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ABSTRACT

The rare characteristics of sorbitol as a promising intermediate in biomass to
biofuel conversion have attracted much research. Nevertheless, adequate under-
standing of the mechanism and kinetics of its reactions is still missing, mostly
because of the complex molecular structure of the polysaccharides that are in-
volved. This dissertation is the tale of our research on the kinetics and mech-
anism of sorbitol production through hydrolytic hydrogenation of oligosaccha-
rides. Preceding research on this topic is almost entirely based on the contro-
versial hypothesis that conversion of polysaccharides to sorbitol passes through
a consecutive hydrolysis to monosaccharides followed by hydrogenation to sor-
bitol. Our research, on the other hand, reveals two competing reaction path-
ways, namely hydrolysis of oligosaccharides, and its hydrogenation to reduced
form. More interestingly, at lower reaction temperatures the hydrogenation
pathway becomes considerably dominant which is contrary to the widely ac-

cepted premise.

To overcome the molecular complexity of polysaccharides, we settled for

model-molecules such as disaccharides and trisaccharides which have simple
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structure and sufficiently resemble the polysaccharides. Most of our effort has
been directed towards selective hydrolysis-hydrogenation of these model molecules
over a catalytic system composed of molecular acids and supported metal cata-
lysts.

Kinetic study of disaccharides showed that at lower reaction temperatures,
the hydrogenation pathway is dominant whereas at higher reaction tempera-
tures, direct hydrolysis of disaccharides becomes favorable. Analysis of kinetic
data confirmed the hydrolysis reaction as the rate determining step. Kinetic
investigation of trisaccharides also indicated that the hydrogenation proceeds
faster than hydrolysis. At the same time, a facilitated hydrolysis of reduced
trisaccharides compared with non-reduced counterpart was observed.

The study was extended to include oligosaccharides with longer chains, up
to heptasaccharides, using the same underlying kinetic model. Despite growing
complexity of the reaction network, the same kinetic selectivities i.e. the hydro-
genation over hydrolysis as well as facile hydrolysis of reduced compounds were
confirmed. Overall, a direct hydrogenation of oligosaccharides to reduced forms

followed by hydrolysis appears as a superior sorbitol production pathway.
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CHAPTER 1

INTRODUCTION

The socioeconomic impact of energy consumption and supply is unquestion-
ably immense. Also, the ongoing environmental crisis has made it imperative
to find alternative energy resources. Finding clean renewable energy is now a
global research endeavor [1, 2, 3|]. Among various alternatives, biomass is a
highly promising source of energy which is renewable and potentially sustain-
able. Lignocellulose and starch-base materials are the most abundant source
of biomass, representing about 40-50% of dry weight of plants. They can be
chemically altered to valuable fuels and platform chemicals such as glycerol, 3-
hydroxypropionic acid, sorbitol, levulinic acid, xylitol, glucaric acid, bioethanol,

acetic acid, D-lactic acid, etc [4, 5, 6].

These biopolymers (cellulose and starch) are composed of sugar chains joined
by hydrogen bonding. In starch the glucose units are connected via a-1,4-
glycosidic bonds (amylose), while in cellulose the glucose units are connected
via §-1,4-glycosidic bonds (Figure 1.1) [7].

Cellulose chains in primary plant cell walls have degrees of polymerization

ranging from 5000 to 7500 glucose units, and in wood and cotton-based materials

1
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Figure 1.1: Structure of cellulose and amylose.

between 10000-15000. The basic repeating unit of cellulose is cellobiose, the (-
(1-4) linked disaccharide of D-glucopyranose. Cellulose is insoluble in water and
most conventional solvents. It has a crystalline structure and harsh conditions
such as high temperatures or high acid concentrations are needed to deconstruct
the polymer and release the monomers from the tightly associated chains [§].

Starch is composed of two kinds of polysaccharides; amylose and amylopectin.
The amylose has linear glucose linkages and amylopectin has both linear and
about 5% branched linkages. Starch is insoluble in water and has partially
crystalline structure. Depending on the source of the starch the degree of poly-
merization varies between 300-4000 in amylose and 104-105 in amylopectin with
the repeating unit maltose, an a-(1-4) linked disaccharide of D-glucopyranose
[9].

In order to make polysaccharides accessible to further transformations, de-
polymerization process is necessary. The depolymerization is the process of
converting polysaccharides into mono- and oligosaccharides that are soluble in
an aqueous environment. To date a variety of depolymerization methods have
been developed, mostly including pre-hydrolysis with acid or alkaline solution,
dissolution in ionic liquids, or applying a mechanocatalytic depolymerisation by

milling in the presence of acids [10, 11, 12, 13, 14]. A depolymerization under



optimal conditions allows to reduce the degree of polymerization of polysaccha-
rides significantly. Acid hydrolysis is among the oldest and prevalent pretreat-
ment techniques. Two different methods are widely used for acid hydrolysis of
polysaccharides. The first method uses a high concentration of acids and low
operation temperatures. The major drawbacks of this method are the high cost
of acid recovery and the need for expensive construction materials. In the second
method, a highly diluted acid at high operation temperatures is utilized. This

method is more favorable and most frequently applied [15, 16].
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Figure 1.2: Acid hydrolysis mechanism, depicted from [17].

During acid hydrolysis, the glycosidic bonds of polysaccharides are cleaved
to yield sugar oligomers. Acid hydrolysis of polysaccharides typically occurs via
protonation of the glycosidic bond to form a conjugated acid, leading to cleavage

of the glycosidic bond along with addition of a water molecule to release both
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glucose or oligomers and a hydrogen ion (Figure 1.2) [18].

Hydrolysis of polysaccharides is a complex process involving multiple reac-
tion steps and transfer phenomena. Typically, the hydrolysis includes a sequence
of first-order reactions: the hydrolysis of polysaccharides to oligosaccharides and
subsequently, to monosaccharides, followed by further degradation of monosac-
charides. However, understanding the kinetics and mechanisms of hydrolysis
of polysaccharides is of great importance while depolymerization via hydrolysis

paves the way for further catalytic transformation.

1.1. ACID HYDROLYSIS KINETICS

Kinetics of polysaccharide hydrolysis especially cellulose have been widely stud-
ied. The majority of kinetic studies proposed a lumped model in which the
polymer and all oligomers were considered as one substrate. Whereas some
models took into account the formation of oligomers as intermediate. The ki-
netics of hydrolysis reaction were also investigated by using depoymerization
concepts and model compounds. A brief overview of kinetic models described
in the literature for hydrolysis of linear polysaccahrides will be discussed in the

following sections.

1.1.1. CONVENTIONAL KINETIC MODEL

Various kinetic studies on the acid catalyzed hydrolysis of polysaccharides have
been reported in literature. The first systematic kinetic study on biomass hy-
drolysis was reported by Saeman in 1945 [19]. Hydrolysis was assumed to be

pseudo homogeneous first order and to follow two consecutive reactions:

cellulose ~% glucose a2, degradation products (1.1)
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The reaction rate equations describing cellulose and glucose concentrations are

as follows:
dCcellulose
= -k Cce ulose 1.2
dt 1 Hul ( )
dcC ucose
gcllt = klccellulose - k2Oglucose (13)

the reaction rate constants (k;) follow an Arrhenius temperature dependence

with including acid concentration as shown as following equation:
ki = k?()ﬂ;[A]me_R%, (14)

where kg ; is the pre-exponential factor, [A] is acid concentration, and m is an
empirical exponent.

Numerous kinetic studies on biomass hydrolysis between 1945 and 1990 ap-
plied the kinetic model developed earlier by Saeman. A literature overview of
kinetics of acid hydrolysis of polysaccharides at different acid concentrations and
temperatures is presented in the Table 1.1. The apparent activation energies of
different sources of polysaccharides vary in a broad range of 105-188 kJ mol~!.
For example higher activation energies have been determined for kraft and filter
paper, whereas lower ones are obtained for sugarcane and wheat straw. This
indicated that the simple kinetic model for hydrolysis cannot be applied on the
entire range of temperatures and acid concentrations.

Since the first kinetic model proposed by Saeman, several modifications were
added to include additional factors. The most recent modified model for dilute
acid hydrolysis of cellulose includes the presence of soluble oligomeric interme-
diates which were found in non-negligible quantities during hydrolysis at high
temperatures and low acid concentrations. The conversion of oligomers to glu-
cose is two to three times faster compared to the hydrolysis of cellulose to soluble
oligomers; therefore, oligomer formation initially was not recognized [22]. Abat-

zoglou et al. reported the presence of oligomers in significant amounts in the
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Substrate Temp./° C  Acid conc. E./kJ mol™!  Reference
Inulin 7-100 pH 2-4.2 109 [20]
Sugarcane bagasse 100-128 2-6 wt% 109 [21]
a-cellulose 220-240 0.2-1 wt% 177 [22]
Kraft paper 180-240 0.2-1 wt% 188 [23]
Douglas fir 170-190 0.4-1 wt% 179 [19]
Arabinogalactan 80-100 1M,pH1 135 [24]
Solka-floc 180-240 0.5-2 wt% 177 [25]
Filter paper 200-240 0.4-1.5 wt% 178 [26]
Paper refuse 180-240 0.2-1 wt% 137 [23]
Municipal solid wastes 200-240 1.3-4.4 wt% 171 [27]
Poplar 140-160 0.49 wt% 176 [28]
Sunflower residues 110-140 0.5-6 wt% 101 [29]
Corn straw 95-160 0.6-1.2 wt% 130 [28]
Switchgrass 160-189 0.6-1.2 wt% 169 [28]
Hardwood 170-190  4.41-12.2 wt% 165 [30]
Corn cobs 140-170 0.47-1.95 wt% 148 [31]
Microcrystalline cellulose  25-40 30-70 wt% 127 [32]
Wheat straw 95-160 0.5 wt% 105 [33]

Table 1.1: Literature overview on the kinetics of polysaccharides hydrolysis.

initial stages of a diluted acid hydrolysis of cellulose. Therefore, the Saeman

model was modified according to equation 1.5 :

a . : Bk .
cellulose 2% oligosaccharides % glucose e, degradation products (1.5)
YR2

In their proposed mechanism, three possibilities were considered: (1) the reac-
tion of oligomers to glucose is equilibrium; (2) the hydrolysis of oligomers to

glucose is not in equilibrium; and (3) there are no repolymerization reactions
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from glucose to oligomers. The third model was in agreement with experimental
data. They suggested two-step reactions in which the reaction of cellulose to
oligomers is catalyzed in a first stage followed by the oligomer to glucose reaction
in a second stage under milder conditions. Including oligomers as intermediate
appeared to be important in distinguishing the performance of hydrolysis and
also helped to explain the deviations of models from experimantal data.

Also, kinetic model proposed by Samean predicted only glucose yields up
to 60-65% during acid hydrolysis of cellulose [19]. Some kinetic models have
been proposed to explain this yield by considering the possibility of hydrolysis
of a part of cellulose which might be responsible for the observed limited yield.
Conner et al. incorporated a reaction with two fractions of cellulose, one more
easily hydrolyzed than the other and also transformation of glucose into possible
products (Figure 1.3). The results of this model indicate that the degradation of
glucose is a main reason for the low glucose yields observed during acid hydrolysis
[34].

levoglucosan
casily hydrolyzed cellulose l T

\ glucose —> degradation products

resistance cellulose / iT \ T

disaccharides —> glucosides

Figure 1.3: Modified kinetic model for cellulose hydrolysis including two frac-
tions, depicted from [34].

Another important modification concerns a parasitic pathway during hydrol-
ysis. Mok and Antal reported that a portion of cellulose or insoluble oligomers

cannot be hydrolyzed to glucose. Their proposed mechanism led addition of
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a parasitic pathway competing with acid-catalyzed hydrolysis. Based on these

observations, another reaction network was suggested (Figure 1.4) [35].

modified cellulose-insoluble oligomers

cellulose

\ soluble oligosaccharides — s glucose

l

further reactions

Figure 1.4: Modified kinetic model for cellulose hydrolysis including parasitic
pathway, depicted from [35].

This model implies that low glucose yields are not necessarily only due to
glucose degradation or reversible reactions instead a parallel pathway should be
incorporated into the kinetic model to enable an accurate predication of the
glucose yields.

Bouchard et al. applied thermogravimetric analysis, differential scanning
calorimetry, and diffuse reflectance to study the chemical structure of remaining

cellulose after hydrolysis [36]. They found that there is a significant change

modified cellulose levoglucosan

T

cellulose —— > glucose =~ ——>  degradation products

I N

soluble oligosaccharides disaccharides =~ —> glucosides

Figure 1.5: Modified kinetic model for cellulose hydrolysis including modified
cellulose, depicted from [36].
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in the chemical structure compared to unhydrolyzed cellulose. Therefore, the
remaining cellulose is modified during hydrolysis and cannot be analytically
identified. According to this observation they suggested to consider a new kinetic
pathway for cellulose degradation facilitating the prediction of conversion and
sugar yields (Figure 1.5).

Several studies reported that the neutralizing capacity of the used substrate
should be included in the kinetics [28, 36, 37|. Cahela et al. founded that
minerals in the substrate would neutralize up to 70 % of the acid [37]. Therefore,
in the rate equation the molar hydronium ion [H30*] was replaced by acid

concentration (Eq. 1.6) [38].

ki = k07i[H30+]m€% (16)
Conner et al. defined the molar hydronium ion [H3O*] in which the acid con-
centration was calculated from the neutralizing capacity of the substrate and

the concentration of the used acid (Eq. 1.7) [34].
[H30"] = molar of acid — molar of cations (1.7)

Another correlation was suggested by Malester et al. applying pH as a measure

of acidity as follows [27]:

-E,
RT

k; = ko exp( -2.303 pH) (1.8)

Replacing weight percent of acid concentration by pH or [H30*] showed more

accurate kinetic constants obtained from kinetic modeling.

1.1.2. DEPOLYMERIZATION KINETIC MODEL

The acid hydrolysis of polysaccharides specially cellulose has been studied ap-

plying kinetics of depolymerization considering variation of the molecular weight
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distribution. Unfortunately, little work has been reported so far with regard to
the use of depolymerization models in polysaccharides hydrolysis. Before Sae-
man reporting his first-order kinetic model, depolymerization models based on
random and nonrandom scission of long polymer chains were reported by Simha
in 1941 [39]. The kinetics of degradation were investigated according to two
aspects: (1) a determination of the distribution of all possible chain lengths
at different stages of the reaction; (2), the change of average molecular weight
with time. The average degree of polymerization (DP) was defined by following

equation:
DP =1-exp(-kt) (1.9)

From the results of this model, cellulose hydrolysis was best described with the
assumption of a faster bond cleavage at the ends of chains faster compared to
internal glycosidic bonds.

In most depolymerization studies, the hydrolysis process is characterized by
following the evolution of the chain scissions and the degree of polymerization
with time utilizing a kinetic model derived from the first or pseudo-zero order

Ekenstam’s equation [40, 41]:

1 1
= 1.1
DP DF, K (1.10)

where D P, is the initial value of the degree of polymerization and D P is degree
of polymerization at a certain time t. These studies are usually supported by
experimental data. However, since the scission of bonds is not a variable easy
to determine, the degradation of the polymer is often studied by monitoring the
weight loss [42, 43].

In many depolymerization studies, a single step first order models was pre-

ferred compared to multistep reactions. For example in case of multistep kinetic
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models, the formation of other intermediates in the mixture will be considered.
Such intermediates are difficult to identify or quantify. On the other hand, a high
number of parameters should be considered which makes the model complex.
Nevertheless, most reports suggested a single step model of depolymerization by
taking the scission of the glycosidic bonds into account to simulate the weight
loss behavior during hydrolysis [42, 44].

Significant insights into the kinetics and mechanisms of the depolymerization
of linear polysaccharides have been achieved by advanced of analytical methods
such as gel permeation chromatography (GPC) which enabled the determination
of the molecular weight distribution [45].

