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ABSTRACT

Upgrading of abundant cellulosic biomass to isosorbide can reduce the dependence on limited fossil resources and
provide a sustainable way to produce isosorbide, utilized for polymers, medicine and health care product synth-
esis. This review comprehensively examines the key steps and catalytic systems involved in the conversion of cel-
lulose to isosorbide. Initially, the reaction pathway from cellulose to isosorbide is elucidated, emphasizing three
critical steps: cellulose hydrolysis, glucose hydrogenation, and the two-step dehydration of sorbitol to produce
isosorbide. Additionally, the activation energy and acidic sites during cellulose hydrolysis, the impact of metal
particle size and catalyst support on hydrogenation, and the effects of catalyst acidity, pore structure, and reaction
conditions on sorbitol dehydration have been thoroughly examined. Finally, the progress made in cellulose con-
version to isosorbide is summarized, current challenges are highlighted, and future development trends are pro-
jected in this review.
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1 Introduction

The increasing scarcity of fossil resources and the exacerbation of environmental issues have spurred a
growing interest in finding renewable alternatives. Biomass resources, due to their abundance and
renewability, have emerged as ideal substitutes for fossil resources. Among these, cellulose is the most
prevalent and plentiful part of lignocellulosic biomass, found in wood, agricultural residues, and other
plant-based waste materials [1] (Fig. 1a). Efficient utilization of cellulose not only helps alleviate resource
shortages but also reduces environmental pollution. Consequently, plenty of work has been invested into
creating environmentally friendly and productive cellulose conversion techniques to synthesize a range of
industrially important chemicals. Isosorbide is a pivotal value-added product from cellulose with
significant applications in numerous fields. For instance, it serves as a key component in the synthesis of
polymers like polycarbonates, polyurethanes, and epoxy resins. Additionally, it may act as a
pharmaceutical intermediate, as a base for the generation of nontoxic organophosphorus flame retardants
[2] and an additive to enhance the flexibility of polymers (Fig. 1b), indicating its vast application
potential [3].
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Figure 1: (a) Composition of cellulose and (b) derivatives of isosorbide

Isosorbide, a valuable biobased platform chemical, has gained an extensive amount of attention for its
prospective usage in pharmaceuticals, bioplastics, and other high-performance materials. The preparation of
isosorbide typically involves the hydrolysis of cellulose-derived materials, hydrogenation of glucose, and
subsequent dehydration of sorbitol. Among various methods, acid-catalyzed processes are widely
recognized for their efficiency and effectiveness. The initial step in the synthesis of isosorbide involves
the disintegration of cellulose’s glycosidic linkages, which is catalyzed by acid to yield glucose. Strong
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acids including sulfuric acid and phosphoric acid are frequently utilized as catalysts in this process. The
resulting glucose is then subjected to hydrogenation over metal catalysts to produce sorbitol. Finally,
sorbitol undergoes a two-step acid-catalyzed dehydration to form isosorbide [4]. The acid-catalyzed
method is particularly advantageous for large-scale industrial production due to relatively mature
technology and high yield of isosorbide produced. The robustness and efficiency of this process make it a
promising candidate for the sustainable production of isosorbide, thereby expanding its application
potential in various industries.

Considerable advancements have been achieved in the methodology for isosorbide preparation, with in-
depth studies conducted on the diversity of raw materials, reaction pathways, synthesis processes, and
catalyst optimization. However, comprehensive reviews focusing on the details of key steps and the
performance of catalysts in the cellulose-to-isosorbide conversion process are still lacking. A thorough
overview of the conversion pathways from cellulose to isosorbide is provided here in. Advancements in
three critical steps: cellulose hydrolysis, glucose hydrogenation, and the two-step dehydration of sorbitol
are documented. Additionally, the processes, advantages and disadvantages of various catalysts used in
these processes along with the existing challenges are analyzed. A valuable reference for future research
and industrial applications in the isosorbide synthesis domain is provided.

2 Reaction Pathway

The transformation process of cellulose to isosorbide is illustrated in Fig. 2. Cellulose, a linear polymer
made up of B-1,4-glycosidic linkages connecting D-glucose units, undergoes hydrolysis under acid catalysis,
resulting in the splitting apart of these glycosidic linkages and glucose is formed. Subsequently, glucose is
hydrogenated in the existence of a metal catalyst to yield sorbitol. Sorbitol then undergoes a two-step high-
temperature dehydration process in the presence of a strong acid catalyst, leading to the formation of
isosorbide [5]. During this process, glucose can readily isomerize to fructose, which may further undergo
dehydration and hydration, producing levulinic acid, formic acid, and 5-hydroxymethylfurfural (HMF) as
secondary products.
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Figure 2: Reaction pathway for the conversion of cellulose to isosorbide. Adapted with permission from
Reference [5]. Copyright ©2023, Elsevier

Three crucial processes are involved in converting cellulose to isosorbide: cellulose goes through
hydrolysis to glucose, glucose goes through hydrogenation to sorbitol, and sorbitol undergoes
dehydration twice to provide isosorbide. The significance of these steps is analyzed as follows:
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Cellulose, made up of D-pyranoglucose units connected by -1,4-glycosidic linkages, exhibits a highly
ordered crystalline structure. The hydrolysis of cellulose into glucose forms the basis of the entire reaction
process, determining the substrate supply and overall reaction efficiency. Kinetic studies have shown that the
activation energy for cellulose hydrolysis typically ranges from 120 to 180 kJ/mol. For instance, the
characteristics and kinetics for the generation of isosorbide from five types of lignocellulosic biomass-
pine sawdust, fern stem, wheat straw, sugarcane bagasse, and jute stick have been investigated using
thermogravimetric analysis (TGA) [6]. The distributed activation energy model (DAEM) estimated the
apparent average activation energies for these materials to range from 171.04 to 179.54 kJ/mol.
Additionally, average activation energies of 194.54 = 0.76 kJ/mol for hydrolysis of spruce cellulose and
193.17 + 0.75 kJ/mol for birch cellulose have been reported [7]. Similarly, the hydrolysis of corn straw
cellulose exhibits higher activation energies, ranging from 186.9 to 203.6 kJ/mol, compared to those for
soybean husk cellulose [8]. The high crystallinity and stable hydrogen-bond network of cellulose
necessitate substantial energy for hydrolysis. Therefore, the hydrolysis of cellulose to glucose is
considered a crucial step in the overall conversion to isosorbide. Enhancing the efficiency of cellulose
hydrolysis is pivotal for improving the yield of isosorbide.

