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ABSTRACT

The uncertainties in the continuous supply of fossil fuels from tises-cidden
oil-rich region of the world is fast shifting focus on the need tizatcellulosic biomass
and develop more efficient technologies for its conversion to frelschemicals. One
such technology is the rapid degradation of cellulose in supeatntigter without the
need for an enzyme or inorganic catalyst such as acid. This piagesed on the study
of reaction kinetics of cellulose hydrolysis in subcritical and superdntiater.

Cellulose reactions at hydrothermal conditions can proceed vieothegeneous
route involving dissolution and hydrolysis or the heterogeneous path ofcesurfa
hydrolysis. The work is divided into three main parts. First, thailddtkinetic analysis
of cellulose reactions in micro- and tubular reactors was conduResttion kinetics
models were applied, and kinetics parameters at both subcriticalsugetcritical
conditions were evaluated. The second major task was the evaluatimhdsfof water
soluble hydrolysates obtained from the hydrolysis of cellulosetanchsn hydrothermal
reactors. Lastly, changes in molecular weight distribution duéytdrothermolytic
degradation of cellulose were investigated. These changes lsersiraulated based on
different modes of scission, and the pattern generated from sonuiahs compared
with the distribution pattern from experiments.

For a better understanding of the reaction kinetics of cellulosebicrisical and
supercritical water, a series of reactions was conductéat imicroreactor. Hydrolysis of
cellulose was performed at subcritical temperatures ranfgimg 270 to 340 °Ct(=
0.40-0.88 s). For the dissolution of cellulose, the reaction was conductggeatrgical

temperatures ranging from 375 to 395 %G=(0.27 - 0.44 s). The operating pressure for
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the reactions at both subcritical and supercritical conditions5@@6 psig. The results
show that the rate-limiting step in converting cellulose to fetaide sugars in
subcritical and supercritical water differs because of thierdifice in their activation
energies.

Cellulose and starch were both hydrolyzed in micro- and tubulatoreaend at
subcritical and supercritical conditions. Due to the difficulty invdlwe generating an
aqueous based dissolved cellulose and having it reacted in subevdiea, dissolved
starch was used instead. Better yields of water soluble hgdtely; especially
fermentable sugars, were observed from the hydrolysis of as#lidnd dissolved starch
in subcritical water than at supercritical conditions.

The concluding phase of this project focuses on establishing the mediesbn
of cellulose chains in the hydrothermal reactor. This was achigy@sing the simulated
degradation pattern generated based on different scission modasgeérprint the

degradation pattern obtained from experiment.
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ABSTRACT

The uncertainties in the continuous supply of fossil fuels from tises-cidden
oil-rich region of the world is fast shifting focus on the need tizatcellulosic biomass
and develop more efficient technologies for its conversion to furelschemicals. One
such technology is the rapid degradation of cellulose in supeatntigter without the
need for an enzyme or inorganic catalyst such as acid. This piagesed on the study
of reaction kinetics of cellulose hydrolysis in subcritical and superdntiater.

Cellulose reactions at hydrothermal conditions can proceed vizothegeneous
route involving dissolution and hydrolysis or the heterogeneous path @dceur
hydrolysis. The work is divided into three main parts. Fitst, detailed kinetic analysis
of cellulose reactions in micro- and tubular reactors was conduResttion kinetics
models were applied, and kinetics parameters at both subcrtnchl supercritical
conditions were evaluated. The second major task was the evaluatimhdefof water
soluble hydrolysates obtained from the hydrolysis of cellulogestarch in hydrothermal
reactors. Lastly, changes in molecular weight distribution duéhytdrothermolytic
degradation of cellulose were investigated. These changes lsersiraulated based on
different modes of scission, and the pattern generated from sonuiahs compared
with the distribution pattern from experiments.

For a better understanding of the reaction kinetics of cellulosebicrisical and
supercritical water, a series of reactions was conductekimicroreactor. Hydrolysis of
cellulose was performed at subcritical temperatures ranfgimg 270 to 340 °Crt(=
0.40-0.88 s). For the dissolution of cellulose, the reaction was conductageatritical
temperatures ranging from 375 to 395 %G=(0.27 - 0.44 s). The operating pressure for
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the reactions at both subcritical and supercritical conditions5@@6 psig. The results
show that the rate-limiting step in converting cellulose to fetai#de sugars in
subcritical and supercritical water differs because of thierdifice in their activation
energies.

Cellulose and starch were both hydrolyzed in micro- and tubulatorsaand at
subcritical and supercritical conditions. Due to the difficuityalved in generating an
aqueous based dissolved cellulose and having it reacted in sabavisiter, dissolved
starch was used instead. Better yield of water soluble hydtelys especially
fermentable sugars, were observed from the hydrolysis of as#lidnd dissolved starch
in subcritical water than at supercritical conditions.

The concluding phase of this project focuses on establishing the msdesibn
of cellulose chains in the hydrothermal reactor. This was achigy@sing the simulated
degradation pattern generated based on different scission modasgeérprint the

degradation pattern obtained from experiment.
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CHAPTER 1. PROJECT INTRODUCTION

1.1 Project Overview

This project investigates the detailed reaction kinetics o$talline cellulose in
subcritical and supercritical water. These media offer conversiorcellulose to
fermentable sugars via two routes: 1) a homogenous route involving dascdunid
hydrolysis or 2) a heterogeneous route involving surface hydrolysismafion obtained
from the mechanism of cellulose conversion in these routesamilin the design of a
reaction flow path that will improve yield of fermentable sugars.

Extracting valuable products such as fermentable sugars and alsfrom cellulose
has always been challenging. The challenges are largely ¢ednec the structural
integrity and recalcitrant nature of cellulose. As a resultye¢hetion kinetics describing
the various methods of deconstructing its bonds, both on the intra- andoileteriar
levels, will undoubtedly be complicated. Some of these methods inclddelysis, ionic
pretreatment, mechanical degradation, ammonia fiber explosion, andret¢themical
process: ? Thus, for any method adopted, a detailed understanding of its reactive
behavior must be a necessary prerequisite. In this project, hydrofysellulose in a
hydrothermal environment will be adopted, and as a result the pva)ebe guided by
the following aims:

1. To conduct kinetics driven experiments on the conversion of cellulosnass to
fermentable sugars following the dissolution and the hydrolysis routes.

2. To analyze the kinetics detailed of each step involved in the two reaction routes

3. To design a reaction flow system that will be suited for dptig yield of

fermentable sugars.

www.manaraa.com



4. To establish modes of scission of cellulose chains in a hydradhesystem by
comparing its distribution pattern from modeling with the expentally generated
pattern.

To date, some questions regarding the hydrothermolytic conversiaellofose to

fermentable sugars still remain unresolved and, for this peyplois research project has

been designed to fill some of these gaps:

1. There are few scientific studies that adequately addresaatbazation of the
cellulose chains and their mode of scission in a hydrothergsaéra. Many
studies on this subject have been conducted with such systems as tenzyma
acidic, and alkaline media but with the hydrothermal systafarmation is still
very sparse.

2. There is still a substantial lack of clarity with resgecivhich of the steps along
the route of cellulose dissolution and hydrolysis is rate-lngitils it the
dissolution or the hydrolysis step? This work is set to contribatethe

understanding and clarification of the kinetic details describing thesgorea

1.2 A Transition from Petroleum-based to Biobased Economy

The challenge posed to the socioeconomic and political stabilityanf mations
by the crises-ridden oil-rich regions of the world is paving they vior an urgent
transition from a petroleum-based to a biobased economy. This paratifjnn the
United States is largely driven by the need to avoid reliancéomaign oil and the
accompanying national security risks. For some other regiorts a&sidhe European
Union, the shift is not only orchestrated by the need to reduoagaeh dependency but

by an unwavering interest in environmental sustainability. A bedb@sonomy utilizes
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natural resources (biomass) as surrogates to all fossi-besgstocks to generate valued
end-products such as fuels and chemitalsble 1 shows the amounts of biomass
utilized from various sources in 2003. A significant portion of it risnf the forest
products industry, which consists of wood residues and pulping liquors thikilsource
with the least amount of biomass resources is from recycle@used bioproducts.
Biomass transformation results in far less emission of €@Othe atmosphere when
compared with the fossil stock that releases @excess of what is needed to maintain
the greenhouse effect. Thus, excessive (©@@ding on the atmosphere contributes to a
phenomenon known as global warming.

In an effort to mirror every component describing the current petroleased

economy in the biobased economy, resources are being invested to ddstgnstruct a

biorefinery* that will generate products that are ordinarily obtained fraentridditional
petroleum refinery. Adoption of the biorefinery is currently beingveig in phases based
on the complexity and flexibility of the plant to process feedstbeklawer volume to a
more complicated unit of processing lignocellulosic biomass agjteehivolume. Phases
in a biorefinery plant are described by the degree of contpldavel of flexibility and
number of products being generated from the plant. For example, comildethanol
process plant, designed solely to produce ethanol, is consider a gseassfihery unit
because of its flexibility in generating other co-product, ltBs% dry grains (DDG) used
for animal feed. A corn wet milling ethanol plant, which is anbdre complex than the

dry-mill, is portrayed as a phase Il biorefinery because of its fléyibil generating

* A biorefinery is a facility that integrates biomass conversioggsses and equipment
to produce fuels, power, and chemicals from biofhass
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Table 1: Amount of Biomass utilized from various sources in 2003

Biomass Consumption Million dry tons/year

Forest products industry

Wood residues 44

Pulping liquors 52
Urban wood and food & other process residues 35
Fuelwood (residential/commercial & electric utilities) 35
Biofuels 18
Bioproducts 6
Total 190

Source: U.S.D.A & U.S.D.O.E (2005) Biomass as Feedstock for a Bigeraarg
Bioproducts Industry

multiple products including ethanol, starch, high fructose corn syrup, derandi corn
gluten meaf As of now, corn is one of the strongest viable feedstock canditatks
emerging biorefinery plant. But the ultimate goal is to be @bldilize a wider range of
biomass feedstocks to generate all products made available by tiee traditional
petroleum-based refinery through biorefinery.

The future prospect of the current biofuel (bioethanol) generateddorn-starch
is questionable due to speculated negative impact on food produd@imnidea of corn
starch utilization encroaching on the cost of the food supply isstilwell founded as
enough data have not been put together to support this trend. However, effiorénare
channeled towards exploring cellulosic biomass as an alternativeréase the resource
base for biofuel feedstock production and lessen the use of corn &tarethanol

production. Cellulosic biomass is grouped among feedstocks driving uhent
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advanced biofuel initiative for the expansion of biofuel production. Advancedebirsf
defined as biofuel generated from biorenewable sources other thmastaooh, with the
potential of emitting as much as 50% less greenhouse gases cortp#dre traditional
fuel being replace8l Cellulosic biomass, the most natural occuring organic maiters,
seen as a strong prospect for salvaging future paucity of foesand a support for the
ever increasing energy demand.

At the end of the twentieth century, it was estimated that 7%otaf global
biomass production, with an estimated record amount of 6.8"xKa@l/yr, was utilizel
while worldwide production of terrestial biomass was recentiynesed to be 220 billion
tons. Total energy content from this quantity (based on the anabysiseat of
combustion) is roughly five times the energy content of the totalecoil consumed
worldwide". Table 2 depicts the relative abundance of different forms of biomass in lowa,
their equivalent energy content and potential.

Table 2. Energy Potential of Selected Biomass in lowa

Material Annual Amount Energy Content Energy Potential (10
(tons) (Btu/lb) Btu)

Switchgrass 11,200,000 8,000 179,200

Row crop residue 10,000,000 5,337 106,000

Wood and wood waste 165,000 4,800 1,580

Livestock byproducts 2,330,000 97 452

Cattle manure (dry basis)] 1,600,000 6,760 21,600

Hog manure (dry basis) 2,700,000 7,300 39,400

Source : lowa Biomass Energy Plagd4.
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Gasification of biomass to produce energy building blocks suchnggasycarbon
monoxide and hydrogen) and biogas (methane) is one way of expandingdameagy
potential. Liquefaction of biomass through the hydrothermolysis prgsabsritical and
supercritical conditions), acidic hydrolysis, or enzymatic hygis| is another route of
generating fermentable sugars necessary for the productiaquiof fuel used to power
energy driven devices.

All the preceding indicators are currently driving the Unitéat€s Department of
Energy (USDOE) on a multiyear prografhfocused at better understanding and utilizing
biomass efficiently. USDOE is exploring potential technologies and inmgy@n current
techniques in transforming biomass to economically valuable produdtsasuaiofuels,
and other bioproducts. One of the most crucial valued end points in the stonvef
biomass to usable form is energy. As of 2008, about 93% of the energy supipé
United States is from non-renewable sources while 7% is fremewable sources.
Roughly 50% of the renewable energy is biomass based and more thaf tine
biomass resources utilized, as indicated on Table 1, are from woddeesnd pulping
liquors?

The renewed vision of USDOE is to reduce consumption of fossilbfju&3%
from 2010 to 2022, while investing more resources into biofuel prodfciitis vision
presents itself as a modification of the initial goal of reduésgil fuel consumption by
20 % from 2007 to 20Ff7which was the previously tagged vision “20 in 10”. The
possibility of reaching this feat is further encouragedheyintroduction of the advanced
biofuel initiative which expands resources for biofuel production. Wihiéze is this

strong Iinitiative to meet the above stated goal as a nation )(UB& techniques of
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converting some of the newly adopted feedstock, such as cellulosmass, a highly
recalcitrant feedstock, to valuable products, is of great concern.

To achieve this goal, efficient technology and approachs should bgtigated to
generate and optimize the yields of fermentable sugars frdolosee biomass. The
mode of converting biomass and the kinetics describing the conversi@ssaeatial in
understanding ways of improving yield and selectivity of fermeatabbars. As of now,
biomass, though thermally pretreated, is largely transformed biscaign? ; a process
that is far more kinetically limited when compared with tfamging biomass to
fermentable sugars in an absolute hydrothermal prbcdsss hereby proposed in this
research work to investigate the kinetics of cellulose conversiosuleritical and

supercritical water.

1.3 Biomass Model Compounds

The term “biomass” can be defined specifically as the totdsnof living or
recently dead (unfossilized) organic matter within a given enviemifm More
pertinently, biomass refers to all organic matter available oenawable or recurring
basis, including dedicated energy crops and trees, agricultural foodeaddcfops,
animal waste, agricultural crop waste, wood and wood wastefi@glents, municipal
wastes and other waste materiallant biomass is an abundant renewable natural
resource consisting mainly of crude organic matter such aslosal hemicellulose,
lignin and starcH. Biomass model compounds that will be investigated in this work are
cellulose and starch.

Cellulose is a long linear chain polymer of several monomergtubose units

linked byp-1,4-glycosidic bonds. It is the most abundant organic compound in nature and
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does exist in the cell wall of plants as complex fibrous carbralbgsl Starch is formed

by a-1, 4 and/ora-1, 6 glycosidic bonding of several glucose units. The strength and
chemical stability of these biopolymers differs due to diffegdptosidic bond types at
the anomeric carbon. Thetype is more stable due to hydroxyl (-OH) group equatorial
orientation at the anomeric carbon while thgype, with a hydroxyl (OH) group axially
positioned at the anomeric carbon and beneath the hemiacetal rapdpysli less
stability*>. Their stability is ranked by resistance to biodegradabildynfmicrobes and
enzymes.

Raw biomass (e.g. corn stover) comprises mainly cellulosainligand
hemicellulose. The biomass is deconstructed to produce chemical comsuahdas
cellulose, starch, ethanol, methanol, and other biomass-based che®araks of the
extracted macromolecular compounds, cellulose and starch, are fdebeaded to
smaller chemical compounds such as glucose, maltose, cellobios&trioss,
cellotriose, etc. The degradation involves breaking of the glycosidid (primary
covalent bond) between the monomeric residues and disruption of both thendtr
inter-molecular hydrogen bonding amidst the polymer chains. Iyttesgen bonding in
cellulose is responsible for its chain stifftfeghile inter-hydrogen bonding establishes its
crystallinity. In Figure 1, the red dotted lines indicate thtearchain hydrogen bonding

while the blue dotted lines depict the inter-chain hydrogen bonding.
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Figure 1. Crystalline Layers of Cellulose Structure (Departmentadd&y, University of
Hamburg, Germany)

1.4 Subcritical and Supercritical Phases: Hydrolysis Media
In a pressure-temperature phase diagram, the critical polm igoint where the

equilibrium line for coexisting liquid and vapor ends. The region extenajvgards,
with temperatures and pressures exceeding their respedtivel sralues:’ as indicated
in Figure 2, is depicted as the supercritical fluid. However, sidairitondition of the
fluid describes a zone slightly below or near its criticabpuee, and a temperature lower
than its critical point. The data used for generating the equitibline on Figure 2 were
obtained from the Chemistry WebBook published by the National IresiituStandard
and Technology (NIST) for calculating thermophysical propetfiés.

Most solvents can be characterized by their critical temperand pressuré®??
For instance, water has a critical temperature and pressu8g4diC and 22.1 MPa
respectively. Ethanol and methanol also exhibit unique critical yalaspite belonging

to the same aliphatic alcohol group. Table 3 displays critical tempergitegssyres and
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densities for different solvents. Supercritical fluids have beed es¢ensively in a
number of applications ranging from supercritical fluid chromatograptgercritical
fluid extraction, polymer processing, hydrothermal processing, haydrothermal
destruction of hazardous waste Supercritical water has been a primary medium for

nuclear waste diminution and oxidative detoxification of organic waste

Critical Point

Pressure, MPa

Temperature;C

Figure 2. Pressure-Temperature Phase Diagram for Pure Water
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Table 3. Critical Temperatures, Pressures, and Densities of Select#s] Flui

Substance T (°C) P. ( atm) pc (kg m®)
Ethylene 9.4 49.7 214
Trifluoromethane 26.1 48.1 322
Carbon dioxide 31.2 72.8 468
Sulfur hexafluoride 45.7 37.1 735
Propane 96.8 41.9 217
Ammonia 132.6 111.3 235
Methyl amine 157.0 73.6 222
Acetone 235.1 46.4 269
i-Propanol 235.3 47.0 273
Methanol 239.6 79.9 272
Ethanol 243.2 63.0 276
Water 374.3 217.6 322

Industrial applications of supercritical water started in 1994 whem \Faste
Technologies, a Canadian company, developed the first industlal-sapercritical
water oxidation (SCWO) process specifically to treat oamiste generated from a
Huntsman petrochemical plant located in Austin, T&€xas

The uniqueness of supercritical fluid (SCF) is portrayed bylajgg both gas-
like and liquid-like properties. The gas-like properties, including Hiffbsivity and low
viscosity, enhance SCF mass transfer ratewhile high density atypical of a gaseous
compound characterizes its liquid-like behavior. Physical propediemost liquid

solvents at ambient conditions (significantly below the critipaint) display slight
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variation with respect to corresponding changes in pressure and aunpeHowever,
density and properties such as solubility parameter, partition @eetfi and viscosity
change immensely at a slight variation in pressure and temperature botht@ndHhong
range within the critical regioff: 2?®The significant change in density at a slight change
in pressure is due to the compressible nature of the supercritical fluid.

Thus, variation in macroscopic density-dependent solvent propertiégsscream
for the tunability of subcritical and supercritical fluid physithemical properties to suit
in-situ applications such as microscopic dissolutioR’ of cellulose. Invariably, the
ability of fine a tuning supercritical fluid (SCF), by switabiit on and off to a density
suitable for dissolving and precipitating out the solute, makés&gerfect candidate in
extraction processes and is mostly applied in the food industryeF3gshows the phase
diagram depicting variation of density of pure water with presstihe data used for

generating the plot were obtained from NIST Chemistry WebBbok.

40 ——260°C
35 - ——280°C
——320°C
S 30 - ———340°C
360°C
E- 25 1 374°C
o /t\ 380°C
2 201 390°C
g 15 / 400°C
o /
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5 4L
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0 200 400 600 800 1000 1200

Density, kg/m

Figure 3. Pressure-Density Phase Diagram for Pure Water
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The dome shape as depicted in Figure 3 is the region of a moftliceiid and
gaseous phases while the equilibrium lines from both left and niglst ef the plot and
merging to form a plateau at the critical point describe #teration curves from the
gaseous and liquid ends respectively. At an isothermal condition owfsithe dome
shape, increasing pressure results in a corresponding increlsediensity. Also within
the dome shape there is still a significant increase in thsitgeof the liquid-gaseous
mixture while maintaining a constant saturation pressure alorgptherm line. Moving
beyond the critical point into the supercritical region, increapmgsure at a constant
temperature leads to an increase in density while increasmgerature at constant
pressure leads to a decrease in density of the fluid.

Modification of the dielectric constant opens opportunities for a néyrpalar
solvent such as water to dissolve organic compotthé®r supercritical water, the
dielectric constant is significantly lower and resides within rdrege common to most
organic solvents. Figure 4 shows that the dielectric constant ofcsitipal water at a
pressure of 300 bar and temperature of 375 °C is 12.03. Bewteen 2 anda&3fange
typical for most organic solvents for dissolving organic macromatsciduch as
cellulose. Water at normal condition of 25 °C and pressure of hdmra dielectric
constant of about 78. From Figure 4, there is little or no chandm idi¢lectric constant
of water with respect to changes in pressure while following each isotikeaptdor 400
°C which displays some measurable direct variation with presstine range of 300 bar
to close to 400 bar. However, at a constant pressure, changaaparature reflect a

significant change in the dielectric constant.
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Figure 4. Variation of the Dielectric Constan) ©f Water with Temperature
and Pressure (NBS/NRC steam tables)

The ion product exhibited by supercritical water enhances the isglyaiwef’
needed to dissolve the compound in the medium. The ionic product is desdtgerzd
mathematically expressed as the product of the molar conéentcdt[OH] and [H]
(Kw = [H'][OH). At neutral pH each has a value of hfol/l. At room temperature and
pressure, the ion product of water is*d@nol/l)*> with a pH of 7 while at critical
temperature and pressure its ion product i5'(h0ol/l)*> with a pH of 5.5. Figures 5 and 6
display the variation of the ion product of water at low and higespire, respectively. In
Figure 5, ion products appear to decrease monotonically as pressedses except for
isotherms of the four lowest temperatures in which the ionic ptodi@*2°{mol/l)? )
remains constant for pressure ranging from 200 bar to 500Waite at constant
pressure, ion product increases with increase in temperatutewifgl the isotherms,

400 — 1000 °C, Figure 6 reflects a decreasing pattern in the ion predhgressure

www.manaraa.com



15

within the range of 250 bar to about 3000 bar, while increasing prelsyoad this
value, ion product decreases slightly. The effect of temperatutieeoionic product of
water in the high pressure region and at temperature rang@0of 1000 °C, is less
significant as portrayed in Figure 6. The ion product of watersatparcritical condition
of about 3500 bar and 400 °C will be1(mol/l)?, and the pH at this condition is 4.75.
Both of these values, i.e. at critical and supercritical cmmdif connote that water at
these conditions will be slightly acidic. All the physico-chemhioroperties displayed by
water at subcritical and supercritical conditions make it acelnt medium for

converting macromolecular compounds to smaller valuable compounds.
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Figure 5. lon Product of Water at Low Pressure
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Figure 6. lon Product of Water at High Pressure

In this age of environmental sustainability where most solvéiatsare toxic to

the environment are being replaced with greener ones, superdtitidalwill be a very

good replacement for many reactions and processes that involve solvents.
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CHAPTER 2. RESEARCH BACKGROUND

In this chapter, the fundamentals of cellulose dissolution and hydrolgkibe
discussed while exploring previous work on the reaction kineticsllofase hydrolysis
in different media. Two of the different techniques of charadtegrimacromolecular
compounds such as cellulose will be reviewed. Lastly, a thorougharediof the mode
of scission of polymer molecules and the accompanying molecaightvdistribution

patterns in both organic and inorganic media will be conducted.

2.1 Cellulose Dissolution and Hydrolysis
Cellulose, a bioorganic linear polymerand the most abundant renewable

resourc®”, is composed of D-glucose monomer units joined4y4-glycosidic bonds.
Native cellulose is built from several thousands (~10,00@}afihydroglucose residues
to form a long linear chain molecule and that explains whpndkecular weight is above
1.5 million. The linearly configured and highly dense cellulose chaircntds give rise
to fibrillar structured material stabilized by inter-chaydiogen bonding. The cellulosic
fibril is a macro-picture of a smaller scaled unit called microfibri** for all
lignocellulosic biomass. This micro-scale unit, microfibril, gemposed of orderly
arranged crystallites with a cylindrical conformational stief? The arrangement of
cellulose molecules and the hydrogen bonding in fibrils are ilkgstrem Figure 7. The
inter-chain hydrogen bonding between layers of longitudinallyngea microfibril§>3*
establishs their crystallinity while intra-chain hydrogen bondesylts in cellulose chain
stiffness®.  These properties justify why cellulose is ranked amonglcitreat

compounds: substances that are very difficult to degrade. For ntbstsefcompounds, a

special solvent or fluid such as supercritical fluid is needed Heir tdissolution.
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Cellulose fibrils, though largely crystalline, exhibit amorphous sirecat the ends of

two adjoining microfibrils.
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Figure 7. Arrangement of hydrogen bonds and cellulose molecules in fibrils ¢(Sellul
Hydrolysis by Fan et al.)

Cellulose dissolution involves disengaging the inter-chain hydrogen rgpndi
between layers of cellulose chains thereby making the hyd(®&f) on each of the
glucose units available for bonding with the component of the dissolvingnsolvde
dissolution is preceded by swelling of the cellulose chain thdeatiijtating accessibility
of the degradative agent in breaking apart the inter-chairoggd bonding within the
crystalline structur€. The dissolved cellulose can be further converted to lower
molecular compounds such as the oligomers and fermentable sugasnlutn and
hydrolysis of crystalline cellulose in media such as acidupercritical water involve
solvation of hydronium ions (protonated water molecules) around cellolosecules.

This process initiates protonation of either the cyclic oxygen (on one of the monomers)
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acyclic oxygen (glycosidic binding oxygen) along the polymeridrélaThe combined
effect of solvation and protonation initiates rupturing of the inter-outde hydrogen
bonding (dissolution) and cleavage of intra-glycosidic and intra-hydrogends
(hydrolysis). The diagram below illustrates the dissolution gmbtatysis of crystalline

cellulose.

CrystallineCellulose Dissolved Cellulose

issolution

M onosaccharide

Supercritical/Subcritical
medium

Figure 8. Schematic diagram of crystalline cellulose dissolution and kigrol

As depicted in the diagram above, direct hydrolysis of crysealtiellulose to
smaller compounds such as glucose and water soluble oligosaccludiridesless than

10 is probable but with relatively large cellulose chains yet soblisd. This type of
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hydrolysis is termed heterogeneous while homogeneous hydrolysenmoted by a
complete dissolution of the crystalline celluldseThe key issue which remains
unresolved by most previous studies is a detailed kinetics evaluattitimee rate of
dissolution and rate of hydrolysis of crystalline cellulose uhgdrothermal conditions.
Considering the conversion of crystalline cellulose to simplersugiad water soluble
oligosaccharides; which of the two steps could be considered matend? Is it the
dissolution step or hydrolysis step? This is one major agffeeaction kinetics of
cellulose in hydrothermal conditions yet to receive serious aitebly researchers but

considered due for investigation in this research project.

2.2 Reaction Kinetics of Cellulose Hydrolysis in Different Media
The hydrolysis rate of cellulose largely depends on the mediwlegoadation. In
other words, the rate at which cellulose and starch depolymeraadic, enzymatic and

hydrothermal media differ.

2.2.1 Acidic Media

Degradation of celluloses in an acidic medium was enhanceds ability to
hydrolyze both the glycosidic bond and break the intra- and inter-maieleytirogen
bonding®. Acid-aided cellulose hydrolysis can either occur in a homemges or
heterogeneous phase. Different models have been developed toubd#destand the
kinetics of homogeneous and heterogeneous hydrolysis of cellulos&taaiold in acid.
Cellulose hydrolysis is classically defined by a pseudo-homogenkinetics model, a
term that in reality reflects that the hydrolysis procesketerogeneous. A very good
example of such a model is the kinetics mtel Saeman et al. (1945) proposed for the

hydrolysis of cellulosic wood biomass. The model assumed that thenarof cellulose
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was the same as an equivalent quantity of dissolved glucose anthehataction
proceeds in two successive steps. A similar model approach deased in a study
conducted by Girisuta et al. (2007).

CeIIEIose—> Glugose — Decomposedjlucose (2)
C

The kinetics expression of the schematic process above is as follows:

dC
th = _leA (2)
d
d_ciB = k1CA - kZCB (3)
dC
d'[c = kzcs (4)

Lack of detailed understanding of the kinetics of heterogeneousIysidr of
celluloses in acid explains the rationale behind developing diffeoemtsfof empirical
and diffusion modef§. These representative models are mostly predicated on sigific
experimental observations. Xiang et al. (26®3)eveloped exploration tools to
understand the heterogeneous hydrolysis of microcrystalline celluiodilute acid by
designing a simplistic modeling approach that coupled intrinsic, dgsteeous
hydrolysis and transport rates together. The model was developed Gasasio
assumptions: 1) total surface concentration of glucopyranose sngsnstant and 2)
glucopyranoses are considered part of either glucan or sugamspbrt rates of
solubilized sugars (dissolved saccharides) and hydrolysis oatghican (undissolved
saccharides) were used as parameters in simplifying the ewitypkurrounding the

heterogeneous hydrolysis of microcrystalline cellulose in ddd. measured hydrolysis
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profile of the cellulosic compounds correlated well with simuléigdiolysis profiles but
caution should be exercised with high conversions obtained from simulation.

The use of acid as a hydrolytic medium for degrading compounds a&sic
cellulose has been discouraged in recent times. This is bet&usertosiveness of the
acid requires the use of an expensive corrosion-resistantestisteel reactor. The
problem of acid disposal from an environmental perspective is alss@a of thoughtful

consideratiofr.

2.2.2 Enzymatic Media

Enzymatic degradation as reflected from the study conductednyfKet al.
(2004) was considered a promising option for depolymerizing pretresgibalosic
biomass and other carbohydrate macromoletluleBomplete biohydrolysis of cellulose
requires combined influence of the complex cellulase sy&téte cellulolytic enzyme
formulations comprise exoglucanases (otherwise called -cellobialagd; CBH),
endoglucanases (EG), afieglucosidases. Exoglucanases degrade cellulose from either
ends of the chain to release cellobiose while endoglucanasesidebe polymer chain
randomly. The cellobiose produced by cellobiohydrolases is furtheolgydd by -
glucosidases to generate glucose ( the most desired productn@ntation). Due to
substrate specificity of enzymes, starch is degraded by eratiff set of biohydrolytic
catalysts such as bacterial thermophiiamylase,p-amylase, amyloglucosidase, and
maltogenas®.

Without prior treatment of cellulose for de-crystallization aredagnization,
bioconversion time for complete enzymatic hydrolysis of celluissguite long. Fan et

al. (1987¥° reported 30% conversion of cellulose in an optimal batch time of 1618 whi
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Eremeeva et 4f observed, in a 10% NaOH enzymatic medium, 75% formation of
cellulose hydrolysate in 42 h. Another issue of concern in biohydsalyshe huge cost
incurred in the procurement of the enzymes. On this premise andreldtedd matters,
Genencor International, with the support of USDOE, embarked sevesad ago on
developing low cost cellulases and thermophilic enzymes for ethanol prodiiction.

The reaction in enzymatic hydrolysis sequentially occursbwutafour to five
stages depending on the enzyme-substrate interaction with solgdntam These stages
include (1) diffusion of enzymes onto the substrate, (2) adsorption omeszpy
substrate, (3) enzymatic reaction on the substrate, (4) desorption of enzgineddthe
bulk solution® ** The kinetics of the cellulose-enzyme system could be explained
theoretically by Michaelis-Menten or McLaren models. The fahiting step is mass
transfer of enzymes from the bulk solution to the substrates. thefuproblem is
inhibition®® after formation of hydrolysate such as cellobiose. The disddehemmpetes

for enzymes needed to further hydrolyze the remaining cellulose residues.