Hydrolysis of amorphous cellulose in cotton-based paper was studied using
GPC to obtain a more detailed picture of the course of reaction. The progress
of the molecular weight distribution in the course of the reaction indicated that
the hydrolysis proceeded in several stages. In stage I, the amorphous chains
will be broken once causing a large decrease of the degree of polymerization.
Stage II, the amorphous chains will be broken again in the region near to the
end of amorphous segments producing free oligomers. During stage III, most
of hydrolysis will occurred on very short amorphous segments. Kinetic analysis
showed that hydrolysis of intact amorphous regions of cellulose is slow and can
be described by a first order reaction [46].

Another approach to analysis the depolymerization kinetics of polysaccha-
rides is using a Monte Carlo model. The basis of this method is to construct a
kinetic model based on probability. In this approach the reaction rate constants
will be consider as "probabilities per unit time”. Thus, depolymerization in term

of the scission of the chain will happen with a certain probability [47].

Prob; =1-¢kidt =12 (1.11)
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The polymer will be considered as a Markov chain, a group of parallel subsys-
tems, each being composed of a single bond (Figure 1.6). It should be noted
that this method does not estimate the reaction rate constants rather than using
known values to predict the progress of depolymerization. In fact, in the Monte
Carlo approach kinetic information obtained from a model compound will be

used to predict the course of depolymerization.

G-G-G-G-G-G-G-G-G-G-G-G-G-G-G-G

lm

G-G-G G-G-G-G G-G-G G-G-G-G-G-G

lm

G-G-G G G-G-G G-G-G GG G GGG

lm

G GG G GG G GGG G G G GG

At

lm

Figure 1.6: Monte Carlo depolymerization scheme; G(glucose unit), depicted
from [48].

oo o t—

Different assumptions have been applied to the depolymerization model of

linear polysaccharides when using the Monte Carlo method [39, 49]:

1. The rate of cleavage is the same for all bonds and is independent of the

position in the chain.

2. There is a preferential cleavage at the ends of the chain.
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3. There is a progressive change in the rate of cleavage as a function of the

distance from the ends of the chains.

Acid hydrolysis of glycosidic bonds in polysaccharide has been described by
using Monte Carlo method. In this study, a Monte Carlo procedure was devel-
oped to simulate amylose depolymerization using kinetic information obtained
from cellobiose hydrolysis. The simulation permitted to foresee the time evo-
lution of product distribution upon substrate depolymerization [47]. Dadach
et al. simulated the acid hydrolysis of cellulose at high temperatures using a
Monte Carlo method. For the simulation, kinetic information related to hydrol-
ysis of cellobiose and morphological aspects of cellulose including crystalline,
semi-amorphous, and amorphous zones have been considered. In the model
both cleavage of a glycosidic bond and the degradation of glucose were assumed
to be two irreversible reactions in series. The simulation indicated that for all
temperatures, the overall glucose disappearance rate constant was higher than
the experimental constant obtained from degradation of pure glucose. These
results showed that the reversible reactions from glucose will increase during

acid hydrolysis of cellulose [48].

1.1.3. KINETICS WITH MODEL COMPOUNDS

Kinetic studies with model compounds is performed with the aim to obtain
more detailed kinetic information for optimizing the reaction condition and cat-
alyst performance. In a kinetic study reported by Bobleter et al., cellobiose as
model compound of cellulose was used to investigate the behavior of hydrother-
mal and diluted acid hydrolysis. The region where acidic hydrolysis turns into
hydrothermolysis was subject of special interest. This region was best analyzed

at relatively high temperatures and low acid concentrations. The experimental
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results suggested a first order kinetic:
cellobiose —2> glucose L2, degradation products (1.12)

Their results showed that reaction rate constants for the glucose formation
and glucose degradation (k1/ks) have little dependency on temperature. De-
pendency of acid concentration on the reaction rate was investigated. At pH
2-3, the rate of hydrolysis was proportional to the acid concentration but, pH
between 3 and 4.7 had no influence on the reaction rate. The analysis with
Zucker-Hammett plot for acid hydrolysis and hydrothermolysis also showed a
deviation of the hydrolysis rate in the pH 3-4.7. From these observations, they
concluded that the hydrothermolysis follows a reaction mechanism different from
acidic hydrolysis [50].

Another study compared hydrothermolysis with acidic hydrolysis of carbo-
hydrates. The hydrothermolysis of cellobiose in the range 180 —249 °C has been
carried out. Kinetic analysis of the reaction showed that 60% of cellobiose was
converted into glucose, and 40% into other products. The results indicated that,
during hydrothermolysis, cellobiose is involved in at least one parallel reaction

pathway. The proposed reaction network is as follows:
cellobiose — » glucose ——» degradation products
degradation products

Figure 1.7: Kinetic model for cellobiose hydrolysis including parallel pathway,
depicted from [51].

Interpretation of the kinetic data pointed out that the possibility of cellobiose
hydrolysis to glucose is 50% higher than the simultaneous reaction path of cel-
lobiose to degradation products (see Figure 1.7). Their study on pH-dependency
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of hydrothermolysis also showed that hydrothermolysis differs from acidic hy-
drolysis and it is not dependent on pH, at least in the range from 3-7 [51].

Acid hydrolysis of cellobiose was discussed by Moiser et al. with the aim to
characterize the optimum pH region for cellulose hydrolysis. Results showed that
acid catalyzed hydrolysis is proportional to [H3O*] concentration and varies for
different acids. For example, carboxylic acids did not catalyze the degradation of
glucose while sulfuric acid catalyzed this degradation. Therefore, overall yields
of glucose obtained from cellobiose and cellulose are higher for the carboxylic
acid, maleic acid, when compared to sulfuric acid at equivalent solution pH [16].

The kinetics of hydrolysis of oligosaccharides were studied to gain insights
into the rate of hydrolysis of different bond positions and the effects of chain
length on the overall hydrolysis rate. In some studies trimers were selected as
model compound has been selected. The rate of acid catalyzed hydrolysis of
cellotriose was investigated by Freudenberg et al. to compare the reactivity of
glycosidic bonds during hydrolysis.

OH

o)
HO:! OH
HO  ©OH
OH OH OH
o) o) 0
HO! o OH + HOr OH
Hd ©OHHO OH 1o OH
OH OH OH 1o
celloblose
0 o 0 e
Ho' ( )~O 0~ )vOH OH OH OH
HO ©OHHO ©OHHO OH \ o o o
) HO'(  )~OH + HO! o) OH
cellotriose /
HO OH HO ©OHHO OH
glucose \
OH
o)
HO OH
HO OH

Figure 1.8: Kinetic model for cellotriose hydrolysis, depicted from [52].
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In this study the change in the reduction potential of acid solution with time
was used as a measure of the hydrolysis. The proposed reaction network is sum-
marized in Figure 1.8. Their study indicated that the specific rates of hydrolysis
of two glycosidic bonds are equal but different from the rate for cellobiose [52].

In another study reported by Feather and Harris, cellotriose was labeled
specifically at one end. Labeled cellotriose (cellotriose-1-14C) was partially
hydrolyezed using sulfuric acid at different temperatures. Their investigation
pointed out that the glycosidic bond adjacent to the nonreducing end of cel-
lotriose is hydrolyzed at about 1.5 times faster than the bond adjacent to the
reducing end, and at a rate nearer to that for cellobiose [53].

In addition, the rate constants for hydrolysis of the individual glycosidic
bonds of maltotriose and maltohexaose have been determined by radioactively
labeling the reducing D-glucose residue. The hydrolysis was described by using
two rate constants for hydrolysis of the reducing and non reducing end of the
oligomer (Figure 1.9). The obtained data emphasized that the rate constant for
hydrolysis of the non- reducing end of the chain (k;) is 1.8 times compared to

the value for the other glycosidic bonds (k2) [54].

O OUT* > O+ D
OO > OB+ "
O =0+

Figure 1.9: Kinetic model for maltotriose hydrolysis, depicted from [54].
Amylose has been labeled on either reducing or non-reducing end with D-

glucose "C to determine the reactivity of different bonds. This study confirmed

that the terminal bonds are preferentially hydrolyzed and their rate of hydrol-
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ysis is faster [55]. The depolymerization of oligosaccharides with a degree of
polymerization between 2-7 has been studied to determine the influence of the
chain length on the rate of hydrolysis. From the kinetic results different expla-
nations for the differences in rates of hydrolysis have been suggested in literature
such as (1) the bonds of both reducing and nonreducing terminal residues are
hydrolyzed at a higher rate than others, (2) the bond at the reducing end is
hydrolyzed at higher rate than others, (3) the rate of hydrolysis decreases from
the terminal bonds towards the interior bonds, (4) all bonds in oligosaccharides

are hydrolyzed at the same rate and this rate is dependent on chain length [55].

1.2. HYDROLYTIC HYDROGENATION OF POLYSAC-
CHARIDES

Recently, the production of biofuels and value-added chemicals from polysac-
charides has gained much attraction. Special attention has been devoted to the
conversion of polysaccharides into sorbitol. Sorbitol has several application ar-
eas |11]. It is used as precursor in food and pharmaceutical industry and as
platform chemical for the synthesis of chemical compounds such as isosorbide,
sorbitan, glycerol, L-sorbose, ethylene glycol, propylene glycol, etc [56, 57]. Fur-
ther transformation of sorbitol into alkanes as well as efficient aqueous phase
reforming for hydrogen generation has been demonstrated (Figure 1.10) [58].
Additionally, sorbitol has been selected as one of the top 12 value-added prod-
ucts from biomass by the US Department of Energy because of its potential to
be used as source for fuels production Sorbitol can be produced selectively from
hydrolysis-hydrogenation of polysaccharides. From literature, polysaccharides
can be hydrolyzed into glucose and subsequently hydrogenated into sorbitol.
Generally, the conversion of polysaccharides to sorbitol necessitates acid and

metal catalysts, for hydrolysis and hydrogenation, respectively. Molecular acids
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can be used together with supported metal catalysts as catalytic system. It is
reported that catalytic systems containing molecular acids such as HySO,4, HCI
or heteropoly acids combined with supported metal catalysts like Pt, Pd and
Ru could efficiently catalyze the conversion of cellulose to sorbitol |5, 59, 60, 61].
Recently, the hydrogenation of the mechanocatalytic pre-hydrolysis of cellulose
over Ru/C yielded up to 94% of sorbitol [10]. Sorbitol can also be produced se-
lectively e.g. via hydrogenation of a hydrolysed starch solution in the presence

of catalysts such as Raney nickel or Ru/C [62, 63|. However, the conversion of
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ethylene glycol
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/ .
sorbitol
/\/\/ \ OH

hexane
glycerin

OH OH

HO/‘\G P food additive
OH NN
o =

1,4-sorbitan 1,3,5-hexatriene

Figure 1.10: Products obtained from sorbitol.

polysaccharides to sorbitol involves both hydrolysis and hydrogenation reactions.
Acid hydrolysis is homogeneous while hydrogenation is mostly heterogeneously
catalyzed reaction and takes place on the surface of a solid catalyst. There-
fore, hydrogenation and hydrolysis exhibit different kinetics and mechanism and

should be considered separately.
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1.3. HYDROGENATION REACTION KINETICS

In kinetic study of heterogeneous catalyzed reactions, more factors need to be
considered than when dealing with homogeneous catalyzed reactions. For a
solid-catalyzed reaction, the rate depends on the reactant concentrations on
the catalyst surface [64]. Therefore, the rate will be defined per unit surface
area of catalyst. Since the surface area is not as easily or accurately determined,
instead the mass of the catalyst will be used. The mechanisms of heterogeneously
catalyzed reactions can in principle be described by a sequence of reaction steps.

Reaction on the surface includes several steps:

e Diffusion of reactants to the external surface of the catalyst and into the

pores

Adsorption of reactants on the active sites of catalyst

Reaction on the surface between adsorbed reactants or between adsorbed

species and a reactant in the fluid phase

Desorption of the products

Diffusion of products out of the catalyst pores into the fluid

All the steps assumed to have equal rate when the system is at steady state.
Typically, it is assumed that the overall reaction rate is controlled by one step.
Therefore, knowing which step limits the rate is key to develop a kinetic model
[65]. For reactions on the surface, the Langmuir isotherm will be used to describe
adsorption of reactant on the unoccupied site of a catalyst s which can be denote
as A+s —> A. The vacant sites of the catalyst is expressed as (1 - 6), where 0

is the fraction of occupied sites. Then, the rate of adsorption and desorption of
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reactant will be defined as follows:

Tads,a = k1Ca(1—-0)

Tdes,A = k26 (113)
At equilibrium the rates of adsorption and desorption are equal:
kch(l—H) =k29 (114)

The ratio of the adsorption and desorption rate constants (ki/ks) is the equi-
librium constant (K 4). The Langmuir isotherm equation will be defined as
following equation:

KaCy

The use of Langmuir isotherms to interpret kinetic data was proposed by Hin-
shelwood [66]. In this model, surface reaction rates are assumed to depend on
the fraction of sites covered by different species. Thus for a simple reaction
where the products are not adsorbed or are very weakly adsorbed, the kinetic

model will be express as follows:

A, — B+s
k‘KAOA
=kfy=—"— 1.1
" A 1+KACA ( 6)

The reaction kinetic model will be further simplified under some special reaction
conditions. For example at low concentration of reactant A, the reaction would
appear first order and zero order at very high concentration. For a reaction
between two molecules that are competitively adsorbed on the same type of sites
of the catalyst, the reaction rate depends on the probability that the molecules

are on the sites. The reaction rate will be defined as the product of the coverages:
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A, + B, — C, + Dy

/{EKACAKBCB
= k005 = 1
" AVB (1+KACA+KBCB+KCCC+KDCD)2 ( 7a)

Another model to consider is the reaction of adsorbed molecules of A with
molecules of B from the fluid phase. This model was proposed by Rideal and
Eley as an alternative to the Langmuir—Hinshelwood models. The reaction rate
is assumed to be proportional to the fraction of the surface covered by A and

the concentration of B in the fluid:

A+ B—C
EK,C4Cp
= =L L7 1.1
r /CQAOB 1+KACA ( 8)

It predicts that the reaction is first order in B, the reactant from the fluid phase,
and varying order to the reactant A [65]. Assuming that no product is adsorbed
and a non-competitive adsorption of reactants occurs, the model will be modified

to Langmuir-Hinshelwood—Hougen—Watson kinetics [67]:

A+ B, —C+D

/{ZKACAKBCB
=kf0p = —— 2 — = 1.1
" AYB 1+KACA ( 9>

In hydrogenation, the mode of hydrogen adsorption is important for the formu-
lation of the rate equation. Hydrogen can adsorb dissociatively or it can appear

on the catalyst surface in molecular form. The latter case is mostly reported

[68].

1.4. SCOPE AND OUTLINE

As mentioned before, sorbitol is a platform chemical which can be produced

selectively via the hydrolytic hydrogenation of polysaccharides. Several studies
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have focused on the design of catalytic systems that convert polysaccharides to
sorbitol in order to maximize productivity. However, only a few mechanistic in-
vestigations are available and a complete kinetic model describing the catalytic
conversion of polysaccharides to sorbitol is still missing. Mechanistic studies and
reaction kinetics can provide an insight into the reaction pathways and help to
identify the key intermediate compounds of the reaction network. Such studies
allow for a quantitative description of the influence of reaction conditions on
reaction rates and the selectivity of the desired products. Therefore, a kinetic
analysis facilitates the improvement of catalytic performance and the rational-
izing of process development. The aim of this work is to gain insights into the
reaction mechanism and kinetics of the catalytic conversion of polysaccharides
to sorbitol. Polysaccharides have a complex molecular structure rendering a
comprehensive kinetic study of their transformation difficult. To overcome this
complexity, we investigated the hydrolytic hydrogenation of simpler molecules
with the same monomeric unit and shorter chain length, namely; disaccharides,
trisaccharides, and oligosaccharides. Recent reports on the catalytic conversion
of cellulose to sugar alcohols indicated that heteropoly acids (silicotungstic acid)
together with Ru/C can efficiently convert cellulose to sorbitol with yields up to
81% [61]. Therefore, in the presented study the same catalytic conditions were
applied to have optimum reaction conditions. In order to study the kinetics
of this heterogeneously catalyzed reaction, it is crucial to verify mass transfer
limitations. In chapter 2, the absence of mass transfer limitations was verified
by applying experimental investigations as well as literature criteria. Chapter
3 focuses on the reaction mechanism and kinetics of a catalytic conversion of
disaccharide to sorbitol. Possible reaction pathways and key intermediate com-
pounds of this reaction are investigated and kinetic models covering different

reaction temperatures are developed. In chapter 4, trisacchrides were chosen
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as model compounds of polysaccharides to gain further insights concerning the
significance of hydrogenation-hydrolysis sequences within the overall reaction
networks. A systematic kinetic analysis has been carried out providing a quan-
titative interpretation of the reaction pathways. A detailed kinetic study and
modeling of the transformation of oligosaccharide to sorbitol is carried out in
chapter 5. Based on basic stochastic assumptions, the choice of reaction mecha-
nism and kinetics is justified. Kinetic rate constants are estimated for the kinetic
model to closely resemble the experiments. The experimental results confirm the
hypothesized reaction pathways and selectivities. Chapter 6 concludes this work

and addresses some possible extensions.
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CHAPTER 2

TRANSPORT ANALYSIS

Portions of this chapter have been published in ”L. Negahdar, J. U. Olt-
manns, S. Palkovits, and R. Palkovits, Kinetic investigation of the catalytic
conversion of cellobiose to sorbitol, Applied Catalysis B: Environmental,
147(0):677-683, 2014”.

