Chapter 9
Mechanism and Kinetic Analysis
of the Hydrogenolysis of Cellulose to Polyols

Mingyuan Zheng, Aiqin Wang, Jifeng Pang, Ning Li, and Tao Zhang

Abstract The catalytic hydrogenolysis of cellulose to polyols represents an attrac-
tive process for biomass conversion to value-added products with a high atom econ-
omy. In the past decade, extensive studies have been conducted and promptly
accumulated a rich knowledge in this field. In this chapter, we focus on the review
of reaction mechanisms and kinetics after a brief description of the catalyst develop-
ment for this process. In view of the different polyol products, the present review is
mainly composed of two parts: cellulose conversion to sugar alcohols and cellulose
hydrogenolysis to ethylene glycol and 1,2-propylene glycol. The reaction mecha-
nisms are discussed and summarized to obtain general rules in terms of the specific
performance of various catalysts. The reaction kinetics of cellulose hydrogenolysis
are analyzed on the basis of the kinetics of the individual reaction steps and their
correlations in the whole route covering in detail the reactions of cellulose hydroly-
sis, sugar hydrogenation, retro-aldol condensation, and sugar condensations.
Finally, the prospective for the reaction mechanism and kinetics study of cellulose
hydrogenolysis is presented.
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9.1 Introduction

Cellulosic biomass has been used as a fuel for millions of years. Also, as a fiber-rich
material, it is widely applied to the production of cloth, paper, ropes, vessels, and
buildings, thanks to its high tension strength and hardness. Most of these applica-
tions are of still in use today. Beyond these traditional uses, daily life demands ever
more high-quality building blocks for material synthesis and convenient fuels for
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use [1-3]. In the past century, petroleum, coal, and natural gas supplied the world
with tremendous amounts of energy and materials to achieve the current prosperity.
However, this situation is facing increasing challenges due to the depletion of fossil
energy resources and pressing environmental issues. To meet the long-term demand
of sustainable development, it is necessary to explore cellulose transformation into
a large variety of platform chemicals and fuels by chemical and biological tech-
niques [1-6].

Differing from the fossil energy resources of petroleum and coal, cellulose con-
tains rather high content of oxygen up to ca. 50 wt.% besides carbon and hydrogen
elements. The abundant oxygen in cellulose is of some disadvantage for the trans-
formation to fuels. However, if considered for the synthesis of chemicals, particu-
larly oxygen-containing compounds such as polyols, prominent advantages can be
shown over fossil resources. First, the transformation theoretically possesses a high
atom economy since most hydroxyl groups of cellulose can be preserved in the
target polyol products. Second, the value of polyol products is generally high, offer-
ing conversions with a good economic viability. Third, the market capacity of poly-
ols is significant (30—40 million ton/a) but not too large, well fitting the moderate
availability of biomass in view of the scales of collection, transportation, and
storage.

The conversion of cellulosic biomass to polyols can be traced back to the 1930s
[7, 8]. Because cellulose has a crystalline structure which strongly inhibits its deg-
radation, conventional methods for polyol production from cellulose generally com-
prise two separated steps, i.e., hydrolysis of cellulose to soluble sugars with
concentrated mineral acids and followed by hydrogenation or hydrogenolysis of
polyols with transition metal catalysts. It is therefore highly desirable to develop
novel green techniques for the direct hydrolytic hydrogenolysis of cellulose.

Recently, a one-pot catalytic hydrolytic hydrogenolysis of cellulose to polyols
has been developed and was the target of intensive investigations [6, 9-33].
Heterogeneous catalysts are employed to take advantage of the convenience in recy-
cling after reaction. Water is used as a green reaction medium, which not only par-
ticipates in the hydrolysis reaction but also generates protons in situ at high
temperatures to promote the cellulose hydrolysis. Reactions are conducted at tem-
peratures of 423-523 K, at which cellulose is activated by subcritical water. Multiple
reactions are coupled in one pot, involving polysaccharides hydrolysis, sugar isom-
erization, hydrogenation, retro-aldol condensation, decarbonylation, polymeriza-
tion, and some other side reactions. The polyol products vary from Cg4 to C, polyols,
including sorbitol, mannitol, erythritol, glycerol, 1,2-propylene glycol, and ethylene
glycol. The polyol distributions are highly dependent on the type of catalysts, reac-
tion conditions, and reaction kinetics of the major reactions involved.

Significant progress has been made in cellulose hydrogenolysis to polyols in
many aspects, including polyol production with high yields, reaction efficiency pro-
motion, product selectivity control, development of less expensive catalysts,
reaction-environment endurable catalysts, and raw biomass conversion.
Nevertheless, a complete and insightful understanding of the reaction mechanism
and kinetics is not yet available, and it is not an easy task to clearly identify the
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reaction mechanism and kinetics in the hydrogenolysis of cellulose although they
are of paramount importance for the design of more efficient catalysts and pro-
cesses. The obstacles are mainly set by the harsh reaction environment where most
characterization techniques are not feasible for an in situ detection of reaction inter-
mediates and active sites on catalysts. In addition, the multiple active components
of catalysts strongly interact with each other, further increasing the complexity of
studying the reaction kinetics. Considering that the reaction mechanisms are closely
dependent on the catalyst, reaction conditions, and target products, in this chapter,
we discuss and summarize the reaction mechanisms and kinetics following a brief
description of catalysts for cellulose hydrogenolysis.

9.2 Cellulose Hydrogenolysis to Sugar Alcohols

9.2.1 Catalysts and Reaction Mechanisms

Sugar alcohols, mainly referring to sorbitol and mannitol, are high-value commod-
ity chemicals widely used in drugs, food, and cosmetics [30]. Cellulose is composed
of C¢ glucan units and it should certainly be possible to use it for the production of
sugar alcohols through a direct hydrolytic hydrogenation process. Glucan units in
cellulose are linked via 1,4-glycosidic bonds and protected by the crystalline struc-
ture of cellulose. Accordingly, the catalysts must fulfill two functions for the cellu-
lose hydrolytic hydrogenation: (1) the catalytic hydrolysis of cellulose to release
glucose and soluble oligosaccharides and (2) the catalytic hydrogenation of sugars
to form polyols [34]. The sugars formed during the reaction are metastable, i.e., they
readily to undergo condensation to form humins under harsh reaction conditions.
Therefore, for the production of hexitols from cellulose in high yields, the essential
questions are how to realize cellulose hydrolysis without using a conventional min-
eral acid and how to keep the rates of tandem reactions in a suitable balance.