2.2.3 Hydrothermal Media

To investigate the rate of cellulose depolymerization in a notyzath high
temperature and high pressure medium, Saka et al. (£3883olved various cellulosic
compounds in supercritical water. These celluloses were hyddolgza reaction vessel
immersed in a preheated tin or salt bath and subsequently quenchedter &®ath. The
study indicated an appreciable yield of glucose and other produascoimposition
within a very short supercritical water treatment timegnag from 3-10 s. Many of the

35, 43-46

studies reviewed by Matsumura et al. (208/6pn the hydrothermolytic recovery
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of energy and material from biomass support high hydrolysis dditeellulose and starch
in subcritical and supercritical water.

Studies conducted by Yesodhafargasaki et al>, and Sasaki et &f. generally
support that the decomposition rate of hydrolysate (e.g., glucodaphser than its
formation in the subcritical phase, while in the supercritical @hag rate of hydrolysate
formation is reported to be faster than the rate at which brdposes. Ehara et 4.
investigated the decomposition trend of cellulose in a two-staprteat, with a first step
in supercritical water (408, 40 MPa) and a subsequent subcritical phase treatment (280
°C,40 MPa). To avoid excessive decomposition of the hydrolysate inirgtepfiase
(supercritical), a short reaction tube was used. The aim wasstalissolve cellulose
before saccharifying it in a long reaction tube where subakitondition is maintained.
Combined yields of hydrolysate and monomeric pyrolysate (93.9%)observed to be
higher in the supercritical phase than what was obtained undeitisabaonditions
(82.7%). However, the selectivity of pyrolysate generatedsamerization (fructose),
fragmentation and dehydratiiin the two phases differs. According to Ehara ét al.
fragmentation dominates pyrolysis of glucose in supercriticdeiwand dehydration
mainly dictates glucose decomposition in subcritical phase. Proofudehydration as
stated by Ehara and SaKeSasaki et al®>, and Matsumura et &f. are levoglucosan (1,6-
anhydroglucose), 5-hydroxymethylfurfural (5-HMF), and furfuvehile most of the
remaining pyrolysate such as erythrose, methylglyoxal (plaetgde), glycolaldehyde,
glyceraldehydes, and dihydoxyacetone are obtained from fragmentation.

Taiying Zhang's recent wotk tends to disagree with the idea of an increase in

the hydrolysis rate compared to the hydrolysate decompositioninradtgdrothermal
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conditions, (380-400C). Maximum glucose yield was observed at temperatures ranging
from 260 — 300C for most of the reaction scenarios, while at higher tenyresa (370-

400 °C) glucose degradation was dominant due to high activation yenErgure 9
reveals that the hydrolysis rate of cellobiose is higher thandecomposition rate of
glucose within the subcritical temperatures ranging from°@6tb 340°C.*° Extending
beyond the subcritical temperature range to supercritical r¢4@fhvC) as indicated by

the extrapolated dashed line, decomposition rate of glucose is Higinethe hydrolysis

rate of cellobiose.

5 - Sl A Cellobiose

el Tl ® Glucost

Ink
>,

1.40 1.50 1.60 1.70 1.80 1.90
1000/T (K)

Figure 9. Rates of Cellobiose Hydrolysis and Glucose Decomposition

Nagamori et at® hydrolyzed starch in a batch reactor at hydrothermal conditi
of temperature ranging from 180-24C. An increase in yield in the decomposition

product of glucose (e.g. HMF) at 22Q was observed throughout the heating period
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while glucose yield started to plummet after 50 % of the hgaperiod had been
expended. The decomposition behavior of cellulose and starch in subcamida
supercritical water is believed to be strongly influenced aoy increase in the
accessibility of the protonated water molecule to the vabonsl$* **and effectiveness
of these hydrolytic agents in breaking these bdhdidost of the work reviewed above
revealed an in-depth understanding of the dynamics and kinetics of acohasde
degradation, most especially in hydrothermal media. But much umtersdill remains
regarding the kineticof the different stages that describe the monomerization of
crystalline cellulose in subcritical and supercritical wafBnese stages include 1)
dissolution of crystalline cellulose, 2) saccharification of dis=wlcellulose, and 3)
decomposition of saccharification product.

However, in an effort to offer insight to some of these ambaég,itSasaki et &f.
adopted a kinetics model that addresses both heterogeneous and homdggaredyss
of crystalline cellulose at sub- and supercritical condition démia a micro-reactor. The
model which elucidates the mechanism of reaction on the surfazesdid particle is
described as a shrinking core or grain model. They observed thabdesteous
hydrolysis of crystalline cellulose dominates under subcritioatitions in water, while
homogeneous hydrolysis of crystalline cellulose prevails in supeatrwater. The
reason is that the solubility of macro-organic molecules sucbryasalline cellulose
increases as the phase condition of water changes from subcadtiodltion to
supercritical condition. The low solubility level of crystallinellalose in subcritical
water results in surface hydrolysis of cellulose chains withén crystalline matrix to

form water soluble cellooligosaccharide and simple sugars. resudt of swelling that
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predominates on the surface of the cellulose chain while in sumaionater, the rate of
dissolution is so high and rapid that the hydrolytic degradation lbflase in this
medium occurs homogeneously. The shrinking core model is thus exprgssbd b
following equations.

av(x)
T ks - S(X) )

whereV and S are the volume and surface area of the cellulose particlesctasly;

and k; is the surface reaction constant. The two size paramé&tesmadS) are both

functions of conversionX, and are mathematically related WoasX =1-V(X)/V (0).
The conversiony, is afterward coupled into Equation (5) to obtain Equation (6).

ax_, kK

1_ X 1/2
dt r ( )

9.0
(6)

The shape of the cellulose particle is considesdiddrical andr,, is the initial
radius of the cellulose particle before hydrolysisquation 6 is integrated to obtain the

following equation

£ ~ 1_ (1_ X)l/2
I

k = (7)

g0 v

wherek (s%) is the overall conversion rate constant of thermtrystalline cellulose and

ris the residence times.

2.2.4 Disadvantages of Conventional Hydrolysis Medi
As interest continues to grow in bioenergy generaéind biochemical production

from biomass, more efforts are being put into regeag other techniques in
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transforming biomass to valuable end-points. Thestniques, some of which have
proven practicable on an industrial scale, inclhaenass gasification, hydrothermolysis
of cellulose and starch, and pyrolysis of biom&ssellent transport properties and fast
reaction rate (low residence time) that charaaterizydrolysis of cellulose and starch in
a supercritical phase give it an edge over enzynmgtirolysis. The problem of inhibition
and mass transfer limitation (diffusion) in enzymdtydrolysis are completely avoided
in hydrothermolytic degradation of celluloses. Baiecks associated with acid
hydrolysis such as waste disposal are avoidedialdwe hydrolytic depolymerization of
cellulose in subcritical and supercritical water.

However, the quantity of heat required to poweés tkaction is a drawback for
the hydrothermolysis process over enzymatic hydisl\But this issue could be resolved

by way of process heat integration and recyclinggadte heat from the boiler plant.

2.3 Polymer Molecules Characterization
Characterization of polymeric materials in terms tbéir molecular weight

distribution, compositional and microstructural dregeneity and degree of
polymerization is challenging. This work will foca® the molecular weight distribution
and the degree of polymerization. Molecular weidjistribution is brought about by the
variability in the molecular weights and chain ltrgyof the different molecules that
constitute the polymer itself while the degree olfymerization describes the number of
monomer units in a polymer chain. As polymer degsadhe degree of polymerization
(DP) decreases. Therefore DP serves as a stroagnetar in evaluating the extent of
hydrolysis of cellulose and starch in a hydrothdrmaactor. Degree of polymerization is

evaluated in terms of molecular weight of the patynper molecular weight of the
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monomer. The molecular weight of polymer can beresged" *! as viscosity-average

molecular weight M_V), weight-average molecular WeighM_(N), or number-average

molecular WeightM_n) and these reflect the three basic formats ofesging DP.

DP, = ®)
MW,
M
DP = 9
W MW, ©)
DR, = (10)
MW,

WhereMW, is the molecular weight of the monomer and theemdbr weight averages,

M,, M, ,andM, are mathematically expressed as follows:

M, =12 (11)

[V m— (12)

1/a

My=|iL — 13}
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Wherei depicts each polymer molecule si2¢, is the number of molecules of sizeM,

is the mass of each polymer molecule amds the Mark-Houwink constant that is
polymer-solvent-temperature dependent. Degree lghpization (DP) of cellulose can
be obtained experimentally from the dilute solutiascometry method, size exclusion /
gel permeation chromatography and other technicareging from light scattering to end

group analysis and osmotic pressure.

2.3.1 Dilute Solution Viscometry

Dilute solution viscometry is a characterizatiochigique for establishing the
average molecular weight of polymer molecules basedheir impact in changing the
viscosity of the solvent. Studies have shown thatiscosity of a solvent is significantly
altered by the introduction of a strand of polynehain. Thus, the two major steps in
evaluating the molecular weight of polymer molesulga dilute solution viscometry
method are : 1) to determine the intrinsic visgosftthe dissolved polymer and next is 2)
to introduce the value of the intrinsic viscosityta the Mark-Houwink-Sakurada
Equation and then solve for the average molecudégiw.

For a fluid flowing through a capillary tube, it$swosity can be evaluated by

Equation 14.

- 8nl . (14)

v_mrt
t

WhereV is the volume of the liquid,is the flow (efflux) time through the capillary,is
the length of the capillary; is the viscosity of the liquid, ang which is expressed

below in Equation 15 is the average hydrostatic pressure.
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p=pgh (15)
Introducing Equation 15, into Equation 14 and re-arrangingbtaint as depicted in

Equation 16

8Vl (16)

t=——
pohr 4z

Wherep is the density of the liquidg is the acceleration due to gravity ahds the
average value of the liquid head. All the variables in Equdttare constant except for
andz. Thus, Equation 16 can be simplified as :

n =Ctp 17)
where C is a constant for a particular viscometer and is commuairred to as the
viscometer constant. For example, a Cannon Fenske veseoof size 50 (a size defined
based on the Cannon Fenske calibration) typically hascameter constant of about
0.004 (centistokes/second). Equation 17 will only be validefttital pressure difference
applied across the column overcomes the viscous forcaninte that, the potential
energy of the liquid in capillary tube should not at any affeect the kinetic energy to the
efflux. But in the real sense, this is not true. To correctHis contribution, Equation 17
is rewritten in a new form as depicted in Equation 18 ande¢khend term on the right is

the term responsible for the correction.

n_c_DP (18)

pt t?
The flow of liquid in the capillary is assumed laminar with ashp-boundary condition
on the capillary wall. This is an accurate assumption forcése of a dilute polymer

solution. Most commercial viscometers are designed to minitheeffect of the kinetic
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energy constarid so that Equation 17 can be applied. After measuring thesiige; of
a polymer solution, the next step is to calculate the intrinsicosity [] of a dilute

polymer solution. This involves evaluating the increase invikeosity of a solvent
brought about by the introduction of polymer molecules fittst step is to solve for the
relative viscosity which is the ratio of the viscosity of the eotvand polymer solution
with respect to the viscosity of the solvent only. Relative gisg@ymbolically denoted

asry, expressed as

Ty =L (19)
70

Where g is the viscosity of the solvent without polymer (solute). Falhauthe format
of Equation 17, Equation 19 can be rewritten in the form

t
Ny =t (20)
toro

At an extremely dilute solution, the density of the polymeiutson will be

approximately equal to the density of the solvent, soEhagtion 20 can be reduced to

M =— (22)

Infinite dilution is a way of approximating the effect of therease in the viscosity of the

solvent caused by the polymer presence to the barest mmiswthat the value of,
approaches unity. Specific viscosityd,) is therefore evaluated on the basis of this

condition and is mathematically expressed in Equation 22.
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t-t
NMsp=Tr — :t_O (22)
0

The next step is to obtain the reduced viscogity) (Which is defined simply as the ratio

of the specific viscosity to the concentrationtod polymer solution;

Msp

_1sp 23
Mred c (23)

Physically, this ratios/c) evaluates the specific capacity of the solpiayfner) to
augment the relative viscosity. To finally set #iage for the evaluation of the intrinsic
viscosityy], inherent viscosity must be calculated. Inhergstosity i) is defined as

the ratio of the natural logarithm of relative \asiy (;;) to the concentratioo.

Minh = (in7) (24)

Due to the logarithmic component of Equation 245 iteferred to, following the IUPAC
terminology, as the logarithmic viscosity number.
Reduced and inherent viscosities are the two réspeadependent variables in

Huggins and Kraemer equations, as depicted in

%=[¢7]+ Kl e (29)
ey e 29)

* [IUPAC: International Union of Pure and Applied Chemistry

www.manaraa.com



34

Where k' and k' are Huggins and Kraemer coefficients. After obtajnthe intrinsic
viscosity, it is then coupled into the Mark-HouwiBkkurada (MKS) equation as
expressed in Equation 27 to obtain the viscosigraye degree of polymerizatioDR,)

of the polymer.

[7]=K(DR)* 27)
WhereK anda are constants specific for a particular polymelvent and temperature.
Equations 25 and 26, needed to graphically solvetHe intrinsic viscosity. Intrinsic
viscosity 7] can be describe as the limit at infinite dilutiohthe polymer solution and it
is portrayed by simply setting the limit of conaatibn terms in Equations 25 and 26 to
approaching zero. In essence, it is expressed matiwlly as fsy/ C)c..o and (Inyz./c
)e—o. Therefore, intrinsic viscosity is evaluated, doling Huggins or Kraemer equations,
respectively, as the average of the interceptaimdd after extrapolating the plots of
nsg/C and Ing,/c) with the polymer concentratianonto the ordinate axis.

An example is shown in Figure 10, which relates hbtw value of intrinsic
viscosity was obtained in this research work forstalline cellulose (as received) in
cupriethylenediamine hydroxide and at 25 °C. Theinsic viscosity which is the
average of the two intercepts (1.30 and 1.31 ¢ggdl)305 g/dl . The intrinsic viscosity is
introduced into the MKS equation, i.e. Equation ®7¢btain 228 as the average QP
polymer (crystalline cellulose as received). Detaif the experiment will be discussed

later in the results section.
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Figure 10. Plot ofjinn (INm,/c) andneqd(msy/C) versus c for a crystalline cellulose in
cupriethylenediamine at 25 °C with shared intereasph]

2.3.2 Size Exclusion Chromatography

Size-exclusion chromatography was a scientific kiteaugh in the field of
analytical techniques of separating macromolecatanpounds in the mid twentieth
century®. The name has always been gel permeation chromaatog (GPC) but not until
recently that researchers adopted size exclusioon@tography (SEC) as a name as
definitive and descriptive as GPC. According to isfarincorporation, the terfGPC>
is used to describe the analysis of polymers iraigsolvents such as tetrahydrofuran
while SEC is used to describe the analysis of palgnm water and water-based solvents
(buffer solutions)! It is applied in analyzing the molecular weighstdbution of

synthetic polymers and oligomers, lipids, naturahcromolecules such as proteins,
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glucans, and cellulose derivatives. SEC is extrgmedeful in studying processes
accompanied by changes in the hydrodynamic volumpotymers. These processes
include hydrolysis of biopolymers (cellulose anarsh), polymerization, and refolding of
protein molecules.

SEC separates macromolecular chains or polymenglaaicording to their size or
hydrodynamic volumé&' The normal chromatographic column is packed wftherical
microporous material (rigid) and the material moisén used for packing is crosslinked
polystyrene particles with pore sizes ranging frdrto 20um. The sample solutes are
dissolved in a suitable eluting solvent (mobileg#)aand partitioning is created between
the mobile phase flowing within the interstitialases and the mobile phase stationary
within the volume of the particle pores. The largee size of the sample solutes
(polymer) within the eluting media, the more prdaib is to flow past many porous
volumes and the less it is for the solute to baimed within the column. Larger
molecules (larger sizes) flow more within the istéral mobile phase than the porous
mobile phase while the smaller molecules ( smailsgs) partition more into the porous
mobile phase than the interstitial mobile phasehiwitthe column. These exclusion
activities exhibited by both large and small sisealecules determine their retention time
and volume within the column. Large molecules meanéss within pores of the
stationary phase thereby eluting faster than smallecules which spend more time
within the porous volume than in the interstitiphses. Eluting solutes are sensed by a
detector or a series of detectors connected toutlet of the SEC column. The diagram

below illustrates SEC separation proc¥ss.
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Figure 11. lllustrative diagram of separation metsia in SEC column

Most commonly used detectors in size exclusion rolatography include a
differential refractometer and/or a light scattgridetector. The laser light scattering
technique will directly measure the average molacwieight while a differential
refractometer will aid in generating a chromatogrdar the molecular weight
distribution. A differential refractometer operateg measuring the difference in the
refractive index of the pure solvent (mobile phas®] the polymer solution eluting from

the column.
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2.3.3 Effect of Hydrolysis on Molecular Weight Dibution and Degree
of Polymerization

Chang et al’ performed gel permeation experiments to investigagllulose
degradation in acid while establishing a connectimtween the hydrolysis rate of
cellulose, its molecular weight distribution ancde tdegree of polymerization (DP).
Cellulosic material, cotton linter, was subjectedl periodic hydrolysis in 1 N
hydrochloric acid at 86C. The end products of the hydrolysis, the polymeesidues,
and the acid-soluble hydrolysate were analyzedrfolecular weight distribution using
gel permeation chromatography. Figure 12 depicés Hiaddrolysate chromatogram at
different time intervals. Considering the DP withetcorresponding peak maxima as
reflected on the chromatograms, it could be obsethat at the initial stage of the
degradation, the hydrolysis rate was high. But las tegradation continues and
hydrolysis time increases, the hydrolysis rate ga#lg slows due to a limiting DP value
as indicated by clustered peak maxima of the catograms on the extreme right of the
plot. The point at which there is little or no olga in the DP is referred to as the
leveling-off degree of polymerization (LODP). Cmretchromatogram, after the original
sample on the far left, the degraded samples fedtiid right correspond respectively to

the treatment times of 6 min, 18 min, 60 min, 4hh, 24 h, and 120 h.
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Figure 12. Chromatograms of cellulose residue dodinters) degraded with 1 N HCI at
80 °C. After the original sample on the far letingples converted from left to
right correspond respectively to the treatment sime6 min, 18 min, 60 min,
4 h,11 h, 24 hand 120 h.

2.3.4 Hydrolysis Rate of Crystalline Cellulose Bhsa Glycosidic Bond
Concentration

Hydrolysis rates of crystalline cellulose can beradsed more specifically by
looking at changes in bond concentration with resge time while degrading cellulose
in a hydrothermal system. Bond concentrati@b)(as expressed in this work is the
number of bonds of polymer molecule per volumeadfitton. Number of bonds can be
expressed mathematically as DP-1, but the DP usellis study is based on viscosity

average. The bond concentration is given by
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Che Moles of polyme Number(?f bon (28)
Volume Chain
For a more useful representation, Equation 28 eagxpressed as follows:
M %
V.
Ch= > |(DP-1) 29}
MW

WhereMc. is the mass of cellulos¥s is the volume of sample solutiddP is the degree
of polymerization, and\W,. is the average molecular weight of cellulose whiah be
expressed as:

MW, =(DP*162)+18 130
Mass of cellulose and volume of sample solutionnaeasured; viscosity-average degree
of polymerization is experimentally determined, Mhiiscosity-average molecular
weight is evaluated using Equation 30.
First order kinetics are assumed for the hydrolggilitting of thep-glycosidic bonds and
the rate equation for the reaction is expressed by

_9Cb_ycb (31)
dt

Equation 31 is integrated to obtain a relationsi@weenCb andt

dCb
—|——= | kdt 32
b | (32)
yielding
c —InCb =kt (33)

The integration constamtis obtain by solving for the bond concentrat©po whent =

0. Final expression betweé&b andt is
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—In——=kt (34)

2.4 Degradation Pattern and Mode of Scission

Molecular weight distribution is one way of chasing polymeric material.
Polymer molecules of the same repeat unit oftenbéxtaried chain lengths and this
explains why their weights are often expressed distiibutional form. Once any point
along the polymer chain is broken, the distributwili be altered and the need to re-
evaluate their molecular weight distribution witls. However, this breakage or scission
can take different modes. Thus, in this sectioa,dffect of different modes of scission

on changing the molecular weight distribution (@egtion pattern) will be reviewed.

2.4.1. Pattern of Degradation

The degradation patterns of cellulose hydrolysiadmic/alkaline and enzymatic
media have been explored with limited understandifige degradation pattern of
polymeric chains is deduced from changes in th@hgcal display of the molecular
weight distribution while undergoing degradationergren et al® studied the
implication of cellulose degradation in pulp fibens its molar mass distribution. Cotton
linters and several pulps collected from industnd daboratory were subjected to
different forms of degradation which include ozamat acid hydrolysis, alkaline
degradation, alkaline pulping (delignification),dasoda anthraquinone degradation of
wood polymer beads. Figure 13 shows the degradagpaitern of cellulose and
hemicellulose while delignifying wood. The initiaimodal molecular weight distribution
changes into a monomodal distribution as alkalioecentration increases. The initial

lower and higher peaks indicate hemicellulose afidlose fractions respectively.
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Increasing alkali concentration

4+

dw/dlogM

3 4 5 G 7
log M (relative to pullulan)

Figure 13. Molecular weight distribution of birclulp (fibrous cellulose) with different
alkaline concentration

2.4.2 Mode of Scission of Polymer Degradation

Modes of scission describe different ways of bnegkbonds along the polymer
chain and also aid in understanding the level eteptibility of these bonds to cleavage.
Enzymatic hydrolysis offers a much clearer viewtla# scission mode by virtue of the
different type of enzymes and their specific atyi®% °’ in degrading biopolymer
molecules. Two major categorized groups of enzyasesl in cellulose depolymerization
are: 1) exoglycosidases, that attack glycosidicdsoof cellulose from reducing ends,
while 2) endoglycosidases, which randomly break giygosidic bond of the cellulose

chain.

www.manaraa.com



43

Some studi€ *°reported that breakage of the glycosidic bondcid &llows a
specific scission mode while other investigatodidgated that hydrolysis of cellulose in
acid occurs randomlyThe mode of scissioning cellulose chains in all@alnedium is
categorically reported as non-random: end-wise Igeperization®** Mechanical
degradation of polymer, initiated by influence bear forces on the polymer molecule,
produced a non-random systematic scission at theercef the chaif® Guaita et al’
and Emsley et &’ both investigated polymer degradation based on t&dBarlo
procedures using a BASIC program designed to sydieafly simulate polymer
degradation. The latter studied different scispoocesses such as simple scission and
scission with coupling, adopting polydispersity emd(PI) as a tool to establish the
randomness of bond scission along the polymer chEme polydispersity index, a
measure of spread of molecular weight distributtbrpolymer chains, is expressed as

follows:

=

Pl =

Y (35)

n

Where M_W IS weight-average molecular weight ardd, is the number-average

molecular weight. It is random if the polydispeysindex, after several stages of
degradation, with respect to number of scissionsirpgal molecule approaches 2 and
nonrandom if Pl deviates from this limiting valuehe number of scissions per initial

molecule ) is mathematically represented as

5= 4 (36)
DP

n
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where DR, denotes initial number-average degree of polyragom and DP, is the

number-average degree of polymerization aBscissions occur.

However, Emsley et &.describe randomness to be a measure of linedrtheo
plot of the reciprocal of DP (1/DP) with respectdegradation time. Berggren etal.
tends to disagree with one of the definitions ofskay et al., which states that slight
variations in the position of the molecular weigdlgtribution as degradation continues is
indicative of a totally random scission. Berggrémlé® expounded that a significant shift
in the molecular weight distribution from its dibtition status to a lower molecular
weight range typifies equal susceptibility of thelldosic bonds to cleavage. Most
studies® **®'agreed that broadening of the molecular weightibligion towards a peak
higher than the mode of the initial molecular weidistribution is a result of coupling of
the fragmented polymer chain molecules.

Montroll and Simh&, one of the earliest groups investigating bondsseh rate
on a statistical basis, developed a depolymerizatieeory that is based on equal
susceptibility of bonds to cleavage in long polyrokains. The theory was premised on
three assumptions: 1) all intial polymer molecutese equal weight, 2) accessibility to
reaction is independent of bond positions, andl2hains have equal access to reaction.
A probability based expression relating average digtribution of polymeric chains as a
function of initial polymer chain length and numbar bonds split per molecule was
developed. The average molecular weight of theatkgt polymers was also expressed
as a function of the number of bonds split per madke This work only addressed the

probability of random scission but did not offesight into situations where polymers of
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varied chain length display unequal bond susceiyilio scission and the rate under
those circumstances.

These issues were substantially addressed whenl®asat al® and Mostafa et
al®* developed similar kinetics schemes to evaluatéytielly the degradation rate of
polymers of different chain length. In this line mfterest, Glynn et & designed a
numerical scheme that fits molecular weight distiifns generated by three different
probability based breakage models (random, ceatet, Gaussian) with experimentally
determined MWD. Ballauf et &F: °” advanced further on the Basedow et al. kinetics
scheme®¥ by not only formulating an exact solution to ohtdhe rate constants for
degrading individual polymer chains, but also gatieg scission rate constants for each

bond in the polymer chain. The general kineticsagiqa for individual polymer chains is
an__[sh .11+ K 37
dt - zku n +( |+1,1+ i+]i,) ﬂ+1+ """" + (K + rk,—l)rn ( )
j=1

Wherec(lj—rt] is the rate of depolymerization of polymek; is the individual rate constant

of polymeri at bond poini , n; is the number of molecules of polymewhile r indicates
the highest degree of polymerization of polymerslarninvestigation. Individual rate
constants were subsequently modeled for the thregesnof scission which include
random scission, central scission and Gaussiasi@gjsthe last two can be categorized
as non-random.

The recent work on the mode of scission and prdibabate of scission is the
study conducted by Bose and Git on mathematicalefimagiland computer simulation of
linear polymer degradatidfi. In this study, two different algorithms, a Montar®

method and an algebraic exact statistical formutatwere explored and developed.
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Both, though different in their approach in estimgtperiodic scission outcome, are
based on binary tree chain cleavage models. Thesindepicts chain rupturing as a
sequence of probabilistic events and as a nontlifeation of time. It assumes that one
bond is broken at each step of degradation. Ther latgorithm, which is the algebraic

exact statistical formulation, is adopted and sg&a® the mathematical formulation basis
for the simulation in this research project. Tipp@ach utilizes an algebraic equation to
express the expected fragmentation outcome ofefisgts of chains from a large
population. The equations are formulated from & dislogically defined degradation

schemes that are specific to a particular modecissi®n. Under this formulation, two

probability-based criteria of selecting the affelci@lymer chain were considered: 1)
chain length frequency, and 2) bond density. Haitted below are the probability-based
mathematical models describing each criterion.

Chain length Frequency:

P(n,t)= T 2<n<N (38)

Bond density :
P(n,t)zw 1<n<N, 1<i<N 39§
> (i —1)d(i,t)
i=1
At the end of each cycle of degradation the tatabability must be 1:
N
> P(nt)=1
n-2 140
P(n,t) is the probability of selecting polymer chain &fes(DP)n at cyclet for scission,

while d(n,t) is the number of molecules of sime at cyclet andT(t) is the number of

molecules of all sizes in the system at cyclEne size of the molecule is denoted with i.
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These concepts were used in developing models wsaimulate different types of
scission such as unzip (peeling—off of polymer gnesdpoint, percent cut, and random
scission. The algebraic equations representativehef different modes of scission
formulated by Bose and Git can be expressed asifsil

Random scission:

d(1t+1)=d(1t)+zN:2Fk’(f'lt), n=1 (41)
d(nt+1)=d(n - AN i+ S %, < N1 (42)
d(nt+1)=d(nt)— P(nt, n= N (43)

Midpoint Scission:

dint+)=d(nt)- P(nd+ R2r-1, 0+ 2P2nt P2r 1t); n& & N (44)

Percent Cut Scission

d(n t+1)= d(n H— P(n 9+ F{%,ﬂ+ Fﬁiﬂ i< e N (45)

Unzip Scission

d(nt+1)=d(nt)- P(n )+ A(n+ z7}; M< z N (46)

Quantity d(n,t+1) is the number of molecules of sire at cycle t+1, i.e. after one

degradation cycle, whilp andz assume a fixed percent and fixed number of monomers
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to be unzipped from either end of the polymer chilode of scission was used in line
with the formulation to simulate an array of polynehains that were ruptured and was
also used to generate molecular weight distribupatterns specific to each scission
mode. The initial distribution function for the sitated molecular weight distribution is

normal distribution.

Extensive studies have been conducted on the misamasnd dynamics of
converting oligosaccharides and simple sugarsnplsr compounds, but yet to be fully
resolved is an adequate understanding of the mbsdeissioning of cellulose molecules
and the subsequent molecular weight distributionthd degraded molecules in a
hydrothermal medium. This research work is aimedrstvering some of the questions

attributable to cellulose conversion in such media.

2.4.3. MATLAB

The programming language adopted for the simulagart of this project is
MATLAB which is an abridged form of Matrix Laborato The name reflects the
original design and purpose of the language, whiahk to perform matrix calculations.
As times progressed, its capability and scope wdbdr expanded to perform a range of
scientific and engineering calculations and solireuglly any technical problem. The
advantages of MATLAB over other programming langsguch as Fortran, or C
include: 1) ease of use, 2) platform independemaeich affords MATLAB the
opportunity of being supported on virtually any gimg system including Macintosh,
Linux, Unix, Microsoft Windows and 3) availabilityf many predefined functions such
as mean, mode, and standard deviation. Other ayawmf programming in MATLAB

include device-independent plotting that offers ynantegral plotting and imaging
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commands and tools that makes it possible for MABLArogrammers to create an

interactive graphical user interface (GUI). Thiattee enhances analysis and monitoring

of sophisticated data.
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CHAPTER 3. RESEARCH OBJECTIVES

Most pretreatment methddsuch as autohydrolysis, steam explosion, liquid ho
water, wet oxidation, ammonia fiber explosion, camution, ball milling, and radiation
are designed to streamline generation of biofuetymsors or fermentable sugars from
biomass. The main goal of all pretreatment meth®tts create a platform for optimizing
yield of fermentable sugars from biomass while fralaly increasing biofuel production.
In the long run, proponents of biofuel believelifralevant resources are well channeled
that biofuel will, in the foreseeable future, riteebecoming a very strong competitor to
fossil fuel. However, research is still ongoing twihe development of cost effective
pretreatment methods. This project is intendedawtribute resourcefully to this on-
going research and will be addressed holisticalljthree separate parts: 1) reaction
kinetics analysis of crystalline cellulose hydradysn the hydrothermal reactor, 2)
hydrolysis of dissolved starch (which will be usesla surrogate for dissolved cellulose)
in subcritical and supercritical water, and 3) degradation pattern and mode of scission
of cellulose hydrolysis in subcritical and supedrcal water.

Therefore, the overall objectives of this projecg:al) to conduct a detailed
reaction kinetics study of the conversion of criista cellulose to fermentable sugars in
subcritical and supercritical water and 2) to deiee the mode and rate of scission of
crystalline cellulose in the hydrothermal reactoy fingerprinting experimentally
determined degradation patterns with a probalilistised model-generated pattern. To
put things in perspective, this research opens hegp possibility of developing and
designing a fast reaction pathway contrary to ahmsiower conventional enzymatic

approach while enhancing yield of fermentable ssigar
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The reaction kinetics at each phase will be ingastid while product and
molecular weight distribution at different temperats will be studied by size exclusion
and ion exchange chromatography. An algebraic estatistical formulation coded in
MATLAB is adopted to model hydrolytic degradatiori polymer chains, and the
molecular weight distribution obtained from thisnsiation will be compared with the
experimental distribution. Finally, adequate untierding of the reaction kinetics,
product distribution at the different critical teerptures, degradation pattern, and mode
of scission will help to facilitate the developmeafta comprehensive kinetics model.
This research is driven by the following hypotheses

1. Cellulose dissolution is a limiting step in the wlk reaction kinetics of
crystalline cellulose hydrolysis in supercriticahigr.
2. Glucose formation from dissolved cellulose is betiptimized in subcritical
water than supercritical water
3. Bond scission of cellulose in sub- and supercritweater is nonrandom.
Descriptions of the specific aims to address ehgpothesis are briefly stated
respectively in 3.1, 3.2, and 3.3, while detailessatiptions will be elucidated in

Chapters 4, 5, and 6, respectively.