In the reaction kinetic analysis, it is necessary to verify the absence of mass
transfer limitations and examine the influence of reaction conditions on the
selectivity of products. In the catalytic heterogeneous reactions with a gas—
liquid—solid system, mass transfer plays an important role. The overall reaction
rate of these multiphase catalytic processes could be limited by mass transport.
In the case of three-phase catalytic hydrogenation, the following mass transfer
processes should be considered (Figure 2.1): gas-liquid mass transfer, transport
of the dissolved gas and dissolved reactants from the liquid bulk to the outer
surface of the catalyst particles (external transport) and transport inside the
solid particles (internal diffusion).

The absence of mass transfer limitations are typically examined by varying
the stirring speed or the catalyst particle size. To study the effect of external

mass transfer resistance, the stirring speed is increased until the reaction rate

25
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Figure 2.1: Schematic illustration of the mass transfer in the three phase hydro-

genation reactions.

remains constant [69]. Therefore, to check whether gas-liquid mass transfer is
controlling the reaction the stirrer speed was varied between 600 and 1200 rpm.
There was a negligible difference in the reaction rates indicating the absence
of gas-liquid mass transfer limitations (Figure B.1). Variation of the particle
size can be applied to check for the existence of internal diffusion resistance.
Usually small catalyst particles are used in order to eliminate internal diffusion
resistance. For small catalyst particle of Ru/C (19 gm ) an internal mass transfer
resistance can be excluded.

Additionally literature criteria can be used to verify the absence of mass
transfer limitations. Criteria based on the observed rate reaction have been
applied to verify the absence of mass transport limitations. Experiments are
performed in the intrinsic kinetic regime if the ratio of the observed rate to the
rate that would be observed in the absence of diffusional limitations does not

deviate more than 5 % (2.1) [70].

/r‘ate ooserve
—observed) 14005 (2.1)

Tate(ma:cimum)

For the analysis described in this section, initial reaction rates have been used

to estimate the highest limitations. The results are discussed in the following
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section.

2.1. MASS TRANSFER EFFECTS

The absence of external mass transfer can be checked using the Carberry number
being a dimensionless number representing the ratio of the observed reaction rate
to the maximum transfer rate (Eq. 2.2). In general, for first order reactions the
absence of transfer limitations is verified if the value of the resulting effectiveness

factor is above 0.95 (Eq. 2.3) [70].

T'obs
)= ————— 2.2
Ca(g-r) Kr.C%, (2.2)
MNe = (1 - Oa)n (23)

To calculate a Carberry number for gas to liquid mass transfer according to
equation 2.2 the maximum transfer rate of Hy was calculated by using the volu-
metric gas-liquid mass transfer coefficient and the hydrogen solubility in water.
The hydrogen solubility (C'; ) was taken based on data published by Pray et
al. [71]. The volumetric gas-liquid mass transfer coefficient (kpa) was calcu-
lated using the pressure step method (Figure B.3) [72]. To verify the absence
of a liquid-solid mass transfer limitation a Carberry type equation can be used

which contains a liquid-solid mass transfer coefficient (kps) (Eq. 2.4).

Tobs
C(I(L_S) = KLSCC (2.4)
b

The required liquid—solid mass transfer coefficient was estimated by a typical cor-
relation of the Sherwood number (Sh) for slurry reactors which includes Reynolds

(Re) and Schmidt (Sc) numbers (Eq. 2.5) [73].

_ KLSdp

Sh =2+ 0.4ReM*Sc3 (2.5)
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The detailed calculations to verify the absence of external mass transfer limi-
tation can be found in the appendix B. Table 2.1 shows the calculated results
indicating with an effectiveness factor n above 0.95 that external mass transfer

limitations can be neglected.

T(K) P(MPa) Ca(G_L) NG-L) Ca(L_s) N(G-L) ¢H2 MH,
393 5) 0.0037 0.99 0.0063 0.99 0.0142 0.99

Table 2.1: Evaluation of the absence/presence of transport limitations.

In case of internal diffusion, the Weisz-Prater criterion being the ratio of the
observed reaction rate and the maximum effective rate of diffusion was used to

evaluate the absence of internal diffusion limitations (Eq. 2.6) [74].

n+1 )robspp
2 "D.Cy

¢ = (rp)*( (2.6)

If the resulting value of Weisz correlation is ¢ << 1, then diffusion phenomena
are not significant and the observed reaction rate is equal to intrinsic reaction
rate. From Table 1 the calculated results show effectiveness factor n above 0.95
in all cases indicating that mass transfer limitations can be neglected for the
used reaction conditions and it can be assumed that the experiments are carried

out in the intrinsic regime.

2.2. REACTION PARAMETER EFFECTS

The effects of reaction parameters were studied to have first insights into the
potential kinetic model which could follow the experimental results. Therefore,
effects of reaction parameters such as initial substrate concentration and system
pressure were studied. The effect of the initial concentration of the saccharides

was studied with 2, 5, and 10 wt % substrate solutions at 393 K and 4 MPa.
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Substrate concentration did not have a significant effect on the selectivity of
sorbitol at the experimental range, when the catalyst-to-substrate ratio is kept
constant. Figure 2.2 shows the influence of the initial saccharide concentration
on the selectivity of sorbitol. However, it should be noted that in highly concen-
trated saccharide solutions the low solubility of hydrogen may cause diffusion

limitations. A dependency of the initial reaction rate on the initial concentra-
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Figure 2.2: Effect of the initial cellotriose concentration on the sorbitol selectivity

at 393 K and 4 MPa.

tion can provide insight into the order of reaction. Figure 2.3 shows that the
reaction is first order with respect to the substrate concentration in the oper-
ation range used. An increased hydrogen pressure has a positive effect on the
reaction rate. In the studied pressure range, Henry’s law is valid leading to
a hydrogen concentration in the solution proportional to the applied hydrogen
pressure. Investigating the effect of the hydrogen pressure on the initial rate of
saccharide the hydrogen pressure dependency approaches a saturation situation

at pressures above 3.5 MPa. Furthermore, this effect can be described by clas-



30 TRANSPORT ANALYSIS

—— 2 wit%
—0— 5wit%
64 —A— 10 wt%

- Ln(1-x)

0 30 60 90 120 150 180

time / min

Figure 2.3: Effect of initial cellotriose concentration on the initial reaction rate

at 393 K and 4 MPa; (x=conversion).

sical Langmuir—Hinshelwood kinetics. In the lower pressure range, an apparent
first order dependency and at higher concentration zero order can be observed
(Figure B.2)

Based on the aforementioned experimental observations a kinetic control of
the reaction can safely be assumed at a stirrer speed above 750 rpm, a hydrogen
pressure above 3.5 MPa and low concentrations of the saccharide in solution.
The kinetic modeling of the reaction network was therefore undertaken under

these experimental conditions.

2.3. REACTION KINETIC MEASUREMENTS

Experiments were performed in a batch-type high-pressure autoclave reactor.
Typically, oligosaccharide (2 mmol), 5 wt.% Ru/C (0.1 g) and heteropoly acid
(HPA, silicotungstic acid) (0.2 g) were added into a Teflon-lined stainless steel

reactor precharged with HoO (20 cm3). The reactor was flushed several times
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with Ny and H, at room temperature. The reactor was pressurized with Hy
and then preheated to the defined temperature. The reaction was operated at a
pressure of 3.5-5 MPa, a temperature range of 393-463 K, a stirring speed of 800
rpm and for 3 h. The time zero was set at beginning of the isothermal reaction
stage. The reactor was equipped with a sampling valve and the progress of the
reaction was monitored by periodically taking sample. Samples were filtered
through a 25 pm nylon filter and were analyzed off-line using an HPLC (High

pressure liquid chromatography).
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CHAPTER 3

DISACCHARIDES

Portions of this chapter have been published in ”L. Negahdar, J. U. Olt-
manns, S. Palkovits, and R. Palkovits, Kinetic investigation of the catalytic

conversion of cellobiose to sorbitol, Applied Catalysis B: Environmental,
147(0):677-683, 2014”.

The aim of this chapter is to gain insights into the reaction mechanism and ki-
netics of the catalytic conversion of linear polysaccharides (cellulose and starch)
to sorbitol. Because of the complex structure of polysaccharides, disaccharides
as simple model compounds of these polymers were chosen for a detailed ki-
netic investigation. Disaccharides represent the basic repeating unit of linear
polysaccharides and consist of two glucose monomers linked by a «/5(1-4) gly-

cosidic bonds (Figure 3.1). In the following, kinetics and reaction pathways of

OH OH OH OH

OH o OH M
HO o O%O o o OH

OH
OH OH oy . OH

cellobiose unit
Figure 3.1: Structure of cellulose and cellobiose.

33



34 DISACCHARIDES

the hydrolytic hydrogenation of disaccharides to sorbitol applying a catalytic
system consisting of heteropoly acids and a supported ruthenium catalyst (5

wt.% Ru/C) will be discussed.

3.1. MECHANISTIC STUDY

Several studies have reported the hydrolytic hydrogenation of polysaccharides
to sorbitol to follow a cleavage of the glycosidic (C—O-C) bonds via hydrolysis
and consecutive hydrogenation of glucose to sorbitol (Figure 3.2) [75, 76, 77].

OH
e OH o ] OH o Hy OHOH on
L~ % T g o HO Ny~
0 OH OH
OH OH/ OH

cellulose glucose sorbitol
Figure 3.2: Reaction pathway for hydrolytic hydrogenation of cellulose.

However, the experimental results of the conversion of disaccharides (cellobiose
or maltose) to sorbitol indicate an additional reaction pathway to occur. In the
presence of a molecular acid and a supported metal catalyst, the disaccharide
either undergoes hydrolysis to glucose or as an alternative pathway proceeds
through a hydrogenation of the C-O bond at the reduced end of the disaccha-
ride leading to cellobitol (3-3-D-glucopyranosyl-D-glucitol) or maltitol (3-a-D-
glucopyranosyl-D-glucitol). In a subsequent reaction, the reduced disaccharide
can undergo hydrolysis to sorbitol and glucose. The proposed reaction pathways
of the conversion of a disaccharide are illustrated in Figure 3.3.

Only few studies discuss the formation of reduced disaccharides during the
catalytic transformation of disaccharides to sorbitol |78, 79, 80]. For exam-
ple, Kuo et al. reported the formation of cellobitol under neutral and ba-

sic conditions applying ruthenium nanoclusters in the ionic liquid 1-butyl-3-
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Figure 3.3: Proposed reaction pathways for the conversion of disaccharides with

HPA and Ru/C.

methylimidazolium chloride [81]. However, they concluded that the formation
of cellobitol was not related to sorbitol formation. Instead, sorbitol was formed
via direct hydrogenolysis of the §(1,4)-glycosidic bond of cellobiose under such
conditions delivering sorbitol and dideoxyhexitol. A first study discussing cel-
lobitol as intermediate in the transformation of cellobiose to sorbitol has been
presented by Wang et al. [82]. They observed cellobitol in the conversion of
cellobiose over carbon nanotube-supported Ru catalysts in neutral aqueous so-
lutions and concluded that the formation of cellobitol followed by hydrolysis is
the main pathway for sorbitol formation. Recently, Makkee et al. investigated
the reaction mechanism of the transformation of cellobiose into sorbitol in aque-
ous ZnCly with Ru/C as hydrogenation catalyst [83]. Their experimental data
pointed towards a competition of two reaction pathways, (1) via cellobitol for-
mation followed by hydrolysis and (2) via hydrolysis of cellobiose and subsequent
hydrogenation. Under the presented reaction conditions path (1) was kinetically
most important. Nevertheless, they suggested that various parameters such as
reaction temperature, catalyst loading as well as the addition of mineral acids

may influence the relative contribution of both pathways.
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The plot of selectivity as a function of elapsed time at different reaction
temperatures was used to have further information on the product distribution.
Figure 3.4 shows time resolved product selectivity courses at different reaction
temperatures for cellobiose as starting material. Selectivity is defined as molar
ratio of the respective product with regard to the consumed amount of disac-

charides (ndisaccharide,ﬂ - ndisacchauride,t) at time t.
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Figure 3.4: Selectivity of cellobitol (), glucose (v), sorbitol (a) and cellobiose
conversion (w) as a function of elapsed time (a) 393, (b) 413, (c) 433 and (d)
443 K | Reaction conditions: cellobiose, 1.17 mmol; Ru/C, 0.1 g; HPA, 0.175 g;
H,0, 20 cm?; Hy, 5 MPa; time, 2.5 h.
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At moderate temperatures of 393 K cellobitol is the main product with a
maximum selectivity of 81 %. Increasing the reaction temperature up to 443 K
decreases the cellobitol selectivity to less than 1 % after 1.25 h reaction time
while the selectivity of sorbitol rises to a maximum of 75 %. These observations
suggest a simultaneous hydrolysis of cellobitol to sorbitol and glucose. However,
comparing both time resolved data sets of the cellobiose conversion with HPA
and Ru/C the presence of two competing reaction pathways with different in-
termediate substrates becomes obvious. At lower temperatures of up to 413 K
the hydrogenation of the C—-O bond at the reduced end of cellobiose seems to be
dominant while for higher temperatures direct hydrolysis of cellobiose becomes
favorable. For maltose as substrate, an analogous observation could be made.
Maltitol, the hydrogenation product of maltose is the major product and present

in yields up to 82 % after 1.3 h at 393 K (Figure 3.5).
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Figure 3.5: Yeild of maltiitol (e), sorbitol (&), glucose (¢) and maltose conversion
(m) as a function of elapsed time. Reaction conditions: maltose, 1.17 mmol;

Ru/C, 0.1 g; HPA, 0.175 g; H20, 20 cm3; Hy, 5 MPa; (a) 393 and (b) 413 K.

Dependent on the reaction conditions, the reduced disaccharide seems to
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play a key role as an intermediate compound in the hydrolytic hydrogenation of
disaccharides. To gain insights into these reaction pathways, a kinetic investiga-
tion determining reaction rates and main activation energies appears necessary.
In line, reduced disaccharides were synthesized and isolated. For example, cel-
lobitol can be produced selectively in neutral water at 433 K with yield of 99
% after ca. 2 h (Figure 3.6). At higher temperatures such as 463 K, reduced
disaccharides undergo consecutive reactions to sorbitol and further degradation

reactions via dehydration as well as C-C and C-O bond cleavage occur.
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20
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0 1 2 3 4 5
time/h

Figure 3.6: Yield of cellobitol as a function of elapsed time. Reaction conditions:

cellobiose, 1.17 mmol; Ru/C, 0.1 g; H,O, 20 cm?; Hy, 5 MPa.

When the hydrogenation activity is sufficiently high, the degradation product
from glucose was not observed. Under all mentioned reaction conditions only
a low yield of glucose was observed as the hydrogenation of glucose to sorbitol
takes place on the metal catalyst with high selectivity and rate [84]. The previous
investigation on sorbitol dehydration under the same reaction condition is in
agreement with the observed side products such as sorbitan, isosorbide and other

degradation products [85]. Under this reaction condition, the carbon balance
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was closed and there was no humin formation [59].