In 2006, Fukuoka and coworkers reported one-pot catalytic transformation of cel-
Iulose to sugar alcohols in hot water with heterogeneous catalysts, involving noble
metal catalysts consisting of Pt/AL,O;, Pt/Si0,—Al,0;, PHUSY, and Ru/HUSY [9].
After reaction at 463 K and 5 MPa H, for 24 h, hexitols were obtained at a yield of
31 %. The researchers proposed that the Pt catalysts participate in the hydrogenation
and also play a solid acid role in promoting cellulose hydrolysis. The acidic sites of
catalysts on one hand originate from the acidic supports. On the other hand, they
were generated by hydrogen atoms spilling over from metallic Pt sites to the support
surface [9, 19]. The remarkable activity of noble metal sites for cellulose hydrolysis
was further identified in later studies [35, 36]. For instance, over a mesoporous car-
bon-supported Ru catalyst, glucose was obtained at a yield of 34.2 %. The Ru sites
were also found to be very active for the hydrolysis of oligosaccharides, which result
from the preliminary degradation of cellulose [35]. The reaction mechanism of cel-
lulose transformation over Pt/Al,O; is presented in Fig. 9.1, wherein cellulose hydro-
lysis and sugar hydrogenation reactions are coupled in one pot.
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Compared to the conventional transformation of cellulose to polyols using min-
eral acids and by multiple steps, the one-pot hydrolytic hydrogenation process with
solid catalysts has several attractive features: (1) heterogeneous catalysts are less
corrosive to the reaction equipment and can readily be recycled after the reaction,
(2) the reaction process is simplified by coupling multiple reactions in one pot, and
(3) the aqueous reaction medium is nontoxic to the environment. However, prob-
lems are also evident from the early work, e.g., a low efficiency of reaction, low
selectivity to hexitols, and high cost of noble metal catalysts. Bearing in mind the
potential advantages of this process and the known challenges for cellulose conver-
sion, great endeavors were further made in the following years to obtain a more
encouraging catalytic performance.

The active components of catalysts and reaction conditions for cellulose trans-
formation to hexitols described in the literature vary over a wide range. The
approaches to promote the catalytic performance can be largely ascribed to the fol-
lowing aspects: (1) reaction condition optimization, (2) novel acidic supports, (3)
different hydrogenation components, (4) combining homogeneous and heteroge-
neous catalysis, (5) pretreatment of cellulose, and (6) hydrogen source alternatives
to H,. In the following context, detailed discussions on the catalysts and reaction
mechanisms will be presented along this classification.

As shown by Liu and coworkers, the reaction temperature has remarkable effects
on the reaction efficiency [12]. When the reaction was performed at 518 K, its
efficiency was significantly improved with 100 % cellulose conversion in 30 min, in
contrast to a 24 h reaction at 463 K [9]. They proposed that protons are generated
from subcritical water and act as acid to promote cellulose hydrolysis. The resulting
sugars then undergo hydrogenation over transition metal catalysts to form hexitols.
The reaction mechanism is shown in Fig. 9.2.

For a good heterogeneous catalyst for cellulose hydrolytic hydrogenation, its
support should not only fulfill the function of dispersing metallic active compo-
nents but also afford acidic sites to compose a bifunctional catalyst. Various acidic
supports were employed, including Al,O; [9, 19, 37], Si0,-Al,0; [9], ZSM-5 [25],
MCM-41 [38], MCM-48 [38], H-USY [9], Cs;PW ;04 [21], AC-SO;H [39],
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MCM-41-n-SO;H [40], SiO,—SO;H [41], Zr-SBA-15 [42], zirconium phosphate
(ZrP) [31, 43], PTA/MIL-100(Cr) [44], and NbOPO, [45]. These supports possess
Brgnsted acid sites for cellulose hydrolysis and sometimes also afford Lewis acid
sites for cellulose activation and sugar isomerization [31, 46]. After loading with
transition metals Ru, Pt, Ni, Rh, or Ir, bifunctional catalysts were obtained and
exhibited enhanced performance with hexitols yields reaching 60—90 %. Following
this strategy, modification of a neutral support with acidic groups is feasible to
improve the reaction rate of cellulose hydrolysis [41]. Also, the product selectivity
can be modified to some extent with suitable interactions between the modifier and
metal sites on the support. In one instance, Hou et al. showed that the sulfonic
groups on SiO,—SO;H changed the electronic property of Ru nanoparticles, conse-
quently improving the selectivity to sorbitol by inhibiting its further degradation
(as shown in Fig. 9.3) [41].
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The oxide-based bifunctional catalysts have reasonably good stability and can be
reused for several times in the one-pot process. However, in a long-term operation,
they still suffer from activity decay. The Brgnsted acid sites on the oxide support
surface gradually leach into the hot aqueous solution. Otherwise, the oxide support
itself is transformed into hydroxide by the hot water, leading to the collapse of the
pristine structure and the loss of acidic sites. Using carbon materials as catalyst car-
riers is a promising alternative approach to resolve this problem. Carbons are hydro-
thermally stable under the reaction conditions typically at temperatures of
423-573 K. Moreover, the surface of carbon materials can be furnished with plenty
of OH and carboxyl groups. Such weak acidic sites have been found to contribute to
the activation of the glycosidic bonds in cellulose and consequently promote the
hydrolysis of cellulose [27, 35, 47-51]. Conversely, strong acid sites on carbon
materials are unequivocally effective for cellulose hydrolysis [52-54]. In one
instance, a 65 % hexitols yield was obtained over a 10 % Ru/AC-SO;H catalyst
[39]. But unfortunately, SO;H groups on the activated carbon are not stable enough
under the harsh reaction conditions required for crystalline cellulose conversion;
they still suffered from gradual leaching during the reaction.

Besides the support, the hydrogenating metal is another important factor deter-
mining the hexitols yields in cellulose hydrolytic hydrogenation. Zhao and cowork-
ers investigated nickel catalysts supported on a series of carriers, including Al,Os,
Si0,, ZSM-5, bentonite, kieselguhr, and TiO, [55]. They found that high activity for
hydrogenation and inferior activity for dehydrogenation of Ni catalysts were essen-
tial for obtaining high yields of hexitols. The synergistic effect between Ni and
acid—base sites of the support could accelerate the dehydrogenation of sorbitol to
form glucose, which further undergoes retro-aldol condensation, hydrogenation,
and dehydration to form small polyols at the expense of the hexitols yield. The pro-
posed reaction pathway is depicted in Fig. 9.4.

The ratio of hydrogenation sites and hydrolysis active sites affects the hexitols
yield [44, 48]. Huang et al. found that to obtain a high yield of hexitols over a
Ru-PTA/MIL-100(Cr) catalyst, the optimal quantity ratio of two catalytic functions
should be kept in a range of 8.84 < nu/ng, < 12.90 [44].