3.1 Reaction Kinetics Analysis of Crystalline Céke in Subcritical and Supercritical
Water

The reaction kinetics analysis of crystallineldeke in a hydrothermal reactor
will focus on the detailed reaction kinetics modekcribing cellulose hydrolysis. The
kinetics parameters describing the overall conwearsof crystalline cellulose in

subcritical water based on a shrinking core modaievexplored. To establish the rate
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limiting step of crystalline cellulose conversionsubcritical and supercritical water, the
dissolution and the hydrolysis rate constants pétatline cellulose conversion in these
media were determined. The hydrolysis rate is baseithe rate at which the glycosidic
bonds break, while the dissolution rate is desdrimethe amount of cellulose dissolved

in supercritical water.

3.2 Hydrolysis of Dissolved Starch used as a Sateofpr Dissolved Cellulose in
Subcritical Water

Data obtained from previous work reveal a Dbettezldyiof glucose from
hydrolysis of crystalline cellulose in subcriticabter than in supercritical water. To
improve glucose vyield in the overall reaction, act®n sequence is intended to first
dissolve cellulose and later hydrolyze the dissbleellulose in subcritical water. As
dissolving cellulose is difficult, dissolved starualill be used as a surrogate for initial
hydrolysis studies in subcritical water. This agmio is adopted as a result of the
similarities in the hydrolytic rate behavior of nwdaccharides and cellosaccharides in
subcritical media as observed in the studies caeduby Taiying Zhan§® It does
indicate that due to proximity in values of theieation energies for the two saccharides
that hydrolysis rate of maltosaccharides and catidsarides in subcritical water could
be predicted similarly. Based on these findingsdrblysis reactions of starch and
cellulose in subcritical water are invariably petdd to be similar. Dissolved starch will
be hydrolyzed separately in subcritical water, gmdields evaluated. The water soluble
product (hydrolysate) obtained in the course obé¢heeactions will be analyzed with

high performance liquid chromatography (HPLC).
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3.3 Determining the Degradation Pattern and Modgoidsion of Cellulose Hydrolysis
in Subcritical and Supercritical Water

The goal of this section is to determine the pattdrcellulose degradation and
its mode of scission in subcritical and superaltiwater. The most feasible way of
approaching this task is modeling cellulose chagrddation based on different modes
of scission, and simultaneously simulating the malr weight distribution of the
degraded chains. The modeled molecular weightiloligton will be used to fingerprint
the molecular weight distribution generated fronpaerimentally degraded cellulose
chains at the subcritical and supercritical condgi of water. MATLAB based code was
used for the simulation, and size exclusion chrograiphy was used to generate the
molecular weight distribution for the degraded weke chains in subcritical and

supercritical water.
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CHAPTER 4. KINETICS ANALYSIS OF CELLULOSE REACTIOMNN

SUBCRITICAL AND SUPERCRITICAL WATER

In this chapter, the kinetic parameters descriltimg reaction of crystalline
cellulose in subcritical and supercritical wateH Wwe investigated. Studies from previous
work™ 3#*have shown that dissolution of crystalline celd@alominates in supercritical
water, while surface hydrolysis largely dictateg thrder of its reactive behavior in
subcritical water. Figure 8 in Chapter 2 presenpsctorial view of how these reactions
can proceed in two different routes: 1) a homogaeseoute (dissolution and hydrolysis)
and 2) a heterogeneous route (surface hydrolysis).

Due to the surface-based heterogeneous naturdubse reactions in subcritical
water, detailed kinetic parameters describing vtsrall conversion will be investigated
based on a shrinking core model. The next stepbeilio evaluate the kinetic parameters
guiding the glycosidic bond hydrolysis of crystadi cellulose in the hydrothermal
medium. However, unlike heterogeneous hydrolysiat tises a shrinking core kinetics
model, the glycosidic bond hydrolysis rate will levaluated based on the bond
concentration rate equation given in Equations 284 - Lastly, the kinetics details
expressing the dissolution of crystalline cellulose supercritical water will be
investigated.

The rate constants for the overall conversion ofstatline cellulose and
hydrolysis of the glycosidic bonds in subcriticabter and dissolution of crystalline
cellulose in supercritical water will be obtained fotting their respective conversion
terms with residence times. The conversion terna igeflection of the kinetic rate

equation adopted for each reaction. A first ordee requation, as it is applied to the
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hydrolysis of the glycosidic bond, will be adopted the dissolution rate. However, the
hydrolysis rate will be based on bond concentratwamile dissolution rate will be based
on mass concentration. The glycosidic bond conagatr analysis will be conducted by
experimentally determining the degree of polyméigra (DP) via dilute solution

viscometry analysis and later solved for the nundbdronds per volume of solution. The
dissolution rate will be approached based on theustnof crystalline cellulose dissolved
in supercritical water. The rate constants obtaiftech the conversion-residence time
plots for these reactions will be introduced int@ tArrhenius equation to obtain the
kinetic parameters. To establish the rate limitstgp in the dissolution-hydrolysis
(homogeneous) route, the activation energy obtdioethe dissolution will be compared
with the energy needed to activate the hydrolysiglyosidic bonds. The step with the
higher activation energy is considered the limitstgp following the homogeneous route:

dissolution- hydrolysis.

4.1 Experimental Methods
The experimental methods present a detailed déiseripf the experimental setup

and the processing steps, sample product analydidata analysis methods.

4.1.1 Experimental Setup and the Processing Steps

Cellulose reactions were conducted in the micraoga€igure 14 is a photograph
of the experimental setup for the reaction of @lisie cellulose in the microreactor. The
same setup was used for the cellulose reactioneinubular reactor; the only difference
is the point at which feedstock is fed into thegass stream. For the microreactor, the
feedstock which is crystalline cellulose in wateatufry solution) is fed into the

microreactor positioned midway along the procesw fpath. A schematic chart of the
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process for the microreactor can be seen in FiggeiréMost of the reactions that will be

discussed in this chapter will be cellulose sluegctions in the microreactor.

Figure 14. Experimental setup of the microreactpsampling bottle; 2) gas-liquid
separator; 3) back pressure regulator; 4) stilegep5)cellulose suspension;
6) deionized water; 7) pumps; 8) insulated micrai@a 9) furnace; 10)
pressure gauge; 11) temperature reader; 12) pigtfo3)stopwatch

Deionized water obtained from a Nanopure infinitgter purification system was
fed by Lab Alliance series Il pump at flow rateagang from 5 ml/min to 10 ml/min into
a tube enclosed within a tube furnace (Thermoly®#0®@). Subsequently, the deionized
water was heated to subcritical temperatures rgnigom 280°C to 340°C for separate
experimental runs. The pressure of the fluid wasualb000 psig and was set and

controlled by a 15,000 psig capacity Tescom bad&sgure regulator downstream. The
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pressure gauge displays the operating pressureafieisthe pressure gauge is a rupture
disc. This safety device, unlike the relief valvieieh opens when the maximum pressure
is exceeded, is ruptured when the operating pressxceeds its limit. In this

experimental setup, the rupture disc can supponagimum pressure of 9000 psi, so

therefore, any pressure beyond this limit can teadipture of the disc.

Thermocouple
Cellulose Slurry ~ Water

Furnace Heat Exchanger

Micro-
Insulator

Tube e reactor
Thermocouple

Gas-liquid
Separator

Pressure Gauge

p
Products

Rupture Disc Sample

Back Pressure
Regulator

Water

Figure 15. Schematic of cellulose hydrolysis innmieactor

The subcritical water exited into the glass fibesulated microreactor and served
as both hydrolytic agent and the reaction mediumthe 2 wt% cellulose slurry
solutions. The feedstock was fed into the micrdiegaat the upper inlet port closer to the
outlet of the tube furnace. The temperature thadte can support ranges from room
temperature to 1200 °C. The cellulose slurry sotutnixed with the subcritical water at
equal volumetric flow rate, thereby diluting theursy concentration to 1 wt%. The

reaction was quenched by the deionized water egtérom the other upper inlet port of
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the microreactor and also by the shell and tubé dwazhanger just at the outlet end of the
microreactor. With the rapid heating and quick aunémg of the cellulose reaction in the
microreactor, the reacting volume within the miesmtor is estimated to be 0.17 ml. The
schematic flow detail in the microreactor can bensen Figure 16. To address the
dissolution rate of crystalline cellulose in supiical water, some changes were made to
the orientation of the microreactor, and variabksh as the reacting volume,
temperature, and wt% were altered. Detailed desuni of these alterations will be
elucidated in the dissolution rate section of thapter. The samples were collected in
the gas-liquid separator and analyzed for cellutms®sersion, and weight and degree of

polymerization of unreacted cellulose.

Cellulose slurry
solution. 2 wt% Cooling water

Supercritical/subcritic Sample
water . product
0]
Diluted 1 wt% Reaction zone

Thermocouple

Figure 16. Schem#tuw detail of reaction in microreactor
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4.1.2 Product Sample Analysis Method

4.1.2.1 Materials
Sample solution of cellulose suspension in deighizeater, and dissolved

cellulose in bis(ethylenediamine)copper(ll)hydraxsblution are the reactant and
reagent solutions used in this section of the rekegroject. The chemical
compounds used for the experiments and standantist for calibration curves
were all obtained from Sigma-Aldriehand they are highlighted as follows:
crystalline (sigmacell cellulose type, 20 um),

bis(ethylenediamine)copper(ll)hydroxide solutiorell@biose (>98 %), maltose
monohydrate (>98%), glucose (>99.5%), fructose #B8-(hydroxymethyl)-2-

furfural and furfural .

4.1.2.2 Aqueous Products (Water Soluble Hydrolysate
Cellulose were not subject to any pre-analytical teefore being fed into the

hydrothermal reactor. The products obtained fromhidrolysis reaction, which
included water soluble, water insoluble, precigitaand some gases, were
analyzed by different analytical instruments. Wasaluble hydrolysate was
analyzed by ionic chromatography comprising: higlerf@rmance liquid
chromatography pump (LC-10ADvp), refractive indeatettor (RID-10A), SSI
505 LC column oven, aminex HPX-87H & HPX-42A (30078 mm); mobile
phase (5 mmol/L kSO, and water). The mobile phase operated at a floavaoh
0.6 ml/min and the oven temperature was set 4C5@ydrolysate was quantified

based on a standard calibration and identifieddgharacteristic retention time.
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4.1.2.3 Water Insoluble Hydrolysate.
These are the solid portions of the sample prodoistained from the hydrolysis

reaction. The insoluble hydrolysate was mainly aoted cellulose which is
sometimes refered to as cellulose residue. Thesslupts were analyzed
gravimetrically by 1) filtering the hydrolysate v&tericup® 0.22:m Millipore GV
PVDF membrane, 2) by centrifugation and decantafitve solid residues left after
filtration were dried at room temperature till wieigpf the solid product remained
constant. This method was adopted for knowing thesifg) of unreacted cellulose
per liter (L) of the hydrolysate solely for evaluat the conversion of crystalline
cellulose in subcritical water. This gravimetric thred was quite similar to how
mass concentration of unreacted cellulose was ss$efor the purpose of
dissolution rate of crystalline cellulose in sup#ical water. The only exceptions
are 1) in place of the Stericup® 0.géh Millipore, a 15 ml centrifuge bottle was
used and 2) samples in this case were not filtbredcentrifuged and decanted to
set the cellulose residue up for drying. The sodisidues left after centrifugation
and decantation were dried at a temperature ofta®BodC until the weight of the
solid product remained constant.

For the viscometry analysis for cellulose chemazation, the solid
components of the hydrolysate were centrifuged fipdze dried with a 4.5
Labconco freeze dryer. Samples obtained from mactvere centrifuged to
separate cellulose residue from the hydrolysatee Thllulose residue, after
decanting the supernatant from the centrifuge dyotths frozen at -20 °C and later
freeze dried by the freeze drying system to obthied cellulose residue and

weighed thereafter. The reason for freeze dryiegctilulose residue needed for the
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viscosity analysis is to avoid caking of the celké residue that may occur during
drying in an oven or desiccator. In the case@éZe drying, the cellulose residue is
obtained in powdery form which does allow for easlyssolution in
bis(ethylenediamine)copper(ll)hydroxide. The onisedivantage with freeze drying

is the tendency to lose some residue during hamdlin

4.1.3 Data Analysis Method
In the microreactor, the average times the reaxtsmend in the reacting volume
is referred to as residence time @nd can be expressed mathematically as:

T =pV/pF 47)
wherep. is the density of the reactant mixture at reactorditions, V is the volume of
the microreactor, angk is the density of the reactant mixture at roomperature. Fis
the volumetric flow rate of the reactant solutioring fed into the reactor. Other
descriptive data analysis parameters include csioreryield, and bond concentration.
Conversion is denoted symbolically as X and is raefi as the amount of solute (in

solution/suspension) reacted with respect to thialimmount. It can be expressed by

X = Initial Mass— Final Mass

— (48)
Initial Mass
Yield, commonly denoted as Y, is mathematicallyirted as
_ Mass of product (49)

~ Mass of the feec

Product in this case could be glucose, cellobifysetose, 5-(hydroxymethyl)-2-furfural
(HMF), furfural, and organic acids while feed cowidher be cellulose suspension or

starch solution. Cellulose and starch are polyn@rgglucose, and obtaining their
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concentration in mole/liter may prompt an initiald of thought of finding the DP to
obtain the molecular weight so as to obtain theesalf the polymer. The approach is
logical but not necessary because these polysadebaare polymers of glucose and
concentration can be based on the mass of glucoge in the polysaccharides.
Approximating the density of dilute aqueous solutad room conditions to be 1000g/L,

the composition (mass ratio) of solute in terme/t8h is given by

mass concentratiop g )L><

100 wib 150
1000g /L

mass ratio=

Bond concentration is another variable used inyaimay and describing some of the
results obtained in this chapter. The detailed mjetsan of the theoretical approach of
obtaining bond concentration in this research ptojas discussed in Chapter 2.

The Arrhenius equation is used significantly irstbhapter:

k=Ae RT (51)
wherek is the rate constanE, is the activation energy, arilis the pre-exponential

factor. Equation 51 can be expressed in linear fasm
Ink=In A-2. (52)
RT

A plot of Ink versusl/T yields a slope of Ei/R and an intercept of &
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4.2 Conversion of Crystalline Cellulose in Subcsatiand Supercritical Water

This section explores the reaction of crystallielutose in the microreactor at
subcritical and supercritical conditions of watAs stated earlier, there are essentially
two routes of hydrolyzing cellulose in hydrothernmakdia. It can either follow the
homogeneous route (complete solubilization of thstalline cellulose in supercritical
water) or heterogeneous route (incomplete soltibn of the crystalline cellulose in
subcritical water). For complete solubilization,otwteps are involved and these steps
include: 1) dissolution and 2) hydrolysis, while@mplete solubilization involves mainly
surface hydrolysis.

Conversion of crystalline cellulose in subcritieghter was studied with much
emphasis on the kinetic detail describing the reacin this medium. Thereafter,
characterization of cellulose residues obtainethfomnversion of crystalline cellulose in
subcritical water was conducted via dilute solutioscometry. The DP of unreacted
cellulose was used to evaluate the rate of hydmsolgé glycosidic bonds. Lastly,

conversions of crystalline cellulose in supercaitwater were measured.

4.2.1 Conversion of Crystalline Cellulose in Sutical Water

Reaction of crystalline cellulose in subcriticalterais heterogeneous. This is due
to the low solubility level of crystalline cellulesn subcritical water. Therefore, from a
particulate standpoint, surface hydrolysis of alste cellulose is presumed to dominate
in subcritical water. To describe the detail ofsthieterogeneous reaction at this
particulate level, a rate equation based on thalshg core model reported by Yoshioka

et al®® ®and later adopted by Sasaki ef%alvas used. The conversion term based on this
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reaction and its relationship with the residenceetiwere established. The kinetics

parameters were subsequently evaluated.

4.2.1.1 Experimental Description

Double distilled (deionized) water was fed intoudd enclosed within a tuber
furnace at flow rates ranging from 5 ml/min to 10mmn. Subsequently, the temperature
of the deionized water was raised from room tentpezato subcritical temperatures
ranging from 270C to 340°C for separate experimental runs. The pressurbeofitid
in the tube which was about 5000 psi was set anttalted by a back pressure regulator
downstream. The subcritical water from the tubierenl the microreactor and served as
both the hydrolytic agent and reacting medium Far 2 wt% cellulose suspension. The
cellulose suspension entered from the upper irdet @f the reactor closer to the tube
furnace outlet. The 2 wt% cellulose suspension thiwéh the subcritical water at an
equal volumetric flow rate, thereby diluting it towt%. The reaction was quenched by
the deionized water entering from the other uppkt iport of the microreactor and also

by the heat exchanger just at the outlet end offticeoreactor.

4.2.1.2 Cellulose Residue Data Analysis

Conversion was subsequently evaluated based cemibant of cellulose reacted
with respect to the initial quantity of cellulosedf The values obtained for the conversion
at the different subcritical temperatures were &mdipinto the conversion term
(numerator of Equation 7) and plots of the conwgrderm with residence times were
made. The overall surface hydrolysis rate constabtained from these plots were

introduced into the Arrhenius equation to obtam kinetics parameters.
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4.2.1.3 Results and Discussions

The concentrations in g/l of the insoluble hydralgs sampled at the subcritical
condition were measured in accordance with theigretvic analysis method discussed
above in the sampling analysis section. The comssobtained at each subcritical
temperature per range of residence times can beise€able 4. At each subcritical
temperature, conversion as observed from Tablerases generally with the residence
times. Maximum conversion of 92.2 % is seen atsaemce time of 0.56 s and at 320
°C. At residence times higher than 0.56 s at 320cthplete liquefaction of the 1 wt%
cellulose suspension was observed. This explairystiadre are no experimental data (no
residue to measured) due to complete conversitimeagrystalline cellulose at 320 °C for
residence times higher than 0.56 s.

As stated earlier in this section, the dominanttiea mechanism describing the
conversion of crystalline cellulose to fermentablears in subcritical water is surface
hydrolysis. The kinetics behind this mechanismraceleled after the shrinking core or
grain model and detailed kinetics equations areresged in Equations 5 to 7. The
conversion term as shown in Figure 17 is plotteslregg the residence times to obtain the
overall rate constant, for each subcritical temperature. The natural dbghe rate
constant was plotted with the reciprocal of thegerature to generate the Arrhenius plot

as depicted in Figure 18. The kinetic parameterg websequently evaluated.
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Table 4. Conversion of 1 wt% Cellulose SuspenstoBulbcritical Temperatures
in Microreactor

270 °C 280 °C 290 °C 295 °C 300 °C 320 °C

T X T X T X T X T X T X

0.00 | 0.00| 0.00f 0.00 0.00 0.0p 000 0.00 0O 000 .000] 0.00

0.445| 0.165| 0.437 0.234 0438 0.330 0.424 0306102 | 0.465 0.400] 0.723

0.498| 0.257| 0.489 0.26

o

0.46Pp 0.324 0.453 0.431 940{40.487| 0.437 0.831

0.537| 0.186] 0.559 0.17fy 0.54pb 0.455 0.325 0.877 340{50.306| 0.495 0.868

0.601| 0.202|] 0.606 0.23f 0.61p 0.481 0.623 0.p81 820{50.464| 0.555 0.922

0.725| 0.289| 0.712 0.32f 0.74pb 0.553 0.691 0.855 840{60.565

0.877| 0.342] 0.832 0.40

o

0.87p 0.681 0.808 0.591 880{70.698

0.700
X270°C

0.600 - *280°C

0500 m290°C
§ 295°C
> 0.400 -
<0 300°C
2 0300+ X320°C
—

0.200

0.100 -

0.000 - . : : :

0.000 0.200 0.400 0.600 0.800 1.000

Residence tima,(s)

Figure 17. Relationship between 1-(1¥Xpand the residence time
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Figure 18. Arrhenius plot of the rate constanthef tonversion of crystalline cellulose in
subcritical water and at 5000 psig based on gtaimising core model

The activation energ\EA, and the frequency factof, evaluated based on the

plot in Figure 18 are 99 + 29 kJrifoand 18°**7s* which are lower than146 + 5 kJ

mol* and10'**°*s* the values reported by Sasaki etalnder subcritical condition.

The error values were estimated based on 95 %dsrde intervals.

4.2.1.4 Conclusion

Conversion of crystalline cellulose in subcritieadter is heterogeneous due to its
low solubility in this reaction medium. The reactionechanism is surface based

hydrolysis and can be best modeled after a shignkore or grain model equation. The
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kinetic parameters, including the activation eneagy pre-exponential factor, obtained

O+2.7 1
§ st

for the overall conversion of crystalline cellulosee 99 + 29 kJmdland 1
respectively. There is almost complete liquefactdnl wt % cellulose suspension at
subcritical temperature of 320 °C and at a residesfc0.56 s in the microreactor. It is
logical to categorically state that, all thingsrigeequal, if a residence time is increased
above 0.56 s while at 320 °C, it is very possibléave 100 % liquefaction of the 1 wt %

cellulose suspension. Thus, solubility of crystallicellulose in subcritical water

increases as the temperature increases.

4.2.2 Dilute Solution Viscometry Analysis of Cryiitee and Unreacted Cellulose

To assess hydrolysis rates of glycosidic bondsellulose chains, the degree of
polymerization (DP) of the crystalline cellulose seceived and cellulosic residues
obtained after reaction must be known. There dferdnt characterization methods for
knowing the DP of a polymer; examples include seelusion chromatography,
osmometry, dilute solution viscometry, and low-antgser light scattering, to mention
but a few. However, the characterization methocptetbin this section of the project is
dilute solution viscometry. The viscosity-averagd® s obtained by dividing the
viscosity-average molecular weight of the cellulosgecules with the molecular weight
of the monomer, which is dehydrated glucose. A &mental description of this

characterization has been elucidated in Chapter 2.

4.2.2.1 Experimental Description

The ASTM International standard (ASTM 1795-96) fareasuring intrinsic

viscosity of cellulos® was adopted in evaluating the viscosity—averagecntar weight
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(MW,) and viscosity-based degree of polymerization ,JD&f cellulose. Crystalline
cellulose as received was dissolved in the ASTMomeoended reagent, 0.5 M
cupriethylenediamine hydroxide solution (CED). Afteydrolysis, cellulose residues left
unreacted were separated from hydrolysate suspengimough centrifugation,
decantation and the solid residue was subsequéeiye-dried. The dried cellulose
residue follows the same ASTM recommended stepdigsolution in 0.5 M CED. The
dissolved cellulose was injected into a size 10ibreded Cannon-Fenske viscometer
from the bigger open end and suctioned up to aessthe marked line between the two
smaller bulbs of the viscometer and later releasedlow through the viscometer
capillary passage. Viscosities were obtained foiceatrations ranging from 0.1 to 3 g/dl.
Similar procedure was followed for obtaining theddnatic viscosity(p) of the solvent
(CED) void of any solid cellulose but with viscoraetof size 50. The experimental
procedure for evaluating the DP of unreacted aedkilwas followed in like manner for

cellulose residues obtained after hydrolysis inrntferoreactor.

4.2.2.2 Results and Discussions

Based on these data, intrinsic viscosity was detldgem the average of the
intersection points resulting from the extrapolatiof both inherent-viscosity-
concentration and reduced-viscosity-concentratiovess onto the ordinate axis. Figure
10 in Chapter 2 depicted the plot obtain for eviitggthe intrinsic viscosity of crystalline
cellulose as received from Sigmal Aldrfch

Intrinsic viscosity obtained from Figure 10 is 1.8llg and was subsequently
introduced into the MKS equation (Equation 27) valeate the degree of polymerization

(DP). The empirical Mark-Houwink constants are pody-solvent specific andor
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cellulose-cupriethylenediamine at dissolution terapee of 25°C, their value§ are K

=1.7 cn¥/g and,a = 0.8. TheDP, evaluated for crystalline cellulose as received wa
approximately 228, and the viscosity-average mddeameight (MW,) calculated for the
cellulose was approximately 37 KDa. This averag#epular weight agrees with the
Sigma-Aldrich certified average molecular weight ¢ellulose which ranges between 36
and 40 KDa. The DRs) evaluated for cellulose residues at differestdence times and
different subcritical temperatures during hydradysire highlighted on Table 5. A
decreasing trend in the chain length of the cedleilonolecules as temperature increases
was observed with the lowest PRinge obtained at 295 °C and 300 °C. The decirase
the chain length can be attributed to the reaatiaime crystalline cellulose in subcritical

water in the microreactor.

Table 5. Viscosity-Average Degree of PolymerizatbiCellulose Residues at
Subcritical Temperatures

270°C 280°C 290°C 295°C 300°C

1(S) DR | t(S) DR 1 (S) DR 1(s) | DPv 1(S) DR

0.00 228 | 0.00, 228 0.00 228 0.00 288 0.00 228

0.445 78 | 0.437 125 0.438 90 0.424 47 0.402 | 89

0.498 87 | 0.489 108 0.469 68 0.458 42 0.494 | 43

0.537 91 | 0.556 115 0.545 76 0.52b 42 0.534 | 55

0.601 85 | 0.606 127 0.612 73 0.623 26 0.582 | 49

0.725 69 | 0.712 57 0.745 72 0.691 7 0.684 | 39

0.877 53 | 0.832 50 0.870 72 0.808 13
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Figures 19 - 23 present some plots depicting hawtilue of intrinsic viscosity
was obtained for cellulose residues obtained atrgidal water reaction temperature in
the microreactor. The intrinsic viscosity, whichthe average of the two intercepts on the
ordinate axis, was introduced into the MKS Equafi&guation 27) to obtain the average

DP, of the cellulose residues as delineated on Talibe 8ifferent residence times and at

different subcritical temperatures.

| # Reduced viscosity EInherent viscosity |

1.2
1 .
L
£ 0.8 - ry
S 06 \J\r\r\.\.\.
o
B 04 -
=
0.2
O T T T T T
0 0.5 1 15 2 2.5 3

Concentration c, (g/dl)

Figure 19. Plot ofjinn (In(n/c)) andneq (nsp/C) versus c for cellulose residues obtained at
270 °C and at flow rates of 8 ml/min and dissoliredupriethylenediamine at

25 °C. The shared intercept 1g.[
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# Reduced viscosity EInherent viscosity
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Figure 20. Plot ofjinn (IN(n,/c)) andnreq (nsp/C) versus c for cellulose residues
obtained at 280 °C and at flow rates of 7 ml/mid drssolved in
cupriethylenediamine at 25 °C. The shared interisejp.

| ¢ Reduced viscosity llnherentviscosity|

Concentration c, g/dl

Figure 21.Plot ofjinn (IN(m/C)) andnreq (nsy/C) versus c for cellulose residues
obtained at 290 °C and at flow rates of 9 ml/mid drssolved in
cupriethylenediamine at 25 °C. The shared interisejn.

www.manharaa.com




73

# Reduced viscosity EInherent viscosity

0.05 -

Figure 22. Plot ofjinn (IN(n,/c)) andnreq (nsp/C) versus c for cellulose residues
obtained at 295 °C and at flow rates of 9 ml/mid drssolved in
cupriethylenediamine at 25 °C. The shared interisejp.

@ Reduced viscosity EInherent viscosity

0.35 - 4

: <®
\‘\‘
0.3 \'\M.
0.25 -

Concentration c, g/

Figure 23.Plot ofjinn (IN(n:/C)) andnreq (nsy/C) versus c for cellulose residues
obtained at 300 °C and at flow rates of 9 ml/mid dissolved in
cupriethylenediamine at 25 °C. The shared interisejn.
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4.2.2.4 Conclusion

Crystalline cellulose as received and cellulosédues obtained from reaction
were characterized by dilute solution viscometrhe Tviscosity-average degree of
polymerization (DF) obtained for the crystalline cellulose was 228ileviihe DR
obtained for the cellulose residues ranged from tb27 for the temperature and flow
rates considered. Having obtained the DP for tiistalline cellulose as received and for
the cellulose residue obtained from reaction, wddcthen proceed to the next important

step of evaluating the rate of hydrolysis of glydasbonds of the cellulose.

4.2.3 Hydrolysis of Glycosidic Bonds of Cellulose

The most logical approach to investigate the hydislof crystalline cellulose in
any medium, be it enzymatic, acidic, or hydrothdrnsato look at it from the standpoint
of breaking its glycosidic bonds. To assess thidrdlysis rate, the initial and final
number of bonds, and bond concentration must beviknénitial number of bonds is
obtained from the DP of crystalline cellulose aseieed while the final number of bonds
is obtained from the DP of cellulose residue afaction. A detailed description of how
the bond concentration is evaluated is discusseseation 2.3.4. The first order rate
equation guiding the reactive behavior of breakhegglycosidic bonds was elucidated in
the same section (2.3.4). This reaction was coeduct the subcritical phase, and based

on the temperature range considered, it was lafggBrogeneous.

4.2.3.1 Experimental Description

Deionized water was fed into a tube enclosed wi¢htnbe furnace at flow rates

ranging from 5 ml/min to 10 ml/min. Subsequentlye twater temperature was raised
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from room temperature to subcritical temperatussgging from 270°C to 300°C for
separate experimental runs. The pressure of tieeifithe tube was about 5000 psig and
was controlled by a back pressure regulator dowastr The subcritical water was
injected into the microreactor and served as thetirey medium for the 2 wt% cellulose
suspension entering from the upper inlet port ef thactor closer to the tube furnace
outlet. The 2 wt% cellulose suspension mixed wite subcritical water at an equal
volumetric flow rate thereby diluting it to 1 wt % he reaction is quenched by the
deionized water entering from the other upper iptat of the micro-reactor and also by
the heat exchanger just at the outlet end of tleeaareactor. The samples were collected

in the gas-liquid separator and were analyzed.

4.2.3.2 Sample Analysis

The hydrolysate products were collected at diffeserocritical temperatures and
the water insoluble portion were centrifuged, driemd characterized. Centrifugation was
conducted with SORVALE RC 5B plus and samples were centrifuged at a spéed
8000 rpm and at duration of 10 min. The supernatatdined after centrifugation were
decanted leaving behind some cellulose residue hwines later freeze dried with
labconco freeze dryer. The dried cellulose resigdas then dissolved in CED at 25 °C
and subsequently characterized for viscosity-aved®agree of polymerization via dilute
solution viscometry. Some of the cellulose residuese subject to size exclusion
chromatography (SEC) analysis. The chromatographiysis allow for determination of

the degree of polymerization and molecular weigsiridution.
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4.2.3.3 Results and Discussions

Figure 24 depicts the rate of cellulose hydrolggisubcritical conditions of water
in the microreactor. The —In(Cb/Cbo) values wermttptl against residence times,at
subcritical temperatures ranging from 2710 to 300°C and at a pressure of 5000 psi.
Rate constantsk, were evaluated at each reaction condition. FR@®29 show the
Arrhenius plot for the k values obtained for thenperatures, 270C — 300°C. Thek
values were introduced into the Arrhenius equat®mnobtain the activation energy (EA)
and pre-exponential factor (A) based on the diffei@Ps used in calculating the bond
concentrations. The activation energy and pre-espial factors obtained for the bond
concentration resulting from the DP(s) of cellulosgidue evaluated experimentally from
dilute solution viscometry and SEC are shown ond &bDR) is the peak average degree
of polymerization from the molecular weight distriton obtained in SEC. It is simply
the molecular weight corresponding to the peakhefdistribution. The idea of solving
for the activation energy based on DP of cellule=sdues obtained by these different
characterization techniques is to validate thatatttevation energy corresponding to the
DP obtained from dilute solution viscometry anadysihere is no significant difference
in the activation energy obtained via both thetdilsplution viscometry (DSV) and SEC.
The corresponding activation energies for the \6gg@verage degree of polymerization
obtained via DSV and SEC are quite close. ObsenAndnenius plots for each
corresponding DP, there is a striking similaritytirese plots and similar error bars; this
further conferred a high level of confidence on Yadues of DR obtained via dilute

solution viscometry.
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Figure 24. Conversion term based on bond conceorires the residence time
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Figure 25. Arrhenius plot of the rate constantrgktalline cellulose
hydrolysis in subcritical water and at 5000 psidaasn bond
concentration (DPfrom dilute solution viscometry experiment)
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Figure 26. Arrhenius plot of the rate constantrgktalline cellulose
hydrolysis in subcritical water and at 5000 psidaasn bond
concentration (DPfrom size exclusion chromatography
experiment)
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Figure 27. Arrhenius plot of the rate constantrgétalline cellulose
hydrolysis in subcritical water and at 5000 psidaasn bond
concentration (DPfrom size exclusion chromatography
experiment)
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Figure 28. Arrhenius plot of the rate constantrgktalline cellulose
hydrolysis in subcritical water and at 5000 psidaasn bond
concentration (DR from size exclusion chromatography

experiment)
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Figure 29. Arrhenius plot of the rate constantrgktalline cellulose
hydrolysis in subcritical water and at 5000 psidabsn bond
concentration (DPfrom size exclusion chromatography
experiment)
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Figure 30. Arrhenius plot comparing rate constdntrgstalline cellulose hydrolysis
based on bond concentration with oligomers hydmelys subcritical
water

Table 6. Kinetics Parameters obtained for the Gligio Bond Hydrolysis based on bond
concentration evaluated from the DP of cellulosédiees obtained from
dilute solution viscometry and SEC

Degree of Characterization Activation Energy,| Pre-exponential
Polymerization techniques EA (kJ/mol) factor, A (s
DR, Dilute solution 108.24+89.09 19-04+4.65
viscometry

DP, Size exclusion 104.98+36.48 13y5£L
chromatography

DR, Size exclusion 101.17+35.46 10764185
chromatography

DR, Size exclusion 102.04+34.59 15181
chromatography
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Figure 30 displays an Arrhenius plot depicting thie constants obtained for the
hydrolysis of oligomers and cellulose in subcritiaater. Hydrolysis rate constants for
the oligomers are obtained from Taiying Zhang's Phbrk'* while hydrolysis rate
constants for the cellulose are obtained from E@¥%. The activation energies obtained
for the oligomers: maltose (93 kJ/mol), cellobig82 kJ/mol), cellotriose (65 kJ/mol),
maltotriose (65 kJ/mol), and maltotetraose (52 klyndecreases with increase in the
size of the monomeric units while activation enefgy the hydrolysis of cellulose in

subcritical water is higher than that of the oligom

4.2.3.4 Conclusion

Hydrolysates obtained as a result of hydrolyzingstline cellulose in
subcritical water contained unreacted cellulosees€hhydrolysates were centrifuged to
separate the water soluble part via decantation free sample as a whole. Subsequently,
the cellulose residue was freeze dried and chaizete to obtain the degree of
polymerization (D). Bond concentrations based on the DBfggined from DSV and
SEC were calculated and the detailed kinetics petens based on a first order bond-
concentration rate equation were evaluated. Thevaticin energies (EA) and pre-
exponential factors (A) obtained for the hydrolysite of breaking the glycosidic bonds
in cellulose are 108+89 kJ/mol and*4%*°s" for DR, obtained via DSV and 101+35
kd/mol and 1&*'° s for DR, obtained from SEC. The rate of breaking the gligios
bonds is crucial to understanding the kinetics ofiverting crystalline cellulose to

fermentable sugars.
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4.3 Conversion of Crystalline Cellulose in Supeicai Water

Conversion of crystalline cellulose occurs by disgmating the intermolecular
hydrogen bonding binding each layer of cellulosairth within the crystal structure. As a
result of the disintegration, the hydroxyl (OH) gpoon each of the glucose units reacts
with the protonating component of the solvent.His tsection, we shall be investigating
the kinetics parameter defining the conversion rgktalline cellulose in supercritical
water.