3.2. KINETIC MODELING

Figure 3.7 illustrates the possible reaction pathways of the catalytic conversion
of disaccharides to sorbitol. The pathway can be divided into two main cat-
alytic reactions including hydrolysis of disaccharide (k;) or reduced disaccharide
(k3) and hydrogenation of disaccharide (ky) or of glucose (k4). Possible side
reactions of sorbitol to by-products are further hydrogenolysis (k7 and kg) and

dehydration reactions (ks and kg). The kinetics of hydrolysis of polysaccharides

OH OH

Vm . &Q
OH OH

sorbitol 1 4 sorbltan |sosorb|de

disaccharide glucose
ks ‘ k7 { kg
ko OH OH degradation products
o OH
HO! o) OH

HO OH HO OH

OH HO ©OH

reduced disaccharide

Figure 3.7: Schematic illustration of the reaction network for the catalytic con-

version of disaccharides to sorbitol.

is assumed to be pseudo first order [23, 26, 25|. The reaction rate constants
follow a modified form of the Arrhenius equation including temperature effects

(T) and the hydronium ion concentration of the acid in solution (Eq. 3.1).
ki = kio[HsO e wt | i=1,2 (3.1)

Herein kg represents the pre-exponential factor (s7!), [H30*] is the hydronium
ion concentration in solution, and m is an empirical exponent [16].
For the development of our kinetic models for the hydrogenation reactions,

it is assumed that no catalyst deactivation is taking place during the reaction
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and the adsorption of the solvent and the products on the catalyst surface is
negligible. For hydrogenation reactions the Langmuir-Hinshelwood-Hougen—
Watson (LHHW) model can be assumed with a non-competitive adsorption of
hydrogen and disaccharide or glucose at different sites of the catalyst (Eq. 3.2)
[86].

_ deisac, Cdisac. KHQ PHQ
1+ Kdisac. Odisac.

(3.2)

On the basis of the preliminary kinetic analysis, some simplifications can be
made. At the selected operation conditions, a large excess of hydrogen and a
low concentration of disaccharide and glucose is present in solution leading to

the assumption of the reaction to be pseudo first order (Eq. 3.3).

r= k2Cdisac‘ (33)

The constant ks is a lumped parameter including the intrinsic rate constant
as well as adsoprtion constant. The dehydration reactions are also assumed to
be first-order [85, 87]. Based on the reaction network illustrated in scheme 2
the following ordinary differential equations (ODEs) can be proposed for the

individual components as a function of time (3.4 - 3.9):

dCdisac.

dt = _klgdisac. - pcatk2Cdisac. (34)
dCre— isac.
dtd = pC@thCdisaC. - k3cre—disac, (35)
dcC ucose
g(ll—t = 2k1 Cdisac. + kSCre—disac. - pcatk4Cglucose <36)
dCsorbitol _ kO k-C' k.C k-C 7
T - pcat( 4% glucose — V7 sorbitol) *+ K3Ure—disac. = K5Csorbitol (3 )
dCsor itan
Tbt = k5Csorbitol = PeatksCsorvitan = k6C'sorbitan (3.8)
dCisosor ide
—isosorbide = kﬁosorbitan <39)

dt
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where C;’s represent the species’ concentrations, k;’s are the apparent rate con-
stants and p.. is the catalyst bulk density.

Matlab was used for the numerical integration of the ODEs and parameter
estimations and moreover to compare the experimental data with the proposed
kinetics. The Matlab codes are given in appendix C. The rate constants were
estimated at different temperatures (393-463 K). Figures 3.8, 3.9, and 3.10 show

the curve fitting for the experimental data at different reaction temperatures.

0.06,
— model
A cellobiose
0.05 @ cellobitol
* glucose
O sorbitol
0.04 @ sorbitan

0.03

concentration / M

0.02

L Sk
O 0

4—4—+¢
0 30 60 90 120 150 180
time / min

Figure 3.8: Fit of the kinetic model (Egs. (3.4-3.9)) to the experimental data;
Reaction conditions: cellobiose, 1.17 mmol; Ru/C, 0.1 g; HoO, 20 cm?; Hy, 5
MPa at 393 K.

3.3. RESULTS AND DISCUSSION

Table 3.1 summarizes the estimated values of the reaction rate constants and
the corresponding activation energies for the transformation of cellobiose. At
temperatures below 463 K the rate constant ko (cellobiose to cellobitol) is sig-

nificantly higher compared to the rate constant ki (cellobiose to glucose) indi-
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Figure 3.9: Fit of the kinetic model (Eqgs. (3.4-3.9)) to the experimental data;
Reaction conditions: cellobiose, 1.17 mmol; Ru/C, 0.1 g; HO, 20 cm?; Hy, 5
MPa at 413 K.

cating the hydrogenation step to proceed faster than hydrolysis. With increas-
ing reaction temperature, the rate constants of both reaction pathways become
comparable and both reactions compete with each other. Additionally, at tem-
peratures below 463 K the rate constants of both hydrolysis steps (k1 and k3)
are lower compared to the ones of the hydrogenation reactions (ko and ky) re-
flecting the fact that hydrolysis is the rate-determining step independent of the
reaction pathway. Nevertheless, a previous transformation of cellobiose to cel-
lobitol appears to facilitate subsequent hydrolysis resulting in a superior rate
constant for the hydrolysis of cellobitol k3 compared to cellobiose k;. Overall,
the reaction rate constant k, for the hydrogenation of glucose to sorbitol is the
highest compared with the other ones emphasizing a fast hydrogenation of glu-
cose and explaining the low glucose concentrations detected under most reaction
conditions. The rate constants of the subsequent dehydration of sorbitol to sor-

bitan (k5) and further to isosorbide (kg) are small under the selected reaction
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conditions. These low concentrations hampered a kinetic modeling of further
degradation reactions of sorbitan and isosorbide (k; and kg). Nevertheless, val-
ues for k5 and kg as well as the corresponding activation energies are in well
agreement with a previous investigation focusing on the dehydration of sorbitol

[85]. Figure 3.11 shows the the Arrhenius diagram of the reaction rate constants

Reaction T(K) 393 423 443 463 E, [kJmol™!] R?

k1(1072min~t)  0.014 0.319 1.013 2.98 115 0.98
ko(1072min~t)  0.119 0.717 2.183 3.76 76 0.98
k3(102min~t)  0.032 0.551 1.785 3.51 103 0.97
k4(102min~t)  0.203 1.911 3.574 4.74 69 0.92
ks(1072min~1t) 0.010 0.024 0.48 164 0.93
ke(1072min~t) 0.001 0.027 0.084 178 0.94

Table 3.1: Kinetic parameters for the catalytic conversion of cellobiose to sor-

bitol.

of the conversion of cellobiose to sorbitol. Estimation of the activation energy
of cellobiose hydrolysis F; yields a value of 115 kJ mol~! which is in good agree-
ment with the respective literature data (108-119 kJ mol-!) [16, 88, 89|. The
activation energy Fj3 for the hydrolysis of cellobitol was determined to be 103
kJ mol~! which is lower than E; pointing out that the hydrolysis of cellobitol is
easier compared to cellobiose under the used reaction conditions. The activation
energy for the hydrogenation of glucose E,; was estimated to 69 kJ mol-! being
also in good agreement with reported data ranging from 55-71 kJ mol-! [86]. An
activation energy Fs of 76 kJ mol~! can be determined for the hydrogenation
of cellobiose to cellobitol corresponding well to the data for glucose hydrogena-
tion. For the modified Arrhenius equation (Eq. 3.1), the values of the empirical

exponent m were estimated to be 1.02 and 0.96 respectively. Table 3.2 shows
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Figure 3.11: Arrhenius diagram of the reaction rate constants for the estimation

of activation energies of the catalytic conversion of cellobiose to sorbitol.

the estimated values of reaction rate constants and activation energies for the

catalytic conversion of maltose to sorbitol. The fit of experimental data to the

Reaction T(K) 393 413 433 FE, [kJ mol™!] R?
k1(1072min~t)  0.08 0.72 2.02 110 0.95
k2(102min~t) 045 1.87 3.3 70 0.94
k3(102min~t)  0.15 1.01 2.77 99 0.97
ky(1072min~t) 0.61 235 3.5 61 0.96

Table 3.2: Kinetic parameters for the catalytic conversion of maltose to sorbitol.

kinetic model for hydrolytic hydrogenation of maltose is shown in the Figure

3.12. Similar to cellobiose, a comparable observation for maltose was obtained.

Comparing the activation energy of hydrolysis of maltose (E;) estimated to be

110 kJ mol~! with hydrogenation (Es) with the value of 70 kJ mol~! emphasize

that hydrogenation of maltose takes place faster than its hydrolysis. The acti-
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Figure 3.12: Fit of the kinetic model (Egs. (3.4-3.9)) to the experimental data; Reaction conditions: maltose, 1.17
mmol; Ru/C, 0.1 g; HyO, 20 cm?; Hy, 5 MPa at 433 K.
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vation energy of hydrolysis and hydrogenation reactions for maltose is slightly
higher than cellobiose. From literature, the rate of hydrolysis of oligosaccharides
depends on the type of glycosidic bond. For example it has been reported that
the a(1-4) glycosidic bond in maltose are cleaved more readily than the 5(1-4)
glycosidic linkage in cellobiose. This observation was explained to be because of
conformational effects and some factors relative to solubility of sugars [90, 49].
Therefore, the estimated activation for hydrolysis of maltose is somewhat smaller
than cellobiose.

Analysis of the reaction network emphasizes two reaction pathways deliver-
ing sorbitol based on disaccharide. Considering the fact that subsequent dehy-
dration and hydrogenolysis of sorbitol need to be suppressed to achieve a high
selectivity of sorbitol, a preferential transformation via the reduced disaccha-
ride formation appears interesting. The facilitated hydrolysis of the reduced
form enables a reaction under neutral or weakly acidic reaction conditions at
rather low reaction temperatures. Therefore, under optimum reaction condition
a controlled sorbitol production via the selective hydrogenolysis of disaachride

or oligosaccharide could be possible.

3.4. SUMMARY

Our mechanistic study on the hydrolytic hydrogenation of disaccharides to sor-
bitol confirms two competing reaction pathways starting from disaccharides.
The substrate either undergoes hydrolysis to glucose or hydrogenation to the
reduced form (3-a/B-D-glucopyranosyl-D-glucitol). Reduced disaccharide can
then be further hydrolyzed to glucose and sorbitol. Reduced disaccharide can
be produced selectively with up to 99 % yield utilizing a Ru/C catalyst in neu-

tral water and appropriate reaction conditions. The study confirms indeed that
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both pathways occur and their relative contribution strongly depends on the se-
lected reaction conditions. Kinetic parameters of both reaction pathways were
obtained from the proposed model with non-linear regression analysis. The re-
sults emphasize hydrolysis as rate determining step independent of the reaction
pathway. Overall, a selective transformation of disaccharides to sorbitol proceed-
ing via a reduced disaccharide formation appears more efficient. Especially at
lower reaction temperature, this reaction pathway dominates and overall lower

activation energies together with higher rate constants can be observed.



CHAPTER 4

TRISACCHARIDES

Portions of this chapter have been submitted in "L. Negahdar, P. J. C.
Hausoul, S. Palkovits, and R. Palkovits, Direct cleavage of sorbitol from
oligosaccharides via a sequential hydrogenation—hydrolysis pathway, Ap-
plied Catalysis B: Environmental, 160:460-464, 2015.”

In the pervious chapter, an investigation on the hydrolytic hydrogenation of
disaccharides as model molecules of polysaccharides confirmed a direct hydro-
genation to reduced disaccharides followed by hydrolysis as alternative reaction
pathway. The kinetic analysis revealed that this reaction pathway can contribute
significantly to sorbitol formation. Consequently the question arises if a selec-
tive formation of sorbitol via hydrogenation followed by hydrolysis should also
be considered for oligo- and polysaccharides, respectively.

In this regard, trisaccharides including cellotriose based on cellulose, and
maltotriose based on starch were investigated to gain further insights concerning
the significance of hydrogenation-hydrolysis sequences within the overall reac-
tion networks. A systematic kinetic analysis has been carried out providing a
quantitative interpretation of the reaction pathways paving the way for a novel

view on the transformation of oligosaccharides and potentially polysaccharides

49
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into sorbitol.

4.1. REACTION NETWORK ANALYSIS

In the presence of a supported metal catalyst (Ru/C) and a molecular acid in
form of a heteropoly acid, the catalytic conversion of both trisaccharides, cel-
lotriose and maltotriose, respectively, proceeds via the described sequence of

steps illustrated in Figure 4.1. A direct hydrolysis of the studied trisaccha-
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trisaccharide disaccharide glucose

V Ho \ H, \
OH OH
H [H'] (H'] OH
/ . OH OH

HO ©OH HO OH HO OH HO  OH HO
sorbitol

reduced trisaccharide reduced disaccharide J

Hz

degradation product

Figure 4.1: Reaction network for a catalytic conversion of trisaccharides to sor-

bitol; glu=glucose, sor=sorbitol.

rides (cellotriose or maltotriose) to the corresponding disaccharides (cellobiose
or maltose) and glucose as well as a hydrogenation to the reduced trisaccharides
(cellotriitol or maltotriitol) were observed. In line, experiments using reduced
trisaccharides as substrate were performed. The hydrolysis of reduced trisaccha-
rides yields either a disaccharide and sorbitol or a reduced disaccharide (cellobitol
or maltitol) and glucose. In subsequent transformations, the disaccharide can

be either hydrolysed to glucose or hydrogenated to the reduced form which can
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be further hydrolysed to glucose and sorbitol.

One has to mention that trisaccharides exhibit two slightly different glyco-
sidic bonds which can be hydrolysed. A facilitated hydrolysis at the reducing end
of oligosaccharides has been discussed by Feather and Harris. They concluded
that the glycosidic bond adjacent to the non-reducing end of the cellotriose
which is controlled by a D-glycopyranose structure is hydrolysed faster than the
bond adjacent to the reducing end which is controlled by a more bulky glycone
containing two D-glycopyranose residues [53|. Another study by Freudenberg
et al. suggested that the two glycosidic bonds in cellotriose are hydrolysed at
the same rate and this rate differs from that of cellobiose [52]. Nevertheless,
the interpretation of the hydrolysis rate of two glycosidic bonds in cellotriose
based on different measurements remains uncertain. Cleaving either of the two
glycosidic bonds in cellotriose yields the same products, glucose and cellobiose.
Therefore, in this study the cleavages of the glycosidic bond at the reducing or

non-reducing ends of cellotriose are not distinguished.

Analysing the yield of the described intermediates and final products as func-
tion of elapsed time at different reaction temperatures enables further insights on
the course of the reaction. Figure 4.2 shows the time evolution of products yield
at different reaction temperatures for conversion of cellotriose to sorbitol. The
product distribution at different reaction temperatures illustrates a significant
contribution of a prior hydrogenation of the substrate to the reduced form. This
effect is favoured at lower reaction temperatures. Cellotriitol, the hydrogenation
product of cellotriose, is the major product with maximum selectivity of 69 % at
393 k. As the reaction temperature increases the yield of cellotriitol decreases.
At the same time, yield of the target product, sorbitol increases reaching a max-
imum of 74 % at 443 K. Cellobiose presents a potential reaction intermediate

and is simultaneously converted via two catalytic pathways: (1) hydrogenation
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to cellobitol and (2) hydrolysis to glucose. At lower reaction temperatures, cel-
lobitol has a higher yield which again points out the preferential hydrogenation

of cellobiose over its hydrolysis. This observation can be related to the direct
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Figure 4.2: Time course study for cellotriose, yield of cellotriitol (), cellobiose
(»), cellobitol (), sorbitol (a), glucose (v) and cellotriose conversion (m); Reac-
tion conditions: cellotriose, 2 mmol; Ru/C, 0.1 g; HPA, 0.175 g; H,O, 20 cm?
and 4 MPa H, at (a) 393, (b) 413 and (c) 433 K.

formation of sorbitol based on hydrolysis of cellotriitol and maltotriitol together
with a fast hydrogenation of glucose to sorbitol. Cellobiose presents a potential
reaction intermediate and is simultaneously converted via two catalytic path-

ways: (1) hydrogenation to cellobitol and (2) hydrolysis to glucose. In line, only
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low concentrations of cellobiose were detected. At lower reaction temperatures
an accumulation of cellobitol can be observed indicating a facilitated hydrogena-
tion of cellobiose compared to hydrolysis. Overall, these findings suggest that
the hydrogenation of substrates and intermediates proceeds faster compared to
hydrolysis. Unlike a simple hydrolysis to glucose, both trisaccharides, cellotriose
and maltotriose, are mainly converted via hydrogenation-hydrolysis sequences.
Under the applied reaction condition, no side reactions based on glucose, e.g.
via dehydration, were observed and degradation products from sorbitol were
negligible. In the described temperature range, carbon-balances could be closed

and no humin formation was observed.