An essential intermediate step in the transformation of cellulose into isosorbide is the hydrogenation of
glucose to sorbitol, directly influencing the efficiency of subsequent sorbitol dehydration to isosorbide. The
activation energy for this hydrogenation process is typically around 50 kJ/mol. The kinetics of glucose
hydrogenation have often been investigated, and optimal reaction processes proposed. The catalytic
hydrogenation of a 40 wt% D-glucose aqueous solution in a high-pressure trickling bed reactor has been
examined [9]. A kieselgur-supported nickel catalyst (12% NiO, 2% Cr,03) with a particle diameter of
2-3 mm was utilized to carry out the reaction. Under pressures ranging from 0.5 to 10 MPa, the
conditions of operation varied from 388 to 438 K. The reaction showed a hydrogen order of 0.65 and
was determined to be initial-order with regard to D-glucose. The range of the apparent activation energy
ranged 24-49 kJ/mol.

The catalytic conversion of D-glucose to D-sorbitol using a 5% Ru/C catalyst in a semi-batch slurry
high-pressure reactor at 373—403 K and hydrogen pressures of 4.0-7.5 MPa has been examined [10]. The
hydrogenation of D-glucose over 5% Ru/C displays near 100% selectivity towards D-sorbitol, with a
first-order dependence on hydrogen. The reaction order for D-glucose varies with concentration: initial-
order in tiny quantities (approximately 0.3 mol/L) and zero-ordering in greater quantities. To model the
kinetic data, three reasonable rate models based on LHHW kinetics have been proposed, considering the
surface interaction was rate-determining. Model 1 involves non-competitive adsorption of hydrogen and
D-glucose; Model 2 involves competitive adsorption of molecular hydrogen and D-glucose; and for
Model 3, competitive adsorption of atomically chemisorbed hydrogen and D-glucose is assumed.
Although there is no statistical distinction among these models, Model 3 has been slightly preferred.
Model 2 is deemed to be less likely due to its assumption of an interaction with molecularly adsorbed
hydrogen. Additionally, only Model 3 predicted the entropy reduction for D-glucose adsorption. The
observed activation energy for the reaction was 55 kJ/mol.

An essential step in the synthesis of isosorbide is the dehydration of sorbitol, significantly influencing
the yield of the final product. The reaction pathway for the dehydration of sorbitol to isosorbide consists of
two steps, as illustrated in Fig. 3. During the first dehydration step, sorbitol can form several intermediates,
including 1,4-sorbitan, 3,6-sorbitan, 1,5-sorbitan, and 2,5-sorbitan. However, only 1,4-sorbitan and 3,6-
sorbitan can proceed to the second dehydration step to form isosorbide [5]. Consequently, 1,4-sorbitan
and 3,6-sorbitan are considered intermediates, while the other types of sorbitan are regarded as stable by-
products [11]. To quantify these reactions, the rate constants for the primary and side reactions in the first
dehydration step are denoted as k; and kg, respectively. The second dehydration stage’s both forward and
inverse rate constants are denoted as k, and ks.
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Figure 3: Reaction pathway for the two-step dehydration of sorbitol to isosorbide. Adapted with permission
from Reference [12]. Copyright ©2022, American Chemical Society

Wang et al. [12] determined the equilibrium constants for both the initial and subsequent dehydration
stages over a temperature range of 473.15 to 533.15 K. The results indicated that the equilibrium constant
K.’ for the first dehydration step of sorbitol was on the order of 107, significantly greater than 10°,
indicating that the initial step involves an irreversible reaction. Conversely, the equilibrium constant K,°
for the dehydration of 1,4-sorbitan was on the order of 10°, much less than 10°, indicating that the
second step is reversible. In a dilute solution using NbOPO, as a catalyst, the activation energies for
the primary and side reactions of the first dehydration step were 117.38 and 139.89 kJ/mol, respectively.
The significantly higher activation energy for the side reaction implies that high temperatures would
increase the incidence of side reactions, thereby reducing the selectivity for 1,4-sorbitan and 3,6-sorbitan.
Therefore, lower reaction temperatures are more favorable for the first dehydration step. For the second
dehydration step, the activation energies for k, and k; were calculated to be 137.56 and 94.42 kJ/mol,
respectively. This indicates that increasing the temperature can accelerate the conversion of intermediates
to isosorbide, thereby significantly enhancing the selectivity and yield of the reaction. Thus, a higher
reaction temperature is beneficial in the second step to effectively promote the conversion of
intermediates and optimize the production of the final product, isosorbide. Furthermore, the reaction rates
of the first and second dehydration steps differ markedly. Fig. 4 illustrates the concentration profiles of
the dehydration reaction components at different temperatures, showing that the dehydration rate of
sorbitol is significantly faster than that of the intermediate, 1,4-sorbitan.
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Figure 4: (Continued)
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Figure 4: The concentration profiles of the dehydration reaction components at different temperatures are
depicted as follows: (a) 493.15, (b) 503.15, (c) 508.15, and (d) 513.15 K. Catalyst amount: 0.5 g.

Sorbitol mass: 1.5 g. Water mass: 150 g. Stirring speed: 700 rpm. Nitrogen pressure: 1 MPa. Adapted
with permission from Reference [12]. Copyright ©2022, American Chemical Society

3 Hydrolysis of Cellulose to Glucose

Enzymes or acids can catalyze the dissolution of -1,4-glycosidic bonds between glucose units, which is
the main process in the hydrolysis of cellulose to glucose. Strong hydrogen bonds between equatorial
hydroxyl groups and axial stacking of cellulose molecules characterize the crystalline structure of
cellulose, providing cellulose significantly resistant to chemical deterioration and insoluble in water and
the majority of organic solvents (Fig. 5). The effective conversion of cellulose to glucose is significantly
hampered by this structural resilience [13]. It has been demonstrated that the hydrolysis of cellulose can
be facilitated by protons (H') generated by Lewis acids, Bronsted acids, and the ionization of water.
These catalytic systems contribute to the breakdown of the intricate hydrogen-bonded network within

cellulose, thereby promoting the release of glucose. Table 1 presents an overview of the efficiency of
various acid catalysts in the hydrolysis of cellulose.
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Figure 5: Hydrogen bonding and stacking between cellulose molecules

Table 1: Results of cellulose hydrolysis to glucose using different acid catalysts

Entry  Catalyst TEC) t(h) Glucose yield (%)  Reducing sugar yield (%)  Ref.
1 Amberlyst-15 150 24 7.6 - [14]
2 IM CB 150 24 34.6 [14]

