temperatures generally
ranging between 180 — 3. A requirement of the carbonization process ei$tock
submersion in liquid (Funke & Ziegler, 2010a). Toh&ve feedstock submersion,
supplemental moisture is often required, as fewlsarecks contain sufficient moisture to
meet this requirement. Water (often deionized)hie liquid most often used as the
supplemental moisture source in the majority oforegd laboratory HTC studies
(e.g.,(Berge et al., 2011a; Funke & Ziegler, 2010at al., 2013; Libra et al., 2011a; Lu
et al., 2012; Lu, 2013). From a practical perspecthowever, the use of water as a
moisture source is not sustainable and a disadyargathe process, as it results in the
depletion of an increasingly scarce and valuablsouse. To improve process
sustainability and flexibility, it is important twonsider potential alternative supplemental

moisture sources. Liquid streams, such as leachsgasvater, and wastewaters, are ideal
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alternative liquid source candidates as they asmtiil and require some level of
treatment prior to discharge to or subsequent $s& avater source (e.g., drinking,
irrigation, recreational). The composition of thegaste streams, however, is complex
and the impact of their composition on HTC hasbesn previously studied.

There has been some limited work investigatingatiéition of salts, acids, and
bases during carbonization, but not at concentratar ranges relevant to typical waste
streams. Results from these previously conductgetrexents suggest that changes in
process water composition may favorably impact @aidation product yields and
composition. Lynam et al. (2011) carbonized lignlosic biomass in the presence of
high concentrations of acetic acid (0.4 g acetid per g of biomass) and found that the
addition of the acid enhanced the energy contettieftolid materials and reduced solid
yields. In addition, it has been shown that solidsovered when carbonizing in the
presence of calcium salts have larger energy ctmtend result in solids that have
desirable properties when co-firing in existingldoailers (Lynam et al., 2012). Stemann
et al. (2013) evaluated the influence of recyclasmtpss water (rich in organics and rather
acidic) on carbonization and found that carbonizingthe presence of concentrated
organic acids catalyzes dehydration.

An important first step to identifying suitable exhative liquid sources is to
understand how, and if, process water quality erfles carbonization product
composition and vyields. Experiments were condudtedystematically evaluate how
changes in initial process water quality influereedlulose carbonization. The specific
objectives of this study were to evaluate how clean@ initial process water pH

(including addition of both acids and bases, HGE®&;, NaOH, Ca(OHy), ionic strength
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(NaCl and Cag@), and organic concentrations (modeled with acatid, AA) spanning
ranges expected in municipal and industrial wadteams influence carbonization

mechanisms and product composition, yields, andygnealue.

4.2 MATERIALS AND METHODS
4.2.1 Bach HTC experiments

Microcrystalline cellulose (with average particieesof 50 um, Acros Organics)
was purchased from Fisher Scientific. Celluloseti{ivaverage particle size of 50 um,
Acros Organics) derived from the Western redcetiartpwas used as the feedstock in all
experiments. Cellulose serves as a model biomasp@and and was chosen for use in
this study because its carbonization has been md@lextensively and the reaction
pathways and mechanisms are well defined. Cellub@gbonization was conducted in
160-mL gas-tight stainless steel tubular reactd#SE, Inc.) rated to withstand
anticipated pressures and temperatures, simildnose reported by Lu et al. (2013). Each
reactor was equipped with a gas-sampling valvelltawacontrolled collection of gas
samples. The in-situ liquid temperature was measasedescribed by Lu et al. (2013);
the heating profile if the reactor system can hentbin the supporting information (see
supplemental information of Figure 3.1). Time zerdhis work corresponds to the time
the reactor is placed in the oven.

The batch experiments were conducted following @doices previously described
(Berge et al., 2011b; Flora et al., 2013; Lu ef 2012). Briefly, a series of reactors
containing cellulose (20 %, wt.) and deionized ([@Bter were prepared. Reactors were

sealed (unstirred) and heated in a laboratory dwe260°C. Reactors were sacrificially
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sampled at 30, 60, 90, 120, and 180 minutes teads®v carbonization products/yields
change with time. This time frame was chosen berd@usepresents the time range of
greatest cellulose conversion (Lu et al., 2013)eé&¢th sampling time, the reactors were
removed from the oven and subsequently cooled aold-water bath to quench the
reaction. Gas samples were collected in either3:lofoil gas sampling bags (SKC, Inc.)
and volume measured using a 1-L gas tight syrikigenflton Co.). Solids were separated
from the process liquid via vacuum filtration (0.8&h nitrocellulose filters, Millipore)
and subsequently dried at°80to remove residual moisture.

A series of batch experiments were conducted ttesyatically evaluate how
process water composition influences carbonizghimauct composition and yields. The
concentration ranges evaluated simulate those faumdunicipal and industrial waste
streams. All solutions were mixed prior to additit;mthe carbonization experiments.
Acidic process water was created via the additiogitber HCI (Fisher Scientific, Inc.) or
H,SO, (Fisher Scientific, Inc.) over a concentration ganof 0.0001 N — 0.01 N
(equivalent initial pH levels/Hconcentrations), with initial pH values rangingrfr 4.3 —
2.2. Basic process water was created via the additi NaOH (0.0001 — 0.01 N NaOH)
and Ca(OH)(0.00001 — 0.001 N Ca(Ob)) with initial process water pH levels ranging
from 7.5 — 11.8. The influence of salt concentratamd type on carbonization is also
evaluated; NaCl or Cag(Fisher Scientific, Inc.) was added to the inifp@bcess water
over a concentration range of 0.01 N — 0.5 N (eajaivt Cl concentrations). To evaluate
the presence of simple organics on carbonizatigperments in which 500 — 5,000

mg/L acetic acid (AA) was added to the process maege conducted. A summary of the
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initial process water composition used in theseeargents is listed inmable 4.1. All
experiments were conducted in duplicate.

Table 4.1 Process water compositions evaluated.

Type of Additive Specific Additive Concentrationgdtuated
DI Water None Control Experiment
Acid HCI 0.0001, 0.001, 0.01 N
H,SO 0.0001, 0.001, 0.01 N
Base NaOH 0.0001, 0.001, 0.01 N
Ca(OH) 0.00001, 0.0001, 0.001 N
Salt NaCl 0.01, 0.025, 0.5 N
CaCl 0.01, 0.025, 0.5 N
Organic Carbon Acetic Acid 500, 1,000, 5,000 mg/LL

4.2.2 Analytical techniques

Samples from the solid (energy content, solid w@elahd carbon and hydrogen
content), liquid (total organic carbon (TOC), pHhemical oxygen demand (CODH
NMR), and gas phases (gas volume and compositioaje waken to evaluate
carbonization product evolution at different tengteres.

Collected gas samples were analyzed for carbonid#oand other trace gases.
Carbon dioxide was quantified using GC-MS (Agilef@90 equipped with a mass
spectrometer). Gas samples were routed through-@aa¥onPlot column (30m long and
0.53 mm id, J&W Scientific). Initial oven tempened was 3%C. After 5-min, the
temperature was increased at a rate €28in until a final temperature of 28D was
achieved. Carbon dioxide standards were purchdésed Matheson Tri-gas. Gas
samples were also injected into a gas chromatodidBb890) equipped with a TCD and
a Carboxen 1010 Plot column (30m x 0.53 mm i.dpefo) for determination of
hydrogen concentration (carrier gas was argonialnoven temperature was held

constant at 3% for 7.5 min and subsequently increased td@4 a rate of Z&€/min.
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After separating the solids from the liquid (viacuam filtration), the liquid
samples were weighed and analyzed for typical wageality parameters, including: pH,
total organic carbon (TOC), conductivity, and cheshi oxygen demand (COD)
(following methods outlined by Lu et al.,, 2013). r@oictivity and pH were measured
using electrodes (Thermo Scientific Orion). CODswaeasured using HACH reagents
(HR + test kit, Loveland, CO). TOC was measuredgia TOC analyzer (TOC-Vcsn,
Shimadzu).

The composition of the organics in the liquid-phasas determined in the
experiments containing the largest concentratidnsach additive (Table 4.1) usirgf
NMR. Liquid samples (0.6 mL) were analyzed withaWarian Mercury/VX 400 MHz
spectrometer. All samples were spiked with 0.1 dduterium oxide (D, 99.9 %,
Cambridge Isotope Laboratories, Inc.) to alfdfield frequency locking. TSP (2,2,3,3-
d4-3-(trimethylsilyl)propionic acid sodium salt) waadded as an internal standard to
correct peak shifting. The vendor supplied WET1Dspisequence was used to suppress
the dominant resonance from® Spectra were collected with a 2.18 s acquisitime
over a 16 ppm spectra width with 16 transients aid® s relaxation delay between each
scan. Each NMR spectrum was subsequently decomeblugsing MestRenova software
(MestreLab Research, Version 7.0).

All dried solids were weighed and solids recovedakulated (mass of dry solids
recovered divided by the mass of initial dry sglid€arbon and hydrogen contents of the
solid samples from all times were measured withel@mental analyzer (Perkin Elmer
2400). The solids ash content was measured byngjacsample of char in a crucible in a

muffle furnace at 506C for 2 hours and 758 for an additional 2 hours. The oxygen
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content of the recovered solids was calculated ulytraction, assuming that the only
constituents in the solids were carbon, hydrogeh, @d oxygen. Recovered solids
energy contents were measured using a bomb caktenr(@-200, IKA). Carbon mass
balances were conducted by quantifying the carbomtent in the gas (as carbon
dioxide), liquid (as total organic carbon) and dgihases (solid-phase carbon content and

solids recovery).

4.3 RESULTSAND DISCUSSION
4.3.1 Influence of initially acidic conditions on carbaation products

Results indicate that acidic process water infleasncarbonization product yields
and composition. Cellulose dissolution appears @oabcelerated in the presence of
initially acidic process water (0.0001 N — 0.01 Kland HSQOy), as evidenced by lower
solid recoveries at early reaction times (< 1.5 Rigure 4.1a) than those measured in the
control experiment (i.e., carbonizing in the preseof DI water). It should be noted that
the initial lag in cellulose dissolution (0 — 0.9 Ins likely due to the slow heating rate
(and thus lower system temperature) associated twéhreactor system (see Lu et al.,
2013 and Figure 3.1). The observed accelerationebtitilose dissolution is correlated
with acid concentration; as the acid concentratiothe initial process water increases,
the solids recovered at early reaction times deese@-igure 4.1a). Analysis of variance
(ANOVA) tests were conducted using SigmaPlot (\ersill) to determine whether
carbonization in the presence of initially acidioogess water imparts a statistically
significant (p < 0.05) impact on solid recoveriBesults from this analysis indicate that

all solid recoveries obtained when carbonizinglkingial HCl concentrations evaluated
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are statistically significant from those obtainedtihe control experiment at a reaction
time of 1-hr (Table 4.2). Results from ANOVA testlso indicate that the differences
between solid recoveries measured at all evaluat@gthl HCI concentrations are
statistically significant from each other at a teat time of 1-hr (p<0.05), confirming
that HCI concentration also influences cellulosssdiution. ANOVA tests associated
with solid recoveries obtained when carbonizingthe presence of the lowest$0,
concentration (0.0001 N) evaluated indicate tharehis no statistically significant
difference with the control (Table 4.2). Howevearlwonizing in the presence of the other
H,SO, concentrations evaluated does impart a statiticafjnificant difference at a
reaction time of 1-hr, similar to that observed wiwarbonizing in the presence of HCI.
ANOVA test results also indicate that,$0, concentrations also influence solid

recoveries (p<0.05).
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The acid type also appears to influence cellulossotution. Lower solid
recoveries are observed at early reaction timesiwhebonizing in the presence of HCI
than when carbonizing in the presence ofS@, at equivalent H concentrations.
ANOVA test results confirm this phenomenon for ca&d concentration. The solid
recoveries obtained when carbonizing at an inid&l and HSQO, concentration of
0.001N are statistically significant from one arestlat a reaction time of 1 hour. This
difference suggests that 'Gind S@* may play a significant and different role in the
cellulose dissolution and/or subsequent convergrogess. The addition of Gias been
shown to disrupt the hydrogen bonding of celluloskimately enhancing cellulose
dissolution (e.g., Lynam et al., 2012; Remsinglet2006). These results also suggest
that initial process water chemical properties.(igH and ionic strength) may be
insufficient in fully describing the influence ohitial process water composition on
carbonization. There was no statistically significdifference determined between the
measured solid recoveries at 0.0001 N and 0.01 NaHE HSOs.