4.2. REACTION KINETIC MODELING

The reaction network for cellotriose consists of hydrolysis and hydrogenation
pathways (Figure 4.3). Cellotriose is discussed comprehensively and major dif-
ferences and consistencies are elucidated to translate the observations to other

oligo- and polysaccharides. The hydrolysis reactions include the hydrolysis of
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Figure 4.3: Reaction network for a catalytic conversion of trisaccharides to sor-

bitol; glu=glucose, sor=sorbitol.
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cellotriose (ky), cellotriitol (ks, k4), cellobiose (kg) and cellobitol (k7). The hydro-
genation reactions comprehend the hydrogenation of cellotriose (k9), cellobiose
(ks) and glucose (kg). As mentioned previously, for hydrolysis of cellotriose, the
cleavage of bonds is not distinguished assuming that each type of linkage hydrol-
yses at the same rate regardless of where it occurs. Therefore, the rate constant
is the sum of the rate constants for the hydrolysis of both bonds. Based on time-
resolved analysis of the reaction progress, kinetic modelling has been carried out.
For hydrolysis, a pseudo first order kinetic was assumed (23, 26, 25, 19]. For
hydrogenation, a Langmuir-Hinshelwood mechanism has been assumed. Due to
the large excess of Hy and a low concentration of oligosaccharides in the solution
this rate equation has been simplified and treated as pseudo first order reaction
[86]. The reaction parameters were estimated by minimizing the least-squares
(LS) objective function, defined as the sum of squares of the residuals. The rate
constants were correlated by the Arrhenius equation including temperature de-
pendency. All kinetic data were estimated in the temperature range from 373 to
433 K. The concentrations of any compound as function of time in the reaction

network are represented as follows:

dC, risac.
;—t = _klctrisac. - pcathOtrisac. (41)

dC’re— risac.
d—; = pcathCtrisac. - k30re—trisac. - k40’/‘e—t7‘isac. (42)

dC isac.
;t = klctrisac. + k3creftrisac. - pcatkSCdisac. - k6Cdisac, (43)

dCre— isac.
d—td = k4Creftrisac. + pcatk5Cdisac. - k7Crefdisac. (44)

nglucose

T = klc’trisac. + k4Creftrisac. + 2k60disac. + k’?Crefdisac. - pcatk8cglucose

(4.5)

dCsor ito
# = k707‘e—disac. + pcatkSCglucose + k?)Cre—trisac. - k9cso7‘bitol (46)

dt
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where C;’s represent the species’ concentrations, k;’s are the apparent rate con-

stants and p.. is the catalyst bulk density.

4.3. RESULTS AND DISCUSSION

Figures 4.4 and 4.5 show the curve fitting for cellotriose hydrolytic hydrogena-
tion to sorbitol at different reaction temperatures. The apparent rate constants
and activation energies for hydrolysis and hydrogenation steps of cellotriose and
maltotriose are summarized in Table 4.1. Below 433 K the rate constant ks is
significantly higher than the rate constant k; confirming a fast hydrogenation to
reduced trisaccharides. The rate constant ks is slightly higher compared to ky4
indicating that the hydrolysis of the glycosidic bond close to the reducing end

is easier than that for the glycosidic bond adjacent to the non-reducing end.

Reaction T(K) 393 413 433 E, [kJmol™!] R?
k1(107tmin~t)  0.0015 0.017 0.101 147 0.95
ko(107tmin~t)  0.022 0.146 0.315 94 0.94
k3(107'min™t)  0.0036 0.040 0.156 133 0.93
k4(107 min~t)  0.0023 0.027 0.116 139 0.94
ks(107tmin~t)  0.0617 0.283 0.601 80 0.96
ke(10™'mint)  0.0062 0.061 0.235 128 0.91
k7(107 'min~t)  0.0092 0.087 0.265 119 0.94
kg(107tmin~t)  0.109  0.357 0.810 71 0.93

Table 4.1: Kinetic parameters for the catalytic conversion of cellotriose to sor-

bitol.

In case of disaccharides similar to trisaccharides the hydrogenation reaction
is notably faster compared to hydrolysis at lower temperatures. Additionally,

the rate constant for hydrolysis of reduced disaccharide k; is higher than the
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conditions: cellotriose, 2 mmol; Ru/C, 0.1 g; HPA, 0.2 g; HyO, 20 cm? and 4
MPa H,.

0.1 .
——model
0.09 /\ cellotriose | 4
@ cellotriitol
0.08t \/ cellobiose | |
[ cellobitol
% glucose
0.07 ‘ sorbitol

concentration / M

time / min

Figure 4.5: Fit of the kinetic model to the experimental data at 413 K; Reaction

conditions: cellotriose, 2 mmol; Ru/C, 0.1 g; HPA, 0.2 g; HyO, 20 cm? and 4
MPa H,.
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rate constant for hydrolysis of the disaccharide kg confirming again a facilitated
hydrolysis after hydrogenation. A closer look on the observed activation en-
ergies strengthens this interpretation. The activation energies F3 and E, for
the hydrolysis of a reduced trisaccharide compared to F; for the hydrolysis of

trisaccharides emphasising again a facilitated hydrolysis after hydrogenation.

Activation energies Fsy, E5 and FEg for the hydrogenation reactions were es-
timated being in good agreement with our previous report and literature values
[91]. Obviously, activation energies for hydrogenation increase with increasing
chain length. Together with decreasing reaction rate constants, one may con-
clude on a facilitated hydrogenation of shorter saccharides. A comparable trend
can be observed for hydrolysis. Comparing hydrolysis of di- and trisaccharides,
activation energies increase (Eg < E7) and reaction rate constants decrease (kg
> k). This observation is in well agreement with a decrease of the hydrolysis
rate constant of cellodextrin with an increase of the degree of polymerization
(DP) [52, 92].

Hydrolysis of oligosaccharides is affected by geometric constrains such as
the anomeric configuration of the glycosidic linkages (« or ), the position of
linkage such as (1-4), (1-6), the presence of functional groups in the molecule and
the intensity of inter- and intra-molecular interactions [90, 49]. Therefore, the
estimated kinetic constants for cellotriose and maltotriose has slightly different

values (Table 4.2 and Table 4.1).

The present study confirms a tremendous effect of oligosaccharide hydro-
genation. To rationalise the obtained results the ratios of reaction rate con-
stants for hydrogenation versus hydrolysis of cellotriose and maltotriose (Table
4.2) were summarized (Figures 4.7 and 4.8). Despite a facilitated hydrolysis of
a-1,4-glycosidic bonds in maltose and maltotriose, hydrogenation remains to be

superior to hydrolysis especially at lower temperatures. The dominant character
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Reaction T(K) 393 413 433 E, [kJ mol™'] R?
k1(107tmsn~t)  0.0025 0.035 0.101 131 0.97
k2(107 min~t)  0.0612 0.26  0.653 84 0.98
k3(107tmin~t)  0.0075 0.102 0.201 117 0.96
k4(107tmin~t)  0.0041 0.071 0.141 126 0.97
ks(107'min~t)  0.108 0.418 0.985 77 0.98
ke(107tmin~t)  0.011 0.103 0.281 112 0.97
k7(107tm4n~t)  0.021 0.184 0.352 101 0.98
ks(107tmin~t) 026  0.81 1.51 62 0.98

59

Table 4.2: Kinetic parameters for the catalytic conversion of maltotriose to

sorbitol.

of hydrogenation is even more pronounced for longer oligomers. Comparing the

ratio of ko /ky versus kj/kg, a maximum decrease from 24 to 10 and 15 to 10 for

maltotriose and cellotriose, respectively, becomes obvious (Figure 4.7).

25

20

15

k(H,) / k(H*)
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0

A

& cellotriose k2/k1
< cellotriose k5/k6
A maltotriose k2/k1
A maltotriose k5/k6

383 393 403 413 423 433 443

temperature / K

Figure 4.7: Kinetic selectivity of hydrogenation versus hydrolysis at various

reaction temperatures (Table 4.2 and Table 4.1).
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For all temperatures, the kinetic selectivity of hydrogenation versus hydrol-
ysis is more pronounced for the investigated trisaccharides compared to the
corresponding disaccharides.

The kinetic selectivity for hydrolysis of reduced compounds with regard to
hydrolysis of the corresponding saccharide adds to the described effects (Figure
4.8). For all compounds, temperatures and positions in the reaction network,
hydrolysis after hydrogenation is accelerated. Indispensable of (a-1,4) or (f-1,4)
glycosidic linkages, a facilitated hydrolysis after hydrogenation occurs. Impor-
tant to note, the trend is even more distinct for hydrolysis of longer oligosaccha-
rides (ky/kg vs. k3/ky for cellotriose and maltotriose). From a structural point
of view, these data emphasize an accelerated hydrolysis of oligosaccharides in

open ring structures compared to hydrolysis of the close structure. A progressive

3.5
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Figure 4.8: Kinetic selectivity of hydrogenation versus hydrolysis at various

reaction temperatures (Table 4.2 and Table 4.1).

decrease of the rate constants with increasing size of the oligosaccharide can be

observed. Together with overall higher rate constants for hydrolysis of reduced
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compounds, a sequential hydrogenation followed by hydrolysis to release sorbitol
could even present an important reaction pathway in case of longer oligosaccha-
rides. However, it should be noted that the presented kinetic analysis can only

support the proposed reaction network but not confirm the reaction sequence.

4.4, SUMMARY

Trisaccharides have been studied as substrates for the formation of sorbitol.
Hydrogenation of such oligosaccharides followed by a facilitated hydrolysis of
the terminal sorbitol unit could be observed. A time-resolved study and kinetic
analyses emphasise this reaction pathway to be preferred at low reaction temper-
atures and for longer oligomers. The kinetic selectivity of hydrogenation versus
hydrolysis increases with oligomer size reaching a ratio of 24 and 15 at 393 K for
maltotriose and cellotriose, respectively. Our observations clearly confirm the
significance of the described pathway of sorbitol production. Especially at lower
temperatures and with increasing oligomer size, a preferential hydrogenation

and hydrolysis of the terminal sorbitol unit can be observed.
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CHAPTER 5

OLIGOSACCHARIDES

This chapter is based on the hypothesis that hydrogenation of long-chain oligosac-
charides increases the rate of hydrolysis to a considerable extent and presents
a significant alternative pathway in sorbitol formation. To this end, maltodex-
trin (DP 2-7) has been chosen as model of oligosaccharides while the mixture
of cellodextrin is hardly available. The theoretical background of this work is

prevalent in chemical process literature and is mostly based on the works of

Gillespie [93, 94, 95], McQuarrie [96], Gibson & Bruck [97], and Renken [98].

5.1. KINETICS OF LONG CHAIN OLIGOSACCHARIDES

Three different methodologies are used to model the kinetics of long chain
oligomers. First, the process can be treated as a statistical problem using math-
ematical method such as Markov chain theory. Second, the stochasticity of the
process can be treated by preforming simulation. For example using Monte
Carlo method, to compute the evaluation of the reacting system. Third, using a

deterministic approach in which population balance will be used to express the

63
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kinetics of reaction. In some cases, deterministic approach can be cumbersome
and difficult to implement. For example, for macromolecules such as lignin with
complicated distribution of reactive moieties and physical characteristics, Monte
Carlo simulation is often more convenient because it renders the physical struc-
ture of the reactant explicit. Therefore, choice of methodology to simulate the
kinetics depends on the condition of system. In the following section, theoreti-
cal background and a detailed justification of the choice of methodology will be

discussed.

5.1.1. STOCHASTIC CHEMICAL KINETICS

Chemical kinetics deals mainly with the question of how long it takes for a chemi-
cal reaction to reach equilibrium that is when the reaction completes in the sense
that the time averages of reactant populations becomes constant. Depending on
reactant populations, a chemical process can be viewed as either deterministic
or stochastic. Closely related to this, it can also be viewed as either continuous
or discrete. In principle, all chemical reactions are stochastic and discrete. They
are discrete because they take place among individual molecules whose popula-
tions must be quantified as integers. On the one hand, a chemical reaction takes
place at such small scales that quantum indeterminacy cannot be overlooked.
This means, no matter how elementary a single reaction is, one cannot know for
sure whether it occurs or not, or predict when, if it does. In this manner, one
can only speak of probability of such an event. This in turn, makes the reactant

populations indeterminate i.e. stochastic.

5.1.2. CHEMICALLY REACTING SYSTEMS

A chemically reacting system is an agglomerate of molecules confined within

non-permeable thermodynamic walls. It is also taken to be well-stirred so that
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all observable quantities of the system have a homogeneous spatial distribution.
This makes certain that a single reaction is equally likely anywhere inside the sys-
tem. To simplify the matters further, it is presumed that a chemically reacting
system keeps its temperature and pressure constant through contact with proper
surroundings. Again since such a system is well-stirred, its state can be com-
pletely specified with its molecular populations X (¢) = (X1(¢), Xa(t), ..., Xn (1))
of the N chemical species {S1, S, ..., Sy} of which it is composed. The X;’s are
whole numbers. We suppose that the chemical process X(t) is realized through
M chemical reactions {Ry, Rs, ..., Ry }. The stoichiometric coefficient of the ith
chemical component in the j*® reaction is v;;. There are N x M such coefficients
which form a matrix v. The collective coefficients of a reaction R; is called state
change vector, written as v; = (v4j,149;,...,vy;). 1f at time ¢ the reaction R;

takes place, the state vector X changes as X(t + At) = X(t) +v;.

Stochasticity

We already explained why a chemical process is essentially stochastic. Stochas-
ticity, in quantitative terms, means that the state X is a random vector com-
posed of random variables X;, i = 1,..., N. The time dependency of X(¢) is the
principle. We perceive time as being divided into past, present, and future. One
could raise the question as to whether the future state(s) of a system can be
predicted based on its present state only, and independent of its past. If such
is the case, the X(t) is called a Markov process. A Markov process is, in short,
a memoryless stochastic process. If X(t) indicates a Markov chemical process,

we are entitled to defining the conditional probability density function

P (x,t[x0,t0) = Prob{X(t) = x, given that X(¢y) =xo}, (5.1)
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where X (%) = xq is the initial condition. For its determination, it is sufficient to
know the propensity function of the Markov chemical process. The idea is the
direct proportionality between the reaction R; and the elapsed time At. The
coefficient of this proportionality depends on molecular populations and is called

propensity function.

Assumption 1. If at any instant t the molecular populations of a Markov chem-
ical process are given, X(t) = x, the probability that any reaction R; will occur
somewhere inside the system 0 within the next time interval of length At, is

equal to a;(x) At. The a;(x) is called propensity function.

Quantum mechanics predicts that for every possible reaction R, inside a
chemically reacting system () there exists a constant c;, such that ¢; dt equals
the probability that a molecule in €2 takes part in the reaction within the next
infinitesimal time dt. From definitions, it is clear that the propensity function
a; is proportional to ¢;. If R; is unimolecular, for instance, a;(z) = z¢;, where
x is the number of reactant molecules. For a bimolecular reaction we have
a;j(x,y) = zyc;. If the bimolecular reaction has a single reactant, i.e. 2A - B,
the propensity a;(z) = z(z - 1)c;.