Hydrolytic transformation of cellulose is normally conducted in compressed hot
water, in which metallic particles of catalysts are liable to sinter during the reaction
as a result of the so-called Ostwald ripening. The particles of transition metal, in
particular non-precious metal such as Ni and Cu, slowly release metal ions into the
hot aqueous solution, and the metal ions are then reduced to the metallic state over
the hydrogenation sites and deposited there. The overall effect is that the small
metal particles minimize and eventually disappear, while the large metal particles
grow to larger ones parallel to the reaction running. The essential reason is associ-
ated with the difference in the relative surface free energy between metal particles
of different sizes. Increasing metal loadings can increase the particle size and
accordingly improve the catalyst stability. Fukuoka et al. showed that larger crystal-
line Ni particles were more resistant to sintering and to oxidation on the surface
[56]. Another way to improve the stability of a metallic catalyst is modifying it with
a second metal to form a bimetallic catalyst [27, 57]. Zhang and coworkers synthe-
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Fig. 9.4 The proposed reaction pathways for the cellulose hydrogenolysis over Ni catalysts
(Reprinted from Ref. [55], Copyright 2014, with permission from Elsevier)

sized bimetallic catalysts, e.g., 1 %Rh-5 %Ni/MC and 4 %Ir-4 %Ni/MC, with a
mesoporous carbon support and obtained 58 % hexitols yield [27]. The catalysts
endured reactions at 518 K for at least four recycles without decay in the catalytic
activity. Similarly, Zhao et al. synthesized a PtNi/ZSM-5 catalyst for cellulose
hydrogenolysis [57]. Compared to the monometallic catalyst Ni/ZSM-5 [25], the
bimetallic catalyst showed much better reuse stability, which was attributed to the
formation of Pt-enriched alloy surface [57].

Besides noble metal catalysts, transition metal phosphide catalysts, e.g., Ni,P, are
also suitable candidates to be used as bifunctional catalysts for cellulose hydrolytic
hydrogenation [14, 58]. The nickel phosphide catalysts are prepared by impregna-
tion of Ni phosphates on the supports followed by reduction in hydrogen. However,
a small portion of Ni phosphate species cannot be completely reduced to nickel
phosphides due to the strong interaction between Ni phosphate and the support.
Thus, the reserved Ni phosphate provides acidic sites for the cellulose hydrolysis,
cooperating with the reduced Ni phosphides for the hydrogenation of sugars to form
hexitols in cellulose hydrogenolysis.

In summary, although a solid catalyst possesses advantages in separation and
recycling after reaction, it must be pointed out that its effectiveness is much lower
than that of a homogeneous catalyst. The reason lies in the interaction opportunities
between the solid catalyst and water-insoluble cellulosic reactant, which is several
orders of magnitude lower than that of a homogeneous catalyst [59]. Only the sur-
face acid sites of the catalyst can be accessed at the beginning of the reaction
because the dimensional size of cellulose fibers is some hundreds times larger than
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the pore size in the solid acid catalyst [59]. This greatly hinders cellulose depoly-
merization with high efficiency. In some cases, H;O" species can be released from
the solid acid into the reaction medium, such as an ionic liquid, leading to high
reaction rates essentially due to the homogeneous catalysis [60, 61].

To achieve high reaction efficiency, many studies attempted to use water-soluble
acids in combination with hydrogenation catalysts [18, 62—64]. Sels and coworkers
combined a soluble heteropoly acid, i.e., H;SiW,0,0, with a heterogeneous Ru/C
catalyst for cellulose hydrolytic hydrogenation [63]. After 0.33 h reaction at 363 K,
the ball-milled cellulose at 10 % concentration was almost completely converted
with a 65 % hexitols yield. The reaction efficiency was increased by several orders
of magnitude in comparison with that over typical solid catalysts [9, 12], even at the
much milder reaction temperature. Besides the contribution of soluble heteropoly
acid, the ball-milling pretreatment on cellulose also greatly enhanced reaction effi-
ciency. In a control experiment, the cellulose conversion was lower than 80 % even
after 4 h reaction if carried out without ball-milling pretreatment [63]. Another
alternative way to improve the reaction efficiency is pre-depolymerizing cellulose
with an acid [65]. Schiith, Rinaldi, and coworkers pretreated cellulosic feedstock by
impregnating catalytic quantities of H,SO, and subsequent ball milling for 2 h. In
this way, cellulose was totally converted to water-soluble oligosaccharides and gave
a 94.3 % hexitols yield through reaction at 423 K over a Ru/C catalyst. The reaction
rate was 18-27 times faster than the best examples reported in literatures [65].

For the cellulose hydrolytic hydrogenation reaction, hydrogen is evidently
required for sugar hydrogenation to form polyols. Fukuoka and coworkers studied
the possibility to utilize in situ generated hydrogen for this process. They used
2-propanol as hydrogen resource instead of H, gas in cellulose transformation [20,
66]. Over Ru/C catalysts, a higher hexitols yield was obtained in the presence of
2-propanol than that under 0.8 MPa H, (46.9 % vs. 37.8 %). The reaction route is
presented in Fig. 9.5.

Ma and coworkers tested cellulose hydrolytic hydrogenation using CO as a sub-
stitute for H,. The reaction was conducted under 4.5 MPa CO at 523 K for 30 min
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and produced hexitols at a yield of 25 % over a 7 %Pt—40 %Mo,C/C catalyst [67].
The Pt—-Mo,C/C was deemed to act as a tandem catalyst, where the Pt—-Mo,C
domains were responsible for hydrogen generation via water-gas shift reaction and
the Pt—C domains were responsible for the subsequent hydrogenation reaction.

9.2.2 Reaction Kinetics

As discussed above, different catalysts have been developed for cellulose hydroge-
nolysis to sugar alcohols. The detailed mechanisms to achieve high catalytic perfor-
mance are not all the same and need to be discussed case by case. However, there
are still some common rules followed in these reactions. It has been popularly
accepted that the cellulose hydrolytic hydrogenation process is mainly composed of
two consecutive reactions: cellulose hydrolysis to sugars and the sugars hydrogena-
tion to hexitols, accompanied by some side reactions. This suggests that the study
on the reaction kinetics of cellulose hydrogenolysis can be largely divided into two
parts, i.e., hydrolysis reaction and hydrogenation reaction. A whole expression for
the reaction kinetics of cellulose hydrogenolysis can be obtained according to the
kinetics of individual reactions and their correlation in a model.