The ultimate solid recoveries (at a reaction timh& &ours) when carbonizing in
the presence of all concentrations of HCl and®, are similar to each other and the
control experiment (Figure 4.1a). Although acidtggatment of biomass has been shown
to reduce ultimate solid recoveries, lower recasrnivere likely not observed in these
experiments because the cellulose contains littkoluble material (low ash content).
Lynam et al. (2011) observed a decline in soliddgevhen carbonizing in the presence
of acid, which was attributed to the dissolutionceflulose. It is likely that as biomass
complexity increases the influence of initial aancentration on ultimate solid

recoveries may change. ANOVA test results confinm tack of statistically significant
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differences between the solid recoveries obtairteal r@action time of 3 hrs (p > 0.05,
seeTable 4.2). These results suggest the influeh¢#Cl and HSO, addition on solid
recoveries may be kinetic in nature.

The influence of initial acid addition on the canb@ontent of the recovered solids
(Figure 4.1a), as well as system carbon distrilbu(gee Figure 4.2 — 4.4), was also
evaluated. Results from ANOVA tests indicate thdfetences between the ash-free
carbon contents of the recovered solids obtaineehvdarbonizing in the presence of all
evaluated HCI concentrations and the control erpent are statistically significant from
one another at a reaction of 1.5 hours (Table M2asured differences between the final
recovered solids carbon contents (at a reactioa ah8 hr), however, are not statistically
significant. These results suggest, similar to #ssociated with the solid recoveries, the
influence of HCI addition is kinetic in nature. Gdumsions from ANOVA tests associated
with the carbon content of recovered solids frompezinents in which 50, was added,
however, differ. The differences between the sotiddbon contents measured from the
control experiment and those from experiments incwh,SO, were added are all
statistically significant from one another at actean time of 3 hr (Table 4.2). However,
the only other solid carbon contents that aresttedilly significant from that obtained in
the control experiment are those measured aftbooaing for 1.5 hr in the presence of
0.0001 N and 0.01N #O,. These results suggest the inclusion e&@, in the initial
process water does influence solids carbon conteut,the influence may not be

explained by reaction kinetics alone.
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A statistical comparison between the percentagaitdlly present carbon in the
gas-phase (Figure 4.3) measured in the control rempat and the experiments
conducted in the presence of initially acidic caiotis was conducted and indicate that,
at a reaction time of 3-hr, the percentages ofaihyt present carbon in the gas-phase is
statistically significant from the control experimie (Table 4.2). Tests were also
conducted evaluating the statistical significant¢he liquid-phase carbon data (Figure
4.4a and Table 4.2). Although the values are nalilyedifferent at a reaction time of 3
hours (Figure 4.4a), there is not a statisticatipidicant difference between these values
(Table 4.2).

ANOVA tests confirm that solids energy contenta a¢action time of 3 hours are
not influenced by carbonizing in acidic conditigiigble 4.2 and Figure 4.5a). Inspection
of ANOVA test results associated with the time-sgrenergy data indicate that when
carbonizing in the presence of HCI over the 3-lacten period, only 13% of the energy
values are statistically different than the con{i@ble 4.2). However, when carbonizing
in the presence of 30, 47% of the energy values differ from the con{fthble 4.2).
These results suggest carbonization in the presainideSO, imparts a greater influence

on recovered solids energy content than HCI.
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Evidence of liquid-phase reaction acceleration essalt of carbonizing in acidic
conditions is inherent when comparing the finalgess water composition with that from
the control experiment. Figure 4.4a depicts thetiwa of initially present carbon found
in the liquid-phase over time for all acids/acidncentration evaluated. In each
experiment, including the control, the fractionliguid-phase carbon increases and then
decreases. The reaction time associated with themman liquid-phase carbon content
occurs earlier (1 hour) when carbonizing in acichhioditions for all acid concentration,
except for 0.0001 B0y, than when carbonizing in the presence of DI (nbrs). These
differences are highlighted by results from ANOWSsts (Table 4.2YH NMR was used
to identify and determine the relative concentragiof organics in the liquid-phase from
the 0.01 N HCI and 0.01 N8O, concentrations (Figure 4.7 and Figure 4.8). Result
from this analysis indicate that pathway of celddaconversion in the presence of acidic
conditions is similar to that reported in the lakmre for conversion in DI, but is
accelerated. Literature reported mechanisms asedaiath cellulose carbonization in DI
water, including production and conversion of ldpphase intermediates, are detailed in
Error! Reference source not found.Figure 4.9. Glucose (a hydrolysis product of
cellulose) and/or its decomposition products (ektMF, furfural) are observed after
carbonizing for 1 hour and are no longer detectedahours when carbonizing in acidic
conditions. No glucose was detected in the experiroentaining 0.01 N HCI, suggesting
the liquid-phase reactions, particularly the decositon of glucose, is faster than that
associated with the experiment containing 0.38® and the control. In addition, the
formation of organic acids (e.g., acetic acid, leva acid, and formic acid, Figure 4.7

and Figure 4.8 are detected earlier when carbanininhe presence of acidic conditions.
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The trend of formic acid production/consumptionfet$ from that observed in the
control. In the presence of DI water, the formiddaconcentration increases as
carbonization proceeds. However, when carbonizingnitially acidic conditions, the
formic acid concentration decreases. It is likdlgttgreater amounts of formic acid are
being converted to gaseous carbon dioxide. Incseasecarbon dioxide have been
observed in these experiments at a reaction tindehafurs (Figure 4.10), supporting this
hypothesis.

The solids atomic H/C and O/C ratios were calcdlatsing the elemental
composition data and plotted on a Van Krevelen rdiag(Figure 4.11a). Van Krevelen
diagrams allow for delineation of reaction pathwa$s¢raight lines can be drawn to
represent the dehydration and decarboxylation isra@athways. Atomic ratio data at
each reaction time for each acid concentrationuastaetl were plotted. Initially, the H/C
ratio increases due to increasing solids hydrogerent (Figure 4.12) during the first 60
minutes, suggesting that hydrogen enrichment occsush enrichment has not been

previously observed with solids recovered fromHTeC process.
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Data also indicate that as cellulose carbonizapooceeds in the presence of
acids, dehydration remains a predominant carbaonizanechanism. Similar to that
reported by Lu et al. (2013) the atomic ratios g®asignificantly during the period of
greatest cellulose conversion (from 0.5 to 1.5 &puwith oxygen contents of the solids
decreasing significantly (Figure 4.13). Decarbotigla also occurs under acidic
conditions, as evidenced by the production of canthoxide (Figure 4.10). The addition
of 0.01 N HSO, appears to promote more decarboxylation than thé 8 HCI, as
evidenced by the gas-phase carbon measurementgaiiben content of the gas-phases
when carbonizing in the presence of equivalentaindoncentrations of HCI and,BO,
are statistically significant from one another, gegfing changes in initial acid type
influences decarboxylation. ANOVA results also oate there is no statistically
significant difference between the H/C and O/Cosbbtained at a reaction time of 3-hr
from all experiments conducted in initially acidionditions and those obtained from the
control experiment. These results also suggestinfiaence of Cl and SQ* on

carbonization kinetics may differ, but mechaniser®ain similar.
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4.3.2 Influence of initially basic conditions on carboaiion products

Carbonizing in initially basic conditions (0.0010-01 N NaOH and 0.0001 —
0.001 N Ca(OH) also influences initial cellulose dissolutiond&ie 4.1b). Ca(OH)has
an effect similar to that observed when carbonizimghe presence of acids; initial
cellulose dissolution increases as base conceoriraticreases. ANOVA test results
confirm there is a statistically significant influge when carbonizing in the presence of
Ca(OH). ANOVA results indicate that recovered solid ygeldre different from the
control experiment when carbonizing in the presesfc@ 0001 and 0.001 N Ca(OH)p
< 0.05) at a reaction time of 1-hr (Table 4.2); ewer, there was no observed statistical
significance between solid recoveries obtained ftbm control experiment and when
carbonizing in the presence of 0.00001 N Ca(JMable 4.2).

Carbonizing in the presence of NaOH also influenngml cellulose dissolution
(Figure 4.1b). At a reaction time of 1 hr, cellidodissolution decreases as the NaOH
concentration increases, while the solid recovebyaioed when carbonizing in the
presence of the largest NaOH concentration (0.0is Blso similar to the control. Results
from ANOVA tests confirm that at a reaction time dfhr, there is a statistically
significant difference in recovered solids yieldeem carbonizing in the presence of all
evaluated concentrations of NaOH (Table 4.2). Theselts also suggest the influence of
initial base addition on carbonization is kineiature.

The decreased initial cellulose dissolution at MDNaOH fits with previously
reported observations. The degree of celluloselsgdias been shown to decrease with
increasing alkali concentration (Krassig, 1993)edé results indicate that Nand Ca&"

influence cellulose dissolution/decomposition difatly. Similar to that reported when
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investigating the influence of acidic process water cellulose carbonization, these
results indicate that solution chemical propertfies., pH and ionic strength) of the
process water may be insufficient to fully describe time-dependent influence of
process water composition on carbonization. Ultengelds (at a reaction time of 3
hours) for all bases and base concentrations argasito each other and that obtained
from the control experiment (Figure 4.1b); the elifinces at this reaction time were not
deemed statistically significant (Table 4.2), alaggesting base addition influences
carbonization kinetics, not carbonization extent.

Solids carbon content and system carbon distribusice also influenced when
carbonizing in the presence of basic process wRisrovered solids carbon content (%,
ash-free) following carbonization in the presendeO®01 and 0.01 N NaOH are
statistically significant when compared with thaggtained from the control experiment
at a reaction time of 1.5 hr (Table 4.2). The sotdrbon contents (%, ash-free) obtained
from the experiment with the lowest concentratibtNaOH evaluated (0.0001 N) is not
statistically significant from the control experiniesuggesting that larger concentrations
of bases are required to impart a statisticallynificgant impact on carbon content.
Reoveries obtained at a reaction time of 3 houssnat statistically significant from the
control experiment (Table 4.2).

The solids carbon contents obtained when carbanimnthe presence of all
Ca(OH) concentrations were statistically significant wibemnpared with the control at a
reaction time of 1.5 hr. Results from ANOVA testsoaindicate that concentration of
Ca(OH) did not statistically influence solids carbon @it (all comparisons had p >

0.05). The ultimate solids carbon contents (ataatien time of 3 hr) were not deemed
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statistically significant form one another, suggesthe influence of carbonizing under
basic conditions imparts a kinetic influence ondsotarbon content (Table 4.2).

Carbonization under initially basic conditions udhces the percentage of
initially present carbon transferred to the ligpidase (Figure 4.4b and Table 4.2),
ultimately resulting in a lower concentration oflwan in the liquid-phase at a reaction
time of 3 hr. Results from ANOVA tests confirm thl&se addition influences the
transfer of carbon to the liquid-phase. At reactiomes of 1 and 1.5 hr, the percentage of
initially present carbon transferred to the ligpidase under basic conditions (both NaOH
and Ca(OH)) is statistically significant from that obtained the control experiment
(Table 4.2). After 3 hours, less of the initiallyepent carbon is dissolved in the liquid
than that observed in the control (e.g., carbogizin the presence of DI water),
confirmed by ANOVA test results. The percentagendfally present carbon transferred
to the liquid-phase when carbonizing under 0.0080Ca(OH}»and 0.001 N and 0.01 N
NaOH are statistically significant when comparedhwthe control experiment (Table
4.2).