(Continued)
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Table 1 (continued)

Entry  Catalyst T(EC) t(h) Glucose yield (%)  Reducing sugar yield (%)  Ref.
3 MPCSA-80 150 6 - 58.3 [15]
4 SP-S-O 150 6 77.54 - [16]
5 Ru/CMK-3 230 — 16 — [17]

3.1 Proton Generation from Water lonization

It is widely recognized that liquid water can produce H' ions, which can facilitate acid-catalyzed
reactions when exposed to high temperatures (above 473 K) (Fig. 6). The protons generated by this in
situ acid formation will naturally dissipate at the ambient temperature, making it reversible, thereby
completely eliminating issues related to acid recovery and waste disposal.
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Figure 6: Proton-catalyzed hydrolysis of cellulose provided by water. Adapted with permission from
Reference [18]. Copyright ©2007, John Wiley and Sons

By combining in situ generated H' ions with transient hydrogenation on carbon-supported Ru clusters in
hot water. Luo et al. [ 18] demonstrated an effective approach for converting cellulose to polyols. This method
involves the reversible formation of glucose from cellulose degraded by acid catalysis in hot water. In order
to validate the in situ emergence of acidic species and their function in the aqueous environment, multiple
tests were carried out without the use of water or Ru/C catalyst. Without Ru/C, similar cellulose
conversion rates were achieved in water (approximately 38.6% after 5 min and 87.5% after 30 min).
Under similar conditions, replacing water with a protic solvent (such as ethanol) or an aprotic solvent
(such as dioxane) resulted in no cellulose conversion on Ru/C. However, blending ethanol with water
(1:1 volume ratio) under similar conditions resulted in a 10.2% cellulose conversion rate. The reduced
conversion rate observed in the mixed solvent system, relative to the pure water system, is attributed to
its lower dielectric constant, which correlates with decreased acidity. All of these results point to the
necessity of water for the creation of in sifu acid and the critical function that acid plays in cellulose
hydrolysis, which in turn impacts cellulose conversion efficiency.

Moreover, the hydrolysis process did not alter the crystalline structure of cellulose. Even at a high
conversion rate of 85.5% (achieved after 30 min at 518 K), the native cellulose I structure [19] remained
intact post-reaction. This result suggests that cellulose hydrolysis takes place on the crystalline surface
without inducing swelling or dissolution, processes that would otherwise result in the formation of the
cellulose II polymorph. These kinds of changes are usually seen in near-critical or supercritical situations,
which ask for high pressures and temperatures (593—673 K and 25 MPa).

3.2 Bronsted Acid Catalysts

Bronsted acid sites provide H' ions, which facilitate the cleavage and depolymerization of cellulose
glycosidic bonds. Increased acidity and higher Breonsted acid site loading will facilitate cellulose
depolymerization and related processes more efficiently. Taking cellobiose as an example, its hydrolysis
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mechanism is illustrated in Fig. 7. When a Bronsted acid gets into interaction and reacts with cellobiose, the
procedure of conjugate acid production begins. Thus, it possible for the surface’s Brensted acid sites to target
the B-1,4-glycosidic bond’s oxygen atom. After that, the conjugate acid dissociates and the C-O bond
cleaves, releasing glucose and creating an intermediate oxocarbenium ion. A free proton and another
glucose molecule are then released as a result of quick hydration. The B-1,4-glycosidic linkages in
cellulose are continuously hydrolyzed by the free protons and Brensted acids present in the hydrolysis
solution.
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Figure 7: Illustration of cellulose hydrolysis by a solid acid with surface Bronsted acid sites in water

The primary sources of Brensted acids in catalytic systems include the pyrolysis of water at high
temperatures, inorganic acids (such as H,SO, and HCI), organic acids (containing acidic groups like
-SOs;H, -PO4H,, and -COOH), hydrolysis of metal species, and solid acids with acidic sites on their
surfaces (such as sulfonated resins and zeolites). Homogeneous liquid acids like H,SO, and HCI exhibit
high activity; however, their practical application is limited due to difficulties in recovery and disposal
[20]. Therefore, developing new strategies for efficient recycling of acid catalysts is crucial. Since the
-SO;3H group is a strong acid, it can supply protons needed for the B-1,4-glycosidic linkages in cellulose
to hydrolyze. This functional group can be utilized as a strong Brensted acid site in carbon-based solid
acids, polymer-based solid acids, and inorganic solid acids [21]. Pang et al. [22] employed sulfonated
ordered mesoporous carbon to catalyze the hydrolysis of cellulose. The acidity of the catalyst was
modified by altering the sulfonation temperature. An overall acid density of 2.39 mmol/g and the -SO;H
density of 0.63 mmol/g were found in their sulfonated carbon catalyst. This catalyst was capable of
hydrolyzing ball-milled cellulose into glucose with an efficiency of 74.5% at 150°C within 24 h.

3.3 Lewis Acid Catalysts

Additionally to Brensted acid sites, Lewis acid sites were additionally utilized by researchers to
investigate the hydrolysis of cellulose. It is widely believed that the primary catalyst for the hydrolysis of
cellulose in water is Bronsted acid sites. However, Lewis acid catalysts can coordinate with cellulose
molecules to form coordination compounds, which provide active sites that promote the cleavage of
cellulose chains. These cleaved chains are further broken down into smaller carbon units, eventually
converting into glucose monomers. Thus, integrating Lewis acid sites within solid acids serves as a
method to enhance overall acidity and facilitate effective cellulose hydrolysis. A sustainable method to
generate isosorbide from cellulose using a bifunctional ruthenium catalyst supported on mesoporous
niobium phosphate was proposed [23]. Under pressured H, environment, the bifunctional Ru catalyst
supported on mesoporous niobium phosphate achieved virtually full cellulose conversion in 1 h and
an isosorbide yield of over 50% without requiring additional soluble acids. The authors used
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phosphate-treated mesoporous (P/mNbO) and bulk (P/NbO) niobium oxide hydrates in addition to
mesoporous (mNbO) and bulk (NbO) niobium oxide hydrates to further investigate various niobium
oxide supports with differing acidity, pore size, and surface area. They determined the pore size and N,
adsorption-desorption isotherms using density functional theory (DFT) techniques (Fig. 8a—c). The
findings showed that the mNbPO isotherms resembled those of type IV and showed hysteresis loops
between H, and Hy types in the 0.4—0.8 relative pressure (P/Py) range, suggesting the presence of sizable
mesopores that resembled worms. Fig. 8d depicts NH;-TPD results, showing a significant NHj
desorption peak for mNbPO, which shifted to a higher temperature of approximately 613 K, suggesting
stronger acidity, more acid sites, and a larger acid density, leading to better catalytic performance. This
bifunctional catalyst maintained its mesoporous structure and showed no signs of Ru leaching in the
reaction solution for more than six cycles at a cellulose-to-catalyst mass ratio of 43.3.
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assuming a model with slit pores. (d) NH5-TPD spectra of the following catalysts: (a) mNbPO,
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with permission from Reference [23]. Copyright ©2013, John Wiley and Sons
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Komanoya et al. [17] found that Ru catalysts supported on mesoporous carbon CMK-3 exhibited high
activity and durability for cellulose hydrolysis into glucose at 503 K. With a combined selectivity of 71% for
glucose and oligomers, the CMK-3 support greatly increased the cellulose conversion (54%) and the yields
of glucose (16%) and oligomers (22%). The functional groups on CMK-3 that contain acidic oxygen and
adsorb B-glucan are responsible for this increase in cellulose hydrolysis [24]. Hydrolysis of cellulose and
oligomers was aided in hot compressed water by H;O" ions that were either formed directly by Ru
species on CMK-3 or dissociated from water through direct attack. Ru’s significance in the hydrolysis of
cellulose was further highlighted by the authors, who identified the Ru species as RuO,2H,0. Lewis
acidic vacancies were produced by the dissociation of water molecules in concert with Ru. Even in the
absence of additional acid, Ru on mesoporous carbon CMK-3 may catalyze the hydrolysis of cellulose
into glucose through oligomer intermediates in hot compressed water.