For the first reaction step, i.e., cellulose hydrolysis, there have been a plenty of
studies conducted because this is a really important topic for biomass utilizations
[35, 51, 59, 68-95]. Several recent reviews presented very comprehensive summary
on the reaction kinetics for cellulose hydrolysis [59, 75, 76, 82, 85, 94]. As shown
therein and the literatures cited, Saeman described the kinetics of cellulose hydroly-
sis with a model involving two consecutive pseudo-first-order reactions with respect
to H* concentration (Eq. 9.1) [68, 88]:

kZ kl .
Cellulose = Glucose — Degradation products (CAY)

The reaction rate k can be represented by an Arrhenius equation modified with
acid concentration (Eq. 9.2) [88]:

k=ky,xA" xe®* =12 9.2)

wherein k;, is the pre-exponential factor, A is the concentration of acid, m; is the
power of acid concentration, E; is the activation energy, 7T is the temperature, R is the
universal gas constant, and m, and m, are the slopes of cellulose and glucose hydro-
lysis profiles, respectively [88]. Table 9.1 lists a series of parameter values obtained
from acid hydrolysis of cellulose according to Saeman’s model. One notices that the
apparent activation energies for cellulose hydrolysis to glucose are ca. 120-180 kJ/
mol, but pre-exponential factors and acid exponents vary over a very wide range,
i.e., 101-10" min~! and 1.0-6.0, respectively [88].
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The big discrepancy in the parameter values is caused by the different reaction
conditions under which the Saeman’s model is invalid to describe the kinetics.
Equation 9.1 was obtained at 443-463 K and acid concentrations in 0.2-2 %.
However, if the reaction is conducted under conditions significantly different from
those in Saeman’s study, the cellulose morphology, crystallinity, structure, and solu-
bility would be remarkably changed and accordingly affect the validity of the reac-
tion model [96]. For instance, the crystallinity of cellulose can be disrupted to
amorphism by subcritical or supercritical water [91, 94], and the resulting amor-
phous cellulose is much easier to be hydrolyzed [59]. Cellulose has different types
of crystallinity including celluloses I, II, IIT;, 11, IV}, and IVy,. It was found that the
rate of cellulose decomposition depended on the types of crystalline cellulose and
reaction temperatures when the hydrolytic reaction was conducted in at 503-543 K
and 10 MPa [95]. Celluloses I, III;, and IV, were easier than celluloses II, III;;, and
IVy to be degraded, and the E, for cellulose degradation were in a range of 50-70
kJ/mol. The difference of the E, values from those reported in other literatures were
ascribed to definitions of decomposition processes and treatment conditions used
[95].

In general, cellulose hydrolysis is unlikely to directly generate monosaccharides.
Rather, as shown in Eq. 9.3, it typically comprises consecutive steps of cellulose
hydrolysis to oligosaccharides and the further hydrolysis to glucose [82]:

ky . . ky . ks
Polysaccharides — Oligosaccharides — Monosaccharides(sugars) — (9.3)
Dehydration products

The values of the kinetic constants (k;, k,) are correlated to the acid sites avail-
able and accessible in aqueous medium [97], the diffusion limitations of poly/oligo-
saccharides [98], and polymerization degrees of oligosaccharides [99]. The second
step of oligosaccharides hydrolysis takes place more rapidly than the first one.
Overend et al. observed the formation of sugar oligomers in the hydrolysis of
a-cellulose, and the rate of glucose formation from oligomers was three times faster
than the glucose formation from cellulose [100]. Therefore, the first step is the rate-
determining step, and the overall reaction kinetics still follows Seaman’s equation
in most cases.

The cellulose hydrolysis is possibly following two routes, i.e., one dominant
route involving cleavage at the glycosidic bond and the other minor route involving
cleavage at the ring oxygen [88]. As shown in Fig. 9.6 using a cellobiose molecule
to represent cellulose, the attack of an acid proton happens at either glycosidic oxy-
gen or ring oxygen, resulting in a cyclic or a noncyclic carbonium ion, respectively.
The protonation of the glycosidic oxygen atom forms a cyclic carbonium cation and
glucose, followed with further addition of water to form a saccharide and a proton.
In the minor pathway, a proton attacks the ring oxygen to form a noncyclic carbo-
nium cation. After the addition of water to the carbonium intermediate, two glucose
molecules are produced [59, 88]. Regarding the protonation of the glycosidic oxy-
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for glucose formation (Jll) and glucose degradation ([]) (Reprinted with permission from Ref.
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gen, strong Brgnsted acid sites are required (pK= <4). Vanoye et al. disclosed that
the hydrolysis rate of cellobiose in ionic liquid shows an evident dependence on the
pK, of the acid used in the reaction, as shown in Fig. 9.7 [101].

As for the cellulose hydrolysis over solid acid catalysts, numerous studies have
been performed. As reviewed in a literature and papers cited therein [85], the solid
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acids involved metal oxides, polymer-based acids, sulfonated carbon-based acids,
heteropoly acids, H-form zeolites, and supported metal catalysts. The reaction effi-
ciency of cellulose hydrolysis over solid acid catalyst is determined by acid strength,
acid density, surface polarity, functional groups on the surface, pore size of solids,
and solvents. However, few of these studies provided the reaction kinetic data.
Rinaldi and coworkers investigated the cellulose hydrolysis in ionic liquid [BMIM]
ClI with the acid catalyst Amberlyst 15DRY [102]. They found that cellulose hydro-
lysis still follows a first-order reaction with respect to the amount of solid acid. The
activation energy for cellulose hydrolysis was 108 kJ mol™!, which is lower than that
with liquid acids (e.g., 170-180 kJ mol~! in H,SO,).

Synergistic effects between the functional groups on the surface of solid acids
could substantially decrease the activation energy of cellulose hydrolysis [103]. Pan
et al. introduced —SO;H to partially replace —ClI groups in chloromethyl polystyrene
(CP) resin and used it for the catalytic hydrolysis of crystalline cellulose. The best
yield of glucose reached 93 % over CP-SO;H, in contrast to no hydrolysis of cel-
lulose occurred when using sulfuric acid. The activation energy of cellulose hydro-
lysis was merely 83 kJ mol-! at 373-413 K, which is much lower than that for
sulfuric acid (170 kJ mol™!). The authors proposed that the chlorine (—Cl) groups
play roles in binding cellulose via hydrogen bonds and the sulfonic acid groups
(-SO;H) function as the hydrolytic sites. A similar synergistic effect was also
observed on sulfonated carbon materials. Hara et al. studied cellulose hydrolysis
over a sulfonated carbon catalyst and obtained 110 kJ mol™" activation energy, which
is again notably lower than that for sulfuric acid [53]. The decrease in E, was
ascribed to phenolic groups (pK, of ca. 10) and carboxylic acid groups (pK, of ca.
4.7) coexisting with strong acid sites —SO;H (pK, ca. —2.8) on the sulfonated carbon
surface. The weak acid sites adsorbed soluble oligosaccharides onto the surface of
carbon material and promoted the overall reaction rate [104]. Katz et al. further
manifested the promoting function of weak acidic OH-defect sites on the surface of
supports for cellulose hydrolysis by comparatively studying the performance of
modified silica and alumina in B-glucan hydrolysis [51]. The authors concluded that
(1) OH-defect sites on the surface favored adsorption of the B-glu strand in highly
constrained environment and (2) OH-defect sites activated glycosidic bonding for
hydrolysis via hydrogen bonding.