The influence of base addition on recovered soéidergy content is variable
(Table 4.2). At a reaction time of 3 hrs, no stataly significant differences in solids
energy content were observed between that resuitorg the control experiment and
from the experiments containing all bases and bareentrations. When comparing the
statistical significance of solids energy conteot®r time, approximately 33% of the
solids energy data obtained when carbonizing inptlesence of NaOH are statistically
different from the control (Table 4.2). Carbonizimgthe presence of Ca(OHmparts a

greater influence on solids energy content. Apprately 53% of the solids energy data
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are statistically significant from the control wherarbonizing in the presence of
Ca(OHy). Different from that observed with NaOH, change€a(OH) concentration do
impart a statistically significant impact duringleanization.

Carbonization in the presence of 0.01 N NaOH apptahave slowed the liquid-
phase carbonization reactions (Figure 4.7 and Eigu8). Glucose is still observed at a
reaction time of 1.5 hours. In addition, the preseaf 0.01 N NaOH appears to influence
the decomposition pathway of HMF (a major decontpmsiproduct of glucose). High
levels of HMF are observed at 1.5 hours, with aificantly lower amount detected at 3
hours. This accumulation may be due slower kinetfabe liquid-phase reactions. HMF
has been reported to be converted to levulinicarfdfmic acids, which has been shown
to be more favorable under acidic conditions (Sdueth Wyman, 2012; Weingarten et al.,
2012). The yields of levulinic acid are significgntower when carbonizing in the
presence of 0.01 N NaOH. The lower yield of levaliacid (and decreasing trend of
formic acid) suggests that the pathway of HMF cosiem differs from that observed in
DI and acidic process water. It is possible a greptoportion of the HMF is integrated
within the recovered solids when carbonizing in gresence of 0.01 N NaOH. In
comparison, when carbonizing in the presence @10 Ca(OH) there is appreciable
glucose and HMF detected at 1.5 hours (Figure &Y. However, these compounds are
not detected at a reaction time of 3 hours, suggeste liquid-phase reactions are faster
with 0.001 N Ca(OH)than 0.01 N NaOH.

Base addition does not appear to influence carbtiniz mechanisms. Atomic
ratios of H/C and O/C were used in conjunction wiiin Krevelen diagrams (as

discussed previously) to evaluate carbonizationhaeisms (Figure 4.11b). Similar to
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that observed in the when carbonizing under a@diitions, hydrogen enrichment was
observed at all base concentrations (Figure 4.The predominant carbonization
mechanism remains dehydration.
4.3.3 Influence of initial salt process water on carbatizn products

Salt addition to the initial process water alsoede@tes cellulose dissolution, as
illustrated in Figure 4.1c. NaCl and CaGat equivalent Clconcentrations) influence
solid recoveries differently. Changes in NaCl cormaion impact cellulose dissolution,
but not ultimate solid yields, while changes in GaConcentration influence both
cellulose dissolution and ultimate solid yields sRliés from ANOVA tests confirm these
differences. When carbonizing in the presence @INall solids recoveries obtained at a
reaction time of 1 hr are only statistically sigeaint from that obtained in control
experiment at the same time (Table 4.2). The pmesesf CaCl imparts a more
significant impact on solid recoveries. At Ca€bncentrations of 0.01 and 0.025 N, solid
recoveries are only statistically significant wheampared to the control experiment at a
reaction time of 1 hr. When carbonizing at 0.5 Mwhver, solid recoveries are
statistically significant from those obtained dgritihe control experiment at all reaction
times except 0.5 hr. The solid recoveries obtaibdn carbonizing at 0.5 N CaGCire
also statistically significant when compared toodlier CaCl concentrations evaluated.

The acceleration of cellulose carbonization in gresence of salts has been
observed by others. Lynam et al. (2012) also rethat the addition of G4 containing
species accelerate carbonization. Ming et al. (R0&port that sodium slats drastically
accelerate carbonization, specifically the intérdrdehydration, aromatization, and cross

polymerization processes. The largest concentratibrCaCh (0.5 N) imparted the
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greatest influence on solid recoveries (Figure {.fasulting in the largest solid yields
measured (ash-free). This result was unexpectetis®a et al. (2011) gasified biochar
in the presence of Ca(O#And report that the addition of €anay passivate the surface
of the material, possibly rendering componentshef feedstock insoluble. It is possible
that a similar effect was observed when adding.6fN0 CaC}. This was not observed
when carbonizing in the presence of lower Ga@incentrations. These differences
indicate that solid yields are influenced by sghiefcomposition. Changes due to'Nad
C&* were also observed when carbonizing in the presehblaOH and Ca(OHhl)

The carbon content (% C, daf) of the recovereddsdhllowing carbonization in
the presence of NaCl appears to uninfluenced (Eigudc and Table 4.2). Carbonizing
with CaC} does influence solids carbon content. Solids remx following
carbonization in the presence of Ca@lways have lower carbon contents than that
obtained when carbonizing in the presence of Diewéfigure 4.4c). The solids carbon
contents obtained when carbonizing in the lowesiceatration of CaGlwere not
statistically significant from the control experime(Table 4.2). However, statistical
significance was observed when carbonizing in ttesgnce of 0.025 and 0.5N CgaCl
carbonization in the presence of 0.5N Ga€sults in statistically significant solids
recoveries from a reaction time of 1 to 3 hr. Thessults suggest that salt addition
influences carbonization kinetics and that additminhigh concentrations of CafCl
influences carbonization extent/mechanisms. Thbearacontent of the solids generated
in the presence of 0.5 N Ca@$ significantly lower than those generated in phesence

of DI water or any of the other salts, acids, aasds evaluated. The largest concentration
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of C&* imparts a negative impact on solids carbon cor(féigure 4.4), while the largest
concentration of Naimparts a more positive impact.

The influence of salt addition on recovered solagergy content is variable
(Figure 4.5c). Based on experimental data and teefoim ANOVA tests, the final solids
energy contents are not statistically significaoif one another at a reaction time of 3
hours, except when carbonizing with the largest Iga®ncentration. These results
suggest that changes in NaCl concentration do mfieince recovered solids energy
contents. When carbonizing in the presence of 0.£aC}, the solids energy are
statistically significant from all data obtaine@iin the control experiment at all reaction
times (Table 4.2). The influence of carbonizingthe presence of 0.5N Cads more
significant that obtained when carbonizing in tmesgnce of 0.5 N NaCl. The influence
of these differences in solids energy content erfee the system energetic retention
efficiency. An energetic retention efficiency of %82is associated with the solids
recovered from the experiment containing 0.5 N Na€l0.5 N CaGl the energetic
retention efficiency is only 55% (Figure 4.14). Tlaegest difference between the solids
generated in the presence of Ca@hd NaCl is the change in oxygen content (Figure
4.13), which generally has a significant impactsmiids energy content. As the NacCl
concentration in the initial process water increaskee oxygen content of the recovered
solids at a reaction time of 3 hours decreases.oppesite trend exists when carbonizing
in the presence of CallThe reduction in energy content with the additadnCaC}
differs from that reported by Lynam et al. (201R2)s possible this difference is a result

of carbonizing at different temperatures and readtimes. These results suggest that the
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Na" and C&" cations influence the transfer of oxygen from sbéds to the liquid-phase,
influencing solids energy content. Lu et al. (2018port that the majority of oxygen
initially present in the feedstock is transferredhe liquid-phase.

Liquid-phase composition results suggest that theid-phase reactions in the
presence of 0.5 N CagChre accelerated (Figure 4.4c and Figure 4.7 Al6)glucose is
observed at all reaction times and the HMF is ratected at 1.5 hours (Figure 4.7 4.6).
The levulinic acid yields are larger, while therfoc acid is disappearing. It is likely the
formic acid is being converted to hydrogen gas.nficantly more hydrogen was
measured in the gas-phase when carbonizing inrdsepce of Cagl It should be noted
that although the liquid-phase reactions appebetaccelerated in the presence of 0.5 N
CaCl, it is likely that the full extent of cellulose meersion to these liquid-phase
intermediates has not occurred because of the ssdigiface passivation that is
hypothesized to occur at this Ca€bncentration. Similar pathways are observed &t 0.
N NaCl. Patwardhan et al. (2010) report that miheat addition accelerates the
pyrolysis of cellulose and the formation of low mallar weight compounds, including
formic acid.

Atomic ratios of H/C and O/C were used in conjumctiwith van Krevelen
diagrams (as discussed previously) to evaluateooabtion mechanisms (Figure 4.11).
The influence of each salt differs. As NaCl concatiins increase, decarboxylation
increases (Figure 4.11), confirmed by ANOVA testutes (Table 4.2). The addition of
CaCh at 0.01 — 0.025 N exhibited little change in thenac ratio data, indicating the
level of decarboxylation and dehydration are simitdowever, at a Cagloncentration

of 0.5 N, significant differences in the solids quoosition were observed (Figure 4.11c),

148

www.manaraa.com



including the oxygen content of the recovered solithe trend of the atomic ratio data
also differ (Figure 4.11c). A greater amount of gaiy remains integrated within the
recovered solids after 3 hours, suggesting thel leelehydration decreases at larger
CaClb concentrations.

4.3.4 Influence of initial AA process water on carboniaatproducts

The presence of organics, simulated in these axpets with acetic acid (AA),
in the initial process water accelerates celluldissolution, as illustrated in Figure 4.1d.
The acceleration is greater than that observetlamptesence of bases, but less than that
observed in the presence of acids and salts. Ceang@A concentration influences
cellulose dissolution; as the AA concentration @ases, the acceleration of cellulose
dissolution appears to decrease. Results from AN@&48s indicate that carbonizing in
the presence of 500 and 1,000 mg/L AA results stasistically significant change in the
recovered solids at a reaction time of 1 hr whempmared with the control experiment
(Table 4.2). Consistent with the data in .4.1d, sloids recovered at an initial AA
concentration of 5,000 mg/L were not statisticallygnificant from the control
experiment. Ultimate solid yields, however, are infllienced by AA concentration and
are similar to those obtained from the control expent, as confirmed by results from
the ANOVA tests (Table 4.2).

The carbon content (% C, daf) of the recovereddsdhllowing carbonization in
the presence of AA is always lower than that olgdiwhen carbonizing in the presence
of DI water (Figure 4.4d). Results from ANOVA testglicate that the solids carbon
content obtained when carbonizing in the presericA/o are statistically significant

when compared to that obtained with the controleexpent at a reaction time of 1 hr.
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Results als indicate that at a reaction time ofr3tlre AA concentrations of 500 and
1,000 mg/L are different than that of the contngb&riments, suggesting the influence of
initially organic acid presence is kinetic in n&uiThe percentage of initially present
carbon (cellulose plus initially present AA) remaimin the solids after 3 hours is lower
when carbonizing in the presence of AA than thateobed when carbonizing in DI
water. This observation is not surprising. The ticac of carbon present in the liquid-
phase after carbonizing for three hours is sintathe control at all AA concentrations
evaluated, while the percentage of carbon trareleto the gas-phase is significantly
larger than that observed in the control experin{8fit1%, Figure 4.10) , as well as the
that measured when carbonizing n the presenceedadttier additives. These observations
are consistent with results from ANOVA tests. Thecfion of carbon in the liquid-phase
is not statistically significant from the controt a reaction time of 3 hrs, but is
statistically significant from the control at a cdan time of 1 hr. The fraction of carbon
in the gas-phase is statistically significant frima control experiment at reactions times
ranging from 1.5 to 3 hr.