Considering the reaction volume of the microrea¢@ot7 ml) coupled with the
maximum flow rate the available pumps at our digbesuld deliver, it proved to be
unrealistic to obtain unreacted cellulose in supigral water. Therefore, to obtain some
cellulose residue after reacting crystalline cela in the microreactor at supercritical
condition of water, there is the need to eithemificantly increase the maximum
deliverable flow rates or substantially reducerthaction volume. The latter option based
on the available resources was chosen. The maibiicalso involves changing the
orientation of the microreactor. Details of the mficdtion will be elucidated in the
experimental set-up and processing steps. Expetandescription of the conversion of
cellulose in the microreactor and at the supecatiittondition of water will be discussed.
Subsequently, methods adopted in analyzing the Isawipp be presented while results
and discussion section will follow immediately. tigs conclusions based on findings

and a summary of experiments will complete thigptéa
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4.3.1 Experimental Setup and the Processing Steps

This section describes the experimental setup amcepsing steps of converting
crystalline cellulose in the microreactor in supiical water. The essence of this
reaction is to have some quantity of the crystallellulose reacted and leaving behind
some residues. The experimental setup for theiomacf crystalline cellulose in the
microreactor is similar to the experimental setug-igure 14, the only difference is the
orientation of the microreactor and extra heat arger unit in the setup for this
experiment. The feedstock (slurry solution) is falo the microreactor positioned
midway along the process flow path. A schematiatobfathe process for the reaction in
the microreactor can be seen in Figure 31.

Deionized water (18 mohm) obtained from a Nanojnfieity water purification
system was fed into a tube enclosed within a twibeate (Thermolyne79400) by Lab
Alliance series Il pumps at flow rates ranging frérml/min to 14 ml/min. Subsequently,
the water was heated to supercritical temperattaeging from 374°C to 390°C for
separate experimental runs. The pressure of tlteifiuhe tube was about 5,000 psig and
was controlled downstream by a 15,000 psig capd@gcom back pressure regulator.
The pressure gauge displays the operating pres3use.after the pressure gauge is a
rupture disc. This safety device, unlike the relialve which opens when the maximum
pressure is exceeded, is ruptured when the opgrptEssure exceeds its limit. In this
experimental setup, the rupture disc can supponagimum pressure of 9000 psig, so

therefore, any pressure beyond this limit can teadipture of the disc.
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Figure 31. Schematic chart of the conversion oftediine cellulose in microreactor at
supercritical condition

The supercritical water exited into the glass filiesulated microreactor and
served as both hydrolytic agent and the reactiodiume for the 2 wt% cellulose slurry
solutions. The feedstock was fed into the micraxgaat the inlet port oriented upward
and located midway in the microreactor. The maxintemperature limit the furnace
could support was 1200 °C. The cellulose slurrytsah with flow rates ranging from 9
to 14 ml/min mixed with the supercritical water i constant flow rate of 10 ml/min,
thereby diluting the slurry concentration to valuasging from 0.947 to 1.167 wt%. The
reaction was quenched by a heat exchanger juseaitttlet port of the microreactor and
also by the shell and tube heat exchanger placgddpwnstream from the first heat
exchanger. With the rapid heating and quick quenglof the cellulose reaction in the
microreactor, the reaction volume within the miewator is estimated to be 0.088 ml.
The schematic flow detail in the microreactor carsben in Figure 28. Alterations made
to the microreactor were mainly to reduce the reactolume and allow the reaction to

occur as indicated in Figure 32.
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The reaction volume for the conversion of cellulasesupercritical conditions is
this low because of the need to allow the readtiomccur at very low residence times to
avoid complete disappearance of the crystallinkiloske in supercritical water. Cellulose
residues left behind were measured gravimetricBigtail of the gravimetric analysis for
the sole purpose of evaluating the rate of celkilmenversion in supercritical water will
be discussed in the subsequent sections. The sawple collected in the gas-liquid

separator and analyzed for conversion and weighhgacted cellulose (residue).

Cellulose suspension 2wt

Diluted to 0.947-1.167
wt %

Sample produc

Supercritical wate
——————

Thermocoupl Thermocoupl

Figure 32. Microreactor system set-up for celluloseversion at supercritical condition

4.3.2 Sample Analysis
The hydrolysate products were collected at diffeirpercritical temperatures,

and the water insoluble portions were centrifughited, and analyzed gravimetrically.
Centrifugation was conducted with SORVALLRC 5B plus and samples were

centrifuged at a speed of 8000 rpm for 10 min. Bupernatant obtained after
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centrifugation was decanted leaving behind theuloee residue, which was later dried in
an oven within the temperature range of 42 °C —°67. Cellulose residues were
measured gravimetrically to determine the mass ribetted. The results were used to

calculate the conversion.

4.3.3 Results and Discussions
The concentrations in g/l of the insoluble hydralgs sampled at the supercritical

conditions were evaluated by gravimetrically memsuthe amount of cellulose residue
contained within the volume of the sampled hydralgs Conversions were evaluated and
the values obtained at each supercritical tempergter residence times can be seen on
Table 7. At each supercritical temperature, conwersaas observed from Table 7
increases generally with the residence times. Mamntonversion of 90 % is seen at
residence time of 0.154 s and at supercritical tzatpre of 390 °C, while a minimum

conversion of 38.5% was observed at 374 °C andense time of 0.142 s.

www.manaraa.com



87

Table 7. Conversion of Cellulose Suspension at Bufieal Temperatures in
Microreactor

374 °C 378 °C 380 °C 382 °C 388 °C 390 °C

(S) X (S) X (S) X (S) X (S) X (S) X

0.00 | 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.p0 0{00 .00 0] 0.00

0.142| 0.368] 0.139 0.414 0.13¢ 0.413 0.135 0.p26 290(10.538| 0.126 0.560

0.145| 0.460| 0.142 0.394 0.140 0.405 0.138 0.452 320{10.642| 0.129| 0.715

0.149| 0.411| 0.145 0484 0.143 0.4p4 0.141 0.p43 3%0{10.510| 0.132] 0.620

0.152| 0.412| 0.149 0.55f¢ 0.14f 042 0.145 0.517 380{10.684| 0.136| 0.715

0.156| 0.458| 0.152 0.53f 0.150 0.482 0.148 0.554 410{10.520| 0.139| 0.572

0.160| 0.572| 0.154 0588 0.165 0.450.149| 0.692| 0.154) 0.89%

0.169| 0.629] 0.158 0.571 0.1%7 0.885

Conversion of cellulose in this medium is model&draa first order reaction rate
equation. The conversion term, —In(1-X), as showrrigure 33 is plotted against the
residence times to obtain the rate constakisfor each supercritical temperature
considered. The natural log of rate constants wated with the reciprocal of the
temperature to generate the Arrhenius plot as tegpin Figure 34. The kinetic
parameters were subsequently evaluated by equidinglope and the intercept of the

Arrhenius plot with —lz/R and InA respectively (Equation 52).
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Figure 33. Conversion plot for the rate constant ceflulose reaction in
supercritical water
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Figure 34. Arrhenius plot for the conversion ofstalline cellulose in supercritical water

The activation energyt,, and the pre-exponential or frequency factyr,evaluated
based on Figure 31 are 290 + 160 kJ mahd 16**'3 s'. The error values were

estimated based on 95 % confidence intervals. Rh@mactivation energy obtained for
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the conversion of cellulose in supercritical wagemixture of hydroysis and dissolution)
as compared with the activation energy obtainedherconversion in subcritical water, it
seems that the conversion of cellulose has difterate-limiting steps under the two

conditions.

4.3.4 Conclusions
Hydrolysates obtained as a result of dissolvingstadfiine cellulose in

supercritical water contain unreacted celluloseesehhydrolysates were centrifuged to
separate the water soluble part via decantation free sample as a whole. Subsequently,
the unreacted cellulose or cellulose residues wlersl and analyzed gravimetrically.
Conversion was calculated and the detail kinetarsmpeters based on a first order rate
equation were evaluated. The activation energy (BAJ pre-exponential factor (A)
obtained for the dissolution rate are 290 + 160 ddmand 16*'%™ respectively.
Comparatively, the activation energy obtained fbe tconversion of cellulose in
supercritical water (dissolution/hydrolysis) is Ingg than the activation energy obtained
when cellulose is reacted in subcritical water. S hit appears that conversion of

cellulose in subcritical and supercritical watas llifferent rate-limiting steps.

4.4 Kinetic Analysis of the Conversion of Crystadli Cellulose in
Subcritical and Supercritical Water

In this section, the kinetic parameters obtainaseld on the two kinetic models
adopted in this project for the conversion of delle in a hydrothermal system were
compared. Arrhenius trends for the conversion gétalline cellulose in subcritical and
supercritical water based on first order and slmigplcore models were compared with

results of similar work by Sasaki et al. (2004).eTdonversion plots that result in the
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Arrhenius plot of cellulose reaction in supercatiavater for both the first order and
shrinking core models were not allowed to go thtotlge origin. The reason is because
the intercepts of these plots are not anywhere theaorigin. Error estimation in this
study was based on a 95 % confidence interval hisdperhaps may explain why the
margin of error is quite significant relative to atlwas obtained in Sasaki et al’s. It is not
certain what level of confidence is the estimatedran Sasaki et al but is likely to be
based on standard error estimation. Also, erriimasion in the plots forced through the
origin is less in value compared with the margireobr in the plots that are not forced
through the origin and the reason is based on ¢beeé of freedom. A critical review of
this observation revealed that the former has rdeggees of freedom than the latter. The
values of the kinetics parameters and their efrora Sasaki et al. are left as they were

reported while in this study, the kinetic values eyunded to 2 significant figures.

4.4.1 Shrinking Core Model

Figure 35 depicts the Arrhenius plots of cellulasaversion in subcritical and
supercritical water obtained from this study arel $tudy conducted by Sasaki et al. The
trends for the two separate studies appear tolglé@ow each other in the supercritical
region though at the high end they seems to widafeva clear difference in their trends
was observed in the subcritical region. The kingtarameters obtained in the
supercritical region were found to be, £90 + 160 kJ mal , A= 1G*** s? for this
study, and E547.9 + 27.8 kJ mdl, A=10"%%2g" for Sasaki et al. respectively. In the
subcritical region, the kinetic parameters obtaiwede found to be, £=99 + 29 kJ mol
1 A=10*%*27 s for this study, and £145.9 + 4.6 kJ mal, A=10""****s* for Sasaki et
al. Figure 36 seems to portray the same trend asredd in Figure 35 but the only
exception is the difference in the error margirthe subcritical region. A larger error

range in the subcritical region was observed inufgg36 than in Figure 35. The
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corresponding conversion plots upon which k-vaindsigure 36 were estimated weren'’t
forced through the origin. The kinetic parametdrgamed in this case were found to be
E. =110 = 57 kJ mot, A=107"*>3s' . In Figure 37, the Arrhenius trend across the
critical regions, i.e. the subcritical and supéicai regions, reflects a much better fit of
the data in this study than in the study condubte®&asaki et al. In Figure 37, the kinetic
parameters obtained in this study across the aritegion were found to be £92 + 13

kJ mol* , A=10***1s* While in Sasaki’s work, the kinetic parameterseverund to be
E;=210 + 86 kJ mot and A=10"****s* . Thus, the kinetic parameters obtained for this
study, in Figure 38, were estimated to kedB * 15 kJmot , A=10"**3s*. There is no
kinetic data trend for Sasaki et al in Figure 38 #re reason is because the conversion
plots reported by Sasaki et al., only pass throtlgh origin. Therefore, we were
constrained to only estimate the kinetic paramdtera Sasaki’'s work for plots passing

through the origin.

5.000
4.000 - @ This study sup
3.000 - OThis study sub
2.000 - )
‘[',,‘ 1.000 - A Sasaki et al sup
~ 0.000 = AN A Sasaki et al sub
v <
£ 1000 % A NM
-2.000 - A
-3.000 - \‘\\\
-4.000 - A
-5.000 T T T T . . .
1.500 1.550 1.600 1.650 1.700 1.750 1.800 1.850 1.900

1000/T (K)

Figure 35. Shrinking Core Model: Separated Arrhemilot for the conversion of
crystalline cellulose in subcritical and supercatiwater with conversion plot
of cellulose reaction in subcritical water pasgimgugh the origin
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Figure 36. Shrinking Core Model: Separated Arrhemilot for the conversion of
crystalline cellulose in subcritical and supercatiwater without forcing the
conversion plot of cellulose reaction in subcrititapass through the origin
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Figure 37. Shrinking Core Model: Combined Arrherlst for the conversion of
crystalline cellulose in subcritical and supercatiwater with conversion plot
of cellulose reaction in subcritical water pasgimgpugh the origin
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Figure 38. Shrinking Core Model: Combined Arrherlst for the conversion of
crystalline cellulose in subcritical and supercatiwater without forcing the
conversion plot of cellulose reaction in subcritieater to pass through the
origin
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4.4.2 First Order and Shrinking Core Models

Figure 39 depicts the Arrhenius plots of cellulesaversion in subcritical and
supercritical water obtained based on first ordet shrinking core models. The trends
for the two models appear to roughly parallel eattter in both regions with lower k-
values for the shrinking core model. The kineticapaeters obtained in the supercritical
region were found to be;E420 + 140 kJ mdl, A= 10°**!* s* for first order, and E290
+ 160 kJ mof, A=10°**%" for shrinking core. In the subcritical region, tkimetic
parameters obtained for the first order and thmkimg core were found to be, E150 +
67 kJ mof', A=10"**?s', and E=99 + 29 kJ m¢t, A=10P***" s, respectively. Similar
trends as observed in Figure 39 were displayedguar€& 40 except that the k-values for
the first order and shrinking core models do natla each other as much as in the
former, and a slightly higher difference in the &ues was observed on the high side of
both regions. A much wider error range in the sitibal region was observed in Figure

40 than in Figure 39. The corresponding converplots for which k-values in Figure 40
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were estimated weren't forced through the origihe kinetic parameters obtained for
first order in this case were found to bg 20 + 39 kJ mal, A=10"*3° s* while
corresponding kinetic parameters for the shrinldoge model were estimated to bg E
=110 + 57 kJ mot and A=16"*>3s™.

In Figure 42, the corresponding conversion plottfar Arrhenius plots for either
the subcritical or supercritical region per eachhaf models were not forced through the
origin while opposite is the case in Figure 41Flgure 41 and 42, the Arrhenius trend
across the subcritical and supercritical regiorspldy similar trends but with higher k-
values for the first order than their correspondihgnking core values. In Figure 41, the
kinetics parameters obtained for first order acibescritical region were found to be
E;=100 + 18 kJ mat, and A=18"**°s* while in Figure 42, the kinetic parameters were
found to be , E94+23 kJ mdf, and A=18"%°s* . The kinetic parameter for shrinking
core were found both in Figure 40 and 42 to pe9€ + 13 kJ mot, A=10****s?, and
E.=88 + 15 kJ mot, A=10"%"3s™,

5.000
@ First Order sup

4.000 - O First Order sub

3.000 - A Shrinking Core sup
Cg 2.000 - x A Shrinking Core sub
=< 1.000 -

0.000 - e

-1.000 -

-2.000 ) 1 I 1 1 I I

1.500 1.550 1.600 1.650 1.700 1.750 1.800 1.850 1.900
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Figure 39. First Order Model: Separated Arrhenilos for the conversion of crystalline
cellulose in subcritical and supercritical watethngonversion plot of
cellulose reaction in subcritical water being &xt¢hrough the origin
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Figure 40. First Order Model: Separated Arrhenios for the conversion of crystalline
cellulose in subcritical and supercritical watethout allowing the
conversion plot of cellulose reaction in subcritiwater not being forced

through the origin
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Figure 41.First Order Model: Combined Arrheniustiw the conversion of crystalline
cellulose in subcritical and supercritical watethngonversion plot of
cellulose reaction in subcritical being forced thgh the origin
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Figure 42. First Order Model: Combined Arrheniustgor the conversion of crystalline
cellulose in subcritical and supercritical watetheit allowing the
conversion plot of cellulose reaction in subcriticat being forced through
the origin

4.5 Summary of Experiments

In this chapter, a kinetics analysis describing rérective behavior of cellulosic
biomass in a hydrothermal microreactor has beenusé®ed. The most important
conclusions from the various experiments conduated be summarized as the
following:

1. The hydrolysis of crystalline cellulose in subadti water is best explained by
the low solubility level of cellulose in subcriticavater resulting in
heterogeneous reaction. The hydrolysis is surfaed and its kinetics is
modeled after the shrinking core or grain modele T8volubilization or
solvation effect of subcritical water on crystadlicellulose increases as the
subcritical temperature increases. Kinetic pararsetéor the overall

conversion of crystalline cellulose include theiatton energy and the pre-
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exponential factor and were evaluated respectiggl@9 + 29 kJ mdland
108.912.75—1.

. Dilute solution viscometry analysis was conductedevaluate the DP of
cellulose as received and cellulose residue olairen hydrolysis. As the
subcritical temperature increases at similar residdime, a decreasing trend
of the DP of the cellulose chain is observed. dibgree of polymerization
(DP) is observed to drastically reduce from th&ahDP of 228 to as low as
7.

Hydrolysis of cellulose in subcritical water wasséstigated. A first order
bond concentration rate equation was employed sesaing the hydrolysis.
The activation energy and the pre-exponential facibtained for the
hydrolysis of the glycosidic bonds evaluated fro,[®) obtained via DSV
and SEC are 110489 kJ/mol,"#%"s" and 102+35 kJ/mol, 26*°s™.

. Conversion of crystalline cellulose in supercritieater proceeds in a two-
steps reaction. In supercritical water, the reacpooceeds very fast and the
liquefaction is so drastic that it gives little m@ room for unreacted cellulose
to survive after reaction. Maximum conversion of389 was obtained at
supercritical temperature of 390 °C and resideme of 0.154 s. Minimum
conversion of 36.8 % was obtained at supercrite@perature of 374 °C and
residence time of 0.142 s. At supercritical cowodis, the kinetic parameters
for the conversion of crystalline cellulose in thmicroreactor were
experimentally determined. Activation energy anmé-@xponential factor
obtained for the first order cellulose conversinrsupercritical water are 290
+160 kJ mof and 16*'%* respectively.

. Arrhenius trend obtained based on shrinking cordehfrom this study and
Sasaki et al are quite similar in the supercritregiion using rate plots going

through the origin. While the trends for the twpa®te studies appear to
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closely follow each other in the supercritical myia clear difference in their
trends was observed in the subcritical region. fféseds for the first order and
shrinking core models appear to parallel each oitndyoth critical regions

with lower k-values for the shrinking core model.

www.manharaa.com




99

CHAPTER 5. INVESTIGATING YIELD OF WATER SOLUBLE

HYDROLYSATE IN HYDROTHERMAL MEDIA

Previous studies showed a better monosaccharittefgoen cellulose hydrolysis
in subcritical watet* *°than in supercritical water. This trend is causgdhe relatively
higher hydrolysis rate of crystalline cellulose gared to the decomposition rate of the
hydrolysate in subcritical water. But in supercatiwater, the hydrolysis rate proceeds
at a slower pace than the decomposition rate. trdgrstanding is considered helpful in
the design of a process path that can potentiaprove the yield of fermentable sugars
from crystalline cellulose. The process path estaigtting up a reaction sequence
intended to first dissolve cellulose and subsedyérydrolyze the dissolved cellulose in
subcritical water.

Since dissolving cellulose is difficult, dissolvetarch will be use as a surrogate
for cellulose in the hydrolysis reaction in sulicet water. The rationale behind this
approach is seen from the observation made fromdari€aiying Zhang's work$
(Figure 30) that hydrolysis of maltosaccharides egltbsaccharides in subcritical water
are similar. Dissolved starch, at subcritical ctinds of water, will be hydrolyzed
within the reaction volume of the microreactor. Mngter soluble product (hydrolysate)
obtained from the reaction will be analyzed withghi performance liquid
chromatography (HPLC).

Decoupling the dissolution of cellulose from itsdhylysis could be approached
by dissolving cellulose under a very short timeéd100.2 s) in supercritical water and
afterward, hydrolyze the dissolved cellulose incsitical water at a relatively longer

residence time. Before coming up with the idea etadipling the reaction, the
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conventional way has always been to dissolve auldohyze crystalline cellulose within
the same hydrothermal reactor while allowing thactien conditions to change from
subcritical to supercritical phase. The notion efencing the two phases, subcritical
and supercritical, per experimental degradaticginslar to the study conducted by Ehara
and SakH on phase-separating the reaction media to impyield and selectivity of
target products.

Another approach is in-situ pretreatment of cryistalcellulose in an ionic liquid
or non-derivatizing solverit:”® As it has been discussed extensiVél{, ionic liquid
will deconstruct the crystallinity of the celluloge a far less crystalline structure.
Dissolved cellulose in the ionic liquid will subsemntlybe precipitated at the introduction
of an anti-solvent (water or aliphatic alcohol) vmeferential solute-displacement
mechanisni* Non-volatile ionic liquid is afterward recovereg btripping off the anti-
solvent via flash distillation. Thereafter, decafzed cellulose will be hydrolyzed in the

hydrothermal (subcritical) reactor.

5.1 Experimental Methods

The experimental methods present a detailed déiseripf the experimental setup
and the processing steps, sample product anadysisjata analysis methods.
5.1.1 Experimental Setup and the Processing Steps

Hydrolysis of starch and cellulose were conducteth bin the microreactor and
the tubular reactor. Figure 14 depicts the expeartaiesetup for the reaction of crystalline
cellulose and dissolved starch in the microreacitie same setup was used for the

polysaccharide reactions in the tubular reactor that only difference is the point at
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which feedstock is fed into the process streamh\tfié microreactor, the feedstock is fed
into the reactor positioned midway along the preciésw path while for the tubular

reactor, the feedstock solution is fed at the isigrpoint of the process stream. A
schematic chart of the process for the microreactor be seen in Figure 15, while

Figures 43 is a schematic diagram of the tubulactce.
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Figure 43. Schematic flow process for celluloserblysis in hydrothermal
tubular reactor

For microreactor experiments, deionized water olethifrom a nanopure Infinity
water purification system was fed into a tube esmtb within a tube furnace
(Thermolyne79400) by Lab Alliance series |l pumpglatv rates ranging from 5 ml/min
to 10 ml/min. Subsequently, the deionized water eated to subcritical temperatures
ranging from 280C to 340C for separate experimental runs. The pressuraeofltid
was about 5,000 psig was set and control by a 056 capacity Tescom back pressure
regulator downstream. The pressure gauge dispeysperating pressure. Just after the
pressure gauge is a rupture disc. This safety deuitlike the relief valve which opens

when the maximum pressure is exceeded, is ruptwieeh the operating pressure
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exceeds its limit. In this experimental setup, thpture disc can support a maximum
pressure of 9000 psi, so therefore, any presswenbethis limit can lead to rupture of
the disc.

The subcritical water exited into the microreadtwulated with fiber glass and
served as both hydrolytic agent and the reactiodiume for the 2 wt % polysaccharide
solutions entering the upper inlet port of the mieactor just at the outlet of the tube
furnace. The temperature the furnace can suppoger&om room temperature to 1200
°C. The cellulose slurry/dissolved starch solutiias mixed with the subcritical water at
equal volumetric flow rate, thereby diluting thell@g®se slurry/dissolved starch
concentration to 1 wt%. The reaction was quenchedhb deionized water from the
other upper inlet port of the microreactor and dgahe shell and tube heat exchanger
just at the outlet end of the microreactor. With thpid heating and quick quenching of
the polysaccharides reaction in the microreactbe teacting volume within the
microreactor is estimated to be 0.17ml. The schierflatv detail in the microreactor can
be seen in Figure 16 of chapter 4.

For the tubular reactor, cellulose/starch slurryv{2%o) solution was fed into the
hydrothermal tubular reactor at temperatures rangiom 200°C- 400°C and pressure
of about 5000 psig. The reactions were conductefioat rates of 5 ml/min and 10
ml/min and were quenched by the heat exchanger stosam of the reactor. The
reacting volume for the tubular reactor is 2.13 mwhile residence times due to
temperature range span between 12 — 23 s for 5iménd 6 — 11 s for 10 ml/min. The
product samples which flow via the back-pressugellegor are collected downstream in

the gas-liquid separator. The water soluble parthef hydrolysate was analyzed with
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HPLC. The insoluble part obtained from the unredctlulose was either centrifuged or

filtered and subsequently dried for further analysi

5.1.2 Sample Product Analysis Method

5.1.2.1 Materials.

Cellulose suspensions and starch solutions in teidnwvater are the reactant
mixture used in this section of the research ptojélse chemical compounds
used for the experiments and the standard solut@nsalibration curves were
all obtained from Sigma-Aldrich and they are highted as follows: crystalline
cellulose (sigmacell type 20), cellobiose (>98 %hpltose monohydrate (>98
%), glucose (>99.5 %), fructose (>98 %), 5-(hydroeyhyl)-2-furfural, and

furfural .

5.1.2.2 Aqueous products (water soluble hydrolysate

Water soluble hydrolysate was analyzed by ionic @BRbmprising: pump (LC-
10ADvp), refractive index detector (RID-10A), SS0% LC column oven,
Aminex HPX-87H & HPX-42A columns (300 x 7.8 mm), hie phase (0.1
mmol/L H,SO, & Water). A large percentage of the samples wadyaad with

HPLC using auto sampler injection, but for thedaftart of the project manual
injection was used. The mobile phase flow rate w89€.6 ml/min and the
column oven temperature was 50 °C. Hydrolysate tifiGation and

identification were obtained based on hydrolysaendard calibration and

characteristics retention time respectively.

www.manaraa.com



104

5.1.2.3 Water Insoluble Hydrolysate.

This is the solid portion of the product samplesamed from the hydrolysis
reaction. These products were analyzed graviméyriday filtering the
hydrolysate via Stericup® 0.22m Millipore GV PVDF membrane. The solid
residues left after filtration were dried at rooemperature until the weight of
the solid products remained constant. This methasl wged to find the mass of
unreacted cellulose per volume of the product méxgolely for evaluating the

conversion of crystalline cellulose under hydroth&rconditions.

5.1.3 Data Analysis Method

In the hydrothermal (micro and tubular) reactoe Hverage time the reactants
spend in the reacting volume is refers to as teeleace timet) and can be expressed
mathematically as:

T =pV/pF 47)

where p¢ is the density of the reactant mixture at reactmmditions, V is the
reacting volume of the hydrothermal reactor, pni$ the density of the reactant mixture
at room temperature, s the volumetric flow rate of the reactant migdreing fed into
the reactor. Other descriptive data analysis vhgalinclude conversion and yield.
Conversion is denoted symbolically as X and is raefas the amount of solute (in
solution/suspension) reacted with respect to thlimmount. Yield is the amount of the
product formed with respect to the initial amouhthe reactant fed. The mathematical
representation of both the conversion and yieldeapressed as Equations 48 and 49 in

chapter 4.
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Products in this case could be glucose, cellobiosaltose, fructose, 5-
(hydroxymethyl)-2-furfural (HMF), furfural, and oagic acids while reactants could be
either cellulose suspension or starch solutionlu®sle and starch are polymers of
glucose, and obtaining their concentration in ntitde/ may prompt an initial line of
thought of finding the DP to obtain the moleculaight so as to obtain the moles of the
polymer. The approach is logical but not necesdamgause these polysaccharides are
polymer of glucose and concentration can be baseithe® mass of glucose units in the
polysaccharides. Approximating the density of thiite aqueous solution at room
conditions to be 1000g/L, the composition (mas®Yaif solute in terms of wt% was

expressed in Equation 50.

5.2 Yield of Water Soluble Hydrolysates in the Hytthermal Reactor

Hydrolysis of starch and crystalline cellulose we@nducted in both tubular
reactor and microreactor at subcritical and supierar conditions of water. The yields of
water soluble hydrolysates such as glucose, cekebi and furfural vary as the
temperature and residence times are altered. T tihlook out for in this section is the
residence time and the temperature at which optingigha of fermentable sugars are
attained. The reason is because some of the feablerdugars formed during reaction
degrade to other compounds that perhaps could ssnmhibitors in the fermentation
stage of biofuel production. Thus, the yield of easoluble hydrolysates in both the
tubular reactor and the microreactor will be iniggged. Finally, a detailed comparison
of the water soluble hydrolysate yields obtained.icritical conditions for dissolved

starch, a surrogate for the dissolved cellulosdl, vé compared with yields obtained
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from the hydrolysis of crystalline cellulose in sdlical and supercritical water. This
section of the project is largely driven by hypaiiseNo. 2 in Chapter 3 which propounds
that: glucose formation from dissolved celluloséédter optimized in subcritical water

than in supercritical water.

5.2.1 Yield of Water Soluble Hydrolysates in theblilar Reactor

Hydrolysis of cellulose and starch in the hydrothalr tubular reactor results in
the formation of water soluble and insoluble hygsates. Unreacted cellulose primarily
constitutes the insoluble hydrolysates while saubidrolysates for both starch and
cellulose include fermentable sugars and hydraotydatomposition products. Cellulose
slurry solution or starch solution were fed to pinecess unit, and products resulting from
the reaction were collected downstream. The sampigdrolysate products were

analyzed with HPLC and the yield of the water stdutydrolysates were evaluated.