As for the side reactions, typically sugar decomposition, its apparent activation
energy is similar to that of cellulose hydrolysis, and the rates of sugar degradation
and cellulose hydrolysis are also in the same order of magnitude under the harsh
reaction conditions [59]. This is one reason why it is favorable to hydrogenate sug-
ars in situ into stable sugar alcohols with high yields in the cellulose conversion.

The hydrogenation of glucose to sorbitol follows a Langmuir-Hinshelwood
mechanism where the surface reaction is the rate-determining step (as shown in
Table 9.2) [105-111]. Kapteijn et al. carried out a detailed study on the reaction
kinetics of p-glucose hydrogenation over a 5 % Ru/C catalyst at 373—403 K, 4.0-
7.5 MPa H,, and glucose concentration of 0.56—1.39 mol/L [108]. Three plausible
models were used based on Langmuir-Hinshelwood—-Hougen—Watson (LHHW)
kinetics, i.e., Model (1) noncompetitive adsorption of hydrogen and glucose, Model
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(2) competitive adsorption of molecular hydrogen and glucose, and Model (3) com-
petitive adsorption of dissociatively chemisorbed hydrogen and glucose. They
found that hydrogenation rate was first order with respect to H, pressure. But the
reaction order with respect to glucose shifted from first order to zero order when the
sugar concentrations increased from 0.3 mol/L to higher concentrations. The three
models described the data satisfactorily. No inhibition by sorbitol or mannitol was
observed. The activation energy of glucose hydrogenation over the Ru catalyst was
55 kJ/mol, which is well consistent with the values of ~60 kJ/mol in other studies
[106, 108, 112]. Besides Ru catalysts, Ni catalysts are also extensively considered
for glucose hydrogenation. The E, values of glucose hydrogenation over Ni are
determined to be in a range of 63—82 kJ/mol [106, 107, 111].

For the hydrolytic hydrogenation of saccharide oligomers, two competing path-
ways were found to occur concurrently. Negahdar et al. conducted a kinetic study of
the catalytic conversion of cellobiose to sorbitol by using a binary catalyst of silico-
tungstic acid and Ru/AC [112]. As shown in Fig. 9.8, they found that the cellobiose
hydrogenolysis either follows a first step of hydrolytic reaction (route I) to form
glucose or a first step of hydrogenation (route II) to form 3-p-glucopyranosyl-p-glu-
citol (cellobitol), which is subsequently hydrolyzed to sorbitol and glucose. Which
route is to be followed is determined by the reaction temperature. At a moderate
temperature, e.g., 393 K, cellobitol is the main product with a maximum selectivity
of 81 %. Conversely, at notably higher temperatures, the cellobitol selectivity
decreased to 1 % but with sorbitol selectivity rising up to 75 %. The results were
ascribed to the different activation energies of the two reactions. Kinetic modeling
showed that the E, for cellobiose hydrolysis was 115 kJ mol™!, in contrast to 76 kJ
mol~! for cellobiose hydrogenation to cellobitol. The subsequent hydrolysis of cel-
lobitol and hydrogenation of glucose had E, values of 103 kJ mol~" and 69 kJ mol-!,
respectively. Therefore, route II, i.e., direct hydrogenation, is more preferable at
lower temperatures. In addition, the hydrolysis of cellobitol is slightly easier than the
hydrolysis of cellobiose (E,=103 vs. 115 kJ mol™). If one extends this conclusion to
the hydrolytic hydrogenation of cellulose, the direct hydrogenation of terminal sug-
ars of cellulose macromolecules could promote cellulose degradation to some extent.

OH OH
0 o > H H, OH-on
dt OH [} HO —> degredation products
HO' 5 \w — 0 oH—> 1o oH g P
OH HO OH HO

cellobiose glucose sorbitol
+
H, H
OH
o OH
Ho g on OH
HO [

OH

cellobitol (3- B -D-glucopyranosyl-D-glucitol)

Fig. 9.8 Proposed reaction pathways for the conversion of cellobiose with silicotungstic acid and
Ru/C (Reprinted with permission from Ref. [112]. Copyright 2014 by Elsevier Inc)
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Taken all together, it is evident that the E, of sugar hydrogenation is much lower
than that of cellulose hydrolysis, and the reaction rate of the former is rather faster
than that of cellulose hydrolysis. In particular over a solid catalyst, the rate of cel-
lulose hydrolysis is further decreased by orders of magnitude. In addition, as men-
tioned above, the side reaction of sugar degradation has activation energy and
reaction rate comparable to that of cellulose hydrolysis. Therefore, the rate of hexi-
tols production in cellulose hydrogenolysis is dominantly determined by the low
rate of cellulose hydrolysis. This makes it relatively easier to model the reaction
kinetics and control the reaction selectivity as compared with the production of
smaller C,—C; polyols, which will be discussed in the following section.

9.3 Cellulose Hydrogenolysis to Ethylene Glycol
and 1,2-Propylene Glycol

9.3.1 Catalysts and Reaction Mechanism

Ethylene glycol (EG) and 1,2-propylene glycol (1,2-PG) are the two most produced
man-made polyols, with global production reaching more than 30 million tons per
year. They are widely used for the synthesis of fibers, package articles, antifreeze
agent, unsaturated resins, and other commodity chemicals. Currently, EG and 1,2-
PG are dominantly synthesized from ethylene and propylene via an epoxidation and
hydration process. Using biomass, in particular the nonedible, cellulosic materials
are of great attractiveness to prepare EG and 1,2-PG because of many merits inher-
ent in this process, such as the high value of products, large market demand, and the
renewability of feedstock.

In the last decade, catalytic hydrogenolysis of cellulose to EG and 1,2-PG has
made significant progresses. One of the representative works is the direct catalytic
conversion of lignocellulose to ethylene glycol (DLEG), which was first disclosed
by Zhang, Chen, and coworkers in 2008 [13]. The tungsten carbide catalysts were
initially used to substitute noble metal catalysts for cellulose hydrogenolysis to
hexitols. However, the dominant product over the carbide catalyst was unexpectedly
EG, not the conventional hexitols. The EG yield was 27 % over a W,C/AC catalyst
and further improved to 61 % by introducing small amount of nickel to the tungsten
carbide catalyst [13]. In the following years, higher EG yields up to 72-76 % were
achieved by optimizing the preparation method of catalyst or using novel catalyst
supports [15, 17, 23]. Besides tungsten carbides, the active components of catalysts
were extended to tungsten phosphide [16], metallic tungsten-based binary catalysts
[17, 113, 114], and tungsten oxide-based binary catalysts [26, 28, 115-118]. The
cost of catalysts was greatly reduced due to the convenience in the preparation and
the better reusability of catalysts without decay in the performance [28, 115]. The
feedstock involved microcrystalline cellulose and raw biomass, in detail including
corn stover [22], birch wood [24], miscanthus [119], concentrated glucose [116,



9 Mechanism and Kinetic Analysis of the Hydrogenolysis of Cellulose to Polyols 243

120], and Jerusalem artichoke [121]. The product distributions were tuned between
EG, erythritol, and hexitols by varying the ratio of tungsten and hydrogenation
metals [88]. Alternatively, the dominant product was altered from EG to 1,2-PG by
changing the feedstock from glucose-based biomass to fructose-rich biomass such
as Jerusalem artichoke [121]. On the basis of extensive studies, the reaction route
and mechanism of this process were identified [17, 28, 29, 115, 122], and reaction
kinetics are preliminarily modeled for the essential reactions [123—125]. All these
progresses not only accumulate much valuable knowledge for academic interest but
also provide a good foundation for the potential application of DLEG process in the
future.