The influence of AA addition on recovered solidsemgy content is negative
(Figure 4.5d). The energy content of recovereddsolvhen carbonizing in the presence
of AA is always slightly lower than that measurad the control experiment and
decreases as the concentration of initially pregehtincreases. ANOVA test results
indicate that at AA concentrations of 500 and 1,80§/L the solids energy content is
statistically different than the control experimamtreaction times of 1.5 and 2 hr (Table

4.2).
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The liquid-phase carbon content is shown in FiguEe4.4d. The largest liquid-
phase carbon concentrations when carbonizing iptégence of AA were observed at 1
hr. The AA appears to accelerate the conversioprotiuced HMF and subsequent
formation of levulinic acid (Figure 4.6).

Atomic ratios of H/C and O/C were used in conjumctiwith van Krevelen
diagrams (as discussed previously) to evaluateooaration mechanisms (Figure 4.11d).
Dehydration remains the predominant mechanism. Jdigls hydrogen and oxygen
contents, however, do statistically differ from $lkeaobtained in the control experiment at
a reaction time of 3 hours, suggesting carbonimatieechanisms may differ when

carbonizing in the presence of AA.
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Figure 4.15 pH of the final process water when gaiding in the presence of: (a) acids, (b) bas®ssdlts, and (d) organic carbon.

www.maharaa.com




4.4 CONCLUSIONS

Experiments were conducted to determine how initilocess water
characteristics influence carbonization product gosition and mechanisms. Results
from the experiments conducted evaluating the amfte of process water quality on
carbonization indicate that changes in initial wajeality do influence time-dependent
carbonization product composition and yields. Clegnig initial water quality appear to
have the greatest influence on the carbon contansferred to the gas-phase, as 71% of
the values are statistically significant from tlentrol experiment at a reaction time of 3
hours. The additive that resulted in the greatdsinge in carbonization product
yields/composition is the 0.5 N CaCAt high salt concentrations, it is possible tbeds
surfaces become passivated, inhibiting the -carlatiniz process and negatively
influencing recovered solids energy and carbonardniResults from these experiments
also indicate that when evaluating the time-dependarbonization product production,
the specific cations and anions impact productgielbomposition differently.

These results suggest that changes in process gquakty, with the exception of
high salt concentrations, impart little influenae witimate carbonization products/yields.
Leachates with high ionic strength and saltwaterses, however, may result in lower
solids yields and energy contents and may not Ipeeterred alterative liquid source.
Experiments in the presence of multi-component gssavaters need to be conducted to
determine whether interactions between the compgenanthe process water influence

carbonization product yields/composition.
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CHAPTER 5.
INFLUENCE OF FEEDSTOCK CHEMICAL COMPOSITION ON THE

HYDROTHERMAL CARBONIZATION OF MIXED FEEDSTOCKS

* Influence of feedstock chemical composition on loykermal carbonization of mixed feedstocks, Lu X.;
bmitted to BioreseuTechnology, 1/25/2014.
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ABSTRACT

As the exploration of the carbonization of mixeddstocks continues, there is a distinct
need to understand how feedstock chemical composiéind structural complexity
influence their carbonization. Laboratory experitsewere conducted on pure/model
compounds, mixtures of the pure compounds, and Exmigedstocks containing the
pure compounds (e.g., paper, wood). Results inglithdt feedstock properties do
influence carbonization products. Carbonizationdpii characteristics were predicted
using results from the carbonization of the purmpounds and indicate that recovered
solids energy contents are more accurately pratlitien solid yields and carbon masses
in each phase, while predictions associated wiidseurface functional groups are more
difficult to predict using this approach. To morecarately predict other carbonization
products, compounds more closely representing ¢thgptex feedstocks need to be used

as the basis for the predictions.

5.1 INTRODUCTION

Hydrothermal carbonization (HTC) has been extemgistudied as a beneficial
technique for biomass and waste conversion to vadlsked products (e.g., Berge et al.,
2011; Lu et al.,, 2013; Kang et al., 2012; Sevillad &uertes, 2011). HTC is a wet
relatively low temperature thermal conversion psescéhat occurs under autogenous
pressures. During carbonization, valuable soliduil, and gaseous products are
generated through a series of simultaneous reactioaluding hydrolysis, dehydration,
decarboxylation, aromatization, and recondensggan, Funke and Ziegler, 2010; Libra

et al.,, 2011; Sevilla and Fuertes, 2009b). The igtee solids material has sparked
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considerable interest in this conversion technidueese solids, referred to as hydrochar
to differentiate them from char produced from doyeersion processes, are carbon and
energy-dense, and have been documented to be predtdly aromatic and/or furanic in
nature (Baccile et al., 2009; Falco et al., 20Wi)h a structure resembling a low-grade
coal (e.g., Berge et al., 2011). In addition, wdérks been conducted indicating the
generated hydrochar may be used in several enveotaity-relevant applications, such
as soil augmentation and environmental remedigeomn, Kammann et al., 2012; Liu et
al., 2010).

Carbonization of a large variety of complex feedk$ohas been studied, ranging
from different types of biomass (e.g., wood, grassyarious heterogeneous municipal
wastes (e.g., food waste, sludges, solid wastg), (Berge et al., 2011; Li et al., 2013;
Libra et al., 2011). Results from these studiescaete that a large fraction of carbon
initially present in the feedstocks remains intégglavithin the hydrochar material during
carbonization (e.g., Funke and Ziegler, 2010; Libral., 2011). Another advantage of
carbonization is that initial feedstock drying istmequired, resulting in an energetically
advantageous conversion technique for wet feedstflaket al., 2013). In addition, the
resulting liquid stream contains appreciable cotragions of valuable compounds (e.qg.,
organic acids, HMF, and nutrients, e.g., Hoekmaad.eR011; Li et al., 2013).

As the exploration of the carbonization of mixeddstocks continues, there is a
distinct need to understand how the chemical coitippsand structural complexity of
these feedstocks influence the carbonization psocdse major chemical composition of
biomass and waste materials includes significamctions of lignin, cellulose,

hemicellulose, starch, and/or sugars. Although@aidation of these feedstocks has been
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previously investigated independently (e.g., Careteal., 2012; Falco et al., 2011; Kang
et al.,, 2013; Sevilla and Fuertes, 2009b; Yu et 2004), there is little information
regarding the carbonization of mixtures of thesenpounds or how carbonization of
these individual compounds correlates with the @aidation of biomass or waste
materials containing these compounds. Dinjus ef(26111) carbonized several mixed
feedstocks (e.g., straw, grass, cauliflower, beedd) to understand the influence of
lignin on carbonization. Their results indicatetthignin may influence the release of
carbonization intermediates and may impede carltioiz by forming a protective shell
around the feedstock (Dinjus et al., 2011). Kamgale (2012) underpredicted the
hydrochar yields of wood meal when using data frithhi carbonization of cellulose,
lignin and xylose, suggesting compound interactmay occur during carbonization.
Interactions between individual components in bissnhave also been reported during
pyrolysis and gasification (e.g., Carrier et al12; Hosoya et al., 20009.

A need for understanding how chemical componentsashplex biomass or
waste materials interact during carbonization reaiDevelopment of such an
understanding may lead to the development of ptigdicarbonization models based on
feedstock chemical composition, ultimately leadittg more purposefully designed
carbonization work. The purpose of this work isit@lerstand how changes in feedstock
composition and complexity influence carbonizatiproduct quality. The specific
objectives of this work include: (1) understanditigg time dependent carbonization
products from the carbonization of pure/model coomuts (e.g., lignin, cellulose, xylose,
glucose and starch), mixtures of the pure compqguadd complex feedstocks (e.g.,

pinewood, paper, and sweet corn); €@mparing carbonization products associated with
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those obtained from the carbonization of pure campgs with that of biomass/waste
products comprised of the pure compounds; and €®rohine the predictability of
carbonization product characteristics of compleixeth feedstocks using results from the

carbonization of the pure/model compounds.

5.2 MATERIALS AND MATHODS
5.2.1 Feedstock characteristics

Several individual feedstocks that represent miagations of biomass and waste
materials were evaluated in this study: cellulast@ych, lignin, glucose, and xylose.
Microcrystalline cellulose derived from the Westeedcedar plant (Thuja plicata, with
average particle size of 50 um, purchased from fAQuganics) was used as the cellulose
source in all experiments. Powder potato starctrggure, Fisher Scientific) was used as
the starch source in all experiments. Low sulforateali lignin (from kraft process,
Sigma-Aldrich, Inc.) was used as the lignin souf@kicose (Fisher Scientific, Inc.) was
used to model the sugar content of biomass/wasteri@a and D-(+)-Xylose (> 98%,
Alfa Aeser) was used to simulate hemicellulose.

The complex feedstocks used in this work includeefpaper, pine wood, and
sweet corn. Before use, the office paper was sleckdding a titanium paper shredder (25
by 4 mm strips). Pine wood chips were purchasedlljpcApproximate size of the wood
chips, in all dimensions, is < 1mm. The wood chigere air-dried prior to use in the
carbonization experiments. Frozen sweet corn kermedre purchased from a local
grocery store (7 — 9mm). Before use, the corn Wwasvéd. Feedstock lignin, cellulose,

hemicellulose, starch, and sugar content were meady the Soil and Forage Analysis
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Laboratory at the University of Wisconsin. Feedktpcoperties are reported in Table
5.1.
5.2.2 Batch experiments

All batch carbonization experiments were conducfetlowing procedures
previously described (Li et al., 2013; Lu et aD]13). Briefly, the feedstocks were placed
in 160-mL stainless steel tubular reactors (2.54i.dm 25.4 cm long, MSC, Inc.) fitted
with gas-sampling valves (Swagelock, Inc.). A mafs8 g of dry solids was added to all
reactors. Deionized (DI) water was subsequentlyeddtb achieve the desired solid
material concentration of 20 % (dry wt.). All reaxt were sealed and heated in a
laboratory oven at 25Q. The in-situ liquid temperature was measured wilipe-fitting
thermocouple probe (Type J) inserted in the reatdra data logger (Temp-300, Oakton
Instruments). Temperatures were recorded everymiutes for the duration of the
experiment. The desired in-situ temperature ofrdectors was achieved after 90 min.
Experiments for each feedstock were conducted aearbonization period of 96 hours,
with samples periodically taken over this periodhese sampling times include the
period of reactor heating.

Samples from the solid (energy content, carbonesunt®C solid-state NMR,
ash), liquid (total organic carbon (TOC), pH, cheahioxygen demand (COD)), and gas
phases (gas volume and composition) were takenvétu&e carbonization product
properties at different temperatures. These deltedata were used to calculate solid
yields and carbon and energy-related propertiesceged with the recovered solids.

Three sets of carbonization experiments were cdedud-irst, all individual

compounds representing fractions of biomass/wastg.,( cellulose, starch, lignin,
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glucose, xylose) were carbonized (referred to as guwoughout this work). The second
set of carbonization experiments were conductet wiown mixtures of the chemical
compounds. The following two mixtures of pure compds were carbonized (%, by wt.
of added compounds): (1) 52.5% cellulose, 30% xylasd 17.5% lignin; and (2) 80%
starch, 20% glucose. The last set of carbonizagxqeriments was conducted with the
mixed feedstocks (e.g., paper, pine wood, and seaa).

5.2.3 Analytical techniques

At each sampling time, reactors were removed frieenaven and placed in a cold
water bath. Following cooling, the produced gas w@kected in either a 1 or 3-L foil gas
sampling bag. Gas composition of these samplesamal/ized using GC-MS (Agilent
7890). Gas samples were routed through a GS-Calttooélumn (30m long and 0.53
mm id, J&W Scientific). Initial oven temperature sva5C. After 5-min, the temperature
was increased at a rate of°€fmin until a final temperature of 2%D was achieved.
Carbon dioxide standards (Matheson Trigas) werel tigedetermine concentrations in
the gas. Gas volumes were measured with a larganeolsyringe (S-1000, Hamilton
Co.).