4 Hydrogenation of Glucose to Sorbitol

Several mechanisms for the hydrogenation of glucose have been thoroughly investigated. Crezee et al.
[10] and Gallezot et al. [25] developed kinetic models for the hydrogenation of glucose, drawing
comparisons with smaller molecules such as acetaldehyde, and concluded that glucose hydrogenation
proceeds via a ring-opening process. In contrast, Makkee et al. [26] employed isotope labeling to monitor
the chiral isomerization of hydrogenation products, demonstrating that hydrogen may be directly added to
the pyranose ring. Additionally, using density functional theory (DFT) simulations, Trinh et al. [27]
investigated several glucose adsorption configurations on Pt surfaces, suggesting that glucose adsorbs
onto Pt (111) before ring-opening occurs. According to certain research, hydrogenation specifically takes
place through a closed-ring formation, while others advocate for an open-chain formation, with the
mechanisms of side reactions remaining unclear.

Fang et al. [28] conducted a comprehensive study on investigation into the mechanism of the glucose
hydrogenation to sorbitol reaction on a Raney Ni catalyst, combining experimental analysis with
computational simulations, including DFT calculations and kinetic modeling (Fig. 9a). Their findings
indicate that catalytic hydrogenation necessitate ring-opening. Glucose undergoes ring-opening catalyzed
by Raney Ni, followed by desorption into the solution. The exposed aldehyde group of the open-chain
glucose re-adsorbs onto the crystal facets of Raney Ni, while hydrogen dissociatively adsorbs onto the
catalyst surface, forming a “ring-opened glucose-hydrogen atom-catalyst” co-adsorption state.
Subsequently, two hydrogen atoms sequentially add to the aldehyde group of the ring-opened glucose
through two transition states (GCHOH* intermediate and GCH,O* intermediate), resulting in the
formation of sorbitol. Finally, sorbitol desorbs, completing the hydrogenation process. Within this
mechanism, the formation of by-product gluconic acid can affect the catalyst’s stability, potentially due to
glucose disproportionation [29,30] or dehydrogenation of cyclic glucose [31,32]. Corroborated by data
from HPLC, verified by DFT calculations, and confirmed at different temperatures using glucose
hydrogenation, the authors proposed a side reaction mechanism (Fig. 9b). Cyclic glucose adsorbs onto
the Ni surface, followed by the sequential adsorption of two hydrogen atoms either pathway B (GCCOH*
intermediate) or pathway A (GCCHO* intermediate) to the catalyst. Ultimately, as gluconolactone is
generated, it desorbs from the Ni surface and then hydrolyzes to generate gluconic acid.

4.1 Metal Catalysts

The hydrogenation of glucose is greatly impacted by the selection of metal-based catalysts. Li et al. [33]
examined the hydrogenation process of glucose using a Raney Ni-P catalyst, achieving a sorbitol selectivity
of 99.5% and a glucose conversion rate of approximately 55.8%. Similarly, Hoffer et al. [34] conducted
hydrogenation reactions using Ru supported on carbon and examined various reaction parameters. They
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found that glucose conversion approached 100% over time, with sorbitol selectivity exceeding 98%.
Furthermore, they explored hydrogenation using Raney Ni in combination with Mo and Cr/Fe, observing
that the addition of these metals enhanced the selective glucose hydrogenation to produce sorbitol. Thus,
the exploration of efficient metal-based catalysts is crucial for improving the hydrogenation efficiency of
glucose, thereby facilitating subsequent reactions. Table 2 summarizes the performance of different metal-
based catalysts in the hydrogenation of glucose.
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Figure 9: (a) Possible reaction pathways for hydrogenation of glucose to sorbitol on the surface of Raney-
Ni; (b) Possible reaction pathways for dehydrogenation of cyclic glucose to gluconolactone on Ni surface.
Adapted with permission from Reference [28]. Copyright ©2023, Elsevier

Table 2: Results of glucose hydrogenation using different catalysts

Catalyst Reaction conditions Results Ref.
Glucose Temperature Pressure  Reaction Conversion Selectivity Yield
concentration  (°C) (MPa) time (h) (%) (%) (%)

(Wt%)

Ru/C 10 120 4 - - >98 - [34]

Ru/NiO-TiO, 10 120 5.5 2 95.1 97.2 - [35]

Ru/ZSM-5-TF 25 120 4 - 99.6 - 99.2  [36]

Raney Ni 90a 150 - 6 - - 20 [37]

Ru/MCM-48 - 120 2.5 0.4 89.6 - 89.6  [38]

Note: *Glucose concentration is 90 mM.
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4.1.1 Noble Metal Catalysts