5.2.1.1 Experimental Description

Figure 35 shows a schematic flow process of cedrilloydrolysis in the tubular
reactor. Cellulose slurry (2 wt%) was fed into thedrothermal tubular reactor at
temperatures used ranged from 2@0to 400°C. The reactor pressure of about 5000
psig. The reactions were conducted at flow rateS ofl/min and 10 ml/min and were
guenched by the heat exchanger after exiting thetse The sample products which
flow via the back-pressure regulator were collectemvnstream in the gas-liquid

separator.
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5.2.1.2 Sample Analysis

Water soluble hydrolysates collected at the diffeibcritical temperatures and
at different residence times were analyzed with @8PHydrolysate quantification was
based on hydrolysate standard calibration and epedentification was determined by
characteristic retention time. The quantificatioaswestablished based on the peak areas

of HPLC compared against a known standard.

5.2.1.3 Results and Discussions

Figure 44 depicts the fractional yield of waterutdé hydrolysate obtained in the
hydrothermal tubular reactor at a flow rate of 10mmn. Crystalline cellulose was
reacted at subcritical and supercritical conditiohsvater, and yields of water soluble
hydrolysates at temperature ranging from 300 °@0@ °C were obtained. Glucose vyield,
showed a maximum of 15 % at the lowest subcritteahperature of 300 °C, and
decreased appreciably as temperatures increasedsdre trend was observed with
cellobiose and fructose which peak at 2.5 % a®@yield and subsequently decreases as
reaction temperature increased. While experiengidgastic decrease in the percent yield
of sugars, a net formation of 5-(hydroxymethyl)e@ffiral (HMF) and furfural were
observed. Yield of HMF and furfural which peakaiout 6.7 % and 8.6 % and at
subcritical temperatures of 310 °C and 330 °C,peesvely decrease subsequently as
temperatures increase from subcritical to supéalitHowever, the decomposition of
HMF and furfural is not as pronounced as what wasenoved with the decomposition of
monosaccharides and cellobiose as reaction teroperancreased. The significant
reduction in the quantity of sugars is stronglirdved to have contributed relatively to a

considerable amount of the furanic compounds dt teagperature.
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Figure 44. Fractional yield of water soluble hygsaltes in hydrothermal tubular reactor
at 10 ml/min

Figures 45 and 46 portray fractional yield of waeluble hydrolysates obtained
from starch and cellulose in the hydrothermal tabukactor at 5 ml/min. Figure 45
reflects an increase in the yield of glucose andtéise as the exit temperature rises from
200 °C up until 250 °C, where yield for both mormgdwride peak at about 35% and
5.3% respectively. Monosaccharide yield decreades the reactor exit temperature
increases from subcritical temperature to supé&alitemperature. While similar trend,
though at a relatively lower yield when comparedhwglucose, was observed with
maltose. Maximum yield for maltose was obtained.6% and at subcritical temperature
of 230 °C. Maltose yield subsequently decreaset@raperature increased. However, the
temperature at which maximum glucose yield was inbthis 20 °C lagging the
temperature at which yield of maltose is at the imam. This trend maybe indicative of

the fact that some glucose was formed as restiieafiydrolysis of maltose.
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Figure 45. Fractional yield of water soluble hygsaltes obtained from starch in a
hydrothermal tubular reactor at 5Sml/min
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Figure 46.Fractional yield of water soluble hydsaltes obtained from cellulose in a
hydrothermal tubular reactor at 5Sml/min

While observing drastic decrease in the monosaitithand disaccharide yield in the

upper subcritical temperature and supercriticaiorega net increase in the formation of
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HMF and furfural was observed. Maximum HMF and dwal yield was observed at
7.2% and at 270 °C and subsequently remain constanfurfural as temperature
increased while some of the HMF decomposes funtieehaps to furfural and other
compounds.

Yields evaluated for all the soluble hydrolysapestray on Figure 45, follow
similar trend as delineated in Figure 44 with jtgb exceptions and they are 1) the
temperature at which each hydrolysate yield peaid 2) the percent yield. Both
Glucose and fructose vyields increase as the reagtbtemperature increases from 200
°C and peak at subcritical temperature of 250 °€Cairpercent yields of 36.7% and 6.7%
respectively. Yields for the glucose and fructos®rfosaccharides isomers) decreased
after the reactor exit subcritical temperature eased past the 250 °C and approach
temperature in the supercritical region. Cellobigsgds do follow similar trend with
maximum percent yield of 2.9% obtained at subaitiemperature of 230 °C. As yields
for simple sugars decreased with increasing temyreraa net formation of HMF and
furfural were observed. The maximum vyield obtairfed HMF and furfural and at
subcritical temperature of 320 °C are 9.4% and%2 Bhere is a substantial presence of
HMF and furfural relative to simple sugars at sepécal condition of water. This trend
is obviously connected to excessive net decompasitf the monosaccharide at high

temperature to HMF, furfural and other compounchsag organic acids.

5.2.1.4 Conclusions

Water soluble hydrolysates yield obtained whilectieg crystalline cellulose and
starch at 5 ml/min in the hydrothermal tubular teadollow similar trend with the 10

ml/min flow rates. The only two features distinguigy each trend are the maximum
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yields obtained for each hydrolysate and the teaipes at which these maximum yields
were obtained. For the 10 ml/min flow rates, momapde sugars were formed at
subcritical temperature than at supercritical terafpee. At high temperature, more of
the simple sugars decompose into HMF, furfural atiter compounds. An aggregated
sum of maximum glucose (15%) and fructose (7%)dyadtained at 10 ml/min is 22%.
However, at 5 ml/min, it is interesting to obsemaximum glucose yield from starch
(35% glucose) and cellulose (36.7% glucose) oaugrat the same temperature and
virtually exhibiting same maximum yields. Similarend was observed for the
temperature at which fructose, cellobiose and realtpeaked though with different
yields. But with furanic compounds, the temperawaewhich HMF and furfural peaked
for the 5 ml/min flow rate are totally different.nAaggregated sum of the maximum
glucose and fructose yield obtained from the hydroholytic conversion of crystalline

cellulose and starch at 5 ml/min are 43.4% and%40&spectively.

5.2.2. Hydrolysates Yield from Crystalline Cellutodydrolysis in the Microreactor at
Subcritical Condition of water

Hydrolysis of cellulose in the hydrothermal micractor results in the formation
of water soluble and insoluble hydrolysates. Samplatained from the reaction consist
of unreacted cellulose and water soluble hydrogsatUnreacted cellulose primarily
constitutes the insoluble hydrolysates while saubydrolysates include fermentable
sugars and hydrolysate decomposition productsluldsé suspensions were fed to the

process unit, and products resulting from the reaciere collected downstream. The
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sampled hydrolysate products were analyzed with GiRind the yield of the water

soluble hydrolysates were evaluated.

5.2.2.1 Experimental Description

Cellulose suspension was fed into a tube enclosdhwhe tube furnace at flow
rates ranging of 5 ml/min and 10 ml/min. Subsedyettte deionized water was heated
to subcritical temperatures ranging from 28Qo 340C. The pressure of the fluid was
about 5000 psig was set and controlled by a bae&spre regulator downstream. The
subcritical water exit into the glass fiber insathmicroreactor serving both as hydrolytic
agents and reaction medium for the 2 wt % cellulkaspension entering from the upper
inlet port of the reactor just at the tube furnactlet. The 2 wt% cellulose suspension
was mixed with the subcritical water at equal vodtme flow rate, thereby diluting it to 1
wt%. The reaction was quenched by the deionize@mexttering the other upper inlet
port of the microreactor closer to the heat exchanghe samples were collected in the

gas-liquid separator and were analyzed.

5.2.2.2 Sample Analysis

Water soluble hydrolysates collected at the diffeibcritical temperatures and
at different residence times were analyzed with @8PHydrolysate quantification was
based on hydrolysate standard calibration and epedentification was determined by
characteristic retention time. The quantificatioaswestablished based on the peak areas

of HPLC compared against a known standard.
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5.2.2.3 Results and Discussions

Figures 47 — 51, depict yield of water soluble loygsate obtained along side the
cellulose residue evaluated for conversion. Figtifeshows apparently low yield in
water soluble hydrolysate production at 280 Fractional yields for each hydrolysate
increases with residence time with maximum glugoskl of 2.2% at 0.83 s, while at
the same residence time, fructose and cellobioslel yieak at about 2.0% and 4.4%.
Figure 48 unfolds a slight increase in water selitydrolysate yield at 29 than at
280 °C. Maximum yields of glucose and fructose obtaineder this condition and at
residence time of 0.61 s are 3.1% and 1.9% respdctiCellobiose displays better yield

(with maximum vyield of 5.2% at the same residenicee} than the yield of the

monosaccharides.
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Figure 47. Fractional yield of water soluble hygsaltes obtained from cellulose at 280
°C in microreactor
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Figure 48.Fractional yield of water soluble hydseates obtained from cellulose at 290
°C in microreactor
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Figure 49. Fractional yield of water soluble hygsaltes obtained from cellulose at 300
°C in microreactor
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Figure 50. Fractional yield of water soluble hygsaltes obtained from cellulose at 320
°C in microreactor
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Figure 51. Fractional yield of water soluble hygsaltes obtained from cellulose at 340
°C in microreactor

However, formation of hydroxymethylfurfural (5-HMF)one of glucose
decomposition products, started becoming appate®08°C, while at 320C and 340

°C, arelatively higher HMF yields were observéa.Figure 49, yield of water soluble
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hydrolysates obtained at 300 increased with residence times. More monosaish
are generated at this temperature with almost 10&imum glucose yield, 4%
maximum fructose and HMF yields while cellobiose laabetter yield of 11.1% . Figure
50 reflects at 320C an increase in glucose yield with residence tiwtale cellobiose
decreased as residence time increased. It is mkedf that some of the cellobiose are
further hydrolyzed to form glucose. Amount of fioge and HMF formed remain
relatively constant across the residence times Tantrasting variation of cellobiose and
glucose yields with residence time, explains whsirthespective maximum yields of
about 14.4% and 19% occur at the lowest agllet residence time. Figure 51,
displays a steady but not apparent increasing trenaydrolysates yield with residence
time at 340°C. This trend includes cellobiose yield which @&ases as residence time
increases. Reduction in the quantity of cellobics®,stated earlier, is due to further
hydrolysis to glucose and other simpler compour@santity of furfural formed, which
though becomes only measurable under this reactowlition, exceed the respective
yields of HMF, fructose, and cellobiose. Overallxinaum glucose yield of 22.5% was
obtained at 340C which exceeded yields obtained at any of the aijpegy temperature
considered in this experiment. As temperatureseas®d within the subcritical phase
(280 °C — 340°C) more glucose are formed possibly from hydislysf soluble
oligosaccharide such as cellobiose, cellotriosed dmterogeneous hydrolysis of

insoluble cellulose.

5.2.2.4 Conclusions

Hydrolysis of crystalline cellulose was conductedaihydrothermal microreactor

at subcritical temperature ranging from 280 °C #4® 3C and at 5000 psig. Sample
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contain water soluble hydrolysates were obtainebsambsequently analyzed with HPLC.
Water soluble hydrolysates analyzed consist ofagecfructose, cellobiose, HMF, and
furfural. More cellobiose yield relative to the ieof other hydrolysates were obtained at
subcritical temperature ranging from 280 °C to 3G0But at 320 °C, the yield which is
more than what was obtained at 280 °C to 300 °&laively less than the glucose vyield
and decreased as the residence time increasedl0AtQ3 cellobiose yields are almost
equal with the yield obtained for fructose. Glucgsad at all subcritical temperature in
question increased with residence times. In theement, maximum glucose yield of
22.5% was obtained at 340 °C and at residence ¢in®615 s, while in the case of
fructose, maximum vyield of 8.03% was obtained & 32 and at 0.468 s. The maximum
aggregate sum of the monosaccharide yield whi@0i4% was obtained at 340 °C and
at residence time of 0.615 s. Formation of HMF améural began formation at 300 °C
with maximum HMF yield of 4.6% occurring at residentime of 0.615 s and at
subcritical temperature of 340 °C. While maximurrfdral yield of 14% was obtained at
340 °C and at 0.745 s. The maximum of the sum efafgregate yields of the two

furanic compounds at 340 °C and residence time7/f33 is 18.4 %.

5.2.3. Hydrolysates Yield from Dissolved Starch kysis in the Microreactor at
Subcritical Condition of Water

Hydrolysis of dissolved starch in the hydrothermatroreactor results in the
formation of water soluble hydrolysates. These ldelinydrolysates from starch include
fermentable sugars and hydrolysate decompositiodyats. Dissolved solution of starch

was fed to the process unit, and products resuftiogn the reaction were collected
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downstream. The sampled hydrolysate products weab/zed with HPLC and the yield

of the water soluble hydrolysates obtained werduated.

5.2.3.1 Experimental Description

Dissolved starch solution was fed into a tube esedowithin the tube furnace at
flow rates ranging of 5 ml/min and 10 ml/min. Sulpsently, the deionized water was
heated to subcritical temperatures ranging fronf@86 340C. The pressure of the fluid
was about 5000 psig was set and controlled by & peessure regulator downstream.
The subcritical water exit into the glass fiberulaged microreactor serving both as
hydrolytic agents and reaction medium for the 2Avstarch solution entering from the
upper inlet port of the reactor just at the tubendce outlet. The starch solution was
mixed with the subcritical water at equal volumefifow rate, thereby diluting it to 1
wt%. The reaction was quenched by the deionize@mexttering the other upper inlet
port of the microreactor closer to the heat excbhanghe samples were collected in the

gas-liquid separator and were analyzed.

5.2.3.2 Sample Analysis

Water soluble hydrolysates collected at the diffeibcritical temperatures and
at different residence times were analyzed with @8PHydrolysate quantification was
based on hydrolysate standard calibration and epedentification was determined by
characteristic retention time. The quantificatioasvestablished based on the peak areas

of HPLC compared against a known standard.
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5.2.3.3 Results and Discussions

Figures 52 — 57 showed vyields of water soluble dlydates obtained from the
hydrolysis of dissolved starch in subcritical watbktaltose, as shown in Figure 52,
displays a better yield at 270 °C than the yielthited for glucose and fructose. Percent
yields for each of the hydrolysates.i.e. maltosecase, and fructose decreased within
the residence time range of 0.45s and 0.57s, dmkguently increased as the residence
time increased. Maximum percent yield for maltogkjcose and fructose which
occurred at residence times of 0.847s are 3.184% .and 0.4% respectively. Though
the percent yield for each hydrolysate are sigaifity small but the plots showing the
variation of their respective yields with residertome follow the same trend. This
similarity in trend could be indicative of the fatttat glucose was formed from the
hydrolysis of maltose and not directly from starbi.otherword, maltose was formed
from starch hydrolysis before hydrolyzing into gise. As glucose is formed,
simultaneously, is also getting isomerized intctfose. Figure 53 displays a better yield
performance for the hydrolysate than the yield naged in Figure 52. Therefore, at 280
°C which is the reaction temperature depicted gufeé 53, hydrolysates yield increased
with residence time with maximum percent yield 3% for maltose, 5.5% for glucose
and 3.6% for fructose, occuring at 0.804 s. A @miiend is observed with the variation
of the percent yields with residence time for eathhe hydrolysate. This observation
further confimed a direct connection between theowamh of glucose formed in the
course of the reaction and the quantity of malteseerated from the hydrolysis of starch.
Hydrolysates yield obtained at this reaction caodiincreased with the residence time.

Worthy of note, at these two subcritical tempemregu270 °C and 280 °C, is the rate of
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formation of maltose and glucose with regard tortrege of disppearance. The fact that
maltose has a better yield thus far, clearly shives rate of hydrolyzing maltose to
glucose is lower than the rate at which maltoseeing formed from the hydrothermal
conversion of starch. Also noted is the isomernratf glucose to fructose which occurs

at a slower pace than fructose isomerizing baglucose.
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Figure 52.Fractional yield of water soluble hydsaltes obtained from starch at 270 °C
in microreactor
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Figure 53. Fractional yield of water soluble hygsaltes obtained from starch at 280 °C
in microreactor

The fractional yield as shown in Figure 54, dispthyan improved yield as
compare with the hydrolysates yield in Figures B8 &3. At 290 °C, hydrolysates yield
initially increase with residence times and subsetly decrease slightly after 0.505 s.
Maximum percent yields obtained for maltose, glecasd fructose are 11.5%, 11.9%
and 6.2% respectively and the residence times ettwthe optimum yields occurred are
0.505 s for the disaccharide and 0.563 s for theas@ccharides. In the two previous
temperatures (270 °C and 280 °C), maltose yieldsoften significantly higher than
glucose vyields but at 290 °C, the yields appeay elrse. This strongly indicate that, as
the temperature is increasing, the rate at whiclitosea hydrolyzes to glucose is
increasing faster relative to the rate of its faiiora Other reason could be that formation
of glucose is not only limited to maltose hydro$ysiut also from hydrolysis of some
other oligomers formed during the reaction. Figbseunfolds a clear deviation from a

better yield of maltose relative to other hydrotgsgields to a better yield of glucose. At
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300 °C, HMF formation started becoming apparent faactional yields of glucose and
fructose including HMF are relatively constant owbe residence times. However,
maltose yields display some significant variatiathwesidence time. In spite of the level
of steadiness in the monosaccharide yield withdesgie times, maximum percent yield
of 14.4%, 9.3%, and 1.5% respectively glucose, toee; and HMF could still be

identified at a residence time of 0.439s. Maximuercpnt yield of maltose which

occurred at a residence time of 0.507 s is 10.98&. thing to note in Figure 55 is that at
300 °C, yield of fructose is increasingly matchungto maltose yield, meaning that the
rate of glucose-fructose isomerization which isewftsignificantly slower than the

fructose-glucose isomerization rate is occurring edte close in comparison with the net

formation rate of maltose.
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Figure 54.Fractional yield of water soluble hydsaltes obtained from starch at 290 °C
in microreactor
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Figure 55.Fractional yield of water soluble hydsziies obtained from starch at 300 °C
In microreactor

Figure 56 depicts the plot of the hydrolysate yseldth residence times at 320 °C. At
residence time of 0.392s to 0.526s, glucose didpédier yield than the yields obtained
for fructose and maltose but as the residence tineesased, glucose and fructose yields
equilibrate. These trends depicting the fractioyialds of glucose and fructose with
residence time reflect a decrease in the fractigigddl of glucose with residence times
until 0.526 s and subsequently remain constant. \dtial fructose yields, the reverse is
the case but remain constant also after 0.526 wekder, fractional yields for maltose
and HMF are constant over the residence timestaidrespective percent yields ranges
from 6.3% to 7.4%, and 1.0% to 1.2 %. The equlion of the fractional yield of
glucose and fructose after 0.526 s tends to sudgbasthe rate of glucose to fructose
isomerization and fructose to glucose isomerizasoequal. Maximum percent yields of
13.7% and 12.5% were obtained at a residence tie4@2 s for glucose and fructose
respectively.

Figure 57 unveils the plots of the hydrolysate dselith residence times at 340

°C. A better and an improved yield was observedfriactose over the residence times
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ranging from 0.370 s to 0.629 s but afterwardstése yield decreases and equilibrates
with the yield obtained for glucose. Invariablyelgis of glucose increased with residence
times but after 0.757 s it decreased. A more imguloyield was seen with HMF over

maltose from residence times ranging between 0s5860.948 s. The same reason cited
earlier could be the cause of the equilibratioglatose yield with the yield obtained for

fructose. Maximum yield obtained for fructose, gise, HMF, and maltose are 13.4%,
10.3 %, 2.9% and 2.5 % respectively. While thederste times at which these respective

percent yields were obtained are 0.629 s, 0.787757 s and 0.413 s.
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Figure 56.Fractional yield of water soluble hydsaltes obtained from starch at 320 °C
in microreactor
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Figure 57.Fractional yield of water soluble hydsaies obtained from starch at 340 °C
in microreactor
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Table 8. Summary of the Water Soluble Hydrolysatietds obtained from Cellulose and

Starch
Reaction in Microreactor Starch Soluble Hydrolysates Celltadeble
Hydrolysates

At 270 °C —290 °C Better yields of maltose thanBetter yields of cellobiose
glucose than glucose

Maximum glucose yield 14.4 %, 300 °C, 0. 370 s 22.5 %, 340 °C, 0.615 s

obtained at what temperature

and residence time?

Formation of furfural and At 300 °C At 300 °C

HMF started becoming

apparent

Glucose to fructose Increasing rate when compafeRelative slower rate when

isomerization with cellulose compare with starch

Maximum fructose yield 13.4 %, 340 °C, 0.629 s 7.9 %, 340 °C, 0.539 s

obtained at what temperature

and residence time?

Comparing yields of glucose| Better glucose yields Better glucose yields

with disaccharide above 300

°C
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5.2.3.4 Conclusions

Hydrolysis of dissolved starch was conducted irydréthermal microreactor at
the subcritical temperatures ranging from 270 °GG40 °C and at 5000 psi. Samples
containing water soluble hydrolysates were obtaiard subsequently analyzed with
HPLC. The hydrolysates in question consist of ghecdructose, maltose, and HMF.
Maltose yield exceeded the yield obtained for thieeio hydrolysates analyzed at the
subcritical temperatures ranging from 270 °C to 280But at 300 °C, the disaccharide
yield is relatively less than the glucose yield aecreases as the residence time
increases. While at 320 °C, yield obtain for madtes apparently constant but relatively
less than the yield generated for the monosacdmridit 340 °C, maltose yield is not
only less than the monosaccharide yields but atss than the HMF yield. One
interesting trend in this experiment is the isomdrehavior of glucose and fructose.
Fructose yields improve significantly as tempemtimcreases and this is largely due to
an increase in the isomerization rate of glucoseuittose with temperature. The climax
of increasing rate in glucose to fructose isoméiomawas made evident when fructose
yield at 340 °C and residence times ranging betvde@r0s and 0.629s exceeded glucose
yield. In this experiment, maximum glucose yieldldf4 % was obtained at 300 °C and
residence time of 0.370 s while in the case oftférse, maximum vyield of 13.4 % was
obtained at 340 °C and at 0.629 s. The maximumeagde sum of the monosaccharide
yield which is 26.3 % was obtained at 320 °C anesitlence times of 0.472s. Formation
of HMF began manifesting at 300 °C with maximum HMEId of 2.9 % occurring at

residence time of 0.757 s and at subcritical teatpee of 340 °C.
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5.2.4 Hydrolysates Yield from Crystalline Cellulddgdrolysis in the Microreactor at

Supercritical Condition of Water

Hydrolysis of cellulose in a hydrothermal microremaesults in the formation of
water soluble hydrolysates. Soluble hydrolysateslude fermentable sugars and
hydrolysate decomposition products. Cellulose snsions were fed to the process unit
and products resulting from the reaction were ctdg@ downstream. The sampled
hydrolysate products were analyzed with HPLC arel yteld of the water soluble

hydrolysates obtained were evaluated.

5.2.4.1 Experimental Description

Cellulose suspension was fed into a tube enclosédnva tube furnace at flow
rates ranging from 5 ml/min to 10 ml/min. Subsedlyethe deionized water was heated
to supercritical temperatures ranging from 3Z5to 395°C per experimental run. The
pressure of the fluid was 5000 psig and was setcamdrolled by a back pressure
regulator downstream. The supercritical water gna the glass fiber microreactor and
serve as both hydrolytic agents and reaction medaurthe 2 wt% cellulose suspension
entering from the upper inlet port of the reactimser to the tube furnace outlet. The 2
wt% cellulose suspension mixed with the super@liticater at constant volumetric flow
rate of 10 ml/min thence diluting it to weight pent ranging from 0.67 to 1 wt%. The
reaction is quenched by the deionized water ermgdrom the other upper inlet port of
the microreactor and also by the heat exchangenstogam. The samples were collected

in the gas-liquid separator and were analyzed.
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5.2.4.2 Sample Analysis

Water soluble hydrolysates collected at the diffeibcritical temperatures and
at different residence times were analyzed with @8PHydrolysate quantification was
based on hydrolysate standard calibration and epedentification was determined by
characteristic retention time. The quantificatioasvestablished based on the peak areas

of HPLC compared against a known standard.

5.2.4.3 Results and Discussions

Figure 58 — 62 unveil the fractional yields of meaccharide formed from the
hydrolysis of crystalline cellulose in the hydratimal microreactor at temperature
ranging from 375°C to 395°C and 5000 psi. The reastwere conducted at supercritical
condition and dissolution dominates the reactionrgétalline cellulose at this condition.
The yield of the monosaccharides obtained at eaphresritical temperature considered
decreased with increasing residence time excep9%t°C. Decomposition products of
glucose such as HMF and furfural were sampled baitvary negligible amount.

In Figure 58, Glucose yield decreased from 6.5%1.8% as residence time
changes from 0.318 s to 0.442 s while fructosklyiwith the exception of percent yield
at 0.347 s ranges between 2.5% and 2.8% oveesidence times. Thus, fructose yield
obtained at 0.347 s is 4.3%. Figure 59, reveallairtrend with the yield of glucose as
depicted in Figure 58 with the residence time hatdnly difference is that glucose yield
decreased from 5.0% to 1.5% as residence time ekangm 0.308 s to 0.429 s . While
Fructose yield ranges between 3.14 % and 1.38 %vas the residence time with

maximum yield of 3.14 % occurring at 0.336 s.
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Figure 60 unveils both yields of the monosacchadeereasing as the residence
times increases from 0.297 s to 0.413 s. Howalvisrjnteresting to observe glucose and
fructose displaying about the same yields overrdsgdence time. Maximum fructose
yield of 5.3% was obtained at 0.297 s, while 1.2B& minimum fructose yield, was
obtained at 0.361 s. Maximum and minimum yieldsaotgd for glucose are 5.0% and

1.4% and at the residence times of 0.297 s an@B&4éspectively.
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Figure 58. Fractional yield of monosacchride olgdiat 375 °C in the
microreactor
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Figure 59. Fractional yield of monosaccharide otgdiat 380 °C in the
microreactor
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Figure 60. Fractional yield of monosaccharide atgdiat 385 °C in the
microreactor

Figure 61 displays yields of glucose and fructogé vesidence times at 390 °C.
Glucose yield decreased with increasing residemoest (0.284 s to 0.398 s) while

fructose yield decreased with increased residanuest But after 0.346 s, the quantity of
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fructose formed relative to the feed increased \thih residence times. The minimum

yield obtained for fructose at a residence timeO@46 s is 1.3%, while maximum

fructose yield of 2.7% was obtained at a resideric®284 s. For glucose, maximum and

minimum yields of 3.9% and 1.4% were obtained sidence times of 0.284 s and 0.398

s respectively. Figure 51 portray yields of glucasel fructose with residence times at

395 °C. Glucose and fructose yields increased sidemrce time increased but decreased

after 0.329 s. The minimum yield obtained for fose at a residence time of 0.342 s is

1.2% while maximum fructose at a residence tim®.829 s yield is 2.9%. Maximum

and minimum glucose yields obtained at residemediof 0.329 s and 0.378 s are 3.3%

and 1.6% respectively.
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Figure 61. Fractional yield of monosaccharide otgdiat 390 °C in the

microreactor

www.manaraa.com



133

0.03% | ® Glucose
- 0.031 [ ] Fructose
G_; 0025_ | ] T:3950C
T 0.021 P=5000 psi
5 u m
= 0.0151
&
T 0.011
0.005
O I T
0.100 0.200 0.300 0.400

Figure 62. Fractional yield of monosaccharide otgdiat 395 °C in the
microreactor

5.2.4.4. Conclusions

The residence times depicted at the supercriteraperature appears lower and
shorter in range than what was obtained at sutakitonditions. The reason is because
of the density of the supercritical water which lgsver than the subcritical water.
Keeping all other variables in calculating residenicne aside from density constant,
density of the fluid at reaction condition is ohwéty going to alter the residence times
evaluated at subcritical and supercritical condgiof water.

Unlike monosaccharide yield obtained at subcriticahdition which increases
relatively with residence times, the yield obtaifiedthe monosaccharide at supercritical
condition decreased with the residence time andh witreasing temperatures. The
Maximum glucose yield of 6.2% occurs at a resideimoe of 0.318 s while minimum
glucose yield of 1.3% occurs at a residence tim@.413 s. However, the maximum

fructose yield of 5.2% occurs at a residence tifM&207 s.
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5.3. Summary of Experiments

This chapter explored yields obtained from the bgugrmal conversion of
crystalline cellulose and starch in tubular androticeactors. The range of reaction was
done under different reaction conditions and theddgi generated as per the hydrolysate
have been extensively discussed. The most impodantlusions from the various

experiments conducted can be summarized as tloavioly:
1. In the tubular reactor and at subcritical tempeggtinydrolysates such as

glucose, fructose and cellobiose exhibit better dpod yield than
decomposition products of the hydrolysates. Butessperature increased,
hydrolysates including monosaccharide start expeing net decomposition
rate. For 10 ml/min, maximum glucose and fructostdg are 15% and 7%
and are obtained at 300 °C. As temperature inadepast 300 °C and began
approaching supercritical condition, less monosaicdb were formed as a
result of an increase in the net decomposition oatglucose to HMF and
furfural. In other word, more furanic compounds astier decomposition
product were formed in the supercritical regionr Boml/min, maximum
glucose and fructose yields obtained from hydrslysi starch are 35% and
5.3% while maximum glucose and fructose yields iolethfrom hydrolysis of
crystalline cellulose are 36.7% and 6.7%. Theseimax yields were
obtained at subcritical temperatures of 250 °Cdsutemperatures increased
and approach supercritical region the same scettatonvas observed for 10
ml/min also unfolded. That is, a net decompositiate of the hydrolysate as

against its formation occurred thus giving risentore HMF, furfural and
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array of other decomposition product. Better mooosaride yields are
observed for 5 ml/min than 10 ml/min.

. Hydrolysis of crystalline cellulose in the microcéar revealed an increase in
the monosaccharide yield relative to other hyditlysand decomposition
products present as temperature increased from veer losubcritical
temperature (280 °C) to a higher subcritical terapge (340 °C). Maximum
glucose and fructose yield in this experiment &#&% and 8.03% and both
yields were obtained at 340 °C. As temperature mmweard a higher
subcritical temperature, to be precise 300 °C, Hidft becoming apparent
while at 340 °C formations of HMF and furfural bewavisible. These trends
further underscore this fact that, increasing tewipee towards a near
supercritical region will certainly increase thet mecomposition rate of
glucose and fructose via their formation rate toaaray of decomposition
products. Cellobiose vyield, though increases aspéeature increases,
relatively decreases with the yield of other hygsates. The reason is due to
an increase in its hydrolysis rate to glucose ampé&zature increases.

. Hydrolysis of dissolved starch was aim at servisgarogate for hydrolyzing
dissolved cellulose. More formation of monosacaerivas observed as
temperature increase from 270 °C to 340 °C. Theesaend of increasing
formation rate of the monosaccharide as observedhén hydrolysis of
crystalline cellulose was also noticed in this eipent. One trend in this
experiment is the increase in the isomerizatioa cdtglucose to fructose as

temperature increased. Thus, opening up opportdaityfructose at some
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temperature to have a better yield than glucosexilam glucose and
fructose yields are 14.4% and 13.4%; the formeguge lower than its
counterpart obtained from cellulose hydrolysis whtihe latter is not. HMF
also becomes apparent at 300 °C while no measurafileal was obtained at
any of the subcritical temperature. Maltose yieltbugh increase as
temperature increases but relatively decreases wbempared with other
hydrolysates. The reason is due to more of it Hydinog to glucose. The
lowest array of maltose yield was obtained at 330 °

4. Due to the lower density characteristics of sucat water, the average
residence time in this experiment is than the aesrasidence time observed
at subcritical condition of water. The yield ob&ihfor the monosaccharide

decreased with residence time and with increasipgrcritical temperature.