The process liquid and solid were separated viawacfiltration through a 0.22
pm cellulose nitrate membrane filter (Whatman Imégional Ltd.). Liquid conductivity
and pH were measured using electrodes (Thermo t8iie@rion). Liquid chemical
oxygen demand (COD) was measured using HACH readétR + test kit, Loveland,
CO). Liquid total organic carbon (TOC) was meaduusing a TOC analyzer (TOC-

Vcsn, Shimadzu).
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Table 5.1 Feedstock properties

Feedstock Chemical Composition Carbon | Moisture Ash _ .
Classification Feedstock ADL Cellulos& Starch Sugar (%, dry | (%, wet (%, dry Particle Size
(%, dry wt.) | (%, drywt.) | (%, dry wt.) | (%, dry wt.) wt.) wt.) wt.)
Lignin 41.08 52.97 NM NM 48.1 NM 20.06 NA
Pure Cellulose 0.2 98.68 NM NM 42.4 NM 0.002 NA
Compounds Xylose NM NM NM NM 41.5 NM 0 NA
Glucose NM NM NM NM 40.8 NM 0.003 NA
Starch NM NM >99.50 0.17 37.0 NM 0 NA
. Mix 1:2C, X, L NM NM NM NM 44.0 NM 6.02 NA
Pure mixtures| -
Mix 2. S, G NM NM NM NM 37.7 NM 0 NA
Pine Wood 32.3 41.0 NM NM 46.6 15 0.02 1 mm
Complex Paper 1.3 79.3 NM NM 36.3 0.19 5.16 3 x10 mm
Corn NM NM 57.6 45.3 53.3 74.37 0.29 3 x7 x 9 mm

°C = cellulose, X = xylose, and L = lignifs = starch, G = glucos&ellulose measurement is based on the NDF method.

NM=not measured; NA=not applicable.
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All collected solids were dried at 80 All dried solids were weighed and solids
recoveries calculated (mass of dry solids recoveligdied by the mass of initial dry
solids). Solid carbon content (Perkin Elmer 240@ntental Analyzer) and energy
content (C-200 bomb calorimeter, IKA, Inc.) were asared. In addition, the lignin,
cellulose, and hemicellulose contents of the remeolids were measured using the
standardized acid detergent lignin (ADL, ligningjcadetergent fiber (ADF, combination
of cellulose, lignin and ash) and natural deterdd@r (NDF, cellulose, hemicellulose,
lignin and ash) techniques (conducted by the Saoil &orage Laboratory at the
University of Wisconsin). A drawback of the ADL nsesement is the acid soluble lignin
dissolves during the test; thus the ADL often updadicts the total lignin content
(Hatfield et al., 2005; Yasuda et al., 2001). Rered solids starch and sugar content
was measured using a YSI 2700 Biochemistry Analyipdowing solid hydrolysis
(conducted at the Soil and Forage Laboratory athhigersity of Wisconsin). The initial
feedstock ash content was measured by placing plsarhthe material in a crucible in a
muffle furnace at 508C for 2 hours and 75{C for an additional 2 hours.

Recovered solids were also analyzed usit@NMR to identify and provide
semi-quantitative information associated with fiuoél groups at each reaction
temperature and time. Solid stdf€ CP-MAS spectra were collected on a Bruker
Avance IlI-HD 500 MHz spectrometer fitted with @fm MAS probe. The spectra
were collected at ambient temperature with samptation rate of 20 kHz. 1.5ms
contact time with linear ramping on the channel and 62.5kHz field on thC channel

were used for cross polarizatiotd dipolar decoupling was performed with SPINAL64
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modulation and 145kHz field strength. Free induttdecays were collected with a 27
msec acquisition time over a 300 ppm spectra wadth a relaxation delay of 1.5s.

Each NMR spectrum was subsequently deconvoluted)MestRenova software
(MestreLab Research, Version 7.0). Spectra anedetivinto five regions (Table 5.2): (1)
aliphatic 0 — 50 ppm, (2) methoxyl: 50 — 60 ppm) @-alkyl: 60 — 110 ppm; (4)
aromatic, furanic and O-aromatic: 110 — 160 ppnat @) carboxyl and carbonyl (C=0):
160 — 215 ppm. These regions are based on preyicosducted work (Baccile et al.,
2009; Falco et al., 2011). Peak intensities, wattd the Gaussian/Lorentzian ratio were
allowed to vary during deconvolution. Carbon dmited in the identified functional
groups were calculated based on the percent areaabf peak and normalized to the
amount of carbon in the solid-phase.

Table 5.2 Peak assignments f& NMR spectra.

Spectral Region Represented structure C_hemlcal Reference
domain (ppm) shift (ppm)
Alkyl 0-50 CH, 0-50 Baccile et al., 2009
Methoxyl 50-57 O-CH; 50-60 Preston et al, 1998
Cc-O 60 - 88
O-alkyl 57 - 105 0-CO 102 —104.2 Preston et al, 1998
. . Baccile et al., 2009;
B -C in furan ring 110 Falco et al., 2011
B-p bond connecting 118 Falco et al., 2011
two furan rings
aromatic C 125 Falco et al., 2011b
. Baccile et al., 2009;
spfC 111600_ aromatic C 132 Falco et al., 2011
a-o. bond connecting
two furan rings or O- 140 Falco et al., 2011,
9 Preston et al, 1998
aromatic
-C in furan rina or O- Baccile et al., 2009;
a aromaticg 150 Falco et al., 2011,
Preston et al, 1998
Carboxyl and 175 — H'on 175 Baccile et a.l., 2009
carbonyl 210 R,-C=0 207 Baccile et al., 2009
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Calculations based on experimental results from ¢hebonization of pure
compounds (i.e., lignin, cellulose, xylose, stamglucose) were performed to predict the
characteristics associated with the recovered sdl@mn the experiments associated with
the mixtures (e.g., cellulose + xylose + lignin atarch + glucose) and mixed feedstocks
(i.e., wood, paper, corn). The following parameterse predicted: solid yields, solids
energy content, carbon mass in the solid, liquid] gas-phases, gas volume and solids
surface functional groups. Specific details asgediavith these predictions can be found
in the supporting information.

5.3 RESULTSAND DISCUSSION
5.3.1 Recovered solid yield

Solid yields (total mass of dry solids recovere@ath sampling time divided by
the dry mass of the initial feedstock) are influethdy reaction time and feedstock type
(Figure 5.1). The observed initial changes in thessnof solids recovered results from a
combination of initial feedstock solubilization, lisl3 production, and component
partitioning to the gas and liquid-phases. Solelds generated from feedstocks that are
soluble in water at room temperature initially e&se with time, while those that are
insoluble in water at room temperature initiallycoase with time (Figure 5.1). Initially
recovered solids (< 2 hours) are likely compriséddboth unreacted feedstock and
converted hydrochar, similar to that reported byetal. (2013). Such differences cannot
be distinguished via gravimetric or carbon measergs After a period of
approximately 1.5 to 24 hours, the yields stabilizbe time to reach these stable, final
solid yields depends on feedstock type, with shotitees associated with the pure

feedstocks (except for lignin) and larger stabilaatimes associated with the mixtures
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of pure feedstocks and complex feedstocks. Thesere#itions suggest changes in

feedstock type and complexity influence carbonarakinetics.
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Figure 5.1 Solids recoveries from the carbonizatibr{a) pure compounds and (b)
mixtures of pure compounds and complex feedstocks.

5.3.1.1 Pure compounds
The solid yields generated from the carbonizatibthe pure feedstocks after a

reaction time of 96 hours increase with feedstoakban content (Figure 5.2), with
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greater yields measured from the carbonization ighin (~66%) than other pure

feedstocks (~40 — 47%, Figure 5.1). Results from AMRQests confirm that yields

associated with lignin are statistically differérdm those obtained when carbonizing the
other pure feedstocks (p < 0.05). Larger solid&lgi@associated with the carbonization of
lignin have also been previously reported (Kanglet 2012), but do not necessarily
indicate lignin carbonization/conversion. Result®ni thermogravimetric analyses
reported in the literature indicate that lignin lgasater thermal stability than cellulose
and hemicellulose (Kang et al., 2012), resultingyieater solids recovery. This greater
stability is likely due to the abundant heat resistphenolic structures found in lignin
(Williams and Onwudili, 2006). These larger yieldxupled with a solids carbon

densification close to one (Figure 5.3), suggesweosion of lignin under the conditions
evaluated in this study is minimal, corroboratihgttreported by others (Dinjus et al.,
2011; Kang et al., 2013). Measured ADL in the rezed solids confirm this hypothesis.
After the initial measurement, the fraction of AlLthe recovered solids changes little

over time (Figure 5.4).
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Lower and similar yields result from the carbonizat of the other pure
compounds (e.g., cellulose, glucose, starch, andsey Results from ANOVA tests
indicate that all final yields (at a reaction timE 96 hours) are statistically significant
from one another (p < 0.05), except for the finalds resulting from the carbonization
of glucose and xylose (p > 0.05). The yields asgediwith cellulose are greater than the
other pure feedstocks (except for lignin), withgb@ssociated with the carbonization of
glucose and xylose being statistically similar (p0®5). The lowest obtained yield
resulted from the carbonization of starch. Theselte are similar to previous reports that
carbonization of cellulose results in larger solidslds than that associated with the
carbonization of starch (Williams and Onwudili, )0

Differences associated with the yields resultiragrfrthe carbonization of the pure
compounds may be due to feedstock chemical andioctsral properties. As stated
previously, a relationship between yield and carlvomtent of the feedstock exists
(Figure 5.2), suggesting initial feedstock carbamtent influences solids generation.
These differences in yield may also result fromngjes in feedstock structure/properties.
Cellulose has an unbranched crystalline structwith a crystallinity degree ranging
between 67 — 83% (Wang et al., 2013) and a dedr@elpmerization of 1000 - 2000
(Sweet and Winandy, 1999). Starch has a lower degfg@olymerization than cellulose
and a branched structure that is 15 — 45 % crystalHoover, 2001; Oates, 1997; Waigh
et al., 1999). The relatively lower yields assaaiiatvith starch may possibly be explained
by its gelatinization when heated. When heated,staech granules undergo melting,
swelling and eventually collapse (Xie et al., 20@®pel et al., 1988), destroying the

crystalline structure of starch (Zobel et al., 1988s a result, the glucosyl units
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associated with the starch are likely distorted fmmch a less stable conformation (Oates,
1997) .
5.3.1.2 Mixture of pure compounds and complex feedstocks

The solid yields associated with the carbonizatadinthe mixtures of pure
compounds and the complex feedstocks (e.g., woaperp and corn) also differ. A
longer reaction time is required for complex feedkts to reach a stable mass of
recoverable solids than that associated with thee gaedstocks, except for lignin,
suggesting carbonization kinetics are slower far domplex feedstocks. The largest
yields were generated when carbonizing the comfdbdstock of greatest initial carbon.
Similar to that associated with the pure compouradslistinct and significant linear
relationship between the initial carbon contenthef complex feedstock and their final
yields exists (correlation coefficient of 0.99, &g 5.2). Results from ANOVA tests
indicate the yields associated with these feedst@clk, for the most part, statistically
significant from one another. The yields resultfirgm the mixture of cellulose, xylose,
and lignin statistically differ from all other mixtes and complex feedstocks at all times,
except for the corn and the starch and glucoseumaxdt 1 and 48 hours, respectively (p
> 0.05). Yields resulting from carbonization of wibare statistically different from all
other mixtures and complex feedstocks at all reactimes, except corn at 0.5 and 24
hours (p > 0.05). At early times, the yield obtairfeom the carbonization of the starch
and glucose mixture is similar to that obtained mvharbonizing corn (times less than 4
hours, p > 0.05).