Noble metals like Pt, Rh, and Ru possess unique electronic structures that provide numerous high-
activity sites on their surface, facilitating effective adsorption and activation of reactant molecules,
thereby accelerating reaction rates. Currently, Ru stands out as the most active catalyst. In recent years,
Ru catalysts have garnered significant attention owing to their superior catalytic capabilities in glucose
hydrogenation, high activity, stability, and resistance to leaching in aqueous solutions. Hoffer et al. [34]
reported that using 2 g of Ru/C catalyst, glucose in aqueous solution containing 5-6.5 weight percent
might be transformed into sorbitol within 140 min, achieving a selectivity greater than 98%. Zhao et al.
[39] proposed a straightforward synthesis method for core-shell Ru catalysts (Fig. 10a), where y-Al,O3
particles were impregnated with Ru nanoparticles (NPs) underpinned by a polymer of styrene and maleic
acid with amino functionalization (ASMA). High dispersion and solid embedding of Ru NPs on the
support surface were guaranteed by the coordination interaction between Ru cations and the hydroxyl-
and amino-rich polymer shell, thus enhancing productivity. The resulting catalyst, 5% Ru/y-
AlLO;@ASMA, demonstrated nearly 90% stable sorbitol yield in both batch and trickle-bed reactors
during glucose hydrogenation.
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Figure 10: (a) Reaction pathway for the hydrogenation of glucose to sorbitol using 5% Ru/y-
ALOs;@ASMA as the catalyst; (b) XPS spectra of Ru 3p for Ru single atoms (SAs) on hollow
mesoporous carbon spheres (HMCS-SO;H'?); (c) XPS spectra of C s for the same catalyst. Adapted

with permission from References [5,39]. (a) Open Access. (b) Copyright ©2023, Elsevier
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Our research group developed a method to coat HQ-CTS, or 8-hydroxyquinoline-modified chitosan, on
the silica sphere surface, followed by pyrolysis and acid treatment to synthesize sulfonic acid-functionalized
hollow mesoporous carbon spheres (HMCS-SO;H) via an in-situ templating method. Additionally, we halted
aggregated hydroxide formation. by inhibiting the hydrolysis of Ru®>* through N-coordination and acid
suppression, achieving a high incorporation of Ru single atoms (SAs). XPS analysis was implemented for
investigation into the chemical states of Ru and C in Ru SAs/HMCS-SO;H'?. The Ru 3p spectrum
exhibited peaks at 462.1 and 464.3 eV for 3p;, and at 483.9 and 486.2 eV for 3p;, (Fig. 10b),
indicating the coexistence of Ru*' and Ru*' species. Additionally, Ru 3d photoelectron signals at
285.2 and 280.7 eV for 2d;,, and 2ds, overlapped with the C 1s spectrum (Fig. 10c), suggesting the
formation of electron-deficient Ru sites. The anchoring of Ru SAs and the amount of SO3;H could be
readily altered by varying the adding time of HQ-CTS during the in-situ Stdber templating procedure.
The established Ru SAs demonstrated high activity and selectivity for glucose hydrogenation, as was to
be predicted. The enhanced synergistic effect with the high concentration of SO;H rendered a high yield
of isosorbide while cellulose is converted in a single pot under difficult circumstances [5].

4.1.2 Non-Noble Metal Catalysts

Utilizing non-noble metal catalysts (e.g., Ni, Co, Cu) as opposed to noble metal catalysts can
fundamentally reduce costs. Nickel-based catalysts were the first to achieve industrial application in
glucose hydrogenation and remain the most widely used catalysts. Numerous catalysts using nickel,
include Ni/SiO,, Ni/Al,O3, Ni/TiO,, and Ni-Kieselguhr, have been extensively synthesized and applied in
hydrogenation of glucose, conversion of cellulose, and hydrogenolysis of sorbitol and glycerol [40]. Fu
et al. [41] explored the Ni particles possessing various morphologies, crystallinities, and compositions:
structure-activity relationships in the hydrogenation of glucose. By varying the hydrogen pressure during
synthesis, they obtained nanorods and nanospheres, and also synthesized nanobead chains. Comparative
analysis revealed that the Ni nanospheres exhibited the lowest activation energy for glucose
hydrogenation (32 kJ/mol) as opposed to the (98 klJ/mol) of the nanorods and nanobead chains.
Additionally, the Ni nanospheres achieved a constant 100% selectivity for sorbitol at a temperature of
140°C. Our research group developed a range of mesoporous carbons based on nickel that are uniformly
dispersed. by neutral-condition self-assembly of chitosan-nickel supramolecular aggregates using P123,
followed by pyrolysis. The spherical nanoparticles showed high dispersion and catalytic activity when the
pyrolysis temperature was 550°C and the molar ratio of Ni/CTS in the generated gels was 1/2. This was
demonstrated by the meticulously controlled production of nickel nanoparticles on the mesoporous
carbon that were uniformly spherical. This research may pave the way for the creation of effective non-
noble metal catalysts [40]. However, substantial metal leaching occurs during the reaction phase for non-
noble metals. By decreasing the concentration of Ni and stabilizing the tiny metal particles with materials
like SiO,, zeolites, and activated carbon, the issue can be lessened.

4.1.3 Bimetallic (or Multimetallic) Catalysts

In contrast to the high cost of noble metals and the low selectivity of non-noble metal catalysts for
sorbitol, as well as issues related to leaching, active metal sintering, and recyclability, there are
advantages to bimetallic (or multimetallic) catalysts in terms of their both cost and performance. The
synthesis of bimetallic catalysts (such as Ni-Ru, Fe-Ru, and Ni-Fe) with various metal ratios and
compositions through a non-covalent approach has been reported [42]. This method involved introducing
bifunctional ligands with pyrene moieties and metal entities onto graphene nanosheets (GNPs) without
disrupting their aromatic network. The results of the investigation demonstrated that the catalytic reaction
with ruthenium supported on graphene nanosheets (3.03 wt%) had the maximum selectivity, achieving a
sorbitol conversion rate of 92% and a selectivity of 87% within 6 h (Fig. 11a). When using Ni-Ru
catalysts, an increase in the amount of Ni (up to a 3 Ni:1 Ru ratio) enhanced both the conversion rate and
selectivity for sorbitol, achieving a Ru loading of only 1% by weight and a 60% conversion rate
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(Fig. 11b). Resilient Ru loading and high catalytic activity have been demonstrated by the Fe-Ru/GNP
catalyst (1 Fe/3 Ru, Fig. 11c). However, increasing the amount of iron did not further improve the
conversion rate. The bimetallic catalyst demonstrated significantly greater selectivity: 40% as opposed to
15% for the monometallic catalyst when sorbitol selectivity was contrasted between bimetallic Ni(II)-Fe/
GNP catalysts (containing 3.46-0.66 wt% Ni and Fe, respectively) and monometallic nickel catalysts
(7.1 wt% Ni) (Fig. 11d). The bimetallic materials’ catalytic performance exceeded the total results of the
separate monometallic catalysts, demonstrating that the two metals function in collaboration.
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Figure 11: (a) The relationship between conversion rate (blue), sorbitol selectivity (grey), and sorbitol yield
(light blue) as a function of Ru loading on GNPs (Catalytic test conditions: 30 bar H,, 140°C, 6 h, 1 g
glucose, 30 mg catalyst). (b) Catalytic test results as a function of the Ni:Ru metal weight ratio on GNPs.
(c) Catalytic test results as a function of the Fe: Ru metal weight ratio on GNPs. (d) Catalytic test results
for non-noble metals, Fe, Ni, and their mixtures. Catalytic test conditions: 30 bar H,, 160°C, 2 h, 0.5 g
glucose, 60 mg catalyst. Adapted with permission from Reference [42]. Copyright ©2023, Elsevier