5.4. Comparison of the Monosaccharide Yields Obthat Subcritical and Supercritical
Conditions of Water in the Microreactor

To compare monosaccharide yield obtained at supeatrcondition with the
yield obtained at subcritical temperature will le¢atively skewed except to look at the
residence times that can be accommodated at thednditions. Thus, at supercritical
condition, maximum glucose yield obtained at 0.31i8 6.2% while maximum fructose
yield obtained at 0.297 s is 5.2%. Thus vyield mietd within residence time ranging
from 0.270 s to 0.442 s and at subcritical conditfor dissolved starch is consider
qualified for comparison. Maximum glucose vyield abed from the hydrolysis of

dissolved starch within the ballpark residence simenge is 14.4% and the residence
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time is 0.439 s . While maximum fructose yield B11% and the residence times is
0.413 s. For the hydrolysis of crystalline celldpsaximum glucose and fructose yields
obtained within the stipulated ballpark residenoges are 21 % and 7.9 %. The latter
was at residence times of 0.378 s while the fonvees at residence times of 0.437 s. It is
clear that a better glucose yield is highly plalgsior the hydrolysis of dissolved starch

and even crystalline cellulose than glucose vyiglomf hydrolysis of cellulose in

supercritical water.
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CHAPTER 6. DEGRADATION PATTERN AND MODE OF SCISSION

OF CELLULOSE HYDROLYSIS IN HYDROTHERMAL SYSTEMS

Cellulose is a bioorganic polymer formed from camsigion polymerization of
glucose. Polymerization often commences by anatoiti propelling the monomer to
action and after the initiation, a chain reactibmmnomers combining with one another
will be invoked until terminated. The terminaticie[s is a pointer to the fact that there is
no limit to the number of monomers that can geypelrized until reaction is terminated.
Thus, a polymer can be formed from varying numloérsionomers as long as the chain
reaction is still active. In a simpler term, a puobr is a compound which does exhibit the
ability to be defined by a range of molecular wésghnd as a result, the need to express
their weights in a distribution format is necessaihhus, the distributive nature of the
weights of the polymer molecule best explained ahgraging the molecular weight is a
reasonable step in ascribing one single molecuéaghw to the polymer. The molecular
weight average can be depicted, as indicated ip€ha, as viscosity average molecular
weight, number average molecular weight, or weiglterage molecular weight.
Polymeric compounds can also be characterized &yidal structure, average molecular
size, degree of branching, stereoregularity (tagli@and crystallinity. To alter both the
physical and chemical properties of a polymeric pound, reaction such as hydrolysis,
ozonolysis, mechanical degradation, and hydrothksisoneed to be applied to it. The
main effect of some of these processes on the affaglymer molecules is to scission or
break their chains thereby altering the moleculkeigits distribution.

As explained in Chapter 2, continuous changes i@ tholecular weight

distribution pattern due to scission or recomboranf polymer molecules is referred to
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as the degradation pattern. There are differentei@d scissioning polymer chains and
these include center scission, unzip scission, random scission. Once the polymer
molecules are scissioned, the molecular weightibligton changes. As for bioorganic
polymer molecules such as cellulose and starchiohygis is often the common way of
scissioning the molecules. Characteristic featofesellulose such as molecular weight
distribution, molecular weight average, and crysiigy are altered when its chains are
scissioned. To assess these changes, characterizaéithods such as size exclusion
chromatography, osmometry, ultracentrifugation, arass assisted laser desorption and
lonization (MALDI) mass spectroscopy, and multisn@dser light scattering (MALLS)
can be applied.

This section of the proposed research is focusetdrighining mode of scission
(random or nonrandom) and the degradation pattéroetlulose in subcritical and
supercritical phase. Till date, it is rare to se¢hie literature any work done on the study
of molecular weight distribution pattern of cellsresidue obtained from hydrothermal
reaction. And that explains the drive behind comidgca detail study on the changes in
the molecular weight characterization of cellulossidue obtained from hydrothermal
reaction. Size exclusion chromatography (SEC) ntethdl be adopted to unveil the
molecular weight distribution (MWD) pattern befaed after stages of hydrolysis in the
hydrothermal reactor. Subsequently, the degradataitern currently being simulated
based on different mode of scission such as rargtission, unzip (end-wise) scission,
and mid-point or center scission, will be used it@érprint experimentally generated

degradation patterns obtained from SEC.

www.manaraa.com



140

6.1. Analysis of the Molecular Weight DistributiohCrystaline Cellulose

Molecular weight distribution analysis of crylitee cellulose as received and
cellulose residue obtained from the hydrothermattien was conducted. The reaction
entails the hydrolysis of crystalline cellulose saibcritical conditions of water in the
microreactor. The characterization method usedttier molecular weight distribution
analysis is the size exclusion chromatography. déiil procedure of the hydrolysis
experiment was well explained in section 4.1.1hapter 4 while the detail procedure for

the SEC experiment will be presented in this chrapte

6.1.1. Materials.

Materials. Most of the chemical compounds usedtli@e molecular weight
distribution experiments were obtained from Sigmdrish and are highlighted
as follows: crystalline cellulose (sigmacell typ@),2N,N-dimethylacetamide
(99 %), lithium chloride. Pullulan standards witkax molecular weights (Mp),
180, 667, 5900, 11100, 21100, 47100, 107100, 2008662 purchased from
Polymer Laboratories. These standards were usegtrierate the calibration
curve for the molecular weight distribution. Litim chloride (5g) was oven
dried before being dissolved in 1 litre of N,N-dimgacetamide (DMACc). The
method involve in mixing the relative quantity afdL in DMAc (DMAc/0.5%

LiCL) was stated in the procedure adopted in tinigegat for the dissolution of
the polysaccharides (cellulose and pullulan). Fhscedure was published in

an articlé® written by Striege and Timpa.
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6.1.2 Hydrolysates Analysis.

The sampled products from the hydrolysis reactidmckv includes water
soluble and water insoluble (cellulose residue)ewanalyzed by different
analytical instruments. The insoluble hydrolysateclw is our main concern
here is the unreacted cellulose generated aftenytimlysis reaction and can
simply be refers to as the cellulose residue. Tivye not filtered but
centrifuged and decanted to be set up for dryirige 3olid residues left after
centrifugation and decantation are freeze driech wit4.5 Labconco freeze
dryer. The reason for freeze drying the cellulesdue needed for the SEC is
to avoid caking of the cellulose residue whichasnmon with drying maybe in
an oven or desiccators. But in the case of freegiagl the cellulose residue is
obtained in powdery form which does allow for eadissolution in
DMAC/0.5%LiCl. The only disadvantage with freezeidg is the tendency of
losing some residue in the process and after dryiug with conventional
method of drying via oven or at room temperatueelikelihood of losing any
of the solid residues in the process and afteindrig greatly reduced. After the
freeze-dried cellulose residue is finally dissolnedMAC/0.5%Licl, the next
step is to perform the size-exclusion chromatogyamxperiment. The
chromatography set-up is not significantly diffarédrom HPLC’s. The only
unit in the two set-ups that is different is théuoon. Thus, the SEC used in
this experiment consist of the pump (LC-10ADvpgfiactive index detector
(RID-10A), SSI 505 LC column oven, PLgaird MIIXED-D (300 x 7.5 mm);

mobile phase (DMAC/0.1% Licl ). The mobile phasei@ges at a flow rate of
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1.0 ml/min and the oven temperature was set alZ0The sample was
manually injected and the chromatograms were aedlyand converted to
molecular weight distribution plot with CIRRUS GFSoftware. Detail of the

software will be presented later.

6.1.3 SEC Calibration.
Different polymers of the same molecular weight |wdisplay unique
hydrodynamic volume and conformation when dissolired given solvent.
The hydrodynamic volume which is a measure of titgnisic viscosity and
molecular weight forms the basis of the universalbecation. Cellulose and
pullulan are both polysaccharides but with différeydrodynamic behavior in
DMAC/IICI. Pullulan is a polymer of maltotriose urwhile cellulose is formed
from glucose polymerization. To accurately asskesMW of cellulose based
on calibration developed through pullulan standtrd following equation built

on the premise of universal calibration is applied.

1+ 1 K
logM = Z; logMy + - Iog[—lj (53)

Where M is the molecular weight of cellulose,;Ns the molecular weight
obtained based on pullulan standard calibratignKa and a, K, are Mark-

Houwink constants for the two polymers in question.

6.2 Degradation Pattern
Degradation pattern, as defined earlier, descrimdinuous changing in the

molecular weight distribution plots as a resultoblanges in the chain length of the
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polymer molecules constituting the distribution.a@fes in chain length are brought by
either breaking the bonds binding the polymer cloaiby recombination of the polymer
molecules/monomers present in the distributiorthis study, we will only be looking at
the former, i.e. breaking or scissioning of thedsnDegradation pattern can be assessed
by either conducting molecular weight distributiexperiments on the size of the
polymer at each stage of a reaction or by simdatiese changes in chain length and re-
making the distribution plots. In this chaptergdealation pattern of cellulose residue
obtained from hydrolysis will be generated via SEChereafter, degradation pattern
generated from simulation will be explored. Finallg detail comparison of the
degradation pattern from experiment and simulatwihbe conducted. The comparison
is necessitated because of the need to estabkskciksion mode that does transpire

during hydrothermal reaction of crystalline cellsgo

6.2.1 Experimentally Generated Degradation Pattern

Hydrolysis of crystalline cellulose in the hydrotimal microreactor results in the
formation of water soluble and insoluble hydrolgsatUnreacted cellulose which most
often will be refers to as cellulose residue, ctumsts the insoluble hydrolysates.
Cellulose slurry solution was fed upstream the @sscunit and products resulting from
the reaction were collected downstream. Celluleseeeeived and the cellulose residues
from the samples were analyzed with high performaasize exclusion chromatography
(HPSEC) or simply size exclusion chromatographye Thromatograms obtained were

analyzed and converted to molecular weight distidiouplots.

www.manaraa.com



144

6.2.2 Experimental Description

Hydrolysates samples were centrifuged and the safmert decanted. After
decantation, the cellulose residues after centmifog were frozen and subsequently
freeze dryed in 4.5 labconco Freeze Dryer. Celulas received and dried cellulose
residue were subsequently dissolved in DMAc. Topare standard solution for
calibration, 30 mg of the pullulan was dissolvediml DMAc in 10 ml sample tube. The
tube was seated in a heating block placed on miagsitrer plate and heated, after
ensuring that the temperature of the sample is’C5@or 1 hr. After an hour of heating
and stirring with an egg-shaped magnetic stirrgpires, the sample temperature is
allowed to cool to 100 °C and then, 0.250 g of Li@ls added. Subsequently, the sample
is made to stay at 100 °C for the next 1 hr, atehabrds left overnight or for 6 to 7 hrs
at 50 °C. The sample solution is finally emptietbia 50 ml volumetric flask and diluted
with the DMACc solvent up to the 50 ml mark. Thetlatep is done at room temperature
and the final concentration is 0.6 mg/ml in DMA&% LiCl. The same procedure was
followed for the dissolution of cellulose as reagvand cellulose residue in DMAc, but
with different final concentrations. The startingisses use for the cellulose as received
and cellulose residue ranges between 30 mg andngj2énd 25 ml volumetric flask was
used in lieu of the 50 ml volumetric flask. Maj@asons for these differences are 1) a
more final concentrated solution is desired andtt®), quantity of some of the residue
obtained after hydrolysis is limited.

The sample solution of the polysaccharide is minuljected into the size
exclusion chromatography unit and chromatogram wveeresequently generated and

reflected on the readout computer. The chromatogravere exported as a CDF
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(common data format) file and imported into a GR@lgical software obtained from
Polymer Laboratory now part of a larger companyedaV/arian Inc. The software only
support single channel chromatogram for conventi®tC/GPC analytical methods. It
is designed to analyzed and processed data fromod gumbers of chromatography
system. Some of the major features of the Cirru€ Géftware includes user interface,
single analysis program, workbook, GPC calibratmptions, GPC analysis option,
processed data, user definable MW range to memtitew. The Cirrus GPC software
converts the CDF file back into chromatogram, drehtanalyzed the data by making a

plot of the molecular weight distribution.

6.2.3 Sample Analysis

After exporting the chromatograms into Cirrus, Bbcation curve was generated
for the molecular weight distribution analysis. Segquently chromatograms obtained for
the cellulose as received and cellulose residues waported and molecular weight
distribution were generated for each chromatogrbased on the calibration curve. The

calibration curve can be seen in Appendix.

6.2.4 Results and Discussions
Figure 63-67 show the molecular weight distributjgots for the cellulose as

received and cellulose residue obtained from thdrditlgermal conversion. The number
on the legend with a dash in between respectivebyots the temperature and flow rates
at which the cellulose suspension is fed into #ector. Table 9-13 unfold molecular
weight averages and polydispersity index calculdtedCirrus GPC software while wt

fraction was calculated with excel. The essencshoiving the average on a table is to

avoid crowding the plots with marks indictating $bherelevant molecular weight
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averages. It also affords us the opportunity to wam® these weight averages and also be
able to compare the weight fraction alongside wiib respective distribution after
reaction.

A good number of the molecular weight (MW) disttilbas in Figure 63 appear
changing from a monomodal distribution as displaggdhe Initial MW distribution to
biomodal distribution. Molecular weight distributi® for cellulose residue obtained at
270 °C and flow rates at 5, 6,and 7 ml/min seerolfow a similar pattern but differ in
their respective peak average molecular weightdiffierential weight fraction (y-axis).
However, cellulose residue obtained at 270 °C amdl flow rate of 5 ml/min has the
lowest peak avearge molecular weight but with tighdst differential weight fraction.
This is supportive of the fact that, more cellulebain are broken to lower molecules at
the lowest flow rate (5 ml/min) relative to othdéow rates. The distribution with the
maximum peak average molecular weight portrayedviby distribution of cellulose
before undergoing any reaction and its peak avemagecular weight is approximately
49,987 Da. The MW distribution with the lesser nembf smaller molecules but the
highest peak average molecular weight has the witigsibution(PDI= 4.01) while MW
distribution with narrowest distribution (PDI=2.86as the highest number of smaller
molecules though with the lowest peak average mtdeoveight of 2,675 Da. This
maybe pointing to an increase in the hydrolysis K&t cellulose to forming molecules

with lower degree of polymerization as flow ratduees.
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Figure 63. Molecular weight distribution for celbgle and residue obtained at
270 °C

Table 9. Molecular weight averages and wt fractmrcellulose residue obtained at 270
°C in the microreactor

WT

Sample Name Mp Mn Mw Mv PD fraction
cellulose_residue270 5 2675 4702 14280915 2.86 0.658
cellulose_residue270 ( 2895 | 5261 | 19835 16115| 3.52 0.711
cellulose_residue270 7 111175788 | 23218 18916| 3.75 0.798
cellulose_residue270 ¢ 11371 7156 21667 18598 2.88 0.814
cellulose_residue270 9 136187199 | 27773 23214| 3.63 0.743
cellulose residue270 1 10468 5801 @ 24252 19762 3.90 0.835
cellulose as received 499873660 58051 | 49032 4.01 1.000
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Figure 64 and Table 10 unveil the molecular weidistribution and range of
molecular weight averages obtained based on tt@raiogram generated for cellulose
residue sampled at 280 °C. As flow rates decregsesk average molecular weight
shifted from a higher value of 49,987 Da for celkéd as received to a lower value of
2,119 Da for cellulose residue obtained at 280 AG & ml/min. A similar trend of an
increased in the formation of smaller celluloseichaolecules could be observed as
residence times increased. At this operating cammjithe highest PDI was observed for
280_5 (i.e. the molecular weight distribution witie lowest peak average molecular
weight), while MW distribution with the lowest P08 displayed by cellulose residue
obtained at 280 °C and 8 ml/min. As observed at°Z7Q@vhere it is presumed that higher
number of shorter cellulose chain is being fornmedre smaller cellulose chains are seen
emerging at 280 °C and 5 ml/min. The MW distribatipatterns of cellulose residue
obtained at 280 °C and at 9 and 10 ml/min are almaldee. This could be indicative of
why the two distributions having almost equal PDtl & close peak average molecular

weights of 13,116 Da and 12,491 Da.
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Figure 64.Molecular weight distribution for cellsland residue obtained at
280 °C

Table 10.Molecular weight averages and wt fractasrcellulose residue obtained at 280
°C in the microreactor

Sample Name Mp Mn Mw Mv PD WT fraction
cellulose_residue280 5 2119 2136 10592048 | 4.54 0.598
cellulose_residue280 { 6495 | 5427 | 25151 20206| 4.31 0.823
cellulose_residue280 9 131167155 | 29841 24663| 3.91 0.738
cellulose_residue280_1 12491 6814 29702 24486 4.08 0.766

cellulose as received 4998713660, 58051| 49032 4.01 1.000

Figure 65 depicts the molecular weight distributioncellulose as received and cellulose

residue obtained at 290 °C. While Table 10 refleatdecular weight averages, PDI, and

weight percents for cellulose as received and losku residue. Almost all

MW
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distributions depicted for the cellulose residussns to portray a mirror-like image of the
MW distribution of the cellulose as received. Arsfggant shift was observed for the
peak average molecular weights of all the moleculaight distributions from initial
distribution. The differential weight fraction ireased as the flow rate decreased. Thus,
there is an increase in the hydrolytic conversiboadlulose to lower molecules as flow
rate reduces. Detail information on the valueshef iholecular weight averages such as
number average molecular weight, weight averageecotdr weight, and viscosity
average molecular weight can be seen on TableAbdut 73 % of cellulose as received
were hydrolyzed at 290 °C and flow rate of 5 ml/nB0 % more when compare with
flow rates at 9 and 10 ml/min. But with that, #reas depicted by the 9 and 10 ml/min
MW distribution do not reflect a significant diffamce in the area portrayed by the MW

of the flow rate at 5 ml/min.
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Figure 65.Molecular weight distribution for cellsland residue obtained at
290 °C
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Table 11. Molecular weight averages and wt fractasrcellulose residue obtained at 290
°C in the microreactor

Sample Name Mp Mn Mw Mv PD WT fraction
cellulose residue290 5 1851 1812 12253909 @ 6.09 0.369
cellulose_residue290 ¢ 2381 | 2516 | 12214 9358 | 4.46 0.676
cellulose _residue290 102453 | 3025, 1487411405| 4.51 0.670

cellulose as received | 49987 13660 58051 49032 4.01 1.000

Figure 66 depicts the molecular weight distributfon cellulose as received and

cellulose residue obtained at 295 °C. While Taldleeflects molecular weight averages

and weight percent for cellulose as received arllilose residue. Molecular weight

distributions depicted for the cellulose residuppear to portray images similar to what

was obtained in Figure 65. In essence, similardsewith the molecular weight

distribution shifting to a lower peak average malac weight could also be observed.

The differential weight fraction appear very cldse 7, 8, and 9 ml/min though the

lowest flow rate among these three still possessese of smaller cellulose chain

molecules. Hydrolytic conversion of cellulose tavér molecules at the three penultimate

flow rate does not present a significant changatived to one another. One interesting

observation is that, there is an increase in theh&u of oligomers and some measurable

amount of glucose at this temperature. This observaould also be supported by the

sizes of the PDIs obtained at this temperature.bitger the PDI the more variable the

sizes of the molecules represented in the distabutDetail information on the values of
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the molecular weight averages such as number avenatpcular weight, weight average

molecular weight, and viscosity average moleculeight can be seen on Table 11.
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Figure 66. Molecular weight distribution for celbgle and residue obtained at
295 °C

Table 12. Molecular weight averages and wt fractasrcellulose residue obtained at 295
°C in the microreactor

WT
Sample Name Mp Mn Mw Mv PD fraction

cellulose residue295 7 2675 2501 9223 7506 3.45 190.4
cellulose_residue295 ¢ 3017 3872 | 12800 10154 3.07 0.623

cellulose residue295 9 3051 3716 12083608 | 3.02 0.569
cellulose residue295 1 3028 3893 14428 11293 3.42 0.684
cellulose as received 499873660 58051 49032 4.01 1.000
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Figure 67 depicts the molecular weight distributfon cellulose as received and
cellulose residue obtained at 300 °C. While Talleeflects molecular weight averages
and weight percent for cellulose as received alidiose residue. A significant shift was
observed in the peak average molecular weightshefdistribution of the unreacted
cellulose to the MW distributions of the cellulosesidue with lower peaks average
molecular weight. The differential weight fractiomcreases with decreases in the flow
rates. Increase in the differential weight fractagriower peak average molecular weight
indicates an increase in the hydrolytic conversdbrcellulose chain to molecules with
smaller chain length such as oligomers. The snmpalles at molecular weight slightly
higher than 100 Da perhaps between 100 and 30@ebect a measurable formation of

glucose as oppose to what was obtain at other tatopes.
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Figure 67. Molecular weight distribution for celbgle and residue obtained at
300 °C
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Table 13. Molecular weight averages and wt fractasrcellulose residue obtained at 300
°C in the microreactor

Sample Name Mp Mn Mw Mv PD | WT fraction

cellulose_residue300 5 1528 926 1971 1783 2.06 20.30
cellulose _residue300 € 1557 @ 712 | 1574 | 1440  2.14 0.435
cellulose_residue300_7 1575 834 2179 1869 2.48 60.53
cellulose_residue300_& 1483 @ 1107 | 6796 4716 @ 5.47 0.694
cellulose_residue300 9 1749 1301 4591 3568 3.25 130.5
cellulose_residue300_1( 1987 @ 1443 | 6801 5127 @ 4.30 0.535
cellulose as received 4998713660 58051 49032 4.01 1.000

6.2.5 Conclusion

Changes in the molecular weight distribution patfer cellulose residue relative
to the initial distribution of cellulose as receaivbave been explored. The shift in the
peak average molecular weight of the initial MWtidlmition to a lower peak average
molecular weight increases as temperature increasdsflow rate are reduced. An
increasing trend is observed with differential iffaction at the lower end of the peak
average molecular weight spectrum. This is suggesti an increase in the formation of
lower sized molecules such as oligomers and monpmeeisely glucose. One last thing
that was hardly mention in the result and discussection is the mode at which
cellulose chain scissioned. It is almost imposstblerdinarily look at experimentally
generated molecular weight distribution and be d@bl@redict the scission mode. To
perform this task, a simulated molecular weightridigtion modeled after a scission
mode will be needed. This is why in the next segtiscission mode and simulated

degradation pattern will be addressed extensively.
6.3 Simulation of the Different Mode of Scission

Mode of scissions describe the different ways bictwvla polymer chain is broken

or the bonds binding the monomers together arengagged. It can occur at the center or
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at the end of the chain or at any point along thigrperic chain. To determine the mode
of scission by mere observing experimentally geteerdW distribution looks highly

uncertain. However, modeling the MW distributiorséd on different modes of scission
and then compare it with the experimentally gemeratistribution is perceived to be
highly feasible and doable. Detail reviewed on themoand concepts describing the
different mode of scission have been performedeictiSn 2.4.2 of Chapter 2. Therefore,
in this Section, we shall be applying one of thgamaoncepts elucidated in Chapter 2
and that is the Algebraic Exact Statistical Formates. It is based on binary tree chain
cleavage model which depicts chain rupturing asiesiecg of probabilistic events and as
a non-linear function of time. It assumes that dmwad is broken at each step of
degradation. The latter algorithm, which is theellgic exact statistical formulation, is
adopted and served as the mathematical formuldtasis for the simulation in this

research project. This approach utilizes an algel@quation to express the expected
fragmentation outcome of finite sets of chains fraarge population. The equations are
formulated from a list of logically defined degréida schemes that are specific to a
particular mode of scission. Under this formulatitwo probability-based criteria of

selecting the affected polymer chain were consaletg chain length frequency, and 2)
bond density. The probability-based mathematicatiet® describing each criterion and
the different modes of scission ( random, cented, nzip) are expressed in Equation 38-
46. These equations will be incorporated into timukation, and it will be coded in

MATLAB. Monte Carlo simulation was also adoptedaas alternative to the algebraic
exact statistical simulation. The problem with Mente Carlo is the time it takes for the
simulation to converge specifically for the randaswission which is set to randomly
select a bond for example from several tens ofgaonds of bonds within a matrix of

5902 by 5624. The column and row of the bond mairexnumber of bonds per size of
molecule (DP) and number of molecules per DP résdyg. For instance, it takes

roughly 7 hours for 0.2 % of the bonds to be brok®m a population size of 1175
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molecules with 41,953 bonds. The simulation was aaonone of the Hewlett-Packard
personal computers (PC) in the engineering compaiberatory. The components of the
computer include an intel(R) Core(TM) i7 CPU 8602@0GHz processor, a memory
ram of 8.00 GB and a 64-bit operating system. Timg of the computer was in the
range of 7.5t0 5.9.
Therefore, due to time constraint, Monte Carlo $aton will be put on hold for

future work. The Matlab codes for the algebraicoxstatistical formulation and Monte
Carlo method for the simulation of the scission e®dan be seen in Appendices C and

D respectively.

6.3.1 Importation and Analysis of Experimental Datéhe Simulation Environment

The simulation environment is the MATLAB code weitt and run within the
MATLAB environment. Experimental data is the dataséd on the chromatogram
generated in the high performance size exclusionnehtography. The chromatogram
was exported from HPSEC as CDF file format inta@r The CDF format is converted
within Cirrus software environment back into chraaggiam with Response (mV) on the
y-axis and retention time (min) on the x-axis. Theomatogram is further processed and
re-modified into molecular weight distribution pdot Re-modification of the
chromatogram is done based on the calibration cgemerated from the pullulan
standard. The curve can be seen in appendix B.i&esxthe calibration curve reads MW
while RT which means retention times is the x-axis.

There are different ways of representing the y-ad x-axis of a molecular
weight distribution. It can be by dw/dlogM vs MW gity on a semilog plot or by weight
fraction or number fraction vs DP or MW on a norrpkdt. However, representation of
the molecular weight distribution with dw/dlogM WW on a semilog plot is often

preferred and Cirrus GPC software is no exceptidre dw/dlogM simply mean the

www.manaraa.com



157

differential weight fraction of the polymer withggect to change in natural log of the
mass of the polymer.

To generate the MW distribution from chromatogramd adepict it using
dw/dlogM as the y-axis and MW as the x-axis, theipmcal of the gradient of the
calibration must be multiplied with the normalizieeight of the chromatogram. This is
simply the height of the chromatogram response (at\@ach RT divided by the sum of
the heights at all the RTs. The reason is beceaske chromatogram response (mV) per
RT represents the refractive index detector effectthe concentration of a definite
molecular weight. Thus, the normalized height dao &e seen as the change in weight
fraction of the polymer per retention volume (dw/dMeanwhile the calibration equation
for the molecular distribution weight can be expegkin the format as follows:

Log M = A +BX (54)

Where M is the mass of the polymer, A is the irgptcB is the gradient and X
can either be retention time or retention volunet. dssume X is retention volume, v,

differentiating Equation 54 with respect to X wisult in:

dlogM
dv

To obtain dw/dlogM, normalized height or changdiffierential weight fraction per the

=B (95

retention volume, v, is multiplied with the reciped of the gradient of Equation 55.

Therefore, dw/dlogM is thus evaluated as follow&gquation 56.

dw _dw  dv
dlogM dv dlogM

(56)

The reason for going through the task of explainihg connection between these
variables is because of their significance in eatahg the various calculations performed

in the simulation.
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Once Cirrus GPC software finished analyzing theowtatogram, the data are
extracted into ten columns which include retentiome (RT), chromatogram response,
normalized height, MW, dw/dlogM and some other omtg of variables not particularly
needed in the simulation. Cirrus does not calcul@enumber of molecules but from the
data we were able to generate the number of megdy dividing the dw/dlogM with
the corresponding molecular weight (MW). The dwgiitbwhich depicts mathematically
the differential of weight fraction per differentiaf the logarithms of molecular weight is
a product of the number of molecules and moleowkzight. In other words, it typifies
the total mass of each molecule size present irdigteibution. Below is the equation

reflecting the description.

dw
dlogM

NM (57)

Where N is the number of molecules and M is thesawdhr weight.

The initial molecular weight distribution was @éwed based on raw data
obtained from the experiment with DP ranging from0B3 to 5721.6436 as opposed to a
unit increase stepsize integer DP. Problem of éskaig the correctness of the algebraic
exact statistical equation as per each mode o$ienisvas encountered due to uneven
distribution in the stepsize increase of DP andréa¢ number format of the DP obtained
from raw experimental data and. For every run, lmmed must be broken and the number
of molecules in the whole population must be inseehy one. Thus, with the raw DP
data, instead of breaking one bond for very runghty 14 bonds were recorded broken
and tens of molecules were added. A critical eveloaof this anomaly shows a
cumulative effect of the fractional part of the reaamber DP on the number of bond
broken and the increment in the number of molecugt when the DP was normalized
into an integer with a uniform stepsize increaselpfthis anomaly was corrected

especially with random scission. Though for cemted unzip scission, increase in the
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number of molecules was not exactly 1. Increasthennumber of molecules for center
scission was 1.025 as opposed to 1. The 0.025 ewyuat for a fractional part of the
molecule while breaking the polymer chain with emaimber of bonds at the center.

To normalized the real number DP into integer, itligal dw/dlogM per MW
generated based on the raw data was fitted witmaothing spline function. The
function evaluated from curve fitting tool box wighcommand function of “cftool.m” is
a piecewise polynomial computed from It is thus represented mathematically in

Equation 58 as follows: .

f (x) = piecewise polynomial computed from p (58)

Where the smoothing paramepeequals 0.000798699 and the details of the goodiiess
is presented as: R-square =1; Adjusted R-squareSarhmation of Square Error(SSE) =
7.305e-5;and Root Mean Square Error (RMSE)=0.00D3While f(x) is dw/dlogM and
the piecewise polynomial is varing polynomial edquad with MW as the independent
variable. The DP obtained from the MW ranges fromo 5636 with a stepsize increase
of 1.

Relevant data from Cirrus were manually exportetb iExcel. But for the

simulation, Matlab code was written to export theéata from excel.

6.3.2 A Step-by-Step Algorithm for the Matlab Code
Below are the highlighted steps of the matlab-basedputer code for simulating
the different mode of scission and subsequentlgigimg the degradation pattern:
1. Import molecular weight of the polymer, normalizéeight, chromatogram

response from excel files
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2. Divide the molecular weight of the polymer (cetisg) with the molecular weight
of the monomer (anhydroglucose) to obtain the ekgf polymerization

3. Set the counter for number of scission.

4. Set another counter for when to make the distidouglot. It may be at every 10
multiples for the number of scission or any othailtiple convenient for the
person running the script.

5. Set the options for the mode of scissions.

6. Generate the Chromatogram plot.

7. Calculate the initial total number of molecules

8. Generate the initial distribution from the expenrhe

9. Generate a semilog plot for the initial distribatizvith dw/dlogM on the y-axis
and MW on the x-axis

10. Store initial DP values in an array tag “ iDP”.

11.Import number of molecules from excel files

12. Set-up series of mathematical models (AlgebraiadE)xStatistical Algorithm
Scheme) or develop a Monte Carlo scheme for th&sistiing of the polymer
chain based on different modes of scission highdigelow:

a. Random scission model
b. Center scission model
c. Unzipping scission model
13. After ensuring the above steps are successfuhekeline of action is to conduct

series of calculations as expressed in the govgraguations (38-46) for the
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breaking of the polymer chain based on the scissmmie in question and
afterwards generate a new DP or MW distribution/iegM vs MW).

14. After each counter for the number of scission,tmber of molecule is increase
by one. This is because for each counter in thebeunof scission one new
molecule is expected to be formed and one scissierpected to take place.

15. Calculate the new total number of molecules anthtreduce the array of the
number of molecule back into the module sectiothefscission mode in question
and let another scission take place.

16.The next step is to generate a new molecular welighribution.

17.This cycle maybe repeated as many times as possibleler to evaluate pattern
of degradation and be able to connect these pattath mode of scission.

18. Series of calculation conducted in the simulat®based on the Algebraic exact
statistical method and according to Bose and®&Gitit‘introduces a totally new
approach to mathematically modeling of the degremat process with
statistically perfect expected instant calculatioh MWD without error or
approximation”.

The molecular weight distribution pattern obtaiteaf a predetermine time interval

for each cycle of degradation as coded in the lsitiom will be utilized as a fingerprint
for the mode of scission displayed by the experitalgngenerated molecular weight

distribution of hydrolyzed cellulose in the reactor

6.3.3 Simulation Results and Discussion
Figure 68 unveils changing in the molecular weidjstribution based on random

scission. The counter for number of scission wasos#000 and at every multiple of 100
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a new molecular weight distribution emerges. Asrhenber of scission increases, the
peak average molecular weight decreases with isicrgadw/dlogMW. The molecular
weight distribution get narrower as more bondshaoken which then results in shifting
the peak average molecular weight from an appradip&alue of 39000 Da to roughly
6336 Da. Simultaneously, a net increase in the murmbpolymer chains with molecular

weight lower than 6336 Da was observed relativait@al distribution.