The majority of the yields obtained when carborgzinese mixtures and complex

feedstocks also statistically differ from that ob&ml when carbonizing the pure
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compounds. Not surprisingly, at certain reactiomes the yields obtained when
carbonizing the cellulose, lignin, xylose mixture mbt differ statistically (p > 0.05) from
cellulose (24, 48 and 96 hours) and xylose (48,aftl 96 hours), two of the major
components of the mixture. The yields obtained wtembonizing the starch and glucose
mixture are predominantly different from the puemdstocks, except at a few reaction
times (cellulose at 2 and 48 hours and starch @th@urs, p > 0.5). Yields from the
carbonization of wood are similar to those obtaifrech lignin at 48 and 72 hours, while
the yields from paper are similar to lignin at aaton time of 2 hours (p > 0.05).

5.3.1.3 Prediction of solid yields

The ash-free solid yields resulting from the carbation experiments of the pure
feedstocks were used to predict the yields regulfirom the carbonization of the
mixtures of pure compounds and the complex feellstdhe ash was removed form the
predictions because the feedstock ash contents Rasults from this analysis are shown
in Table 5.3 and Figure 5.5. For all mixtures anthplex feedstocks, the predictions of
ash-free solid yields remain fairly constant witme (similar to the measured values),
with predictions more closely approximating the sweaments at later times.

The predictions of solid yields obtained from therbonization of mixtures of
pure compounds are fairly accurate, with less @2 error between the measured and
predicted values at a reaction time of 96 hour® Yikld prediction associated with the
mixture of cellulose, lignin, and xylose closelypapximates the measured value (~1%
error between the measured and predicted values @action time of 96 hours).
Surprisingly, the yield prediction associated witle carbonization of the starch and

glucose mixture at a reaction time of 96 hours nslaspredicted by ~20% from the
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measured value, suggesting compound-related ini@nac may occur during the
carbonization of these compounds that catalyzelsglioduction.

The predictions of solid yields from the carbonizatof the complex feedstocks
vary more significantly from the measured valueah{& 5.3and Figure 5.5). The yields
associated with wood (~39% error between the medsanel predicted values at a
reaction time of 96 hours) and corn (~36% error betwthe measured and predicted
values at a reaction time of 96 hours) are unddrpted, while the yields associated with
paper (~49% error between the measured and prediateds at a reaction time of 96
hours) are overpredicted. Interestingly, the yieddsociated with both the mixture of
starch and glucose and the corn are greater trainptedicted values, suggesting that
intermediate compounds associated with the carhbtaiz of these compounds may
catalyze solids production. A similar phenomenors vadoserved for the starch and
glucose mixture, suggesting when carbonizing femttst containing starch and sugars,

solids generation is catalyzed.
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Table 5.3 Percent error between the predictionna@asurement of solid recovery, mass of carbonlid,diquid and gas phases,
recovered solids energy content, and functionaligsan recovered solids at a reaction time of A6r&d

re?:gl\l/zry Carbon massin| Carbon mass in the] Carbon mass in gnergy o . .
(ash- recovered solids liquid-phase the gas-phase (as(,)hnj‘fgé) Distribution of functional groups in char
Feedstock free)
Meas. | Meas. | O | Meas. | [Ch | Meas. | Ch | Meas | e | ocs| oukyl | Aromaic| FUIEO| g
values values values
C+L+X 0.90 -0.2 -0.2 41.9 41.9 30.8 30.8 -29.0 27.% 89.5 -49.6 -24.5 -16.8 -154.41
Wood 38.9 21.7 -10.6 43.6 20.3 9.2 -28.2 9.5 278 9.08 43.8 -82.2 20.3 -346.8
Paper -49.3 -69.7 -96.5 68.7] 63.8 260 1413 18.9 343 NA 99.6 -79.2 -68.8 -97.2
S+G 20.3 2.2 2.2 23.1 23.1 -24.6 -24.6 -0.17 -48 A N 100 19.3 -21.0 -8.4
Corn 35.9 45.0 45.0 63.1 63.1 45.[7 45y 11.0 136 A N NA 10.0 -71.6 -31.4

®positive values indicate an underprediction; negatalues indicate an overprediction.
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One potential reason for the large differences betwthe predicted and measured
yields associated with the complex feedstocks nesult from compound structural
differences. The cellulose, hemicellulose (e.glogg) and lignin carbonized in this work
serve as the basis for these predictions. It eyikhowever, that the structure of each of
these compounds differs from the structure of treegepounds when located within the
complex feedstocks. The cellulose, lignin and hethitbse components of each
complex feedstock are chemically bonded within eaclterial by non-covalent bonds
and cross-linkages that provide material strucflismma et al., 1994; Saulnier et al.,
1995). It is also known, for example, that the ctineal complexity of cellulose in paper
decreases after its manufacture, as evidencedrbegiugtion in cellulose polymerization
during kraft puling of paper (Berggren et al., 2D08nother structural difference that
may cause these large prediction errors is relaedemicellulose. In this work,
hemicellulose is modeled using xylose. When embeéddethe complex materials,
hemicellulose forms polymers, combining with cedkg (Kulkarni et al., 1999), resulting
a structure different from xylose. It is also higlprobable, because of different bonding
mechanisms, that the structure of the lignin usetthis work differs from the structure of

lignin found in paper/wood.

5.3.2 Carbon mass distribution among carbonization prtsduc

Carbon mass in the solid, liquid and gas-phases measured. The resulting
carbon recoveries in all experiments range from1l30%. Mass balance analyses
indicate that distribution of the initially presecéirbon depends on feedstock type and

reaction time (Figure 5.6). At early reaction tim&s2 hr), a large fraction of initially
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present carbon exists in the liquid-phase. The madm of this fraction depends on
feedstock characteristics; larger fractions of oarlre initially measured in the liquid-
phases when carbonizing feedstocks that are solublater at room temperature. Mass
balance analyses also indicate that carbonizaésults in a significant fraction (> 40%)
of initially present carbon retained within the idgbhase for all feedstocks after a
reaction time of 2 hours (Figure 5.6). Of all theedstocks carbonized, the solids
generated from the carbonization of paper contaited lowest fraction of initially
present carbon (44 - 54%), while the solids geedrdtom the carbonization of corn
contained the largest fraction of initially preseatbon (69 - 90%). Results from analysis
of variance (ANOVA) tests indicate that the fraoBoof initially present carbon found in
the solids resulting from the carbonization of papee statistically different from those
obtained when carbonizing all other feedstocks (190.85). The fraction of initially
present carbon found in the solids during the aaidation of the pure compounds and
mixtures of pure compounds and complex feedstoeke Istatistical similarities. The
fractions of initially present carbon found in teelids when carbonizing cellulose are
statistically similar (p > 0.05) to the celluloseylose, lignin mixture (reaction times
greater than or equal to 2 hours), wood (all reactimes), mixture of starch and glucose
(reaction times greater than or equal to 2 hoars), corn (reaction times greater than or
equal to 4 hours). The majority of the fractionsirafially present carbon found in the
solids recovered when carbonizing starch, xylogmin, and glucose are statistically
similar to the mixtures of pure compounds and cexpéedstocks (p > 0.05), except for

paper. These results suggest that changes in éekdstmplexity/chemical composition
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do not impart statistically significant impacts the fraction of carbon remaining in the
solid-phase.

Fractions of initially present carbon transferrediquid-phase, following initially
large values (Figure 5.6), are low, generally tbss 20%. Carbonization of paper results
in the largest fraction of carbon remaining in thguid-phase, suggesting the
intermediates resulting from paper carbonizatidfedifrom those generated during the
carbonization of the other evaluated feedstockes&hntermediates resulting from the
carbonization of paper appear to have greaterdighiase solubility. ANOVA test results
confirm that the liquid-phase carbon contents tesyifrom the carbonization of paper
are statistically different from the liquid-phasarlmon contents resulting from the
carbonization of all other feedstocks (p < 0.05).

Fractions of carbon are also transferred to the-phase as a result of
carbonization, consistent with observations in s studies (e.g., Berge et al., 2011,
Hoekman et al., 2011, Li et al., 2013). The fractad initially present carbon transferred
to the gas-phase is below 10% for all feedstocksetx paper (Figure 5.6). When
carbonizing paper, a significant fraction of carbeas transferred to the gas-phase
(between 10 and 25%), suggesting the carbonacemmponents of paper are more
volatile than those of the other evaluated feedsto€he carbonization of lignin resulted
in the lowest fraction of carbon transferred to gas-phase, which is consistent with
reports that little conversion of lignin occurs ithgr carbonization (Dinjus et al., 2011,
Kang et al., 2013) and previously described expemtal results. Results from ANOVA

tests confirm, with the exception of some earlyeticarbon contents, that gas-phase
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feedstocks.
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carbon contents are statistically different betwakfeedstocks (p < 0.05). Exceptions to
this include a comparison between: (1) glucose tedcellulose, xylose, and lignin
mixture at times > 24 hours, (2) glucose and tlaecktand glucose mixture at reaction
times > 24 hours, (3) starch and the starch andogki mixture at 96 hours, and (4)
cellulose and the cellulose, xylose, and lignin tom& at reaction times greater than 16
hours.

5.3.2.1 Prediction of carbon mass in the solid, liquid gad-phases

Carbon data from the carbonization experimentshef pure feedstocks (e.qg.,
cellulose, lignin, xylose, glucose and starch) wesed to predict the mass of carbon in
the solid, liquid, and gas-phases resulting frommaarbonization of the mixtures of pure
compounds and the complex feedstocks (defined ImeT&a1). Results from this analysis
are shown in Figure 5.7 — 5.9 and Table 5.3.

The predictions of the mass of carbon in the sphdse resulting from the
carbonization of the mixtures of pure compoundgyFe 5.7) are similar to the measured
values at long reaction times (> 4 hours), whike pinedictions are less accurate at short
reactions times (Figure 5.7). This observation sstgythat carbonization kinetics are
influenced when carbonizing the mixtures of purempounds. Changes in carbonization
kinetics are not surprising; previous work has itledathe influence of lignin presence on
carbonization of several mixed feedstocks (e.gawstgrass, cauliflower, beechwood)
(Dinjus et al., 2011), supporting the conclusioat tompound interactions may influence
carbonization kinetics. The ADL fraction in the ogered solids from the carbonization
of the mixtures and complex feedstocks increas#stume (Figure 5.4). It is possible the

ADL fraction of the solids influences carbonizatikimetics. These predictions suggest
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that there is no significant compound interactibattresults in an overall increase or
decrease in solid-phase carbon mass at times ofiaeacompletion. The predictions
associated with the final (at reaction times oh®6irs) solid-phase carbon masses for the
mixtures of pure compounds vary by less than 3% ftilke measured values, suggesting
such predictions are feasible when carbonizing umned of pure compounds that
accurately reflect the material in the complex &tedk (Table 5.3).