The reaction pathway and mechanism of DLEG are depicted in Fig. 9.9. Cellulose
is first hydrolyzed into oligosaccharides and glucose by catalysis by Brgnsted acids
generated in subcritical hot water and by acid sites provided by the catalyst. The
resulting glucose undergoes retro-aldol condensation (RAC) catalyzed by the tung-
sten species to form glycol aldehyde and eventually produce EG via hydrogenation
over the metal sites of catalyst. The homogenous tungsten species (such as tungsten
bronze H,WO;) are found to be uniquely active for the RAC reaction. Besides the
major route for EG production, glucose isomerization happens in a minor route to
form fructose, which produces 1,2-PG after a series of reactions involving RAC
reaction, dehydration, rearrangement, and hydrogenation. For instance, Liu et al.
employed basic active carbon as a secondary catalyst to enhance the isomerization
of glucose to fructose. As a result, the product distribution was dramatically changed
with 1,2-PG selectivity overwhelming that of EG (30.7 % vs. 16.6 %) in the pres-
ence of an optimal catalyst (50 %2WO3/Al,O; + C,) [26].
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HH 3 W species W species + ; I on metals HC—OH
—_ CHZOH H, |
HZOH CH,OH CH,
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Cellulose ; H
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Fig. 9.9 The reaction network of cellulose hydrogenolysis in the presence of tungstenic binary
catalysts (Reprinted with permission from Ref. [125] Copyright 2014 by the American Chemical
Society)
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In addition, and quite different from many previous studies in which hexitols
were used as feedstock or reaction intermediates for the hydrogenolysis to form 1,2-
PG and EG [55, 126-133], hexitols formation is competing with the glucose
degradation in the DLEG process. The hexitols formed are found to be stable under
the reaction conditions and cannot be further converted into EG and 1,2-PG [17,
115]. Accordingly, the balance between the rates of hydrogenation and RAC reac-
tion of glucose largely determines the ratio of EG and hexitols yields [17, 29]. Apart
from the activity for RAC reactions, the tungsten species can also play a role of
heterogeneous acid sites for cellulose hydrolysis when they are highly dispersed on
the alumina support and strongly interacting with it [26].

Besides tungstenic catalysts, some other effective binary catalysts have been
developed for cellulose hydrogenolysis to EG and 1,2-PG. These catalysts include
Ni/ZnO [134], Cu/CrO,-Ca(OH), [135], Pt-Sn/Al,05 [136], Ni-La,05 [32], Ru/C--
NaOH [137], CuO/ZnO/Al,O; [138], and Ru/NbOPO, [139]. With respect to the
catalytic performance, they are generally less selective to the EG formation but give
remarkably higher yields of 1,2-PG in contrast to the tungstenic catalysts.

Some of amphoteric oxide-supported transition metal catalysts were also effec-
tive for the cellulose hydrogenolysis to glycols. Liu et al. investigated the catalytic
performance of Ni—Sn/Al,O; in the conversion of cellulose and obtained 53.9 %
selectivity to acetol (the precursor of 1,2-PG) over a catalyst with Sn/Ni ratio of 0.5
[140]. The authors proposed that the SnO, domains catalyzed the isomerization of
glucose to fructose and the C—C bond cleavage by retro-aldol condensation. In com-
parison with other basic sites of CeO,, ZnO, and AlO, supported on Al,O;, the
SnO, presented a larger concentration of stronger basic sites which facilitated the
isomerization of glucose to fructose and its subsequent C—C bond cleavage. In a
later study, the authors obtained hexitols and 1,2-PG from cellulose conversion by
using a bimetallic catalyst of Pt—-SnO,/Al,O; which had enhanced hydrogenation
activity as compared to the previously employed Ni—Sn/Al,O; [136].

In another instance, amphoteric ZnO was used as a support for Ni and Ni—Cu
catalysts. The overall yield of glycols (including EG, 1,2-PG, and butanediols)
reached ca. 70 % [134, 141]. The authors proposed that it is the basic sites but not
the acidic sites on the support surface play a critical role for the activity and selectiv-
ity of the catalysts.

Cu—Cr catalysts in the presence of Ca(OH), were studied for the production gly-
cols, and 42.6 % yield of 1,2-PG and 31.6 % yield of EG were obtained with 10 %
concentration of cellulose [135]. The reaction mechanism mainly involves hydro-
lytic hydrogenation of cellulose to hexitols and the subsequent hydrogenolysis of
hexitols to 1,2-PG and EG. As shown in many other extensive studies, the basic sites
and metallic dehydrogenation and hydrogenation sites play synergistic roles in
polyol conversion to 1,2-PG and EG [55, 126-133].

As shown in Fig. 9.10, the first step of the reaction is sugar alcohol dehydrogena-
tion over metallic sites to form glucose, fructose, and some other sugar isomers,
followed by base-catalyzed retro-aldol condensation (RAC) to form glycolaldehyde
and glyceraldehyde. After hydrogenation of the intermediates, EG, 1,2-PG, and
glycerol are produced. The primary dehydrogenation step limits the rate of sugar
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aldol condensation (Reprinted with permission from Ref. [142] Copyright 2010 by the Elsevier)

alcohol hydrogenolysis, and the product distributions are determined by the compe-
tition between the hydrogenation steps and the RAC reaction [126]. Besides the
RAC reaction accounting for the C—C bond breakage, Shanks et al. found that a
decarbonylation reaction takes place and leads to the scission of the terminal C—C
bond in polyol hydrogenolysis [143]. The reaction rates depended on the configura-
tion of the polyol stereoisomers but not the carbon chain length. In addition, the
primary hydroxyl groups of a polyol were more readily dehydrogenated than inter-
nal hydroxyl groups.