Due to the higher electronegativity of Ru compared to Ni, Ru can be utilized to anchor the less
electronegative Ni, thereby facilitating H, adsorption and reducing kinetic limitations [43]. Furthermore,
Ru (101), Ru (100), and Ni (111) planar interaction can improve the functionality of Ni-Ru bimetallic
compounds [44]. In an alkaline ethanol-water solvent, formaldehyde and metal salts functioned as cross-
linking agents, and pluronic F127 and tannic acid (TA) as an organic ligand and soft template,
respectively, to generate coordination spheres [45]. During carbonization and hydrothermal processing,
bimetallic Ni-Ru porous carbon spheres (Ni-Ru@PCS) were successfully synthesized (Fig. 12). These
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Ni-Ru@PCS catalysts possess a rich mesoporous and microporous structure, with uniformly dispersed Ni-
Ru bimetallic particles within the carbon framework. Various catalysts were utilized for the catalytic
hydrogenation of glucose to sorbitol, including monometallic Ni@PCS, Ru@PCS, and Ni-Rux@PCS that
had various Ni: Ru molar ratios. Particularly, the Ni-Ru;¢.;@PCS and Ni-Rus.;@PCS catalysts
outperformed the monometallic Ru@PCS catalyst in terms of activity and performed similarly to
Ni@PCS, achieving a sorbitol yield of 98% with 100% selectivity at 140°C within 120 min.

F127 (C—
+ CH,0 O Ni* Ru* Q) Carbonization
. — 2 ———— %
A p— ° Y Hydrothermal Reduction
TA-formaldehyde
oligomer Ni2*-Ru**-TA Ni-Ru@PC$s

coordination

Figure 12: Schematic illustration of the synthesis process of Ni-Ru@PCS materials. Adapted with
permission from Reference [45]. Open Access

4.2 Factors Influencing Hydrogenation Activity

4.2.1 Catalyst Support

The catalyst support is closely tied to catalytic activity, with the specific surface area of the support
directly impacting the dispersion of the catalyst. Supports with high specific surface areas, such as carbon
nanotubes, activated carbon, SiO,, and Al,O;, can provide more active sites, enhancing metal particle
dispersion and thereby improving hydrogenation efficiency. Ali et al. [46] synthesized CNF-doped Y
zeolite, which was used as a support for Mo-Ni and Mo-Co catalysts, resulting in the formation of
zeolite-CNF/Mo-Ni (Co) (ZFMoNi or ZFMoCo) catalysts. These were compared with catalysts lacking
CNF (ZMoNi and ZMoCo). The catalytic performance was evaluated using the hydrodesulfurization
(HDS) of dibenzothiophene (DBT), revealing higher activation performance after CNF impregnation.
Various characterization techniques were employed to confirm the structure, morphology, and
performance of the catalysts. The XRD spectra (Fig. 13a) exhibited diffraction peaks between 5°-35°,
characteristic of Y-type zeolite, indicating that all four catalysts retained the Y-type zeolite structure. The
introduction of CNF into the catalysts increased the peak intensity at 25.6°, suggesting enhanced
dispersion of active phases (Mo, Co, and Ni) on the composite support surface (Z-CNF). Fig. 13b
presents the TGA data of the calcined catalysts, demonstrating enhanced thermal stability with the
inclusion of CNF. The total weight loss for ZFMoNi was 20.5%, compared to 27.6% for ZMoNi. XPS
measurements (Fig. 13c—f) showed that the C 1s peak at 284.5 eV corresponds to the graphitic structure,
with MoOj3’s oxygen present as O 2. The study found that the introduction of CNF improved the HDS
reaction of DBT, ZMoCo’s activity increased from 91.8% to 97.5%, whereas ZFMoNi’s activity increased
from 90.1% to 94.6%. Better dispersion of the active phases (Mo, Ni, and Co) on the composite support
surface (Z-CNF) was caused by the inclusion of CNF, which enhanced the surface area of the support.
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Figure 13: (a) XRD patterns of the catalysts. (b) TGA curves of the four prepared catalysts. (c—f) XPS
spectra of ZFMoCo catalyst showing Mo 3d, Co 2p, C 1s, and O 1s signals. Adapted with permission
from Reference [46]. Copyright ©2020, Elsevier

The mass transfer of reactants and products is greatly impacted by the pore structure of the support,
encompassing pore size, pore volume, and pore distribution. Catalyst pores facilitate mass transfer, with
different pore sizes offering varying diffusion rates. The relationship between pore size and the size of
reactant or product molecules can induce shape-selective catalysis and spatial confinement effects [11].
Owing to its high surface area, well-dispersed active components, and great chemical and hydrothermal
durability, carbon is regarded as one of the most effective catalytic supports [47]. The mechanical durability,
high electrical conductivity, large surface area, uniform pore sizes, and adjustable pore structures of porous
materials like carbon nanofibers (CNF), activated carbon (AC), and activated carbon nanofibers (ACNF)
have attracted a lot of attention in practical research [46]. Among these materials, CNF is particularly
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noteworthy due to its open morphology, negligible or non-existent micropores, and the significant pore volume
created by the gaps between its tubular structures. This results in a remarkably high surface area derived from its
outer walls. The excellent activation of metal sites that promotes hydrogen transportation to reactant molecules
is accountable for the high activity of CNF-supported catalysts. There are a significant number of active sites
available in the reactants due to the low metal-support interaction [48,49].