Greater differences between the predicted and msdstarbon masses (Table
5.3) in the solid-phase are observed for the mifestistocks (e.g., wood, paper, and
corn). The predictions of solid-phase carbon mass fthe carbonization of wood and
paper are more complicated because the cellul@seickllulose, and lignin fractions of
these feedstocks comprise only 77 and 88%, respégctiof the total feedstock mass
(Table 5.1). To account for this discrepancy, theasured carbon mass was adjusted to
only reflect the fraction of carbon representethim prediction. This adjusted value more
accurately reflects the relationship between thedigtion and measurement. When
considering this adjustment for the carbon foundthe solids collected from the
carbonization of wood, the accuracy of the predicimproves (~11% error between the
measured and predicted values at a reaction tin® diours, Figure 5.7 and Table 5.3).
When considering this adjustment for the carbonsmasthe solids recovered when
carbonizing paper, however, the accuracy of thdigtien decreases (~97% error). The
prediction of the carbon mass found in the solefsilting from the carbonization of corn
do not require adjustment, as the starch and scgatents account for 100% of the
feedstock mass. The error associated with the grediof carbon mass from the solids

resulting from the carbonization of the corn at B6urs is significant (~45%).
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The significant errors associated with the predectiapability of the carbon mass
in the solid-phase following the carbonization offiplex feedstocks may result because
(1) the cellulose, hemicellulose, and lignin frao8 of the each feedstock differ in
structure and carbon content from those of the pamepounds used in this study or (2)
different intermediate products are formed durihg tarbonization of each feedstock
(possibly a result from unaccounted fractions afheteedstock) that interact/influence
carbonization. Underprediction of solids carbon snasay suggest that liquid-phase
intermediates generated during carbonization cagabolids formation, similar to that
reported by Stemman et al. (2013), resulting inagme solids carbon mass than that
expected from the results of pure compound carlatioiz. It is also important to note
that the cellulose, hemicellulose, and lignin fimas$ of these feedstocks likely differ in
structure and carbon content from those of the parepounds used in this study, also
likely contributing to the large prediction errdfhe components comprising the sugar
and starch content of the corn also differ fromsthased in these experiments. Corn has
been reported to contain fractions of fructose,rese and maltose (Ferguson et al.,
1979); the carbonization of these sugars may rasuldifferent solid-phase carbon
contents, leading to decreased prediction capaisilit

When predicting the mass of carbon in the solidsegged from the
carbonization of paper, the carbon mass is sigmtiy overpredicted ~97% error
between the measured and predicted values at aoresicne of 96 hours (Figure 5.7)
especially when accounting for the fact only 88%tlueé initial paper composition is
accounted for in the prediction. This gross oveljmteon suggests that the carbon

components of the paper are either more amenabiquid solubility (substantiated by
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the greater liquid-phase carbon contents discugsadously), are more volatile, and/or
that the model pure compounds used in this work sanificantly from those found in
paper.

Predictions of the mass of carbon in the liquidgghare always lower than the
measured mass of carbon in the liquid-phases edcion time of 96 hours, even for the
mixtures of pure compounds (Figure 5.8). This olegon suggests that some interaction
of compounds found in these feedstocks and mixtofegure compounds influences
intermediate liquid-phase solubility and may paotht also influence intermediate
compound composition. Predicting liquid-phase canath the pure compounds used in
this work does not appear reasonable, as the pgeecer between the measured and
experimental values is > 20% for all feedstockscl(iding the mixtures of pure
feedstocks) and as high as 64% for paper (Tab)e 5.3

Carbon mass in the gas-phase is underpredictedlfoieedstocks evaluated
(Figure 5.8), except for the mixture of starch aldcose and wood, suggesting that
fractions of the feedstocks unaccounted for maydsatile in nature, resulting in greater
carbon partitioning to the gas-phase. These resaés consistent with predictions
associated with gas volume (Figure 5.10). The srassociated with this prediction are
significant (Table 5.3), suggesting this type o&diction (with the pure feedstocks
carbonized in this work) cannot be accurately z#il. It is likely other factors must be

included in such a prediction.
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5.3.2.2 Carbon densification

Carbonization results in carbon densification @& thcovered solids, as shown in
Figure 5.3. Solids recovered from the carbonizatadnlignin indicate little carbon
densification (close to 1). This observation idiire with the hypothesis that significant
fractions of lignin are not converted during carzation at 256C and is consistent with
that reported by others (Dinjus et al., 2011; Kangal.,, 2013) and the ADL results
(Figure 5.4). The solids recovered from the carbation of starch exhibit the largest
carbon densification (1.9 after 96 hours) among gbee feedstocks. Evidence of the
greater carbon densification associated with staarbonization is also shown in the
structure of the recovered solids (as discussedultsequent sections). The carbon
densification associated with the solids recovedredn the carbonization of all pure
feedstocks, except lignin, is greater than thab@ated with the complex feedstocks
(e.g., wood, paper, and corn).
5.3.3 Energy content of recovered solids and associaeigtions

The energy content of the recovered solids inceeagéh time. The energy
content of solids resulting from the carbonizatdrcellulose (25kJ/g dry solids) have the
largest energy content, compared with those gesekrfadbm the other pure compounds,
while solids resulting from the carbonization oppa (26kJ/g dry solids) had the larger
energy contents than those associated with the otimeplex feedstocks.

Ash-free solids energy contents resulting from ¢agbonization experiments of
the pure feedstocks were used to predict the ermngients associated with the mixtures
of pure compounds and the complex feedstocks. Besam this analysis are shown in

Table 5.3 and Figure 5.11. As with previously dissad predictions, there are significant
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differences between the measured and predicte@wvalushort reaction times, suggesting
carbonization kinetics vary between the pure comgdsuand mixtures/complex
compounds. At late reaction times (96 hours), thediptions are significantly closer
(Figure 5.11). With the exception of paper anddbkulose, xylose, and lignin mixture,
the percent errors associated with all solids gnexantents are less than 11% (at a
reaction time of 96 hours), suggesting energy cunte not as sensitive to changes in
feedstock chemical and structural characteristiss other predicted carbonization
products. Predictions associated with the energyetd of solids recovered from the
carbonization of paper and the cellulose, xylosgj &gnin mixture vary from the
measured values by less than 29%. These resulgesuthhat solids energy content may
be predicted based on the results of pure compaanidonization, even if the pure
compounds carbonized differ in structure/propertigsis is an important observation,
providing an approach to predict energy contenthef solids from feedstock chemical

composition. Such predictions will allow for mordarmed feedstock selection.
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5.3.4 Recovered solids chemical characteristics

The'®C NMR spectra of the feedstocks are shown in Fi§ute and indicate that
cellulose, starch, glucose have peaks in the O-afigion (60 — 110 ppm). The peaks
associated with glucose and xylose are sharp amdwasuggesting they have high
crystallinity. The spectra of lignin indicates brdains aliphatic, O-alky, aromatic and
phenolic compounds, while wood contains compounslso@ated with lignin and
holocellulose. Results indicate that paper contaglkilose/hemicellulose (peaks found
in the O-alkyl region), while no compounds ass@datvith lignin are present. The
spectrum of corn indicates it mainly contains Oyatompounds, with smaller amounts
of aliphatic and carboxyl compounds that are likaigteins (Duodu et al., 2001).
5.3.4.1 Pure Compounds

The time dependent characteristics of the solidméd during carbonization,
normalized to the carbon content of the solidsatbpure feedstocks are shown in Figure
5.13. These data indicate that as a result of c&rhton, the carbon is predominantly
converted to furanic, aromatic and alkyl compougtgure 5.13). The trends associated
with the conversion of cellulose, starch, xylosel gtucose are similar. First, O-alkyl
bonds associated with the initial feedstocks disappnd aliphatic and carboxyl/carbonyl
compounds are subsequently formed. As reactioniticreases, increases in the fraction
of furanic carbons are observed. These furanic oceblikely result from the
polymerization of liquid and/or gas-phase intermagel, such as HMF and furfural (Falco

et al., 2011). As reaction times continue to insegdhe furanic compounds decrease and
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Figure 5.12"C NMR spectra of initial feedstocks, (a) cellulog®, glucose, (c) xylose,
(d) starch, (e) lignin, (f) wood, (g) paper, andl ¢brn.
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Figure 5.13 Solid-phase carbon distribution datived from**C NMR data over time from: (a) cellulose, (b) glsep(c): xylose, (d)
starch, and (e) lignin.
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an increase of aromatic compounds is observededses in aromatic compounds are
likely a result of the condensation of bonds inyplan (such as-o andp-p) (Falco et
al., 2011). The oxygen content of the furanics asoreases, possibly resulting in the
formation of polyaromatic hydrocarbons (Falco et2011).

Unlike cellulose, glucose, and xylose, lignin camsaaliphatic, methoxyl, O-
alkyl, aromatics, O-aromatics and carboxyl/carboryinpounds (Figure 5.13). Results
indicate that the methoxyl and O-alkyl groups asded with lignin decrease with time
(Figure 5.13), indicating the O-C bonds in ligniacdmpose during carbonization. O-
aromatic compounds in initial lignin, which repraséhe C3 and C4 in phenolic alcohol
units also decrease with time, indicating a losxfgen substitutes on the aromatic
rings. The amount of aliphatic, aromatic and C=@npounds are more resistant and
remain stable over time.

A ratio to describe the relative condensation extdnthe collected solids was
developed, as illustrated in equation 1:

R:F+O-A
nonO-A

1)

where F is the relative amount @f andpB-carbon in furanic compounds, O-A represents
the aromatic carbon that is attached to oxygen, rowlO-A represents the relative
amount of carbon in aromatic rings that are notnected to oxygen. The relative
amounts of F, O-A and nonO-A are calculated ushg area of peaks it*C NMR
spectra. The ratio of (F+O-A)/nonO-A reflects tredative amount of less stable or
condensed carbon (carbon in F and O-A) to that afencondensed (carbon in nonO-A),

and is applied here to describe the condensatitanesf the recovered solids. This ratio

is based on the assumptions that: (1) the convedithe furanic compounds to aromatic
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compounds in the recovered solids results in a rmonelensed solid (Falco et al., 2011),
and (2) during carbonization of the lignin-contamifeedstocks (lignin, mixture of
cellulose, lignin, and xylose, and wood), the oxyge the O-A from the initial
feedstocks is likely eliminated (reduced nonO-Asulting in more condensed aromatic
structures.

The (F+0O-A)/nonO-A ratios calculated for the reamek solids indicate that
greater aromatization/condensation occurs whenoo&ing starch (ratio = 0.6), while
less aromatization/condensation results when caimgnglucose (0.9), xylose (1.0), and
cellulose (1.5). The larger extent of aromatizdttondensation associated with starch is
in accord with its highest extent of carbon denation (Figure 5.3).

The solids recovered from the carbonization ofiighave the smallest (F+O-
A)/nonO-A ratio (0.1). Interestingly, the solidscavered from lignin after 96 hours
contain mainly aromatic and aliphatic compoundsictviare likely native to initial lignin
structure (Preston et al., 1998). These solidsawomto or negligible furanic compounds
and more aromatic compounds native to lignin, sstygeg little carbonization occurred.
This result is consistent with the carbon dendifoce data (little densification was
observed, (Figure 5.3) and ADL measurements (Fi§ut® suggesting little lignin was
carbonized/converted.
5.3.4.2 Mixtures of pure compounds and complex feedstocks

The changes in the O-alkyl, furanic, aromatic, ladific and C=0O containing
compounds in the solids recovered over time resplfrom the carbonization of the

mixture of cellulose, xylose and lignin are similarthat observed when carbonizing pure
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cellulose and xylose (Figure 5.14). The observedngk in the methoxyl groups is
similar to that observed when carbonizing lignin.

Initial wood contains aromatic, O-aromatic and laific compounds resulting
from the presence of lignin and O-alkyl from theg®nce of cellulose, hemicelluloses
and lignin (Figure 5.14). The O-alkyl compounds réase with time as a result of
carbonization, similar to the trend observed whearbanizing pure cellulose,
hemicelluloses (xylose), and lignin (Figure 5.1A)e amount of O-aromatic compounds
increases with time, which is likely a result oétformation of furanic compounds from
the carbonization of the cellulose and hemicellelamponents of the material.
Aromatic compounds in the recovered solids do mawsa clear increasing trend, as
observed when carbonizing cellulose and xyloseikdnlith the pure compounds, a
decrease of furanic compounds following their aliformation is observed in the solids
recovered from the carbonization of wood. The sotiecovered from the carbonization
of wood at 96 hrs have the largest (F+O-A)/nonOrfoag the solids recovered from all
feedstocks evaluated (1.6), indicating the lowgstre of aromatization/condensation.