To establish the connection between probability density and propensity func-
tion, let us observe a Markov chemical process within a small time interval
[t,t + At). If At is assumed equal to the characteristic time between two con-
secutive reactions, there are two possible ways for the system to proceed within
this time interval. Either one single reaction takes place or no reaction takes
place. Since these two possibilities are mutually exclusive, the sum of their
probabilities makes up the Py(t + At). The probability that one reaction oc-
curs, equals the sum of conditional probabilities of all M possible reactions

P (t+ At) = At Z?ﬁl aj(x —V;) Pxy,;(t). The probability that nothing happens,
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on the other hand, is the complement to the event that all reactions take place
P (t+ At) = [1 - At Z?ﬁl aj(x)] Py (t). Adding up the two values we obtain the
increment formula
M
Po(t+ At) = Pe(t) + At Z aj(x = v;) Pey, (t) — a;(x) Px(t)] (5.2)
j=1
This is called the chemical master equation (CME). It can also be written in the

form of a differential-difference equation

M

%t(t) = L% P (0~ 5) Be() (5.3)
This is not at variance with discreteness of the chemical process, because the
time derivative operates on the probability function and molecular populations
appear in difference terms and factors only.

In principle, the chemical master equation is all that is needed to deter-
mine the probability densities of the random vector of molecular populations
X. However, it becomes complex as the number of reaction pathways and their
molecularity grow. Notice that the chemical master equation is a highly coupled
system of stochastic partial differential-difference equations. This means even
if analytical solutions were available, in realistic situations, one would settle for
their numerical solutions. But then again, due to the presence of numerous
conditional probabilities, even a numerical algorithm would be overly complex.

For multi-molecular reactions with many pathways an alternative formula-
tion exists which is formally different than, but logically equivalent to the chem-
ical master equation. This alternative is called stochastic simulation algorithm
(SSA) (see [95]). We will see that the chemical master equation is adequate for
our purposes, since all the reactions in our experiment follow a pseudo first-order
kinetics. We will also show that due to macroscopic molecular populations the

stochasticity effects are negligible.
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5.1.3. BIMOLECULAR REACTIONS

Let us focus on a simple chemically reacting system composed of three species A,
B, and C with random populations X (¢),Y (¢), and Z(t), respectively, and with
a single bimolecular reaction A + B - C'. The initial populations are given as
X(0) =z, Y(0) =yo, and Z(0) = z, and the state change vector v=(-1,-1,1).
Since the process takes place through a single chemical reaction, the number of
probability functions required to formulate the chemical master equation reduces
to one. In case when Y (0) > X (0), the chemical master equation (5.3) takes on

the following form

dP;t(t) =c(z+1)(wo+x+1)Ppy(t) — cx(wy + ) Pp(t) (5.4)

where wy = yo — xg and constant ¢ has already been introduced through its
relation to the propensity function, as a;(x,y) = zyc;.

However, if the bimolecular reaction takes place in a large system (macro-
scopic), some simplifications can be made which set the stage for our model. We
will see that the above formulation demonstrates the deterministic behavior of

a thermodynamic system as its limiting case.

Deterministic kinetics as limiting case of stochastic kinetics

The reactions we are interested in, hydrogenation and hydrolysis of long-chain
oligosaccharides are bimolecular:

HPA

P,+H,O— P, ,,+P, (5.5a)
R, +H,025 P + R, (5.5b)
P+ H, MR, (5.5¢)

where P, and R,, are oligosaccharide and reduced oligosaccharide of length n.

Therefore they conform to the kinetic formulation that we just developed (5.4).
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It should be noted, however due to large reactant populations in our experiments,
the stochastic effects can be neglected.

At each run of the experiment we roughly provide 1073 moles of oligosaccha-
rides which is the equivalent of 102 molecules. The water in hydrolysis (5.5a)
(5.5b) and hydrogen in hydrogenation (5.5¢) are much more abundant than the
oligosaccharides. In terms of the notation introduced in (5.4) these mean that

wg > ro and xg > 1.
e wy > 1 stands for overabundance of Hy, and HyO, and
e 1, > 1 stands for large (macroscopic) population of oligosaccahrides.

The first of these two assumptions, i.e. wy > x(, reduces the general solution of
(5.4) to a simple formulation in terms of the average and the variance of X (see

[96])

(X(t))=20e™, k= (wo+1)c (5.6a)
(X)) =mge™(1-e) (5.6b)

The average value (5.6a) is clearly the solution to a first-order deterministic

reaction rate equation

WD - kix@, (X)) =0 6.7

The bimolecular reactions (5.5) are therefore called pseudo first-order reactions.
Hence, hydrogen and water are often omitted from reaction equations (5.5). The
reaction rate equations like (5.7) are commonly expressed in terms of concentra-

tions rather than molecular populations.

Ca— k0, Ca(0) =0, 53

in which C'4 is the molar concentration of reactant A.
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A simple standard method to measure the stochasticity of a random process
X (t) is the ratio of the standard deviation \/{ X (¢))) to its average (X (t)). Now

considering the assumption x> 1 and (5.6) we have

i VEO) Voo A=) L

roeo (X (1)) N

which implies that the stochasticity of the reaction is negligible when the polysac-

charide population is macroscopic.

From the two recent results (5.7) and (5.9) we conclude that

Result 2. Hydrogenation and hydrolysis of polysaccharides follow a determin-

wstic pseudo first-order kinetics.

5.2. RESULTS AND DISCUSSION

Hydrolytic hydrogenation of oligosaccharides (maltodextrin) is conducted at
four different temperatures between 373 and 403 K. The concentrations of the
oligosaccharides are analyzed with HPLC. The peaks in the chromatograms cor-
responding to maltooligomers (DP 2-7) and their reduced form can be seen in
the Figure 5.1. It should be noted that the used maltodextrin is a mixture with
different initial compositions of oligomers. Chromatograph shows the spectrum
of reactants and products at different time intervals starting from the time when
the reaction temperature is reached. Sugar oligomers appear together with their
isomers in two adjacent peaks. Each gray peak belongs to the reduced form
of corresponding sugar. The spectra evidently show the progress of reaction
through hydrolysis and hydrogenation. Within the first 30 min the onset of
reduction of oligosaccharides is observed expectedly. This is consistent with
our previous analyses of di- and trisaccharides, reconfirming the dominance of

hydrogenation reaction.
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Figure 5.1: HPLC analysis of oligosaccharides; Reaction conditions: maltodex-
trin, 2 mmol; Ru/C, 0.1 g; HPA, 0.2 g; H,O, 20 cm? and 4 MPa H, at 383 K,

(P=oligosaccharide, R=reduced oligosaccharide).
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5.2.1. MODEL FORMULATION

We formulate a kinetic model of the above experiment on the basis that two
types of reactions take place, namely random hydrolysis of glycosidic bonds,
and hydrogenation of reducing end of oligosaccharidic chain. We make no a
priori assumption on hydrolysis rates of glycosidic bonds at different positions.
This means the hydrolysis of each bond has its dedicated reaction rate equation,
and we let the model decide whether they are equal or not.

These random scissions of the glycosidic bonds and reduction of terminal
units of the chains are summarized in the following compact form

kgr+

P,— P;+ P, n=2,...,N j=1,...,|n/2] (5.10a)
kr,

P, —R, n=1,...,N (5.10D)
K+

R, P+ R, n=2,...,N j=1,....|n/2], (5.10c)

where P, and R, are oligosaccharide and reduced oligosaccharide of length n.
Reactions (5.10a) and (5.10c) represent the hydrolysis (scission) and (5.10b) the
hydrogenation (reduction). In the case of heptaoligosaccharide, the (5.10) forms
a network of 14 species and 41 unimolecular reactions (Figure 5.2). Since all
reactions follow the pseudo first-order rate equation (5.8), the overall kinetics
of this reaction network takes the form of a first-order linear system of ordinary
differential equations as we explain next.

Suppose that the reaction network is composed of N species {Si,...,Sn},
connected through M first-order reactions {Q1, ..., Qs }. We formerly introduce
the N x M matrix of stoichiometric coefficients such that the element v;; is the
the stoichiometric coefficient of \S; in @;. If the rate of the j*! reaction is denote
by r;, the concentration of the i*h species is given by

dc; M
yr :Z;uijrj (5.11)
]:
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REACTION MULTIPLICITY
P7 >>> P6 P1 2
P7 >>> P5 P2 2
P7 >>> P4 P3 2
P7 >>> R7 1
R7 >>> P6 R1 1
R7 >>> P5 R2 1
R7 >>> P4 R3 1
R7 >>> P3 R4 1
R7 >>> P2 R5 1
R7 >>> P1 R6 1
P6 >>> P5 P1 2
P6 >>> P4 P2 2
P6 >>> P3 P3 1
P6 >>> R6 1
R6 >>> P5 R1 1
R6 >>> P4 R2 1
R6 >>> P3 R3 1
R6 >>> P2 R4 1
R6 >>> P1 R5 1
P5 >>> P4 P1 2
P5 >>> P3 P2 2
P5 >>> R5 1
R5 >>> P4 R1 1
R5 >>> P3 R2 1
R5 >>> P2 R3 1
R5 >>> P1 R4 1
P4 >>> P3 P1 2
P4 >>> P2 P2 1
P4 >>> R4 1
R4 >>> P3 R1 1
R4 >>> P2 R2 1
R4 >>> P1 R3 1
P3 >>> P2 P1 2
P3 >>> R3 1
R3 >>> P2 R1 1
R3 >>> P1 R2 1
P2 >>> P1 P1 1
P2 >>> R2 1
R2 >>> P1 R1 1
P1 >>> R1 1

Figure 5.2: Reactions including in the kinetic modeling
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Furthermore, since @); is first order, its rate depends linearly on concentrations

of species. This can be formulated as

N
’f’j = Z k'ﬂCz s (512)
i=1
in which C; is the concentration of species S;. The k;;’s are reaction rate con-
stants which form an M x N matrix. The rate ; depends only on one species
concentration which largely simplifies (k;;). If we now substitute (5.12) back
into (5.11), we obtain

dc; M X
s Z;Vijkjici i={1,2,...N} (5.13)
j=1i=

This is a linear system of NV ordinary differential equations which is the founda-

tion of our kinetic model.

5.2.2. MODEL IMPLEMENTATION

The experimental data from chromatography is a collection of concentrations of
species sampled at regular time intervals. The sample data points are shown by
an asterisk. For instance C/(t,) will be the concentration of \S; in the sample
taken at time ¢,. Our objective is to find the rate constants (k;;) such that
the solution of (5.13) follows the sample points C} as closely as possible. This
is basically an optimization procedure which we implemented in MATLAB™

using the following algorithm:

1. Import the empirical concentration values and time steps C} (¢,,).
2. Assign and initial guess for k;;’s.
3. Assign the initial concentrations from step 1.

4. Solve (5.13) for C;(t), based on guess k;;’s from step 2 and initial values

from step 3 using finite difference method.
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5. Find the least square distance between data points C (t,,) from step 1 and
the solution C;(t) from step 4.

6. If the distance evaluated in step 5 is smaller than a predesignated tolerance,

then go to step 8, otherwise go to step 7.

7. Change the (k;;) in the proper direction using the MATLAB built-in Trust-
Region-Reflective Optimization algorithm, and go to step 4.

8. End.

The MATLAB code enclosed as appendix C is self-descriptive.

5.2.3. DATA ANALYSIS

The concentrations have been normalized to better distinguish the data points
on multi-plot figures. Therefore, time profiles are given as mole fraction of
the considered oligomer. Mole fraction is defined as the ratio of the mole of
considered species to the total moles in the system. Figure 5.3 indicates the
application of the above curve-fitting algorithm to experimental data for the
given reaction conditions. The fitting is apparently successful which confirms
our choice of kinetic model, i.e. first-order. Optimization was run for a wide
range of initial guess for k;; to make sure that the optimization is stable and the
numerical results are reliable. So it is safe to assume that the reactions (5.10)
take place precisely as presented. Since the reaction rate constants have been

successfully estimated, we are now able to

e compare the rate of reduction and the rate of scission for each oligosac-

charide P,

e calculate the rate of scission for each reduced oligosaccharide,
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5.2. RESULTS AND DISCUSSION 7

e compare the overall amount of scission between reduced and non-reduced

compounds.

In a single instance of hydrolysis reaction (5.10a) or(5.10c) exactly one gly-
cosidic bond is broken. This means that, the reaction rate equals the rate of
scission. So for every compound, the sum of all hydrolysis reactions that have
the compound as reactant, equals the rate with which the glycosidic bond are
broken. In simple terms, the number of molecules that go through hydrolysis is

equal to the number of broken bonds.

n/2|

scission rate of P, = 7(p,-scission) = ( Z k:(j) n) (5.14)
[n/2]

scission rate of R, = 7(g, —scission) = Z kgz R, (5.15)

The same holds for reduction (5.10b). The number of molecules which go

through hydrogenation equals the number of reduced ends.
reduction rate of P, = 1(p, —reduction) = KH,p, Fr (5.16)

The ratio of reduction to scission for each oligosaccharide is given by

kHZypn

_ CHaPn (5.17)
n/2
ST,

reduction/scission P, =

is independent of concentration.

For the simulation, the number broken bonds and the number of reduced
ends in terms of mole fractions are obtained by time integration n(t) = fotrdt,
of rate equations (5.14), (5.15) and (5.16).

Figure 5.4 compares scission yield versus reduction yield for each oligosaccha-
ride. The kinetic selectivity of hydrogenation over hydrolysis for each oligosac-

charide can be clearly seen. Notice that, the used maltodextrin is a mixture
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with different initial compositions of oligomers. Oligomers with shorter chains
have higher selectivity of hydrogenation. This is in agreement with our inves-
tigation on the kinetics of trisaccharides in which shorter chain oligomers have
lower activation energies for hydrogenation indicating higher kinetic selectivity
of hydrogenation.

To show the selectivity of hydrogenation over hydrolysis, , we added up
all the mole numbers of reduced ends for all reacting compounds. The results
are illustrated in Figure 5.5 for reaction temperatures of 383, 393, and 403 K.
The overall higher kinetic selectivity of reduction over scission can be clearly
observed. This kinetic selectivity will increase with increasing the reaction tem-
perature. At temperature of 383 K, the total mole fraction of oligomers which
are reduced is about 36 % and increases to 57 % at temperature of 403 K. In
order to compare selectivity of hydrolysis of reduced compounds over hydrol-
ysis of non-reduced compounds, the total mole numbers of broken bonds was
added up. It can be seen that the reduced compounds will be hydrolysed in
higher kinetic selectivity. Effect of temperature is higher for the hydrolysis of
reduced compounds compared with non-reduced ones. At temperature of 403
K, total number of moles of reduced compound which goes through hydrolysis
is about two times higher than total number of moles of non-reduced ones. This

observation reconfirms the facile hydrolysis of reduced oligosaccharides.

5.3. SUMMARY

For our chemical reacting system, deterministic approach has been applied as a
more convenient approach. Kinetic modeling was used to compare the rate of
scission versus the rate of reduction for each oligosaccharide. Analysis of data

showed the higher kinetic selectivity of hydrogenation over hydrolysis for each
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Overall Scission VS Reduction

OLIGOSACCHARIDES
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Figure 5.5: Overall comparison of scission versus reduction; Reaction conditions:

maltodextrin, 2 mmol; Ru/C, 0.1 g; HPA, 0.2 g; H,O, 20 cm? and 4 MPa H, at

383 K, (P=oligosaccharide, R=reduced oligosaccharide).
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oligosaccharides. Overall kinetic selectivity of hydrogenation increased with in-
creasing the reaction temperature. Kinetic analysis of the hydrolysis of reduced
compounds over hydrolysis of non-reduced compounds showed that the reduced
compounds will be hydrolysed in higher kinetic selectivity. The effect of in-
creasing temperature on the hydrolysis of reduced compounds also was higher

compared with non-reduced ones.
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CHAPTER 6

CONCLUSION

The objective of our research was to study the reaction mechanism and kinet-
ics of hydrolytic hydrogenation of polysaccharides to sorbitol. Due to complex
structure of polysaccharides, kinetic study on model compounds of oligosaccha-
rides was carried out. Because of heterogeneous catalytic reaction, mass transfer
limitations were verified prior to experiments. Kinetic investigation of disaccha-
ride showed the presence of an alternative pathway in the reaction network. In
the presence of molecular acid and supported metal catalyst, disaccharide follows
either a hydrolysis to glucose or an alternative pathway through hydrogenation
towards reduced disaccharide. In a subsequent reaction, reduced disaccharide
will be hydrolyzed to sorbitol and glucose. The selectivity of pathways within
the reaction network strongly depends on the reaction conditions. At lower
temperatures the hydrogenation pathway is dominant, whereas at higher tem-
perature, hydrolysis becomes favorable. Analysis of empirical data showed that
the direct hydrogenation to reduced disaccharide followed by hydrolysis is the

more efficient pathway for production of sorbtiol.