In addition, the deposition, dispersion, and stability of metal particles are influenced by the surface
chemical characteristics of the support, particularly its acidity, basicity, and surface functional groups. For
instance, acidic supports can enhance the dispersion of certain metals like platinum and ruthenium.
Activated carbon, SiO,, and Al,O; are frequently used as supporting catalysts in the hydrogenation of
glucose to sorbitol. Because of its well-structured pores and large specific surface area, activated carbon can
disperse metal particles extensively when utilized as a support, significantly enhancing catalytic efficiency.
SiO, supports can enhance metal activity through their surface acidic sites, although excessive acidity may
lead to side reactions. Al,Oz supports, characterized by their high mechanical and thermal stability,
maintain excellent catalytic activity and longevity under high-temperature and high-pressure conditions [39].

4.2.2 Metal Particle Size

The characteristics of supported metal catalysts can be tailored by altering the morphology of the metal
particles, including adjustments to their size and shape [50]. Given that the electronic structure of metal
particles varies with size (ranging from nanoparticles to clusters and single atoms), extensive research has
been conducted on the size effects between individual atoms, clusters, and small nanoparticles. Haruta
et al. [51] discovered that the turnover frequency for CO oxidation per surface gold atom in Au catalysts
supported on TiO,, a-Fe,03, and Co;0,4 was independent of the support used, but dramatically increased
when the gold particle diameter was less than 4 nm. Conversely, Pd particles supported on carbon black,
centered around 7 nm, exhibited optimal activity in the glucose oxidation reaction [52]. Lykhach et al. [53]
combined synchrotron radiation photoelectron spectroscopy, scanning tunneling microscopy, and density
functional theory calculations, demonstrating that charge transfer between metal particles and the support is
the cause of the size effect, estimating that platinum particles with sizes around 1-1.5 nm exhibit
maximum charge transfer. Therefore, most size effects occur in nanoparticles smaller than 10 nm, with
catalytic performance stabilizing as particle size increases [54]. Smaller metal particle sizes typically
provide a larger specific surface area, enhancing the number of active sites and promoting the
hydrogenation of glucose. Additionally, smaller particle sizes usually mean higher dispersion of metal on
the support, potentially altering its electronic structure due to quantum size effects. Variations in particle
size not only affect catalytic activity but also influence selectivity and stability. Studies have shown that
different particle sizes can lead to different reaction pathways in the hydrogenation of glucose, affecting the
product distribution. Smaller particles, due to their high surface energy, are more prone to sintering and
deactivation, necessitating a balance between particle size and catalyst longevity in practical applications.

However, the size effect can vary depending on the specific reaction and the metal used. Therefore,
investigating the size effect of metal nanoparticles larger than 10 nm in glucose hydrogenation is crucial.
Fu et al. [55] obtained nickel particles of different sizes by controlling the synthesis temperature using the
sol-gel method. They evaluated glucose conversion and sorbitol yield using Ni/CB catalysts and found
that nickel particles around 17 nm provided the highest glucose conversion and sorbitol yield.
Transmission electron microscopy (TEM) images and corresponding statistical histograms (Fig. 14)
revealed that different synthesis temperatures produced nickel nanoparticles with sizes ranging from
6.9 to 23.5 nm. Statistical analysis of 100 particles from TEM images of each sample showed that the
average particle size for the CB-400 catalyst was around 6.9 nm. As the synthesis temperature increased,
the particle size also increased, with broader size distribution and a standard deviation rising from 1.3 nm
at 400°C to 11.6 nm at 650°C. Glucose conversion increased with particle size, peaking at 17.1 £ 6.7 nm,
before gradually declining with further size increases, confirming the presence of a size effect for
nanoparticles larger than 10 nm.
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Figure 14: Transmission electron microscopy (TEM) images of samples CB-400 (a, b), CB-500 (c, d), CB-
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5 Sorbitol Dehydration to Isosorbide in Two Steps

To produce isosorbide, sorbitol typically needs to be dehydrated twice while a potent acid catalyst is
present [56]. The preferred mechanism for hexitol dehydration is SN2 cyclodehydration at C-1 due to
reduced steric hindrance, while the Sy1 mechanism at C-4, involving a carbocation intermediate, is also
possible due to protonation of the hydroxyl group [57]. An improved process for the dehydration of
sorbitol to 1,4-sorbitan has been proposed [58]. Researchers found that sorbitol and sulfuric acid often
create an adduct, which prevents 1,4-sorbitan from further dehydrating to isosorbide. According to the
authors, the hydroxyl group on the secondary carbon (C,4) attacks the main carbon (C;) of sorbitol,
resulting in an Sy2 reaction. However, the production of many by-products frequently limits the reaction
yield, a phenomenon primarily linked to difficulties with regioselectivity and chemistry [59]. Shi et al.
[60] proposed a potential mechanism for the acid-catalyzed dehydration of sorbitol (Fig. 15). Preferential
protonation of the sorbitol hydroxyl group at position C¢ or C; leads to cyclodehydration with the
hydroxyl group at position C; or C4, most frequently creating 1,4-sorbitan (A—C) [61]. Since 3,6-
sorbitan production is kinetically unfavorable and occurs in tiny levels, it can be disregarded [62].
Through intramolecular hydrogen bonding, cyclodehydration can also take effect between the C, and Cs
or C; and Cjs locations, generating 1,5-sorbitan (A—D) and 2,5-sorbitan (A—E), respectively; however,
these pathways are of low selectivity and can also be disregarded. Subsequently, When the hydroxyl
group at position Cg of 1,4-sorbitan is protonated, it turns less complicated to dehydrate the C; hydroxyl
group, which forms isosorbide (C—F).
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Figure 15: Mechanism of acid-catalyzed dehydration of sorbitol to isosorbide. Adapted with permission
from Reference [60]. Copyright ©2024, Elsevier

The final step in industrially converting sorbitol to isosorbide, derived from cellulose, can be effectively
carried out using a range of liquid and solid acid catalysts. Various homogeneous catalysts have been
reported, such as ionic liquids, Lewis acids (metal chlorides/sulfonates) and Brensted acids (phosphoric
acid, sulfuric acid, and hydrochloric acid) [63]. Acidic resins, zeolites, metal salts, and metal oxides are
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the main components of heterogeneous catalysts. Table 3 summarizes the catalytic effects of different acid
catalysts on the dehydration of sorbitol.

Table 3: Results of glucose hydrogenation using different acid catalysts

Entry Catalyst TEC) t Sorbitol conversion Isosorbide selectivity Isosorbide yield Ref.