Figure 69 unveils changing in the molecular weijstribution based on random
scission. The counter for number of scission wa$osB00 and at every multiple of 50 a
new molecular weight distribution emerges. The pealerage molecular weight
decreases as the number of scissions and dw/dloghtYéases. A lower amount of
glucose and oligosaccharides relatively to what prasluced in Figure 68 was observed.
The molecular weight distribution pattern was samito the distribution depicted in
Figure 68 but the only difference is the resultpeak average molecular weights and
their corresponding total mass (dw/dlogMW) whiclke abserved to be respectively 100

% higher and 50 % lower than its counterpart iruFegs8.
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Figure 68. Random Scission -1000 simulated numbstissions
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Figure 69. Random Scission -500 simulated numbscigkions

Figure 70 unveils changing in the molecular weidistribution based on center

scission. The counter for number of scission wasoss£000 and at every multiple of 100;
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a new molecular weight distribution emerges. Asrbenber of scissions increases, the
distribution changes from a broader monomodal itistion to a bimodal distribution.
The shape of the initial distribution started outhma monomodal distribution and as
scission increases, the effect of the bimodalitgpghof the distribution becomes more
apparent. The emerging peak averages MW on theumeénd of the distribution
decreases with increasing number of scissions vdml¢he lower end, a constant peak
average MW was observed at 180 Da (glucose). Ttiereftial weight fraction with
respect to log of MW (dw/dlogMW) or the total massreases with increasing scission
number for both peaks, with maximum dw/dlogMW ocimg at the peak average of
roughly 1800 Da. Similar trend regarding the shafpine molecular weight distribution;
variation of peak average molecular weight and twgdW with number of scission or
runs was also observed in Figure 71. The only ei@meps the point at which peak
average MW emerges on the distribution and the meadtage at which maximum
dw/dlogMW was obtained. The final bimodal peak ager MW in Figure 71 occurs at
4554 Da and 180 Da.
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Figure 70. Center Scission -1000 simulated numbscissions
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Figure 71. Center Scission- 500 simulated numbscissions

Figure 72 and 73 unveil changing in the molecularght distribution based on
unzip scission. The counter for number of scissiais set to 1000 and 500 respectively
and at every multiple of 100 and 50 a new molecwlaight distribution emerges. As
number of scission increases in Figures 72 ané X@&ry slight change was observed in
the MW distributions. The slight variation in thestiibution is indicative of why the
peak average molecular weight for the entire runesdchange appreciably. One
significant observation in the two distributionstie sizeable increase in the number of
monomer molecules. Monomer generation is more pnoo® for the 1000 scissions than
the 500 scission and the reason is clear; morsisns more unzipping at the reducing
ends for the former than the latter. The maximundtbgMW obtain in Figure 72 is 0.83
at peak average molecular weight of roughly 4473a0abile maximum dw/dlogMW for

the 500 simulated scissions is also 0.62 with @e@kage molecular weight of 38898 Da.
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Figure 72. Unzip Scission- 1000 simulated numbescigsions
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Figure 73. Unzip Scission- 500 simulated numbescigsions
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6.4 Comparison of the Degradation Pattern from Erpent and Simulation

This section compares the degradation pattern reddafrom simulation with
pattern generated from experiment. Since simulpstern are based on a specific mode
of scission, the goal is to see the possibilitfiregerprinting the degradation pattern from
experiment with the pattern generated from simaotatiThis approach is designed to
establish the mode of scission characteristic difilose reaction in the hydrothermal
system. Changes in the molecular weight distriloutice largely due to alteration in the
chain length of the various molecules in the disttion. The alteration can be by
breaking the bonds or recombination of the bormisther words, changes in the number
of bonds could be seen as directly related to admmgthe molecular weight distribution.
In view of this understanding, it is logical to ysercent change in the number of bonds
broken as a common criterion for comparison betwserulated and experimentally
generated pattern. Before finally delving into teenparison, some key observations in
the course of the simulation need be stated teettderstand why visually, the area of
the simulated distribution appears bigger thardib&ibutions from experiment.

a. The total mass (dw/dlogM) of the distribution frexperiment is 643.31986 with
an irregular stepsize increase in the MW of theypelr. The irregular stepsize
differences in the MW or DP across the size ramgdipit the simulation from
breaking one single bond per run. Thus, for eadsien, the number of molecule
and the number of bonds are expected to increatel@srease by 1 respetively.
But under this scenario, it is a different ball gam@is noted above in section
6.3.2.1.

b. To avoid the issue raised above, a smooth splinetin was used to fit the
initial distribution plot (MW vs dw/dlogM) so as twave a regular stepsize of 1 in
the case of the DP and 162 in the case of MW. repefit was generated with
R?> = 1. Thus, the number of molecule and the nunalbdsonds, as expected,

increases and decreases by 1 as noted in sec3@l6. However, while trying to
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resolve this problem, it is observed that extraddRIW sizes of about 3600 were
added which meant more masses to the whole disotbas a whole. The total
mass (dw/dlogM) obtained from the fitted curve witR ranging from 1 to 5636
and stepsize increase of 1 is 866.3658 Da. Tliereifce in the total mass of the
experimental distribution and the fitted distrilautiis 223.0459 Da.Worthy of
note, is that, in the simulation, mass of watereuooles which was inherently
accounted for, was deducted from the total magkédWatlab code shown below

per scission or run:
dMH20=(t*18/Mf)*(dw_dlogMW/sum(dw_dlogMW) );

Where dMH20 is the accumulated mass of H20 per trisithe number of run,
Mf is the multiplication factor used for the numbef molecules while
dw_dlogMW is the same as dw/dlogM.

. After addressing accumulated mass of water moled¢hke sum total mass for
each run which was 866.3658 Da, was observed cunshaoughout the
simulation. After thorough review of the distributi pattern obtain from
simulation vis-avis the distribution pattern frormperiment, the relative larger
plot from simulation is caused by the mass genératam the extra 3600 DPs
obtained from the fitted distribution. Attempt wasde to weightedly reduce the
total mass of the fitted distribution from 866.3858a to 643.31986 Da but the
plot obtained no longer reflects the same peakhieigd as such result in ad R
of about 0.6. The plots of the experimental, fitweith total of 866.3658 Da and
fitted with total mass of 643.31986 Da is showifrigure 74.
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Figure 74. Plot of experimental, fitte§337), and fitted (643.32) distributions

d. Percentage bond broken was estimated based onidgGat

bi

Percentbond broken [1— %) *100 (59)

WhereNy is the number of bonds at run cycle t &gis the initial total number
of bonds.

Figure 75 depicts the molecular weight distribusidar cellulose as received and
cellulose residue obtained at 270 °C. The simulatEtern reflected on this same plot
was generated based on random scission. Thentataber of bonds in the simulation is
53314 bonds and a bond is broken per run.The lefgenithe experimental distribution
show the temperature, flow rates, and percent bbnolsen as one word with dash in
between. But for the simulation, it shows numberwfs and percent bonds broken as
one word with a dash in between also. The molecutaght distribution for the same
percent bond broken on both sides of the aisles g@xperiment and simulation, were
compare to observe their level of matchness ingehishapes and pattern. Experimental

distribution start off with the monomodal curve lastflow rates decreases and residence
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time increases, more scission occur which thus teatle shifting of the distribution to

the lower end of the MW. However, as the scissimrdases, the shapes of the initial
momodal distribution changes to a not-too visiblendwal distributions. On the

simulation end, the initial monomodal distributiarich gets narrower as the scission
increases maintains it modality throughout the &wmn. There is hardly any correlation

in the molecular weight distribution pattern foretlsame percent bond broken with
regards to the simulated and the experimentallepatThe simulated patterns portray a
higher differential weight fraction with respectttee molecular weight and a higher peak
average MW than the experimentally generated patldris significant difference is as a
result of the accumulation of more molecules gerdrbased on DP accounted for in the
simulation and not in the experiment. The DP carsidn the simulation ranges from 1
to 5636 with one step increase while DP from thgeexnent ranges from 2.7 to 5721.6
with an irregular step-size increase and a size bfnabout 2027. Thus, roughly 3600
more DPs were accounted for in the simulation tinathe experiment. Based on these
observations, simulated pattern obtained on thenigee of random scission is far from

modeling well the MW distribution pattern obtainfeom experiment.
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Figure 75. Experimental degradation pattern andilsited pattern based on random
scission

Figure 76 depicts the molecular weight distribusidor cellulose as received and
cellulose residue obtained at 270 °C. The simulatstern reflected on this same plot
was generated based on center scission. One combsenvation is the shifting of the
peak average molecular weight of the distributioratmuch lower end of the MW. But
one major difference is the difference in the dédfdeial weight fraction per MW
(dw_dlogMW) and the peak average MW. The simulgpadtern display a higher
dw/dlogMW and peak average MW when compare withdis&ribution pattern obtain
from experiment. This significant difference coddd attributed to the same scenario
observed under random scission. The shapes of xperimentally determined and
simulated distributions differs with the former plsying a not-too apparent bimodal
distribution as scission increases while the lattearly show the emergence of bimodal
type MW distributions as simulation runs proceedthvthese changes in the shape and

modality of the distribution for the same perceond broken on the simulation and
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experimental end, center scission also fail theé ¢ésfingerprinting the degradation

pattern obtained from the experiment.

Initial
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Figure 76. Experimental degradation pattern andilsited pattern based on center
scission

Figure 77 depicts the molecular weight distribusidor cellulose as received and
cellulose residue obtained at 270 °C. The simulatstern reflected on this same plot
was generated based on unzip scission. As theatissreases (i.e increase in residence
times), peak average MW in the distribution ol#difrom experiment shifted towards a
lower MW end. However, the peak average MW on imeikation front virtually remains
unchanged but with a very quasi-decrease in thghhgdw/dlogM) of the plot as
simulation runs progress. More so, monomer (glucasmncentration increases as
scission increases. The shape of the experimemtetgrmined distribution changes from
unimodal distribution to bimodal distribution es@dy at 5 ml/min, 6 ml/min, and 7
ml/min but for the other flow rates, a slight moitdal curve appears emerging. The

distribution evolving as simulation runs increaggually remains the same though with

www.manaraa.com



173

increasing glucose molecules spike. With thesemlbsions, unzip scission could also
be seen as not helping the matter of establishimgt wcission is largely taking place in

the hydrothermal reaction of cellulose.
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Figure 77.Experimental degradation pattern and lsited pattern based on unzip
scission

6.5 Conclusions
Molecular weight distribution changes when bondskaoken. In this study, SEC

was used to analyze the molecular weight distroutobtained from hydrolysis of
crystalline cellulose in the hydrothermal systenteatperatures ranging from 270 °C to
300 °C and at a pressure 5000 psig. The flow @asider in this analysis range from 5
ml/min to 10 ml/min. Divers molecular weight digttion patterns emerge as operating
conditions such as residence time and temperatua@ge. On the other hand, raw
molecular weight distribution data obtained fronpesment was fed into a simulation
environment to evaluate the effect of random, aersied unzip scission on the

distribution. The simulation were coded in Matkaid algebraic statistical formulations
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were used to evaluate the different mode of saissioandom, center, unzip). Unique
molecular distribution patterns were displayed hg tifferent mode of scissions. It is
observed that none of the molecular weight distidms obtained based on the different
modes of scission was able to fingerprint the gpoading MW distributions obtained
from the experiment. The shrinking effect of crilsta cellulose in subcritical water may
affect proper representation of the different siaethe cellulose chains in the molecular
weight distribution from experiment. As a resultplecular weight distribution from
experiment may be at a disadvantage for reasomabielation with molecular weight

distributions from simulation.
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CHAPTER 7. IMPACT AND FUTURE WORK

The enormous availability of cellulosic biomassrisreasingly gaining interest
from both public and private organizations as dlealternative to the current biofuel
feedstocks. Government and private sectors arenguttitiatives and programs in place
to investigate ways of utilizing this rife organmatter with a view to promoting
economic growth. One of such is the advanced biofugative which is focus at
exploring range of technologies for converting welic biomass to fuel and chemicals.
But the major reason why some are still skeptidait® potential to compete in a
hydrocarbon-based economy is due to its recaltitrature which still remains an issue
that must be thoroughly addressed. To addresdl in&an to come up with an effective
pretreatment method, plausible degradation teclesicand understanding its reactive
mechanism at the morphologic level. The lattesoeaseems to be the most interesting
and the most important of the three and why? Ireskks the root cause of the problem:
cellulose recalcitrance.

This work emphasizes the reaction kinetics of ¢etle conversion which is very
critical in designing a reaction pathway that caattdr optimized glucose production.
Conventional method has been to thermally pretreliilosic biomass before hydrolytic
degradation in enzym¥s In a complete thermo-transformation process, withcritical
and supercritical as reacting media, dissolutiod agdrolysis of cellulosic biomass
could be achieve under a very short time windowikenlenzymatic degradation.
Moreover, decomposition of hydrolysate is less pumted than its formation in
subcritical water, therefore dissolved cellulosesitcritical water gives a better glucose

selectivity and yield than in supercritical waferTwo steps were involved in the
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homogeneous conversion of crystalline cellulosdetmnentable sugars. The steps are
dissolution and hydrolysis. In this work, it hassbeestablished that the conversion of
cellulose both in subcritical and supercritical evas limited by the concurrent reactions
of hydrolysis and dissolution. This understandiagvéry useful in the optimization of
target products such as glucose and also provikttgr control over product that may be
inhibitory to the production of biofuel feedstock.

However, mode of scission of cellulose in a hydeatial reactor unlike any other
reacting media such as enzymatic and acidic medisagpear complicated without a
modeling tool that will predict its pattern of daegation within high temperature and
high pressure environment. As a macromolecule comgbo cellulose is better
characterized by its molecular weight distributidiherefore degradation of cellulose in
any media is depicted strongly by pattern with \Whits molecular weight is being
distributed at the different time interval. Randenwlecular weight distribution pattern
of cellulose residue obtained in a hydrothermaltesys has been conducted. Also
addressed is the simulation of the changes in thleaular weight distribution due to the
different mode of scission. There has not been extgnsive work perform on this
subject matter until now. This research project v@imain one of its kinds and can also
be consider a very good resource for any furtherkvam the degradation pattern of
cellulose in a hydrothermal system.

Detail work was conducted on the simulation aspétihe degradation pattern of
bioorganic polymer such as cellulose in hydrothérmmeedia. This facilitate our
understanding of the degradation of cellulose inydrothermal media and invariably

offers us pattern that can be utilized as tooldirtgerprinf* mode of scission in this
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environment. It was established that none of thelenof scissions (random, center,
unzip) was able to fingerprint the degradationgratobtained from the experiment. The
shrinking effect of crystalline cellulose in subical water may affect proper
representation of the different sizes of the ce#al chains in the molecular weight
distribution from experiment. Thus, further stigdghould be conducted to investigate
the effect of shrinking core model on the molecwaright distribution of crystalline
cellulose after hydrolysis.

Finally, Hydrothermolytic degradation of cellulosesubcritical and supercritical
is energy intensive. Thus, improved understandihdghe reaction kinetics, products
distribution at the different critical temperaturedegradation pattern and mode of
scission will aid the development of a comprehemdinetics model and also help in
designing an efficient reactor system that minimgest (energy) and maximize yield of
target product such as glucose and other valualbézugsors in the emerging

bioeconomy.
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APPENDIX A: RATE CONSTANTS FOR THE ARRHENIUS PLOTS

SURFACE HYDROLYSIS IN SUBCRITICAL WATER

Temperature(K) Rate Constants
543.150 0.210
553.150 0.246
563.150 0.436
568.150 0.597
573.150 0.510
593.150 1.285

GLYCOSIDIC BONDS HYDROLYSIS IN SUBCRITICAL WATER
DP, from Dilute Solution Viscometry

Temperature(K) Rate Constants (§
543.150 0.450
553.150 0.555
563.150 1.060
568.150 1.708
573.150 1.174

GLYCOSIDIC BONDS HYDROLYSIS IN SUBCRITICAL WATER
DR, from Size Exclusion Chromatography

Temperature(K) Rate Constant8)(s
543.150 0.449
553.150 0.571
563.150 1.069
568.150 1.176
573.150 1.324

CONVERSION OF CELLULOSE IN SUPERCRITICAL WATER

Temperature(K) Rate Constants
647.150 11.010
651.150 14.318
653.150 14.352
655.150 20.483
661.150 28.147
663.150 34.451
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APPENDIX B. CALIBRATION CURVE FOR THE PULLULAN

STANDARD

Peak Average Molecular Weight
Retention time of
Pullulan

5.596 200000

5.833 107000

6.198 47100

6.248 36000

6.571 21100

6.874 11100

7.138 5900

8.185 667

8.822 180
_ 1000000+
S i
g 100000
g . 10000
% S 1000+
=z § .
= 100 +
o) ;
Z 10
E 1+ : . . ,

6 7 8 10

Retention times (min)
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APPENDIX C: MATLAB CODE FOR THE ALGEBRAIC EXACT

STATISTICAL SIMULATION

close all
clear all

% Importing data from Excel file: DP_cellulose_from

_experiment.xIsx

%

% Molecular weight :

MW=
xlsread('C:\MATLAB\DP_cellulose_from_experiment’,'s
"); %sheet 1

%Normalized height: Weight fraction of each MW in t
NH =
xlsread('C:\MATLAB\DP_cellulose_from_experiment','s
;% sheet 1

% Sum of all Molecular Weight
SWM = sum(MW);

%Chromotogram
%
Chromresp=xIsread('C:\MATLAB\DP_cellulose_from_expe
127:AW5762");% sheetl

Mf=1E4;

% Simulated Data
%
% Number of molecules for each Molecular Weight in

d
=xIsread('C:\MATLAB\DP_cellulose_from_experiment',’
2')*Mf;

%initial_d
initial_d=d;

% Array of DP generated from Experiments
%
DP = ((MW)-18)/162;
x=DP;

heet3','BE127:BE5762

he distribution

heet3','AX127:AX5751

riment','sheet3','AW

the Distribution

sheet3','BG127:BG576
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testDP=DP;
pause on
warning off

%Counter for number of runs: scissions

%

dc=1E4; % dcc is dc counter
cystp=1E3; % cycle step ( for the mod function) for
"cystp"

iDP=DP;
plotlabel={-r' -b" -r' "--r' '--k' -k’ "-g" '--
plotlabel_run={'Initial' ‘plot1' 'plot2' 'plot3' 'p
'plot6'...
‘plot7' 'plot8' 'plot9' 'Final'};
lg=1; % legend indices for plotlabel
lw=1,;
Ik=1;
Ih=1,;

%Mode of scission options:
random_scission=0;
center_scission=1;
unzip_scission=0;
percent_cut_scission=0;

%PIlotting chromatogram

%

figure(1)

semilogx(MW,Chromresp);
titte('Chromatogram response vs MW');
xlabel('MW");

ylabel('mV");

%pause

%TN1=sum(d); % Affirming the Total number of molecu

TN=sum(d);
%pause

% Initial total number of bonds
inumbond=sum((DP-1).*d);

figure(2)

semilogx(MW,d);

titte("Experimental MW Distribution );
xlabel('MW");

ylabel('# of Molecules");

%hold on
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plotting every

g'-m'y -y
lot4' 'plot5'
les
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%number average degree polymerization or average bo
n_average(1)=(sum(DP.*d)/sum(d));

% Calibration equation from experiment is of the fo
% where: A and B are intercept and gradient respect
volume;

% dv/dlogMW equals the reciprocal of the gradient (
% therefore to obtain dw/dlogMW, we multiply dw/dv
% dw/dlogMW = dw/dv * dv/dlogMW

%dv_dlogMW = 643;

%dw_dlogMW = dw_dv*dv_dlogMW;

dw_dlogMW =
xlsread('C:\MATLAB\DP_cellulose_from_experiment’,'s
"); Y%sheet 1;

ini_dw_dlogMW=dw_dlogMW;

ChromrespE=flipud(xlsread('C:\MATLAB\DP_cellulose_f
et4','C101:C2333");

MWE=
flipud(xlsread('C:\MATLAB\DP_cellulose_from_experim
F2333Y);

dw_dlogMWE=
flipud(xIsread('C:\MATLAB\DP_cellulose_from_experim
G2333Y));

figure(3)
semilogx(MW,dw_dlogMW,'--b")%,plotlabel{lh})%'-g")%
%title(strcat('DP Distribution after Scission (rand
xlabel('MW");

ylabel('dw/dlogMW");

hold on

%initial_d
initial_d=d;

% Number average MW:
iMn=sum(d/Mf.*MW)/sum(d/Mf);

% DPn
iDPn = (iMn-18)/162;

dw_dlogMWA=dw_dlogMW;

countd=d,;

% Percentage number of bonds broken
Theoreticalpercent_bond_broken=(dc/inumbond)*100;
imassmonomer=sum((DP).*d);

%d=Sd;

nd length

rm logMW = A + By;
ively; v is elution

constant- linear)
with dv/dlogMW

heet3','BF127:BF5762

rom_experiment','she

ent','sheet4','F101:

ent','sheet4','G101:

pradal_bl);
om)',numberm_str));
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m=1,

% DP with number of molecules > zero
%DP=[DP(6:end)];

%MW=MW-18;

% POLYMER DEGRADATION SECTION
%

%(1) Random scission:
%*****************************************

% dc : degradation cycle

if random_scission ==1

%dc=1,;

fprintf(’ ;
fprintf(\nRunning random scissioning’);
fprintf(\n================ \n');
% DP is the degree of polymerization

mkdir('C:\MATLAB','Random_scission');
randomscission_files=('C:\MATLAB\Random_scission');

mkdir('C:\MATLAB','Random_scission_rawdata');
randomscission_rawdata=('C:\MATLAB\Random_scission_

% DP=M/162;

to=0; % to : initial t

% stepl : randomly select a polymer chain for sciss
for t=1:dc

% Calculating total number of bonds
sTh=sum((DP-1).*d);

% Checking number of bonds at every cycle
CsTb(t)=sum((DP-1).*d);

percentscissioned(t)=((inumbond-CsTh(t))/inumbo
%sTh=sum(d)-d(1);
clearr,;

%pause on

% Probability based on number of bonds
% Solving for probability for all DP sizes
P=((DP-1).*d)/sTb; % Probability , P

%Pini=initial_d./sum(initial_d);
%P=d./sum(d);

rawdata');

ioning:

nd)*100;
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% number of bonds as degradation progresses
numbond=sum((DP-1).*d);
massmonomer=sum((DP).*d);

CP=vertcat(Chromresp,d,DP);

for n=1:length(DP) %2<n<N

if n==

sThK=sum((DP(2:end)-1).*d(2:end));

% Solving for P(k,t)
Pk=((DP(2:end)-1).*d(2:end))/sTb;

% Solving for sum of 2P(k,t)/k-1, range
Sk=sum(2*Pk./(DP(2:end)-1));

% Equation for when n=1
dt(n)=d(n) + Sk;
elseif n==max(DP)

% Equation for when n=N
dt(n)=d(n)-P(n);

elseif n~=1 && n~=max(DP)
%P(n) =((n-1)*d(n))/(sTh) %P(n,t);
k=n+1;

%P=((DP-1).*d)/sTb; % Probability ,P
sTbk=sum((DP(k:end)-1).*d(k:end));

% Solving for P(k,t)
pk=((DP(k:end)-1).*d(k:end))/sTb;

% Solving for sum of 2P(k,t)/k-1, range
Max(DP)
sk=sum(2*pk./(DP(k:end)-1));

% Equation for when 1<=n<=N
dt(n)=d(n)-P(n) + sk;

end
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k=2 to N --Max(DP)

k=n+1to N --
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end
m=m+1;

d=dt'; % array of new values for the number of molecules
Number_m1(:,t)=d;

% Solving MW based response and number of molec ules
%MW=Chromresp/d,;

%MW=MW-18;

%Number average MW:
Mn(t)=sum((d/Mf).*MW)/sum(d/Mf);

%Weight average MW:
Mw(t)=sum(d/Mf.*MW.*2)/sum(d/Mf.*MW);

% DPn
DPn(t) = (Mn(t)-18)/162;

% Percentage of average bonds broken
Percent_bond_broken(t) = ((iMn-Mn(t))/iMn)*100;

fracbondbroken(t)=((inumbond-CsTb(t))/inumbond) *100;

%Weight fraction in Dp
wt_frac=(DP.*d/Mf)/sum(DP.*d/Mf);

%Weight fraction in Mw
Mwt_frac=((DP*162+180).*d)/sum((DP*162+180).*d) ;

% Normalized height h/total_h also refers to dw /dv
dw_dv=(d.*MW)/sum(d.*MW);

%dw_dv=(NMW)/sum(NMW);
%dw_dv=Mwt_frac;

% Calibration equation from experiment is of th e form logMW = A +
Bv;

% where: A and B are intercept and gradient res pectively; v is
elution volume;

% dv/dlogMW equals the reciprocal of the gradie nt (constant-
linear)

% therefore to obtain dw/dlogMW, we multiply dw /dv with dv/dlogMW

% dw/dlogMW = dw/dv * dv/dlogMW

%
dw_dlogMW = MW.*(d/Mf);

www.manaraa.com



186

% Mass of accumulated water molecules
% e ————————————————————————
dMH20=(t*18/Mf)*(dw_dlogMW/sum(dw_dlogMW));

%Deducting mass of accumulated water molecules from the total mass

%the distribution as scission increases
% s s —_————————————————————
dw_dlogMW=dw_dlogMW-dMH20;

%dw_dlogMW=dw_dlogMW-dSEM,;

dw_dlogMWA(1:end,t)=dw_dlogMW;
countd(1:end,t)=d;

xlcol={B''C''D''"E''F''G''H""l' J''K' L'"'M"'N'"'O"'P'
QL
xlcol_num=2:5636;

if mod(t,cystp)==0 %]|| %t==1

figure(3)

%semilogx(MW,wt_frac,plotlabel{In})%'-g")%, DP.d,-b";

semilogx(MW,dw_dlogMW,plotlabel{lh})%'-g")% ,DP,d,'-b");

%title(strcat('DP Distribution after Scissi on
(random)',numberm_str));

xlabel('MW");

ylabel(‘'dw/dlogMW");

legend(plotlabel_run);

hold on

%figname=strcat('random',numberm_str);

cd(randomscission_files);

% saveas(gcf, figname, 'pdf);

% saveas(gcf, figname, 'fig');

% saveas(gcf, figname, 'jpeg");
% MW

% Storing data in Excel

%

%dw_dlogMW_SUCCESS =
xlswrite('C:\MATLAB\Random_scission_rawdata\Randoms cissiondata.xlsx',dw
_dlogMW,'dw_dlogMW5000_500AA",...

%

strcat(xlcol{Ih},num2str(xicol_num(1)),:,xlcol{lh}, num2str(xlcol_num(56
24)));

%MW _SUCCESS =
xlswrite('C:\MATLAB\Random_scission_rawdata\Randoms cissiondata.xlsx',MW

,'dw_dlogMW5000_500AA''A2:A5625");
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% —=====
Ih=lh+1,;
%hold off

%
figure(4)
semilogx(DP,wt_frac,plotlabel{lg})%'-g")%,D P.d,-b";
%title(strcat('DP Distribution after Scissi on
(random)',;numberm_str));
xlabel('DP");
ylabel("Weight Fraction');
legend(plotlabel_run);
hold on
%figname=strcat('random’',numberm_str);
cd(randomscission_files);

% saveas(gcf, figname, 'pdf);

% saveas(gcf, figname, 'fig');

% saveas(gcf, figname, 'jpeg’);

% %Storing data in Excel

%

% WTFRAC_SUCCESS = xlIswrite('C:\Users\Kazee m\Documents\My
Documents\MATLAB\Random_scission_rawdata\Randomscis siondata.xlIs',wt_fra

c','weightfraction’,...
%
strcat(xlcol{lg},num2str(xicol_num(1)),:,xlcol{lg}, num2str(xlcol_num(en
d))));
% DP_SUCCESS = xlswrite('C:\Users\Kazeem\Do cuments\My
Documents\MATLAB\Random_scission_rawdata\Randomscis siondata.xls',DP','w
eightfraction','A2:A454");
% % ———————=—

lg=lg+1;

%hold off

%
end

%MW=NMW,;

TN(t)=sum(d); % Caculating the new total number of molecues after
each cycle

%d=TN*Probdf;

%pause(4)

end

cd(..";

% clear i j
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end

%% center scission session
%
%%(2)center scission:

% * * * * * * * * * *

%polymer chain to be scissioned at the center

188

%%

% dc : degradation cycle

if center_scission==1

%dc=1;

% DP is the degree of polymerization

%dc=1,;

fprintf(’ ;
fprintf(\nRunning center scissioning');
fprintf('\n:::::::::::::::: \n');
% DP is the degree of polymerization

mkdir('C:\MATLAB','Center_scission");
centerscission_files='"C:\MATLAB\Center_scission’;

mkdir('C:\MATLAB','Center_scission_rawdata’);
randomscission_rawdata=('C:\MATLAB\Center_scission_

% DP=M/162;

to=0 % to : initial t

% stepl : randomly select a polymer chain for sciss
for t=1:dc

% Calculating total number of bonds
sTb=sum((DP-1).*d);

% Checking number of bonds at every cycle
CsTb(t)=sum((DP-1).*d);
%sTb=sum(d)-d(1);

clearr;

% Average bond length per cycle: DP(1:10) are
be
% soluble in solvent(water) at room condition

n_average(t+1)=(sum(DP.*d)/sum(d))-(sum((DP(1:1
1).*d(1:10)))/sum(d(1:10));

% Probability based on number of molecules of a
% over total number of molecules
%P=d./(TN1-d(1));

rawdata');

ioning:

molecules assume to

0)-

particular size(DP)
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pause off

% Probability based on number of bonds
% Solving for probability for all DP sizes
%P=((DP-1).*d)/sTb; % Probability , P

% Probability based on chain length
%P=d/(TN-d(1));
%P(n) =((n-1)*d(n))/(sTb) %P(n,t);

% number of bonds as degradation progresses
numbond=sum((DP-1).*d);

%P=((DP-1).*d)/sTb; % Probability , P

%CP=vertcat(Chromresp,P,d,DP);

for n=1:length(DP) %2<n<N

if n==1

sTbK=sum((DP(2:end)-1).*d(2:end));

% Solving for P(k,t)
%Pk=((DP(2:end)-1).*d(2:end))/sTb;

% Solving for P(k,t)
Pk=d(2:end)/(TN-d(1));

% Solving for sum of 2P(k,t)/k-1, range
Sk=sum(2*Pk./(DP(2:end)-1));

% Equation for when n=1
dt(n)=d(n) + Sk;
elseif n==max(DP)

% Equation for when n=N
dt(n)= d(n)-P(n);

elseif n~=1 && n~=max(DP)

%P(n) =((n-1)*d(n))/(sTb) %P(n,t);
k=n;

sTbhk=sum((DP(k:end)-1).*d(k:end));

%P=((DP-1).*d)/sTb; % Probability , P
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P=d/(TN-d(1)); % Probability , P

% Solving for P(2n-1,t)

if k<=median(DP)
%p2n11(n)=((((2*n)-1)-1)*d((2*k)-1)
p2n11(n)=d((2*k)-1)/(TN-d(1));

else
p2n11(n)=0;

end

% Solving for P(2n,t)

if k<=median(DP)-1
%p2n12(n)=(((2*n)-1)*d(2*Kk))/sTb;
p2n12(n)=d(2*k)/(TN-d(1));

else
p2n12(n)=0;

end

% Solving for P(2n+1,t)

if k<=median(DP)-1
%p2n13(n)=((((2*n)+1)-1)*d((2*k)+1)
p2n13(n)=d((2*k)+1)/(TN-d(1));

else
p2n13(n)=0;

end

% Equation for when 1<=n<=N
dt(n)=d(n)-P(n) + p2n11(n) + 2*p2n12(n

end

end

d=dt’; % array of new values for the number of
Number_m1=d;

% Solving MW based response and number of molec
%MW=Chromresp/d;

%Number average MW:
Mn(t)=sum(d/Mf.*MW)/sum(d/Mf);

% DPn
DPn(t) = (Mn(t)-18)/162;

% Percentage of average bonds broken
Percent_bond_broken(t) = ((iMn-Mn(t))/iMn)*100;
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)/sTh;

)/sTb;

) +p2n13(n);

molecules

ules

www.manharaa.com



fracbondbroken(t)=((inumbond-CsTb(t))/inumbond)

%Weight fraction
wt_frac=(DP.*d)/sum(DP.*d);

% Normalized height h/total_h also refers to dw
dw_dv=(d.*MW)/sum(d.*MW);

%dw_dv=Mwt_frac;

% Calibration equation from experiment is of th
Bv;

% where: A and B are intercept and gradient res
elution volume;