In the next step, the kinetics of trisaccharide was examined in order to under-

83
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stand the role of hydrogenation-hydrolysis sequences within a reaction network.
Kinetic analysis showed a preferred hydrogenation of trisaccharides over their
hydrolysis followed by a facilitated hydrolysis of reduced compound towards
sorbitol. This higher selectivity becomes more pronounced at lower reaction
temperatures and for longer oligosaccharides.

Finally, a much larger reaction network composed of a mixture of 6 oligosac-
charides (di- to heptasaccharide) was studied based on a first-order kinetic
model. The overall kinetic selectivity of the hydrogenation over hydrolysis as
well as the facilitated hydrolysis of reduced compounds was observed. In sum-
mary, a preferential hydrogenation of oligosaccharides followed by hydrolysis to
release sorbitol has been proposed as a significant reaction pathway for sorbitol

production.

6.1. OUTLOOK

This work was a comprehensive kinetic analysis of oligosaccharides transforma-
tion into sorbitol. Some challenges remain which could be addressed for future
work.

The results of kinetic modeling suggested that hydrolysis of reduced oligosac-
charides is easier than hydrolysis of non-reduced oligosaccharides. It would be
worthwhile to obtain the exact difference in the energy of hydrolysis by using
of computational chemistry. For this aim, the study of simplest compound of
oligosaccharides such as cellobiose or maltose would be helpful.

Analysis of kinetic data for trisaccharides showed that length chain has ef-
fect on the hydrolysis and hydrogenation reactions. In this regards, kinetic study
of longer chain of oligosaccharides such as penta or heptasaccharides would be

desirable to gain further insights concerning sequence of hydrogenation and hy-
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drolysis reactions as well as the effect of length chain on both reactions. Finally,
study of the effects of reaction conditions such as neutral or weakly acidic con-
ditions on the kinetic selectivity of the hydrogenation and hydrolysis reactions

could be considered in future work.
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APPENDIX A

EXPERIMENTS

A.1. MATERIALS

Maltooligomers with DP(2-7) (maltose, maltotriose, maltotetraose, etc.) and
their reduced forms (maltitol, maltotriitol, maltotetraitol) were purchased from
Aldrich. Cellooligomers with DP(3-7) (cellotriose, cellotetraose, etc.) and their
reduced forms (cellotriitol, cellotetraitol, etc.) were supplied by Megazyme and
cellobiose was purchased from Alfa Aesar. Glucose, sorbitol, heteropoly acid
(HPA, silicotungstic acid), and 5 wt.% Ru/C were provided from Aldrich. All
above-mentioned chemicals were of analytical grade and used without further
purification. The mixture of maltodextrin (DP(4-7)) was purchased from Aldrich
and the cellodextrin (DP(2-7)) prepared by mechanocatalytic depolymerization
of micro crystalline cellulose (Avicell) was provided from Max Plank Institute
fiir Kohlenforschung. Cellobitol was self-synthesized with purity of 99 % and
characterized by ¥C NMR spectroscopy.
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A.1.1. SYNTHESIS OF CELLOBITOL AND CELLODEXTRIN

For synthesis of cellobitol, autoclave was loaded with 4 g cellobiose, 1 g Ru/C
(5 wt.%) and 30 ml of water. The reactor was then purged and vented with
N, and H; at room temperature. The pressure was immediately adjusted to
the 60 bar Hy. The autoclave was then preheated under hydrogen pressure to
the temperature of 373 K and for 8 h. Then solution was dried under vacuum
oven at temperature of 303 K for 24 h. Characterization of cellobitol by NMR
spectroscopy can be seen in the Figures A.1 and A.2. In the preparation of
cellodextrin, 36 g of micro crystalline cellulose (Avicell) was impregnated with
1.4 mmol H>SO4 and mechanocatalytically treated for 2 h. The water solubility
of mixture after mechanocatalytic depolymerization was 95 wt.% and mixture

was mainly made of sugar oligomers with six monomeric units.

LEN-calobitol
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Figure A.1: DEPT 135 spectrum of cellobitol.
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Different columns were used to analyze the products. In the analysis, the con-

centration of each compound in the product mixture was determined using cal-

ibration curves of pure compounds in the standard solution.

A.2.1. SACCHARIDES ANALYSIS

Disaccharides samples were analyzed using an HPLC (Shimadzu LC-10A) with

a Rl-detector. Separation of the components was achieved by an organic acid

resin column (CS-Chromatographie, Germany, 300 mm x 8.0 mm and 100 mm

x 8.0 mm) operated at 313 K. The eluent (154 L of CF3COOH in 1L of water)

was supplied at the 1 ml min~! flow rate. Figure A.3 shows a HPLC separation

for hydrolytic hydrogenation of saccharides to sorbitol.
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Figure A.4: HPLC separation for conversion of trisaccharides to sorbitol.
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Figure A.5: HPLC separation for conversion of oligosaccharides to sorbitol.
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A.2.2. TRISACCHARIDES ANALYSIS

Analyze of trisaccharides were performed using a HPLC system consisting of
a ligand exchange column (Shodex sugar SZ5532, 6 mm x 150mm) and a RI-
detector. The eluent was an aqueous solution of acetonitril and water (20/80)
at a flow rate of 1 ml min~!. The column was operated at 323 K and the analysis
for a sample was complete within 50 minutes. The samples were dissolved in
50 % solution of acetonitril prior to inject into the HPLC system. A HPLC
separation for hydrolytic hydrogenation of trisaccharides to sorbitol can be seen

in Figure A 4.

A.2.3. OLIGOSACCHARIDES ANALYSIS

The column used for the analysis of oligosaccharides was a hydrosphere '8C
column (250 mm x 4.6 mm i.d.), and the eluent was distilled water at a flow
rate of 1 ml min~!. The column operated at 293 K and 149 bar and separation
of components was complete within 30 minutes. Figure A.5 shows a HPLC

separation for hydrolytic hydrogenation of oligosaccharides to sorbitol.
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APPENDIX B

MASS TRANSFER EVALUATION

B.1. GAS-LIQUID MASS TRANSFER

Suitable experiments to exclude mass transfer limitations were performed. To
study the impact of gas—liquid mass transfer, the stirrer speed was varied be-

tween 600 and 1200 rpm. The difference in initial reaction rate was less than

1,8x10°

1,6x10°4

1,4)(10-3' ./././.

1,2x10°4

-SS-l

ro/molm

1,0x10°4

8,0x10™ . . . .
600 800 1000 1200

stirrer speed / rpm

Figure B.1: Effect of stirrig speed on initial rate of cellobiose at 413 K.
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5%, indicating the absence of gas—liquid mass transfer limitations (Figure B.1).
The influence of hydrogen pressure on the initial reaction rate was investigated
by varying the hydrogen pressure between 1 to 7 MPa. An increase in hydrogen
pressure improves the reaction rate and its influence on the initial reaction rate

can be described by Langmuir-Hinshelwood kinetics (Figure B.2).

0,06

0,05+

0,04

0,03+

0,02+

ro/mol I"“min

0,01+

0,00+

pressure / Mpa

Figure B.2: Initial rate of cellotriose as function of hydrogen pressure at 393 K.

The experimental technique applied to measure the gas—liquid mass transfer
coefficient is based on physical absorption of hydrogen in water [72]. In this
method, the change of the hydrogen pressure will be followed in time. The
reactor is equipped with a pressure transducer in order to record the change in
pressure with time. The procedure consisted of the several steps. The reactor
is evacuated, and then filled with hydrogen under stirring until equilibrium at
known pressure Py was reached, then the stirrer was stopped and the reactor was
pressurized to a pressure P;; when a new equilibrium was reached, the stirrer
was started and the pressure drop was followed in time until equilibrium pressure

P, (Figure B.3). Integration between t=0 (P = P;) and P(t) gives the following
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equation between gas and liquid phases B.1

(P - Fy) P -P
(P, —PO)Ln(P(t) _ P,

) = Kpa(t) (B.1)

The volumetric gas-liquid mass transfer coefficient (Kpa) can be determined

from the slope of the resulting plot. The hydrogen solubility (Cf;,) can be taken

1,2

1,04 P(t)

0,84

0,64

pressure / Mpa

044 P

0,24

o0 Yt—osr—p—s-—-vpb-—-or-—v-r—r———1—
0O 20 40 60 80 100 120

time/s

Figure B.3: Determination of volumetric gas-liquid mass transfer coefficient.

based on data published by Pray et al. [71| and also it can be calculated from
Henry’ law as follows (B.2 and B.3)

581.8

Hpy, =2.291 1O7e:cp(T) (B.2)
Py

Ch, = — B.3

Hs HH2 ( )

Combining these data the influence of mass transfer was estimated for the initial
reaction conditions. In all kinetic experiments, a stirrer speed of 750 rpm was
used and it was applied to calculate the appropriate (Kpa) values to verify
gas-liquid mass transfer limitation (Figure B.4). For example, the estimated

volumetric gas-liquid mass transfer coefficient at stirring speed of 750 rpm and
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393 K was 0.08 s7'. At temperature 393 K, the hydrogen solubility (Cj; ) was
estimated to be 50 mol m~2 and initial rate of cellobiose was calculated to be
0.0135 mol m—3s~L.

0,10

0,08+

0,06+

-1

KLa/s

0,04

0,02+

0,00

280 300 320 340 360 380 400
temperature / K

Figure B.4: Volumetric gas-liquid mass transfer coefficient at different temper-

atures.

B.2. LIQUID-SOLID MASS TRANSFER

Liquid—solid mass transfer coefficient was estimated by Sherwood number Sh
which includes Re and Schmidt numbers [73]. The dimensionless numbers were

estimated from equations B.4 and B.5.

diEN3d4p3
Re = WZ)L (B4)
Sc= P/Z) (B.5)

In the power number (N,), p is the power of heating equipment and p is the

density of liquid (Equation B.6).

p
N, = B.6
p pNsdp ( )
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Diftusion coefficient for hydrogen was estimated from the Wilke-Chang correla-

tion (Eq.B.7) [99].
1173 x 10-3(6M)05T
) mEs

In this correlation, ¢ is association factor for the solvent and V, is the molar

D

(B.7)

volume of the solute. For estimation of the required liquid-solid mass trans-
fer coefficient, the dimensionless numbers can be estimated based on data for

physical properties of Hy under selected operation conditions (Table B.1).

B.3. INTERNAL MASS TRANSFER

In internal mass transfer evaluation, the average particle diameter for used car-
bon supported ruthenium catalyst was 19 pm, and for calculations, the hemi-
spherical shape of the catalyst was assumed. For diffusion of hydrogen inside
the pores, the Knudsen correlation was used. Knudsen diffusivity is calculated

as equation B.8.

T
Dy, =0.097 x TP(M)% (B.8)
For calculation of effective diffusion D,, following correlation was applied B.9:
€
D, = (;)Dk (B.9)

The porosity (¢) and tortuosity (7) are assumed to be 0.5 and 4, respectively.
From calculated values, it can be concluded that the external and internal mass

transfer effects on the kinetics can be neglected.
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Parameter value

a liquid-solid interface area (m?m™=3) 45 x 10°
Ch, hydrogen solubility in liquid (cm®g™!) 0.75

Chp concentration in bulk liquid (mol m™3) 33.7

dp catalyst particle diameter (m) 1.97°

ds stirring diameter (m) 0.003

D diffusion coefficient (G-L) (m?s™1) 1.92x 1077
Dy Knudsen diffusivity (m?s7!) 0.0129
De effective diffusion coefficient (m2s™1!) 0.0016
Hpy, Henry constant (Pa 1 mol™?) 50

Kra volumetric gas-liquid mass transfer coefficient (s™') 0.08

Kis liquid-solid mass transfer coefficient (s™*) 0.069

n reaction order 1

Ns stirring speed (s™1) 12.5

N, power number 1.36 x 1019
Tobs observed reaction rate (mol (m3s)™1) 0.0135

rp catalyst particle redius (m) 9.5x 1076
T temperature (K) 393

Vi volume of liquid (m?) 2x 1074
Pp bulk density of catalyst particle (g cm™3) 2.1

L density of the liquid (kg m™3) 985.4

1y dynamic viscosity of the liquid (kg (ms)™!) 2.8x1073
Re Reynolds number 10°

Sc Schmidt number 1.5

Table B.1: Parameters and values used in calculation.



APPENDIX C

MATLAB CODE

C.1. DISACCHARIDES

%

clc;

close all;

clear all;

[tdata ,Cdata] = ReadExcelFile(’.\ Excel\Data matlab.xlsx’);
t = tdata;

C = @Q(K, t)CFunc(K,t,Cdata(1,:,1));

% initial guess for K values

KO = [0.01,0.01,0.01,0.01,0.01,0.01,0.01,0.01];

|K, resnorm| = FindK(C, tdata(:,:,1),Cdata(:,:,1),K0);

% display results

t2 = 0 : tdata(length(tdata));

C2 = C(K,t2);

S = get(0,’ScreenSize’);

figure (’OuterPosition’ ,[S(3)/8,5(4)/8,S(3)*x3/4,S(4)x3/4])

subplot (2,3,1); plot(t2,C2(:,1),’-_k’,tdata(:,:,1),Cdata(:,1,1),’s_k’);

% hold on

% plot(t2,C2(:,2), - ,tdata(:,:,1),Cdata(:,2,1),’0");
% plot(t2,C2(:,8), - ,tdata(:,:,1),Cdata(:,3,1),’v’);
% plot (t2,C2(:,4), - ,tdata(:,:,1),Cdata(:,4,1),’s");
% plot (t2,C2(:,5), - ,tdata(:,:,1),Cdata(:,5,1),°d’);

99
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% plot (t2,C2(:,6), -’ ,tdata (:,:,1),Cdata(:,6,1), %7);

% hold off
%legend (’model’, "cellobiose ’, "model’, cellobitol ’, "model’, "glucose ’, ...
%’ model ’, "sorbitol ’, "model ’, *sorbitan ’, "model’, "isosorbide ’);

xlabel (’time_/_min’,’FontWeight’, ’normal’, ’FontName’,’ Arial ’, ’FontSize’ ,14);
ylabel(’concentration_/_M’, ’FontWeight’, "normal’, ’FontName’,’ Arial ’,’FontSize’ ,14);
title (’cellobiose’, ’FontWeight’, ’normal’, ’FontName’,’ Arial >, ’FontSize’ ,14);

%box (subplot (2,8,1), off 7);

set (gca, fontsize’ ,14);

legend ( model’, data’);

set (legend , "FontWeight’, 'normal ’ , ’FontName’, > Arial ’, ’FontSize’ ,14);

% % —————————- - - - - —————

subplot (2,3,2);plot(t2,C2(:,2),’-_k’ ,tdata(:,:,1),Cdata(:,2,1),’s_.k’);

xlabel (’time_/_min’, FontWeight’, ’normal’, ’FontName’,’ Arial’,’FontSize’ ,14);
ylabel(’concentration_/ .M’ , ’FontWeight’, ’normal’, ’FontName’,’ Arial’,’FontSize’ ,14);
title(’cellobitol ’, FontWeight’, ’normal’, ’FontName’,’ Arial >, ’FontSize’ ,14);