Different from the catalysts mentioned above, a La-based binary catalyst Ni—
La,O; presented versatile behaviors following a dual-route mechanism for EG pro-
duction [32]. The main route is similar to that of tungsten-based catalysts, where
cellulose is first hydrolyzed to glucose, followed by degradation to glycol aldehyde
by the catalysis of La ions and hydrogenation over metallic Ni sites into EG. The
other minor route is similar to that of the basic binary catalysts, such as Cu/CrOx-
Ca(OH),, where glucose is first hydrogenated to hexitols and then hydrogenolyzed
to 1,2-PG and EG. The theoretical calculation showed glucose was activated by
La—OH species to form a mannose complex via an epimerization reaction. The C2—
C3 bond in the sugar complex was then broken through a 2,3-hydride shift reaction
to form glycol aldehyde, the precursor of EG. Comparative studies showed that the
E, for glucose degradation was lower than that for fructose, which could account for
the higher yield of EG than 1,2-PG in the reaction. The catalyst was very efficient
for cellulose hydrogenolysis even at a very low concentration of 0.2 mmol/L La
(III). The highest combined yield of EG and 1,2-PG reached 63.7 %. The reaction
mechanism is presented in Fig. 9.11.
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Besides cellulose hydrogenolysis in aqueous solution, Wang et al. reported their
work using methanol as a solvent for cellulose hydrogenolysis [139]. The cellulose
was converted to EG and ethylene glycol monoether (EGME) with an overall yield
of 64 % over a Ru/NbOPO, catalyst. The methanol was found to not only serve as a
solvent for the reaction but also participated in glucose acetalization so that the C=0
bond was protected for the next step reaction. The NbOPO, promoted the cleavage
of C—C bond in glucose, followed by hydrogenation by supported Ru particles to
form the final EG-based products. In comparison with different dopants (W, Sn, Ni,
Cu) in the catalyst, only the Ru—Ni/NbOPO, catalyst was effective due to the sup-
pression of further hydrogenolysis of products (EG and EGME) to CO and alkanes.

Palkovits and coworkers investigated hydrolytic hydrogenation of cellulose over
a CuO/ZnO/Al,0; catalyst at 518 K and 50 bar H, and proposed a unified reaction
mechanism according to the observed product distribution [144]. As shown in Fig.
9.12, there are many elementary transformations, including dehydration, dehydro-
genation/hydrogenation, Lobry de Bruyn—van Ekenstein isomerization, and retro-
aldol condensation, which play important roles in controlling the selectivity to
simple polyols and carbohydrates. Besides the hydrolysis of glycosidic bond usu-
ally mentioned as the first step in the cellulose hydrogenolysis, an additional depo-
lymerization mechanism involving only the reducing ends of cellulose and oligomers
was proposed in this work. In this pathway, cellulose could directly release C, and
C, molecules from the end of polysaccharides in the catalytic reaction. This is con-
sistent with the results recently reported by Zhang and Wang [123]. They studied
the cellobiose hydrogenolysis to EG with a tungstenic catalyst and found that cel-
lobiose can be directly degraded to glycol aldehyde and glucosyl-erythrose via the
RAC reaction prior to the hydrolysis to form glucose. But the activity of cellobiose
in the RAC reaction is lower than that of glucose. In addition, the RAC reaction of
cellobiose could promote the hydrolysis of cellobiose.
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In summary, regardless of whether the reactants of hydrogenolysis are sugar
oligomers, polysaccharides, or sugar alcohols, the sugar formation is the critical
step in most of the reaction mechanisms. The C-C bond breakage takes place
mainly via retro-aldol condensation through catalysis by transition metal species or
bases. In addition, the degradation to monosaccharides, i.e., the direct degradation
of cellulose and oligosaccharides from the reducing end sugar, also contributes to
the EG and 1,2-PG formation as well as cellulose degradation. However, the relative
contributions from different routes are still uncertain due to the lack of reaction
kinetic data for each route.

9.3.2 Reaction Kinetics

Extensive studies have been performed in developing novel catalysts and processes
for cellulose hydrolytic hydrogenolysis to polyols. However, few of them focused
on the essential reaction kinetics, in particular for the formation of C, and C;
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glycols. This might be related to higher difficulty of studying reaction kinetics of
cellulose hydrogenolysis to EG and 1,2-PG as compared to that of cellulose degra-
dation to glucose and hexitols. Not only are the reaction conditions for the former
usually harsher than the latter, but also more reactions are involved in this process,
including retro-aldol condensation, isomerization, epimerization, hydrogenation,
and condensation catalyzed by multifunctional active components in the catalysts
(Fig. 9.9). One feasible strategy to obtain in-depth knowledge of the reaction kinet-
ics is studying each elementary transformation individually and then integrating
them into complete reaction kinetics on the basis of their relationship. To this end,
using model reactants to replace recalcitrant solid cellulose and conducting the
reactions at moderate conditions are necessary to obtain useful information.
Moreover, because of the complexity of the reaction system, establishing reason-
able kinetic models and making suitable presumptions and omission are required
for overcoming obstacles in arriving at meaningful results.

Zhang, Wang, and coworkers conducted detailed investigations on the reaction
kinetics of cellulose hydrolytic hydrogenation to EG in the presence of tungsten-
based binary catalysts. According to the reaction mechanism discussed above, they
resolved the process of cellulose hydrogenolysis to EG into three consecutive reac-
tions: (1) hydrolysis of cellulose to glucose, (2) retro-aldol condensation (RAC) of
glucose to glycolaldehyde (GA), and (3) hydrogenation of GA to EG. As shown in
Fig. 9.13, to simplify the reaction network, glucose was used as a substituted reac-
tant for cellulose based on the consideration that glucose is the critical intermediate
for the RAC reaction to form GA. Soluble ammonia metatungstate (AMT) was used
as a homogeneous catalyst for the RAC reaction. Glucose isomerization reaction to
fructose (accounting for 1,2-PG formation) was omitted according to the experi-
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Fig. 9.13 The simplified kinetic model for glucose conversion to glycolaldehyde by catalysis of
ammonium metatungstate. RAC refers to retro-aldol condensation (Reprinted with permission
from Ref. [125]. Copyright 2014 by the American Chemical Society)
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mental results that the ratio of EG to 1,2-PG yields is very high (10:1-20:1) in the
reaction. The reactions were conducted at milder temperatures of 423-503 K so that
the reactant and products could be quantified more accurately.

The Arrhenius equation obtained for the RAC reaction shows that it is a first-
order reaction with respect to glucose. The activation energy E, for the RAC reac-
tion is in the range of 141.3—-148.8 kJ/mol, which is much higher than that of the
sugar hydrogenation [116, 125]. This indicates that RAC is much more sensitive to
the reaction temperature as compared to the sugar hydrogenation [115]. A high
temperature would favor GA and EG formation. The pre-exponential coefficient
was found to be as high as 5.39x 10'3, which is in good agreement with the features
of a homogeneous catalytic reaction. Interestingly, the reaction order with respect to
the concentration of AMT is 0.257 for the RAC reaction. This indicates that one
AMT molecule might complex four molecules of glucose. At present, no character-
ization technique is available to identify the coordination numbers of tungsten in the
sugar complex in the hot and compressed aqueous environment. Thus, the result of
this kinetic study provides a valuable clue for the deeper investigations on the tung-
sten—sugar interactions with development of in situ measurement techniques in the
future.