% dv/dlogMW equals the reciprocal of the gradie
linear)

% therefore to obtain dw/dlogMW, we multiply dw

% dw/dlogMW = dw/dv * dv/dlogMW
%

dw_dlogMW = MW .*(d/Mf);

% Mass of accumulated water molecules

% o
dMH20=(t*18/Mf)*(dw_dlogMW/sum(dw_dlogMW));

%Deducting mass of accumulated water molecules

%the distribution as scission increases

% --—- —-— ==

dw_dlogMW=dw_dlogMW-dMH20;
%dw_dlogMW=dw_dlogMW-dSEM,;

dw_dlogMWA(1:end,t)=dw_dlogMW;
countd(1:end,t)=d;

xlcol={B''C''D''"E''F''G''H""l' J''K'
‘Qk
xlcol_num=2:5636;

if mod(t,cystp)==0 || t==1

figure(3)

semilogx(MW,dw_dlogMW,plotlabel{lh})%'-g")%

%title(strcat('DP Distribution after Scissi
(random)',;numberm_str));

xlabel('MW");

ylabel('dw/dlogMW");

legend(plotlabel_run);

hold on
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% figname=strcat('center’,numberm_str);
cd(centerscission_files);

% saveas(gcf, figname, 'pdf);

% saveas(gcf, figname, 'fig');

% saveas(gcf, figname, 'jpeg");

%
% Storing data in Excel
%
dw_dlogMW_SUCCESS =
xlswrite('C:\MATLAB\Center_scission_rawdata\Centers
_dlogMW,'dw_dlogMW5000_500',...

strcat(xlcol{Ih},num2str(xicol_num(1)),:,xlcol{lh},
24));

MW_SUCCESS =
xlswrite('C:\MATLAB\Center_scission_rawdata\Centers
,’dw_dlogMW5000_500A','/A2:A5625");

%

Ih=lh+1;
%hold off

%

end

%TN(dc)=sum(d); % Caculating the new total numb
each cycle

TN=sum(d);

TN1(t)=sum(d);

%d=TN*Probdf;

%pause(4)

end

cd(..";
% clear i j
end

%% unzip scission session

%

%%(2)unzip scission:
%*****************************************

%polymer chain to be scissioned at the end (reducin
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%dc=1;
% DP is the degree of polymerization
%dc=1,

fprintf(’

fprintf(\nRunning unzip scissioning’);

fprintf('\n::::::::::::::::

% DP is the degree of polymerization
mkdir('C:\MATLAB','Unzip_scission')
unzipscission_files='"C:\MATLAB\Unzip_scission’;

mkdir('C:\MATLAB','Unzip_scission_rawdata');

randomscission_rawdata=(C:\MATLAB\Unzip_scission_r

% DP=M/162;

to=0 % to : initial t

% stepl : randomly select a polymer chain for sciss
for t=1:dc

% Calculating total number of bonds
sTh=sum((DP-1).*d);

% Checking number of bonds at every cycle
CsTb(t)=sum((DP-1).*d);
%sTh=sum(d)-d(1);

clearr;

% Average bond length per cycle: DP(1:10) are
be
% soluble in solvent(water) at room condition

n_average(t+1)=(sum(DP.*d)/sum(d))-(sum((DP(1:1

1).*d(1:10)))/sum(d(1:10));

% Probability based on number of molecules of a
% over total number of molecules
%P=d./(TN1-d(1));

pause off

% Probability based on number of bonds
% Solving for probability for all DP sizes
%P=((DP-1).*d)/sTb; % Probability , P

%P=d/(TN-d(1)); % Probability based on chain le

% number of bonds as degradation progresses
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numbond=sum((DP-1).*d);

% unzipping involves scissioning of z-mer(s) s uch as monomer,
dimers,etc

% at either end of the polymer chain

% selection of arbitrary z-mers that one desire to scission at
either

% end of the polymer chain

z=1,;

az=num2str(z);

%CP=vertcat(Probdf,P,d,DP);

%CP=vertcat(Chromresp,P,d,DP);

for n=1:length(DP) %2<n<N

if n==1
sThK=sum((DP(2:end)-1).*d(2:end));

% Solving for P(k,t)
%Pk=((DP(2:end)-1).*d(2:end))/sTb;

% Solving for P(k,t)
Pk=d(2:end)/(TN-d(1));

% Solving for sum of 2P(k,t)/k-1, range k=2 to N --Max(DP)
Sk=sum(2*Pk./(DP(2:end)-1));

% Equation for when n=1
dt(n)=d(n) + Sk;

elseif n==max(DP)

% Equation for when n=N
dt(n)= d(n)-P(n);

elseif n~=1 && n~=max(DP)
%P(n) =((n-1)*d(n))/(sTb) %P(n,t);
k=n;
sTbk=sum((DP(k:end)-1).*d(k:end));
%P=((DP-1).*d)/sTb; % Probability , P

P=d/(TN-d(1)); % Probability , P

% Solving for P(n+z,t)

if k<=max(DP)-z && k>z
%pnz(n)=(((n+z)-1)*d(n+2))/sTb;
pnz(n)=d(n+z)/(TN-d(1));

else
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pnz(n)=0;
end

% Equation for when 1<=n<=N
dt(n)= d(n)-P(n) + pnz(n);

end

end

d=dt'; % array of new values for the number of
Number_ml=d;

% Solving MW based response and number of molec

%MW=Chromresp./d;

%Weight fraction
wt_frac=(DP.*d)/sum(DP.*d);

%Number average MW:
Mn(t)=sum(d/Mf.*MW)/sum(d/Mf);

% DPn
DPn(t) = (Mn(t)-18)/162;

% Percentage of average bonds broken
Percent_bond_broken(t) = ((iMn-Mn(t))/iMn)*100;

fracbondbroken(t)=((inumbond-CsTb(t))/inumbond)

% Normalized height h/total_h also refers to dw
dw_dv=(d.*MW)/sum(d.*MW);

%dw_dv=Mwt_frac;

% Calibration equation from experiment is of th

Bv;

% where: A and B are intercept and gradient res

elution volume;

% dv/dlogMW equals the reciprocal of the gradie

linear)

% therefore to obtain dw/dlogMW, we multiply dw
% dw/dlogMW = dw/dv * dv/dlogMW

%
dw_dlogMW = MW .*(d/Mf);
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% Mass of accumulated water molecules

% s s s s

dMH20=(t*18/Mf)*(dw_dlogMW/sum(dw_dlogMW));

%Deducting mass of accumulated water molecules

%the distribution as scission increases

% --—- —-— ==

dw_dlogMW=dw_dlogMW-dMH20;
%dw_dlogMW=dw_dlogMW-dSEM,;

dw_dlogMWA(1:end,t)=dw_dlogMW;
countd(1:end,t)=d;

xlcol={B''C''D''"E''F''G''H""l' J''K'
QL
xlcol_num=2:5636;

if mod(t,cystp)==0 || t==1
%

figure(3)

semilogx(MW,dw_dlogMW,plotlabel{lg})%'-g")%

%title(strcat('DP Distribution after
Scission(unzip',az,'mer)’,numberm_str));

xlabel('MW");

ylabel(‘'dw/dlogMW");

legend(plotlabel_run);

hold on

%figname=strcat('unzip_',az,'mers',numberm_

cd(unzipscission_files);

% saveas(gcf, figname, 'pdf);
% saveas(gcf, figname, 'fig");
% saveas(gcf, figname, 'jpeg");

% Storing data in Excel

%

WTFRAC_SUCCESS =
xlswrite('C:\MATLAB\Unzip_scission_rawdata\Unzipsci
logMW,'dw_dlogMW2000_200',...

strcat(xlcol{lg},num2str(xicol_num(1)),:,xlcollg},
24));

DP_SUCCESS =
xlswrite('C:\MATLAB\Unzip_scission_rawdata\Unzipsci
dw_dlogMW2000_200','A2:A2050");

%

lg=lg+1;
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%
%

end

%TN(dc)=sum(d); % Caculating the new total numb
each cycle

TN=sum(d); %

TN1(t)=sum(d);

%d=TN*Probdf;

%pause(4)

end

% figure(3)

% %plot(x,fracpdfNormal2);

% plot(DP,d,'-r')%,DP,d,"-b";

% title('DP Distribution after Scission');

% xlabel('DP";

% ylabel('# of Molecules and Probability");
% hold on

cd("..";
% clearij

end

% Percentage number of bonds broken
percent_bond_broken=((inumbond-numbond)/inumbond)*1

% LIBRARY OF CODE

%

% histc(testDP,unique(testDP(1:end)))’;
% unique(testDP(1:end))’;
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APPENDIX D: MATLAB CODE FOR THE MONTE CARLO

SIMULATION

close all
clear all

% Importing data from Excel file: DP_cellulose_from

_experiment.xIsx

%

% Molecular weight :

MW=
xlsread('C:\MATLAB\DP_cellulose_from_experiment’,'s
"); %sheet 1

%Normalized height: Weight fraction of each MW in t
NH =
xlsread('C:\MATLAB\DP_cellulose_from_experiment’,'s
;% sheet 1

% Sum of all Molecular Weight
SWM = sum(MW);

%Chromotogram
%
Chromresp=xIsread('C:\MATLAB\DP_cellulose_from_expe
127:AW5751");% sheetl

Mf=1E5; % Mf : multiplication factor
% Simulated Data

%
% Number of molecules for each Molecular Weight in

d
=xIsread('C:\MATLAB\DP_cellulose_from_experiment',’
1')*Mf;%%.*((0.003)./(MW*1.66053886e-27*1000));

3

%initial_d
initial_d=d;

% Array of DP generated from Experiments
%
DP =((MW)-18)/162;
x=DP;

testDP=DP;

pause on

heet3','AZ127:AZ5751

he distribution

heet3','AX127:AX5751

riment','sheet3','AW

the Distribution

sheet3','BA127:BA575
%*100000; % sheet
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warning off

%

%Counter for number of runs: scissions

%

% dc=1000; % dcc is dc counter
% cystp=100; % cycle step ( for the mod function) f
"cystp”

%Counter for number of runs: scissions

%

dc=Mf;%sum(d); % dcc is dc counter
cystp=dc/10;% cycle step ( for the mod function) fo
"cystp"

%Mode of scission options:
random_scission=1;
center_scission=0;
unzip_scission=0;

%PIlotting chromatogram

%

figure(1)

semilogx(MW,Chromresp);
titte('Chromatogram response vs MW');
xlabel('MW");

ylabel('mV";

%pause

%TN1=sum(d); % Affirming the Total number of molecu
TN=sum(d);

%pause

% Initial total number of bonds
inumbond=sum((DP-1).*d);

figure(2)

semilogx(MW,d);

title("Experimental MW Distribution *);
xlabel('MW");

ylabel('# of Molecules");

%number average degree polymerization or average bo
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n_average(1)=(sum(DP.*d)/sum(d));

%Weight fraction in Mw

%Mwt_frac=((DP*162+180).*d)/sum((DP*162+180).*d);

% Normalized height h/total_h also refers to dw/dv
%dw_dv=(d.*MW)/sum(d.*MW);
dw_dv=NH;

% Calibration equation from experiment is of the fo
% where: A and B are intercept and gradient respect
volume;

% dv/dlogMW equals the reciprocal of the gradient (
% therefore to obtain dw/dlogMW, we multiply dw/dv
% dw/dlogMW = dw/dv * dv/dlogMW

dv_dlogMW = 643;

dw_dlogMW = dw_dv*dv_dlogMW;
ini_dw_dlogMW=dw_dlogMW,

figure(3)
semilogx(MW,dw_dlogMW)%'-g")%,DP,d,"-b";
%title(strcat('DP Distribution after Scission (rand
xlabel('MW");

ylabel('dw/dlogMW");

hold on

% figname=strcat('random',numberm_str);

% cd(randomscission_files);

% saveas(gcf, figname, 'pdf");

% saveas(gcf, figname, 'fig");

% saveas(gcf, figname, 'jpeg");

iDP=DP;
plotlabel={"-r" "-b" '-r' "--r' '--k' -k "-g" '--
plotlabel_run={'Initial' ‘plotl' 'plot2' 'plot3' 'p
'plot6'...
'‘plot7' 'plot8' 'plot9' 'Final'};
lg=1; % legend indices for plotlabel
lw=1;
Ik=1;
Ih=1;
dw_dlogMWA=dw_dlogMW;

% Number of molecules for each Molecular Weight in
%d =flipud(xlsread('C:\Users\Kazeem\Documents\My

Documents\MATLAB\DP_cellulose_from_experiment','she

100000; % sheet 3

%initial_d
initial_d=d;
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% % Number average MW
iMn=sum(d/Mf.*MW)/sum(d/Mf);
%

% % DPn

iDPn = (iMn-18)/162;

% Percentage number of bonds broken
Theoreticalpercent_bond_broken=(dc/inumbond)*100;

imassmonomer=sum((DP).*d);
%d=Sd;

% DP with number of molecules > zero
%DP=[DP(6:end)];

% POLYMER DEGRADATION SECTION
%

%(1) Random scission:

% * * * * * * * * * *

% dc : degradation cycle

if random_scission ==

%dc=1,;

fprintf(’ ;
fprintf(\nRunning random scissioning’);
fprintf(\n================ \n');
% DP is the degree of polymerization

mkdir('C:\MATLAB','Random_scission');
randomscission_files=('C:\MATLAB\Random_scission');

mkdir('C:\MATLAB','Random_scission_rawdata');
randomscission_rawdata=('C:\MATLAB\Random_scission_

% DP=M/162;

to=0; % to : initial t

% stepl : randomly select a polymer chain for sciss
for t=1:dc

% Calculating total number of bonds
sTh=sum((DP-1).*d);

% book keeping number of bonds at every cycle
CsTb(t)=sum((DP-1).*d);

%sTh=sum(d)-d(1);

clearr;

rawdata');

ioning:
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CP=vertcat(Chromresp,d,DP);

DP=DP’,
% % randomly selecting chain length for scissio
%  SDP=DP(1,ceil(length(DP)*rand));
% CSDP(t)=SDP;

%Extracting the nonzeros elements.i.e. molecule

[rDPb cDPb]=size(nonzeros(DPb));

% randomly selecting bond to break from the who
Pb=[ceil(rand*rDPDb) ceil(cDPb*rand)];
[i j]=find(DPb==Pb(1));% noting bond point wit

SDPb=DPb(i,);
CSDPb(t)=SDPb;

% A(ceil(rand*4),ceil(5*rand)) ; A is a matri

% --—- —- ===

if SDPb==0
d=d;
DP=DP’;

else

% %Randomly selecting bond from the bondmat
% Pb=DPb(1,ceil([rDPb,cDPb]*rand));

%To know the randomly selected bond
%SDPb=DPb(Pb(1),Pb(2));

% To know all the bonds in the array where
LDPb=nonzeros(DPb(i,1:end));

%The corresponding chain length from where
randomly

%selecetd within bondmatrix

SDP=length(LDPb)+1;

% finding the spot at which the randomly se
broken
SB=find(LDPb==SDPb);

% Two different chains from scission
SB1=SDP-SB;

CDP=[SB SB1];

DP1=CDP(1); DP2=CDP(2);

202

s with bonds

le molecules

hin the matrix

rix

the bond is selected

the bond was

lected bond is

www.manaraa.com



% Adding one more molecule to the number of

corresponding to DP with equal size to the two

and

% new DPs formed
d=d;
dp=find(DP==SDP);
dpl=find(DP==DP1);
dp2=find(DP==DP2);

%increasing number of molecules by 1 for ea
%length formed which

if DP1==DP2 || d(dp1)+2<d(dp1+1)

d(dp1)=d(dp1)+2;
elseif DP1~=DP2 || d(dp1)+1<d(dpl+1)

d(dpl)=d(dpl)+1;
elseif DP1~=DP2 && d(dp2)+1<d(dp2+1);

d(dp2)=d(dp2)+1;
else

end

MW=MW",
% decreasing number of molecules by 1 from
% selected scissioned and if a polymer chai

% is scissioned removed from the distributi
% spikes between DP
if isempty(dp)==1

elseif d(dp)>=1 && d(dp)-1<1
%d(dp)=0;
%DP(dp)=0;
%MW (dp)=0;
%dw_dlogMWA(dp,t)=[];
d(dp)=d(dp);

elseif d(dp)<1
d(dp)=d(dp);

else
d(dp)=d(dp)-1;

end

if SB==1 || SB==length(LDPb)
ntzero=SDP-1,;
DPb(i,1:ntzero)=0;
DPb(i,1:ntzero-1)=LDPb(1:length(LDPb)-1
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DPbr=DPb(DPb>max(LDPb))-1;
DPb(DPb>max(LDPb))=DPbr;

else
ntzero=SDP-1,
[ii jj]=size(DPb);
DPb(i,1:ntzero)=0;
DPb(i,1:SB-1)=LDPb(1:SB-1)’;
DPb(ii+1,1:DP2-1)=LDPb(SB:length(LDPb)- 1);
DPbr=DPb(DPb>max(LDPb))-1;
DPb(DPb>max(LDPb))=DPbr;
%maxnzero=max(nonzeros(DPb));
%maxnzero:maxnzero+DP1-2;
%DPDb(ii+2,1:DP2-1)=maxnzero+DP1-1:(maxn zero+DP1-1)+DP2-2;

end
DP=DP’;

d=d’;
MW=MW'

end

d=d; % array of new values for the number of mo lecules
%Number_m1(:,t)=d;

%Weight fraction in Dp
wt_frac=(DP.*d)/sum(DP.*d);

%Weight fraction in Mw
Mwt_frac=((DP*162+180).*d)/sum((DP*162+180).*d) ;

% Normalized height h/total_h also refers to dw /dv
dw_dv=(d.*MW)/sum(d.*MW);

%Number average MW:
Mn(t)=sum(d/Mf.*MW)/sum(d/Mf);

% DPn
DPN(t) = (Mn(t)-18)/162;
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% Percentage of average bonds broken
Percent_bond_broken(t) = ((iMn-Mn(t))/iMn)*100;

%dw_dv=(NMW)/sum(NMW);
%dw_dv=Mwt_frac;

% Calibration equation from experiment is of th
Bv;

% where: A and B are intercept and gradient res
elution volume;

% dv/dlogMW equals the reciprocal of the gradie
linear)

% therefore to obtain dw/dlogMW, we multiply dw

% dw/dlogMW = dw/dv * dv/dlogMW

%dv_dlogMW = 643.3198705;

%dw_dlogMW = dw_dv*dv_dlogMW;
%dw_dlogMWA(1:end,t)=dw_dlogMW;
dw_dlogMW = MW.*(d/Mf);

%Differential fraction
dw_frac=(log(10))*(DP).*Mwt_frac;

IgMw=l0og10(DP*162);
%MW=MW;

xlcol={'B''C''D''E''F''G''H"'I' ' J' 'K’
QL
xlcol_num=2:2050;

if mod(t,cystp)==0 || t==1

figure(3)

%semilogx(MW,wt_frac,plotlabel{Ih})%'-g")%,

semilogx(MW,dw_dlogMW,plotlabel{lh})%'-g")%

%title(strcat('DP Distribution after Scissi
(random)',;numberm_str));

xlabel('MW");

ylabel('dw/dlogMW");

legend(plotlabel_run);

hold on

%figname=strcat('random',numberm_str);

cd(randomscission_files);

% saveas(gcf, figname, 'pdf);

% saveas(gcf, figname, 'fig');

% saveas(gcf, figname, 'jpeg’);
% MW

% Storing data in Excel
%
dw_dlogMW_SUCCESS =

xlswrite('C:\MATLAB\Random_scission_rawdata\Randoms

_dlogMW,'dw_dlogMW1000_100A,...
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strcat(xlcol{Ih},num2str(xicol_num(1)),:,xlcol{Ih},
d)));

MW_SUCCESS =
xlswrite('C:\MATLAB\Random_scission_rawdata\Randoms
,’dw_dlogMW1000_100A','/A2:A2050";

%

Ih=Ih+1;
%hold off

%wt_frac=wt_frac*643;

figure(4)

semilogx(DP,wt_frac,plotlabel{lg})%'-g")%,D

%title(strcat('DP Distribution after Scissi
(random)',;numberm_str));

xlabel('DP");

ylabel("Weight Fraction');

legend(plotlabel_run);

hold on

%figname=strcat('random’',numberm_str);

cd(randomscission_files);

% saveas(gcf, figname, 'pdf);
% saveas(gcf, figname, 'fig');
% saveas(gcf, figname, 'jpeg’);
% %Storing data in Excel

%
% WTFRAC_SUCCESS = xlIswrite('C:\Users\Kazee
Documents\MATLAB\Random_scission_rawdata\Randomscis
c','weightfraction’,...

%

strcat(xlcol{lg},num2str(xicol_num(1)),:,xlcol{lg},

d))));

% DP_SUCCESS = xlswrite('C:\Users\Kazeem\Do
Documents\MATLAB\Random_scission_rawdata\Randomscis
eightfraction','/A2:A454";

% %

lg=lg+1;
hold off

%

%
end

%MW=NMW;
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TN(t)=sum(d); % Caculating the new total number
each cycle

%

end

DW_DLOGMWA =
xlswrite('C:\MATLAB\Random_scission_rawdata\Randoms
_dlogMWA,'dw_dlogMWAY");

%AREA_A = xlswrite('C:\Users\Kazeem\Documents\My
Documents\MATLAB\Random_scission_rawdata\Randomscis
,'SMWCT1000_100Y;

% figure(3)

% %plot(x,fracpdfNormal2);

% plot(DP,d,"-r')%,DP,d,-b");

% title('DP Distribution after Scission');

% xlabel('DP";

% ylabel('# of Molecules and Probability");
% hold on

%cd('..");

% clear i j

end

%% center scission session

%

%%(2)center scission:
%*****************************************

%polymer chain to be scissioned at the center
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%%

% dc : degradation cycle

if center_scission==1

%dc=1,;

% DP is the degree of polymerization

%dc=1;

fprintf(" ";
fprintf(\nRunning center scissioning');
fprintf('\n::::::::::::: \n');
% DP is the degree of polymerization

mkdir('C:\MATLAB','Center_scission’);
centerscission_files='"C:\MATLAB\Center_scission’;

mkdir('C:\MATLAB','Center_scission_rawdata");
randomscission_rawdata=('C:\MATLAB\Center_scission_

rawdata');
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% DP=M/162;

to=0 % to : initial t

% stepl : randomly select a polymer chain for sciss
for t=1:dc

% Calculating total number of bonds
sTh=sum((DP-1).*d);

% book keeping number of bonds at every cycle
CsTh(t)=sum((DP-1).*d);

%sTh=sum(d)-d(1);

clearr,;

CP=vertcat(Chromresp,d,DP);
DP=DP";
% randomly selecting chain length for scission

SDP=DP(1,ceil(length(DP)*rand));
CSDP(t)=SDP;

if SDP==1

d=d;
DP=DP’;

else SDP>1 ;

% Forming an array out of the selected DP (
SBDP=1:SDP;

% Forming an array of number of bonds from

(SDP)

NSBDP=1:SDP-1,

% Checking if selected DP is odd or even an

% break from the selected chain

if mod(max(NSBDP),2)==0 % for even number o
SB=max(NSBDP)/2;
SB1=SB-1;
CDP=[SB+1 SB1+1];% DP=number of bonds +

or SB1+1 are the new DPs

else
PSB=median(NSBDP); % for odd number of
SB=length(NSBDP)-PSB,;
SB1=SB;
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CDP=[SB+1 SB1+1]; % two new chains form
ans SB1+1
end
DP1=CDP(1); DP2=CDP(2);

% Adding one more molecule to the number of
corresponding to DP with equal size to the two
% new DPs formed

d=d;
dp=find(DP==SDP);
dpl=find(DP==DP1);
dp2=find(DP==DP2);

% decreasing number of molecules by 1 from
selected scissioned
if d(dp)>=1
d(dp)=d(dp)-1;
else

d(dp)=d(dp);
end

%increasing number of molecules by 1 for ea
%length formed which

if DP1==DP2

d(dpl)=d(dp1)+2;
else

d(dp1)=d(dp1)+1;

d(dp2)=d(dp2)+1;
end

DP=DP";
d=d,

end

d=d; % array of new values for the number of mo
%Number_m1(;,t)=d;

%Weight fraction in Dp
wt_frac=(DP.*d)/sum(DP.*d);

%Weight fraction in Mw
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Mwt_frac=((DP*162+180).*d)/sum((DP*162+180).*d) ;

% Normalized height h/total_h also refers to dw /dv
dw_dv=(d.*MW)/sum(d.*MW);

%Number average MW:
Mn(t)=sum(d/1E9.*MW)/sum(d/1E9);

% DPn
DPN(t) = (Mn(t)-18)/162;

% Percentage of average bonds broken

Percent_bond_broken(t) = ((iMn-Mn(t))/iMn)*100;

%dw_dv=(NMW)/sum(NMW);
%dw_dv=Mwt_frac;

% Calibration equation from experiment is of th e form logMW = A +
Bv;

% where: A and B are intercept and gradient res pectively; v is
elution volume;

% dv/dlogMW equals the reciprocal of the gradie nt (constant-
linear)

% therefore to obtain dw/dlogMW, we multiply dw /dv with dv/dlogMW

% dw/dlogMW = dw/dv * dv/dlogMW
dv_dlogMW = 643.3198705;

dw_dlogMW = dw_dv*dv_dlogMW;
dw_dlogMWA(1:end,t)=dw_dlogMW;

%Differential fraction
dw_frac=(log(10))*(DP).*Mwt_frac;

IgMw=log10(DP*162);

% Number fraction
num_frac = d/sum(d);

xlcol={B''C''D''"E''F''G''H""l' J''K' ‘L'"'M"'N'"'O"'P'
QL
xlcol_num=2:5625;

if mod(t,cystp)==0 || t==1

figure(3)

semilogx(MW,dw_dlogMW,plotlabel{lh})%'-g")% ,DP,d,'-b");

%title(strcat('DP Distribution after Scissi on
(random)',numberm_str));

xlabel('MW");

ylabel('dw/dlogMW");

legend(plotlabel_run);

hold on
% figname=strcat('center’,numberm_str);
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cd(centerscission_files);

% saveas(gcf, figname, 'pdf);
% saveas(gcf, figname, 'fig');
% saveas(gcf, figname, 'jpeg’);

%
% Storing data in Excel
%
dw_dlogMW_SUCCESS =
xlswrite('C:\MATLAB\Center_scission_rawdata\Centers
_dlogMW,'dw_dlogMW42000_4200C',...

strcat(xlcol{Ih},num2str(xicol_num(1)),:,xlcol{Ih},
24));

MW_SUCCESS =
xlswrite('C:\MATLAB\Center_scission_rawdata\Centers
,'dw_dlogMW42000_4200C','A2:A5625");

%

Ih=Ih+1;
%hold off

%

%

end

%TN(dc)=sum(d); % Caculating the new total numb
each cycle

TN=sum(d);

TN1(t)=sum(d);

%d=TN*Probdf;

%pause(4)

end

%
end

%% unzip scission session

%

%%(2)unzip scission:
%*****************************************

%polymer chain to be scissioned at the end (reducin
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% DP is the degree of polymerization

%dc=1;

fprintf(’ ;
fprintf(\nRunning unzip scissioning');
fprintf(\n================ \n');
% DP is the degree of polymerization
mkdir('C:\Users\Kazeem\Documents\My Documents\MATLA
unzipscission_files='C:\Users\Kazeem\Documents\My
Documents\MATLAB\Unzip_scission’;

mkdir('C:\Users\Kazeem\Documents\My
Documents\MATLAB','Unzip_scission_rawdata');
randomscission_rawdata=('C:\Users\Kazeem\Documents\
Documents\MATLAB\Unzip_scission_rawdata");

% DP=M/162;

to=0 % to : initial t

% stepl : randomly select a polymer chain for sciss
for t=1:10

% Calculating total number of bonds
sTb=sum((DP-1).*d);

% book keeping number of bonds at every cycle
CsTb(t)=sum((DP-1).*d);

%sTb=sum(d)-d(1);

clearr;

CP=vertcat(Chromresp,d,DP);

DP=DP';

% randomly selecting chain length for scission
SDP=DP(1,ceil(length(DP)*rand));
CSDP(t)=SDP;

if SDP==1
d=d;
DP=DP";

else SDP >1 ;

% Forming an array out of the selected DP (
SBDP=1:1:SDP;
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% Breaking off one bond from the end of the
uzb=1; % number of unzip bonds from any of
SB=length(SBDP)-uzb;

SB1=uzb;

% Two different chains from scission
CDP=[SB SB1];

DP1=CDP(1); DP2=CDP(2);

% Adding one more molecule to the number of
corresponding to DP with equal size to the two
% new DPs formed

d=d;
dp=find(DP==SDP);
dpl=find(DP==DP1);
dp2=find(DP==DP2);

% decreasing number of molecules by 1 from
selected scissioned
if d(dp)>=1
d(dp)=d(dp)-1;
else

d(dp)=d(dp);
end

%increasing number of molecules by 1 for ea
%length formed which

if DP1==DP2

d(dpl)=d(dp1)+2;
else

d(dpl)=d(dp1)+1;

d(dp2)=d(dp2)+1;
end

DP=DP";
d=d’;

end

d=d; % array of new values for the number of mo
%Number_m1(:,t)=d;

%Weight fraction in Dp
wt_frac=(DP.*d)/sum(DP.*d);
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%Weight fraction in Mw
Mwt_frac=((DP*162+180).*d)/sum((DP*162+180).*d)

% Normalized height h/total_h also refers to dw
dw_dv=(d.*MW)/sum(d.*MW);

%dw_dv=(NMW)/sum(NMW);
%dw_dv=Mwt_frac;

% Calibration equation from experiment is of th

Bv;

% where: A and B are intercept and gradient res

elution volume;

% dv/dlogMW equals the reciprocal of the gradie

linear)

% therefore to obtain dw/dlogMW, we multiply dw
% dw/dlogMW = dw/dv * dv/dlogMW
dv_dlogMW = 643.3198705;

dw_dlogMW = dw_dv*dv_dlogMW;
dw_dlogMWA(1:end,t)=dw_dlogMW;

%Differential fraction
dw_frac=(log(10))*(DP).*Mwt_frac;

IgMw=10g10(DP*162);
% Number fraction
num_frac = d/sum(d);

xlcol={'B''C''D' 'E'"'F"'G"'"H"'I' J"'K'

Q%

%
%
%
%
%
%
%
%
%
%
%
%

xlcol_num=2:2050;

if mod(t,cystp)==0 || t==1
figure(3)
%plot(x,fracpdfNormal2);
plot(DP,Number_m1);
title('DP Distribution after Scission (un
xlabel('DP");
ylabel('Number of molecules");
hold on

figure(4)

%plot(x,fracpdfNormal2);
plot(DP,P,"-r)%,DP,d,"-b";

title('DP Distribution after Scission (un
xlabel('DP");
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% ylabel('Probability");
% hold on

figure(3)

semilogx(MW,dw_dlogMW,plotlabel{lg})%'-g")%

%ititle(strcat('DP Distribution after
Scission(unzip',az,'mer)’,;numberm_str));

xlabel('MW");

ylabel('dw/dlogMW");

legend(plotlabel_run);

hold on

%figname=strcat('unzip_',az,'mers',numberm_

cd(unzipscission_files);

% saveas(gcf, figname, 'pdf);
% saveas(gcf, figname, 'fig");
% saveas(gcf, figname, 'jpeg");

% Storing data in Excel

%

WTFRAC_SUCCESS = xlIswrite('C:\Users\Kazeem\
Documents\MATLAB\Unzip_scission_rawdata\Unzipscissi
MW,'dw_dlogMW2000_200',...

strcat(xlcol{lg},num2str(xicol_num(1)),:,xlcol{lg},
d)));

DP_SUCCESS = xlswrite('C:\Users\Kazeem\Docu
Documents\MATLAB\Unzip_scission_rawdata\Unzipscissi
dlogMW2000_200','”A2:A2050");

%

lg=lg+1;

%

end

%TN(dc)=sum(d); % Caculating the new total numb
each cycle

TN=sum(d); %

TN1(t)=sum(d);

%d=TN*Probdf;

%pause(4)

end

% figure(3)

% %Yplot(x,fracpdfNormal2);

% plot(DP,d,-r')%,DP,d,'-b");

% title('DP Distribution after Scission');
% xlabel('DP";
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% ylabel('# of Molecules and Probability");
% hold on

cd(..";
% clearij

end
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