Initial paper contains O-alkyl compounds as theydahctional group detected by
13C NMR, indicating cellulose and hemicellulose as firedominant components, with
negligibly identified lignin. There is an observeecrease of furanic compounds coupled
with increase of aromatic compounds at longer readimes when carbonizing paper
(Figure 5.14). Accordingly, the (F+O-A)/nonO-A @tof the recovered solids from the
carbonization of paper after 96 hours is 1.5, whechlose to ratios associated with the
solids recovered from pure cellulose (1.5) and digihan that associated with xylose

(1.0).
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The changes of functional groups in the solids veped from the mixture of
starch and glucose and sweet corn are similarasetiobserved when carbonizing starch
and glucose alone (Figure 5.13 and Figure 5.149.(FrO-A)/nonO-A ratio of the solids
recovered from carbonization of the starch and agacmixture after 96 hours (0.6) is
similar to that of the solids recovered form theboaization of starch (0.6) and lower
than those associated with the solids formed duttiegcarbonization of glucose (0.9).
The solids recovered from the conversion of sweeh @after 96 hours have a relative
high extent of aromatization/condensation, withFa@-A)/nonO-A ratio of 0.4, the
lowest ratio among all the feedstocks evaluatedegixlignin.
5.3.4.3 Prediction of functional groups

The data obtained from the carbonization of theepprompounds, coupled with
the known chemical composition of the mixtures airgp compounds and complex
feedstocks, were used to predict the functionaligean the mixtures of pure compounds
and complex feedstocks present at a reaction tif® diours. Results from this analysis
are shown in Table 5.3. When predicting the compgsunitially containing lignin ((1)
mixture of cellulose, xylose, and lignin, (2) papemd (3) wood), the aromatic,
furanic/O-aromatic and carboxyl/carbonyl compourade overpredicted (Table 5.3),
while aliphatic portion is underpredicted. The pecédn errors associated with the
mixtures of pure compounds are smaller than thassocaated with the complex
feedstocks. These results suggest the complex teed@dsundergo a lesser extent of
condensation than can be predicted with the pumgoonds carbonized in this study and
assuming a linear relationship. Based on resutts fprevious predictions, this result is

not surprising. When predicting the functional greuesulting from the carbonization of
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the mixture of starch and glucose and corn, thégoof aliphatic compounds is closely
approximated (Table 5.3).

The majority of the errors associated with the mtamhs of functional groups are
significantly greater than those associated withdmtions of solid yields and carbon
masses in each phase. These results suggest daattion of solids functional groups
resulting from carbonization of these feedstocksnoa be predicted using results from
the carbonization of pure compounds. It is likelyatt more detailed chemical
characteristics and/or feedstock structural progerare required to make such a

prediction.

5.4 CONCLUSIONS

Changes in feedstock composition and complexityjuémice carbonization
product properties. Carbonization product charaties were predicted using results
from the carbonization of pure compounds and irtdidhat recovered solids energy
contents are more accurately predicted than sglielsls, and carbon masses in each
phase, while predictions associated with solid fimm@al groups are most difficult to
predict accurately. These results suggest thatestigg energy content is not as sensitive
to changes in feedstock chemical/structural chearestics as other predicted
carbonization products. To more correctly predidheo carbonization products,
compounds more accurately representing the confpkdstocks need to be used as the

basis for the predictions.
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5.5 SUPPLEMENTARY INFORMATION

This supplementary information section presentbQaration Product
Prediction Calculations.

Calculations based on experimental results from d¢he&bonization of pure
compounds (i.e., lignin, cellulose, xylose, stamglucose) were performed to predict the
characteristics associated with the recovered sdl@mn the experiments associated with
the mixtures (e.g., cellulose + xylose + lignin atarch + glucose) and mixed feedstocks
(i.e., wood, paper, corn). All predictions are lthea the assumption that there is a linear
relationship between carbonization product chareties and feedstock type and

concentration.

The relationship used for the prediction of soljgdds is presented in equation 1:

Pieid.1= feeuioseY. +f

yi e ' cellulose lignin

YIignin + f Y + f

hemicellulose’ xylose

Y,

starch starch+ fsugarsY glucose (1)

where, Reig1 represents the predicted ash-free yield at a Bpe&eaction time, iuiose
fiignin, fhemiceliulose fstarch fsugars fashrepresent the fraction of each of these compoiumtse
compound mixtures or complex feedstocks, ag@u¥se Yignin, Yxylose Ytarch Y glocosedl®
the ash-free solid yields measured from the cadadioin of these pure compounds at the
specific reaction time. Note that the hemicellulosaction is modeled in these
experiments with xylose and sugars are represdntagucose. It was also assumed that
no starch or sugar was in the wood or paper anceftolose, hemicellulose, or lignin is
present in the corn. These calculations assumethigamass of ash remains constant

throughout the duration of each experiment.
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Similar calculations were performed to predict ¢Aebon mass in the solid, liquid
and gas-phases as a result of the known chemiogpasition. The gas-phase volumes

were also predicted. These relationships are dé&fimequations 2 to 5:

Cs: fcelluloseCs,ceIIquse+ fligninCs,Iignin+ fhemicellulosz.cs,xylose-'- fstarcth,starch+ fsugargs,glucose (2)
CI = fcellulosecl,cellulose+ fligninCI,Iignin + fhemicellulosgl,xylose-*_ fstarchCI,starch+ fsugarg:l,glucose (3)
Cg: fcellulosng,ceIIquse+ flignian,Iignin+ fhemicellulosgg,xylose-'- fstarcth,starch+ fsugarng,glucose (4)
V: fcellulosevcellulose+ fIignin\/lignin + fhemiceIIquse\/xons,e-'- fstarchvstarch+ fsugars\/glucose (5)

where, Gis the carbon mass in the solid-phase (g}gfn Cs celiulose Cs xylose aNd G glucose
are the masses of carbon measured in the solicephéen carbonizing the pure
feedstocks, Gignin, Cicelluloss Cixylose and Ggucose @re the masses of carbon measured in
the liquid-phase when carbonizing the pure fee#stoCy ignin, Cg.cellulose Cgxylose @nd
Cy.gucose@re the masses of carbon measured in the gas-piha@secarbonizing the pure
feedstocks, and inin, Vceluose Vxylose @and Vyucose@re the gas volumes measured when
carbonizing the pure feedstocks. It should be ntitatithese predictions only account for
the chemical compounds measured; other compouedsoaitaken into account in these
predictions.

Recovered solids energy contents were predicteagusisimilar technique, as

outlined in equation 6:

Es,t:fcelIquseEceIIquse+fIignin EIignin +fhemice||u|os&.EhemicelIuIose+fstarcf£starch+fsugarEsugar (6)
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where, E represents the predicted ash-free solids energiercbat a specific reaction
time and Beiulose Eignins Exylose Estarch Eglocose@re the ash-free solid energy contents
measured from the carbonization of these pure comgat the specific reaction time.
Note that the hemicellulose fraction is modeledhase experiments with xylose and
sugars are represented by glucose. It was alsonasisthat no starch or sugar was in the
wood or paper and no cellulose, hemicelluloseigmin is present in the corn.

The percent of carbon in forms of different funotgroups are predicted by the

following equation:

f _( fce||u|OSECs,ceIIquse,\ + fligninCs,Iignin,i

+ fhemicellulosgs,xylose,i-}- fstarcth,starch,i + fsugargs,glucose,) (7)
i
Cfeed

where, f represents the percent of carbon in form of flumeti group i in the recovered
solids, Gellosei Csjignins Csxylose,i Cs.starchi @nd G giucosei are the mass of carbon in
functional group i measured in the recovered sdhois these pure compounds, ang.&

represents the total mass of carbon present imitied feedstock.
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CHAPTER 6.

CONCLUSIONS ANDRECOMMENDATIONS

6.1 CONCLUSIONS

Hydrothermal carbonization is an environmentallyhdfecial means to convert waste

materials to value-added products, including canticim energy-dense solids and
nutrient and chemical rich liquids. A series of esiments were conducted to determine
how reaction conditions and heterogeneous compamndures (representative of

municipal wastes) influence hydrothermal carbomirafprocesses. These experiments
were designed to: (1) determine how carbonizatr@ayct properties are manipulated by
controlling feedstock composition, process cond#io and catalyst addition; (2)

determine if carbonization of heterogeneous midumlows similar pathways as that

with pure feedstocks; and (3) evaluate and complaee carbon and energy-related
implications associated with carbonization produeith those associated with other
common waste management processes for solid wakte. main findings associated

with this work include:

o Feedstock type influences the properties of theeggad hydrochar material.

Solid yields have a linear relationship with theboa content of feedstock, with
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yields increasing with increasing feedstock carlwmmtent.. In addition, the
chemical composition of the solids generated framdarbonization of cellulose,
xylose, glucose and starch contain mainly furaracomatic and aliphatic
compounds, while solids generated from the carlatioz of lignin is composed
mainly of aromatics (with and without substitute yggn) and aliphatic
compounds. Solids generated from the carbonizaifomixed feedstocks (e.g.,
wood) have compositions similar to those comprisiregr chemical composition.
Feedstock type also appears to influence solidmdton. Solids formation
appears to be slower for mixed and complex feelistttat of the corresponding
pure feedstocks evaluated, except for lignin.

Using data from the carbonization of the model coomuls, the carbonization
product characteristics associated with the mistuoé pure compounds and
complex feedstocks were predicted. Results frors #nalysis indicate solids
recoveries and carbon mass in the solids are peedieasonably well for the
mixture of pure compounds (< 20% error associatath whe prediction).
However, differences between the measured andqgbeeldvalues for the carbon
masses in the liquid and gas as well as the shlittional groups are significant
for these mixtures, suggesting compound interachag be occurring.

Reaction time and temperature influence carbomnatroduct composition. At
early times, feedstocks are solubilized and subs#tu form reactive
intermediates, which are converted to more stabbelyrts in solid, liquid and
gas. Higher temperatures and longer reaction tgeesrally result in the increase

of solids energy content, production of £&hd hydrocarbons in gas phase.
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Catalyst addition influences carbonization. Changeshe properties of initial
process water (e.g., pH, ionic strength and orgniopart a kinetic effect, on
carbonization, with little influence on final procs. These qualities of process
water have most significant influence on final aarhistributed in gas. Caght
0.5 N (highest concentration in the present stud® more significant influence
final product properties, probably due to its peatson effect on the generated
solid surfaces.

The environmental implications associated with ttegbonization of waste
materials depend on the ultimate use of hydrodhaarbon in hydrochar remains
stored after its utilization (such as soil amendineatalyst, etc), HTC releases
less GHG than other current used waste managemertegses (landfill,
composting and incineration) and may serve as &ectafe and sustainable
process for carbon sequestration.

When hydrochar from waste materials is used adi@ &eel, no carbon remains
sequestered. In addition, the hydrochar generatad fvaste materials has the

potential to generate energy than that associaitbdoailected landfill gas.

6.2 RECOMMENDATIONS FORFUTURE WORK

Hydrothermal carbonization of wastes is still inveeping. A greater

understanding associated with the potential impbos associated with energy

generation from the solids and the environmentagllications of the gas and liquid

products is needed. Further study of the applinatd hydrochar is necessary. The

stability of hydrochar in nature will show the uitate potential for carbon sequestration
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via carbonization. Energetic application of hydrachequires more detailed information,
such as combustion behaviours, requirement folitfaof combustion or co-combustion

with coal. A life cycle analysis will provide a mascopic understanding of

environmental impact and the energetic applicadbHTC, as well as other current used
waste management techniques. This analysis isekiestep in providing the information

necessary to allow more informed scale-up of tloegss.

In addition, more detailed analyses evaluating @adation are required.
Development of a conceptual model of HTC will hetp better understand specific
carbonization mechanisms and ultimately allow thedjetion of carbonization product
characteristics under different experimental coodg (such as feedstock type,
temperature and time). A kinetic analysis is reeglito quantitatively investigate the
effect of reaction time and temperature on HTC essc Understanding how feedstock
complexity influences carbonization is also impottand should be evaluated in more

detalil in future studies.
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