As the precursor of EG, GA readily undergoes side reactions, typically conden-
sations, with a low E, of 52.7 kJ/mol and at reaction orders of 2-2.5 [116, 124]. This
suggests that it is important to keep the GA concentration at a low level during the
reaction so that EG can be obtained with high selectivity. Employing a semicontinu-
ous reaction system has been proven to be a feasible way in practice, as shown in the
studies of high concentration glucose conversion to EG [116, 120].

The catalytic behavior of metastable reaction intermediates was also tentatively
analyzed in the kinetic study. In detail, the RAC reaction of glucose forms an equi-
molar amount of GA and erythrose, and the latter can be further degraded into two
molecules of GA. Zhang and coworkers deduced the E, value of the erythrose RAC
reaction by decoupling the dual reactions in the kinetic model equations. The
obtained E, was 79.9 kJ/mol, notably lower than that of glucose RAC reaction
(141.3 kJ/mol). This indicates that the C, sugar is more reactive than glucose in the
RAC reaction, which accounts for the experimental result that only a small amount
of C, polyols was formed in the reaction.

As for the kinetics study of GA hydrogenation to EG, Zhang and coworkers
employed a Langmuir—Hinshelwood—Hougen—Watson (LHHW) model, which has
been popularly accepted in the kinetic study of sugar hydrogenation over heteroge-
neous catalysts [106—108]. As elucidated in the reaction network (Fig. 9.9), the GA
formation from glucose confronts a competitive reaction of glucose hydrogenation,
which generates chemically stable hexitols at the expense of GA and EG produc-
tion. Tables 9.3, 9.4, and 9.5 list the results of the kinetic studies. It was found that
the E, values for GA and glucose hydrogenation are very similar (42.6 kJ/mol vs.
49.6 klJ/mol) over the Ru/AC catalyst. However, a detailed study disclosed that GA
hydrogenation is still much favored over glucose hydrogenation due to several
aspects. First, the adsorption equilibrium constant of GA (Kg,) is twice as large as
that of glucose (K;), suggesting that GA molecules are preferentially adsorbed on
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Table 9.3 Modeling results for individual hydrogenation of glucose and glycolaldehyde over
Ru/C in the absence of ammonium metatungstate

Estimated values

Model equation Parameter 373K 383 K 393 K 403 K
. K, P,K.C, kcKu(mol/g.,bar s) | 1.01E-06 | 1.54E-06 |2.28E-06 |3.33E-06
R (1+K,C,) K(m*/mol) 3.19E-01 |2.78E-01 |243E-01 |2.15E-01

K, P,K;,Cy, | keaKa(molg,bar s) |2.20E-06 |3.14E-06 |4.42E-06 |6.11E-06
o =R 11Kk, C.,) | Keam¥mol) 6.32E-01 |5.79E-01 |5.33E-01 |4.93E-01

Reprinted with permission from Ref. [124] Copyright 2015 by the American Chemical Society

the Ru surface than glucose. Second, the rate constant of GA hydrogenation (kga) is
also twice as that of glucose (k). Taken together, the rate of GA hydrogenation is
therefore ca. four times faster than that of the glucose hydrogenation. Moreover,
experimental results for the competitive hydrogenation of GA and glucose showed
that the presence of GA significantly inhibited glucose hydrogenation. Glucose
hydrogenation only starts to occur when GA has been almost consumed in the
reaction.

Another important finding in the kinetics study is that tungsten species not only
take charge of the catalysis of the RAC reaction to form GA but also impose a
remarkable inhibitive effect on hydrogenation reactions over metallic Ru sites.
Tungsten species strongly adsorbed on the Ru surface and poisoned the catalyst for
hydrogenation, but the effect varies with reactants. The reaction order of AMT was
—0.238 for GA hydrogenation and —0.691 for glucose hydrogenation, respectively.
This indicates that the inhibitive effect of AMT is much more pronounced for glu-
cose hydrogenation than GA hydrogenation. In other words, the presence of AMT
further improves the priority of GA hydrogenation over glucose hydrogenation and
ensures the high selectivity to EG in the reaction.

In conclusion, the reaction kinetics of the one-pot hydrogenolysis of cellulose to
EG have been primarily identified by studying the kinetics of glucose conversion.
Except for the first step of cellulose hydrolysis, the reaction kinetics were systemati-
cally investigated for the essentially important elemental reactions, including the
RAC reaction, hydrogenation, and the side reaction of GA condensation. A series of
reaction kinetics data have been obtained on the basis of the deep understanding of
the reaction mechanism, rational models, and kinetics. The reaction behaviors of
cellulose and sugars can be qualitatively explained or partially quantitatively pre-
dicted in terms of the kinetic results. These studies will provide valuable guidance
for the design of more effective catalysts and catalytic processes with better con-
trolled reaction selectivity.
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9.4 Outlook

Catalytic hydrogenolysis of cellulose to polyols represents a green and promising
process for the production of high-value commodity chemicals. In comparison with
the traditional synthesis processes in petroleum industry, the biomass conversion
possesses notable advantages, thanks to the renewability of feedstock, the high atom
economy of the process, and the increasing economic viability conditioned by the
rapid development of low-cost catalysts. After extensive investigations in the past
decade, various effective catalysts have been developed and several different poly-
ols have been obtained with high selectivity. The rules of “green chemistry” have
been followed in designing the catalysts and exploring reaction processes for bio-
mass conversion, as embodied by the convenience of reaction operation and smaller
footprints of chemical processes in the environment. The reaction mechanisms for
polyols formation are becoming deeply understood and some of reaction kinetics
has been largely determined. However, because the cellulose hydrogenolysis is usu-
ally conducted in compressed hot water and high pressure H,, the reaction condi-
tions are still harsh and many reactions are coupled in one pot. This greatly increases
the difficulty in in situ monitoring the reaction intermediates, probing the catalytic
active sites, and disclosing the reaction mechanisms at molecular levels. Future
development of characterization techniques such as NMR, FTIR, Raman spectra,
and HPLC would provide powerful support for such studies. In addition, more
attention should be paid to the kinetic study of raw biomass conversion, by which
the influence of impurities in biomass can be concurrently considered for the pur-
pose of practical applications. With more progress in the understanding of reaction
mechanism and kinetics, the process of cellulose hydrogenolysis could be better
utilized for polyol production and eventually contribute to a sustainable
bio-economy.
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