%box (subplot (2,3,2), off ’);

set (gca, 'fontsize’ ,14);

legend ( ’model ’, "data’);

set (legend , 'FontWeight’, "normal ’ , ’FontName’, > Arial ’, ’FontSize’ ,14);

o7

74 — — — — — — — — — — —

subplot (2,3 ,3);plot(t2,C2(:,3), -_k’,tdata(:,:,1),Cdata(:,3,1),’s_.k’);

xlabel (’time_/_min’, FontWeight’, 'normal’, ’FontName’,’ Arial’, FontSize’ ,14);
ylabel(’concentration_/ .M’ , ’FontWeight’, "normal’, ’FontName’,’ Arial >, ’FontSize’ ,14);
title (’glucose’,’FontWeight’, "normal’, ’"FontName’,’ Arial ’,’FontSize’ ,14);

%box (subplot (2,3,8), off ’);

set (gca, 'fontsize’ ,14);

legend ( model’, data’);

set (legend , 'FontWeight’, "normal’ , ’FontName’, > Arial ’, ’FontSize’ ,14);

subplot (2,3 ,4);plot(t2,C2(:,4), ’-_k’,tdata(:,:,1),Cdata(:,4,1),’s_.k’);

xlabel (’time_/_min’, FontWeight’, ’normal’, ’FontName’,’ Arial ’, ’FontSize’ ,14);
ylabel(’concentration_/_M’, ’FontWeight’, "normal’, ’FontName’,’ Arial ’,’FontSize’ ,14);

title (’sorbitol’,’FontWeight’, normal’, ’FontName’,’ Arial’,’FontSize’ ,14);

%boz (subplot (2,3,4), off 7);

set (gca, fontsize’ ,14);

legend ( ’model’, "data’);

set (legend ,, ’Location’,’NorthWest’, "FontWeight ’, "normal >, "FontName’,’ Arial >, "FontSize’ ,14);
% % % - - - - - - - - - - - -

subplot (2,3 ,5);plot(t2,C2(:,5), -_k’,tdata (:,:,1),Cdata(:,5,1), s .k’);
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xlabel (’time_/_min’, FontWeight’, ’normal’, ’FontName’,’ Arial’, ’FontSize’ ,14);
ylabel(’concentration_/ .M’ , FontWeight’, "normal’, ’FontName’,’ Arial ’,’FontSize’ ,14);
title (’sorbitan’,’FontWeight’, ’normal’, ’FontName’,’ Arial’,’FontSize’ ,14);
Fbox (subplot (2,3,5), off ’);
set (gca, 'fontsize’ ,14);
legend ( 'model’, "data’);
set (legend , 'Location’, ’NorthWest’, ’FontWeight ’, "normal’, ’FontName’ , " Arial ’,’FontSize’ ,14);
% % % %-————————- e ———
subplot (2,3 ,6);plot(t2,C2(:,6), -_k’,tdata(:,:,1),Cdata(:,6,1),’s_k’);

xlabel (’time_/_min’, FontWeight’, ’normal’, ’FontName’,’ Arial’, ’FontSize’ ,14);

ylabel(’concentration_/ M’ , FontWeight’, ’normal’, ’FontName’,’ Arial’,’FontSize’ ,14);

title (’isosorbide’, FontWeight’, 'normal’, ’FontName’, > Arial ’,’FontSize’ ,14);

Zbox (subplot (2,8,6), off 7);

set (gca, 'fontsize’ ,14);

legend ( model ’, data’);

set (legend , 'Location’, ’NorthWest’,’FontWeight ’, "normal’ , ’FontName’ ,’ Arial ’,’FontSize’ ,14);

function [C,t] = ODESys(F,CO0,tm)
% C = ODESys(F,C0) returns the numerical solution to a system of ordinary
% differential equations of the form d/dt C(t) = F(t;C(t)), in terms of

% discrete wvalues of X’s where

% F :: function handle to the nxzl wvector function

% CO0 :: nxl vector of initial wvalues at t=0

% tm :: mazimum value of t (end time of the reaction)

% C :: nam matric of discrete values of C(t)

% t :: discretized time domain for wvalues of which C is computed
%

%

n = length(C0);
if (tm <= 0)

error ( tm_must_be_a_positive_real_number!’);
end

m = 1000; % numebr of steps + 1

dt = tm/(m-1); % step size (time increment)
t =0 : dt : tm; % discretized time domain
t =t

C = zeros(m,n); % matriz of discrete values
C(1,:) = Co;

for i =2 :m

C(i,:) = C(i-1,:) + dtxF(t(i),C(i-1,:));

end
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end

function C = CFunc(K,t,C0)
% C = CFunc(K,t,C0) evaluates concentrations C for given kinetic

% constants K, times t and given initial values of CO

% K :: array of kinetic constants

% t :: array of time instants for which concentrations are evaluated
% CO0 :: array of initial concentrations

%

% See also ODESys

%

F = @(t,C)DC(t,C,K);
tm = t(length(t));
[C2,t2] = ODESys(F,CO0,tm);

n = length(t);
m = length(C0);
C = zeros(n,m);
for i =1 :m
C(:,i) = interpl(t2,C2(:,1i),t, pchip’);
end
function DC = DC(t,C,K)
n = length(C);
DC = zeros(1,n);
DC(1) = -K(1)*C(1)-K(2)*C(1);
DC(2) = K(2)*C(1)-K(3)*C(2);
DC(3) = 2«K(1)*C(1)-K(4)*C(3)+ K(3)*C(2);
DC(4) = K(4)*C(3)+K(3)*C(2)-K(5)*C(4)-K(6)xC(4);
DC(5) = K(6)*C(4)-K(7)*C(5)-K(8)*C(5);
DC(6) = K(8)*C(5);
end
end

C.2. OLIGOSACCHARIDES

%
clc;
close all;

clear all;
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% logical control constants

see _modeling results = true;
see p _ results = true;
see_r_results = true;
see_overal comparison = true;

% initializes constants

rcts file path = ’.\ Excel\Reactions.xlsx’; % contains reaction pathways
data_file path = ’.\ Excel\Data_matlab.xlsx’; % contains experimental data
range of data = ’A3:010’; % range of cells containing numerical data
range of reactions = 'B3:F42’; % range of cells containing reactions

% read data from ezcel

[tdata ,Cdata] = ReadExcelFile(data file path, range of data);
t = tdata;

% kintetic function

C = @Q(K, t)CFunc(K,t,Cdata(1,:,1));

[null, null, rcts| = xlsread(rcts file path, 1, range of reactions);
[rows, cols]| = size(rcts);
dim = rows; % number of K’s

clear null rows cols;

% initial guess for K values

% KO = 10°—1%(ones(1,dim)+rand (1,dim));

KO = 10~ -3*(ones (1,dim));

|[K, resnorm| = FindK(C, tdata (:,:,1),Cdata(:,:,1),K0);

%% %% %%%%%%HTN%RTNTKRT T KT K%K TN %K% %K% %

% SCISSION VS REDUCTION %
%% %% %% %%%%%% %% %% %% TN TN %%
sug.name = { ’hepta’ ’'hexa’ ’penta’ ’'tetra’ ’tri’ ’bi’ ’glucose’};

alc.name = { heptitol’ ’"hexitol’ ’pentitol’ ’tetritol’ ’tritol’ ’bitol’ ’sorbitol’};

% hydrogenation reaction indices

sug.hdgn = {4, 14, 22, 29, 34, 38, 40};

ale.hdgn = {[]};

% hydrolysis reaction indices

sug.hdrl = {(1:3), (11:13), (20:21), (27:28), 33, 37};
alc.hdrl = {(5:10), (15:19), (23:26), (30:32), (35:36), 39};
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t2 0 : tdata(length(tdata));
C2 = C(K,t2);

[rows, cols] = size(C2);
r = zeros(rows, cols); % mole of substance (to be obtained by integrating the rates)
for i =1 : cols

r(:,i) = integ(C2(:,1), t2);

end

sug.cols = length(sug.name);

sug.scs = zeros(sug.cols, 1); % scission factors
sug.rdn = zeros(sug.cols, 1); % reduction factors

alc.cols = length(alc.hdrl);

for i =1 : sug.cols

% idr = 2xi-1;

% r(:,idz) = integ (C2(:,idz), t2);
if i 7= sug.cols

sug.scs (i) = sum(K(sug.hdrl{i}));
end
sug.rdn (i) = sum(K(sug.hdgn{i}));

end

I 6 e 6 e e 6 e e e Ie e e e e e e e e e e e e Ie e e e e e e e Ie e e e e e e e ie e io e e Ie e i e e ie e e ie e ie e e Je e e e e iede %o

% DISPLAY RESULTS %
B O A
%
%% %% %% %% %% %% KINETIC MODELING %% %% %%%%%%%%
%

if see modeling results
S = get(0,’ScreenSize’);
figure (’OuterPosition’ ,[S(3)/8,5(4)/8,5(3)*3/4,S(4)*3/4]);
species = {’hepta’ 'heptaitol’ ’hexa’ ’hexaitol’ ’penta’ ’pentaitol’

’ 2tetraitol’ ’tri’ ’tritol’ ’bi’ ’biotol’ ’glucose’ ’sorbitol’};

"tetra
for i =1 : 14
subplot(3,5,1);plot(t2,C2(:,1),’-",tdata(:,:,1),Cdata(:,1,1), ’%");
xlabel (’_time_(min) ', ’FontWeight’, ’bold ’, "FontName’, > Arial ’);
ylabel (’C_[mol/1]’, FontWeight’, ’bold’, ’FontName’, > Arial ’);
title (species (i), FontWeight’, bold’, ’FontName’,’ Arial ’);
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%legend (’data ’, "model 7);
set (legend , 'FontWeight >, ’bold ’, "FontName’,’ Arial ’);
end

end

%
%% %% %%%%%%%% SUGARS %% %% %% %%%% %%
%
if see p_ results
S = get (0, 'MonitorPosition’);
figure (’OuterPosition’ ,[S(3)/8,5(4)/8,S(3)*3/4,S(4)*3/4]);

end

P _SCISS = zeros(rows,1);
P REDUC = zeros(rows,1);

ps = zeros(rows,1);

pr = zeros(rows,1);

for i = 1 : sug.cols
idx = 2x%i-1;

ps = sug.scs (i)*r(:,idx);

pr = sug.rdn(i)*r(:,idx);

P _SCISS = P_SCISS + ps;

P REDUC = P_REDUC + pr;

if see p results
subplot(2,4,1);plot(t2,ps, ’green’,t2,pr, 'red’);
xlabel (’_time_(min)’,’FontWeight’, ’bold ’, ’FontName’,’ Arial ’);
ylabel (’C_[mol]’, ’FontWeight’, ’bold ’, ’FontName’,’ Arial ’);
title (sug.name(i), 'FontWeight’, bold’, ’FontName’,’ Arial’);
legend (’scission’

set (legend, "FontWeight’, "bold >, ’FontName’ , ’ Arial ’);

,’reduction’);

end
end
%
%% %% %%%%%%%% ALCOHOLS %% %% %% %%%%%%
%
if see_r results
S = get (0, ’MonitorPosition’);
S(3:4)=0.97%xS(3:4);
rcts (:,2) = {’->"};
rcts (:,5) = rets (:,4);
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rets (:,4) = {4+ };

size(rcts);

[m,n]
for i =1 : m
if not(isnan(rcts{i,5}))
rects{i,1} = strcat(rcts{i,1:5});
else
rcts{i,1} = strcat(rcts{i,1:3});
end
end

end
R SCISS = zeros(rows, 1);

for i = 1 : alc.cols
idx = 2x%i;

r2 = zeros(rows,length(alc.hdrl{i}));

for j = 1 : length(alc.hdrl{i})
r2(:,j) = K(alc.hdrl{i}(j))*r(:,idx);
R_SCISS = R_SCISS + r2(:,]);

end

if see_r_ results
figure (’OuterPosition’ ,round ([mod(i+2,3)*S(3)/3+S(3)*0.015,
floor (i/4)*S(4)/2+S(4)*0.03, S(3)/3, S(4)/2]));
plot (t2,r2(:,:));
xlabel (’_time_(min) ', ’FontWeight’, ’bold ’, "FontName’, > Arial ’);
ylabel (’C_[mol]’, FontWeight’, ’bold ’, ’FontName’,’ Arial ’);
title (alc.name(i), 'FontWeight’, bold’, 'FontName’,’ Arial’);
legend (rcts (alc.hdrl{i} ,1));
set (legend , ’FontWeight’, >bold >, "FontName’, > Arial ’);
end
end
%
%% %% %%%%%%%% COMPARISONS %% %% %%%%%% %%
%
if see_overal comparison
S = get (0, ’MonitorPosition’);
figure (’OuterPosition’ ,[S(3)/8,5(4)/8,S(3)%3/4,S(4)*3/4]);
plot(t2, P_SCISS, t2, P_REDUC, t2, R_SCISS);
xlabel (’_time_(min) ', FontWeight’, ’bold ’, "FontName’,’ Arial ’);
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ylabel (’C_[mol]’, ’FontWeight’, ’bold ', ’FontName’,’ Arial ’);
title (’Overall_Scission_VS_Reduction’,’FontWeight’, ’bold’, 'FontName’,’ Arial ’);

) )

legend (’total _p-scission’,’total_p-reduction’, ’total_r—scission’);
set (legend , *FontWeight ’, "bold ’, "FontName’,’ Arial ’);

end

function C = CFunc(K,t,C0)
% C = CFunc(K,t,C0) evaluates concentrations C for given kinetic

% constants K, times t and given initial wvalues of CO

% K :: array of kinetic constants

% t :: array of time instants for which concentrations are evaluated
% CO :: array of initial concentrations

%

% See also ODESys

%

F = @(t,C)DC(t,C,K);

tm = t(length(t));

[C2,t2] = ODESys(F,CO0,tm);
n = length(t);

m = length (CO0);

C = zeros(n,m);

C(:,i) = interp1(t2,C2(:,i),t, pchip’);

function DC = DC(t,C,K)

n = length(C);

DC = zeros(1,n);
= —sum(K(1:4))*C(1);
K(4)*C(1) - sum(K(5:10))*C(2);
K(1)*C(1) 4+ K(5)*C(2) - sum(K(11:14))%C(3);
K(10)*C(2) + K(14)*C(3) — sum(K(15:19))*C(4);
= K(2)*xC(1) + K(6)*C(2) + K(11)%xC(3) + K(15)*C(4)
- sum(K(20:22))xC(5);

w)

Q
~ = =< < =
L O
NSNS NN ND

Il

DC(6) = K(9)*C(2) + K(19)C(4) + K(22)*C(5) — sum(K(23:26))%C(6);

DC(7) = K(3)xC(1) + K(7)xC(2) + K(12)%xC(3) + K(16)*C(4) + K(20)*C(5)
+ K(23)xC(6) - sum(K(27:29))xC(7);

DC(8) = K(8)%C(2) + K(18)xC(4) + K(26)xC(6) + K(29)xC(7)

- sum(K(30:32))*C(8);
DC(9) = K(3)+C(1) + K(8)xC(2) + 2+K(13)%C(3) + K(17)+C(4) + K(21)xC(5)
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+ K(24)xC(6) + K(27)xC(7) + K(30)+xC(8) - sum(K(33:34))xC(9);

DC(10) = K(7)*C(2) + K(17)*C(4) + K(25)%xC(6) + K(32)xC(8) + K(34)*C(9) ...
- sum(K(35:36))*K(10);

DC(11) = K(2)*C(1) + K(9)*xC(2) + K(12)*C(3) + K(18)%xC(4) + K(21)*C(5) ...
K(25)%C(6) + 2xK(28)xC(7) + K(31)+C(8) + K(33)xC(9) + K(35)C(10) ...
- sum(K(37:38))%C(11);

DC(12) = K(6)*C(2) + K(16)*xC(4) + K(24)*C(6) + K(31)xC(8) + K(36)*C(10) ...
L K(38)+C(11) - K(39)+C(12);

DC(13) = K(1)*C(1) + K(10)xC(2) + K(11)*xC(3) + K(19)xC(4) + K(20)xC(5) ...
+ K(26)xC(6) + K(27)*xC(7) + K(32)*C(8) + K(33)*C(9) + K(36)xC(10) ...
+ 2«K(37)xC(11) + K(39)*C(12) — K(40)*C(13);

DC(14) = K(5)+C(2) + K(15)+C(4) + K(23)+C(6) + K(30)+C(8) ...
£ K(35)%C(10) + K(39)+C(12) + K(40)%C(13);

end

end
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