() (%) (%) (%)
1 Ni/ 200 24 - - 47 [64]
NbOPO,
2 Amberlyst- 190 16 - - 60.2 [65]
70
3 CeSO-400 180 6 100 - 57.7 [66]
4 QP46(8) 170 12 949 87.4 - [60]
5  BEA 200 5 811 50.8 - [67]
6  H-ZSM-5 220 2 952 59.6 - [68]

5.1 Liquid Acid Catalysts

Liquid acid catalysts exhibit high catalytic activity, and sulfuric acid, in particular, is widely used in
industry due to its excellent catalytic properties. When sulfuric acid is used at a mass ratio of 1:100 to
sorbitol under conditions of 3 kPa and 130°C for 90 min, the yield of isosorbide reaches 80%. When
utilizing 3 M sulfuric acid to calculate the chemical reaction rate constants for sorbitol dehydration, Bock
et al. [69] found that while the dehydration rate is slower, the generation rate of 1,4-sorbitan is higher
than that of 3,6-sorbitan. Sulfuric acid has a larger association constant with sorbitol than it does with
1,4-sorbitan, which accounts for the first dehydration’s overall faster reaction rate than the second [58].
Despite its superior catalytic activity, sulfuric acid poses significant drawbacks, including environmental
pollution from post-reaction neutralization, handling risks, high corrosiveness, and stability issues of the
product [70]. Tonic liquids (ILs) with cations and anions that have Bronsted substituents added to them
can exhibit variable acidity, as demonstrated by Brensted acidic ionic liquids (BILs), allowing for the
functionalization of the organic backbone [62]. Significantly, since BILs are non-volatile and non-
corrosive, they are used to replace conventional inorganic acids, which makes catalyst recycling easier
[71]. An effective technique for synthesizing isosorbide from sorbitol has been reported with the use of
Brensted acidic ionic liquids as catalysts [72]. Experimental results indicated that different BILs exhibit
similar performance during the first dehydration step but vary significantly in the second dehydration
step. This discrepancy is attributed to their respective abilities to protonate polyhydroxy substrates. The
protonation active centers in acidic ionic liquids primarily originate from active hydrogen, and when the
cation remains constant, the activity order of the anions is: BF, < HSO4 < CF3S0; .

To address the notable differences in performance of BILs during the second dehydration step,
researchers further conducted dehydration reactions using self-prepared BILs and protonated the ionic
liquids with various inorganic acids. Fig. 16a compares the yields of isosorbide produced by different
BILs and the chemical shifts of unstable protons observed in ANS and 'H NMR. This indicates that, as
opposed to intrinsic acidity, each BIL’s reactivity is directly correlated with its AN value. In particular, as
the AN value rises, the isosorbide yield first rises before abruptly declining. Therefore, it is necessary to
optimize the yield of isosorbide based on an appropriate acid value rather than the inherent acidity.
Fig. 16b depicts the conversion of sorbitol and the yield of isosorbide in the continuous dehydration
reaction catalyzed by BIL-4. BIL-4 demonstrates excellent catalytic performance in transforming sorbitol
into isosorbide. Across five successive runs, the conversion rate of sorbitol and the yield of isosorbide
stay relatively consistent at around 99% and 73%, respectively.
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Figure 16: (a) Evaluating the isosorbide ester yield in the catalytic reaction in relation to the protons’
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production from sorbitol’s continuous dehydration, catalyzed by BIL-4 (BIL-4: 0.6 mol%, 130°C, 1.5 h).
Adapted with permission from Reference [72]. Copyright ©2017, Royal Society of Chemistry

5.2 Solid Acid Catalysts

The corrosive nature of inorganic acids towards equipment and the difficulties associated with
subsequent product separation and purification render them unsuitable for meeting green and sustainable
requirements. Additionally, the high cost of ionic liquids limits their use in industrial catalysis. Therefore,
the development of solid acid catalysts emerges as the optimal solution for achieving continuous
industrial production. Solid acid catalysts, known for their environmental friendliness, ease of separation
from reaction systems, and reusability, have been employed in various industrial reactions such as
alkylation, dehydration, polymerization, condensation, addition, and isomerization [73]. The creation of
highly efficient solid acid catalysts, such as metal salts, metal oxides, zeolite molecular sieves, and acidic
resins, is the main focus of current research on the dehydration of sorbitol (Fig. 17).
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Metal oxide solid acids, including ZrO,, TiO,, SnO,, CaO, MgO, and Al,O3, feature surface acidic sites
capable of catalyzing dehydration reactions. By incorporating other modifying substances into these metal
oxides, the catalytic activity for sorbitol dehydration can be enhanced. A sulfated catalyst supported on
zirconia efficiently converted sorbitol to isosorbide in two hours at a reaction temperature of 210°C.
Under these conditions, a 100% sorbitol conversion rate and approximately 61% isosorbide yield were
achieved [74]. The impact of acid site density, in addition to the relative activity and selectivity of several
zirconia phases (SO4> /Zr0O,, SZ), were also investigated in this study. Fig. 18a illustrates the relationship
between the specific activity of D-sorbitol and the acid site loading for monoclinic (m-) SZ, SZ, and
tetragonal (t-) SZ catalysts. The D-sorbitol conversion rate increased linearly with acid site loading in all
cases, with m-SZ showing the strongest correlation with this relationship. For comparable acid site
loadings, the performance of pure t-SZ was inferior to that of SZ. Fig. 18b illustrates the selectivity for
1,4-sorbitan and isosorbide at a 10% conversion rate among various catalysts, eliminating mass transfer
limitations and minimizing side reactions. The isosorbide selectivity and acid site density were consistent
across all catalysts. Previous kinetic studies have demonstrated that the ring dehydration of D-sorbitol to
1,4-sorbitan occurs faster than the ring dehydration of 1,4-sorbitan to isosorbide. Consequently, stronger
acids are more effective in catalyzing the second dehydration phase (1,4-sorbitan to isosorbide).
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Figure 18: Cyclodehydration over m-SZ, xM-SZ, and t-SZ catalysts of D-sorbitol to isosorbide: (a) D-
sorbitol conversion activity; (b) association between catalyst acid site density at 10% D-sorbitol
conversion across SZ, m-SZ, and t-SZ catalysts and selectivity for 1,4-sorbitan or isosorbide. Conditions:
40 mL of water, 0.4 g of D-sorbitol, 0.1 mL of DMSO internal standard, 180°C temperature, and 2 h of
reaction time. Adapted with permission from Reference [74]. Copyright ©2018, American Chemical Society

The liquid phase conversion of sorbitol to isosorbide using trivalent cations such as B-, Al-, Fe-, Ce-, and
La- phosphates as catalysts and tetrapolyphosphate zinc under hydrothermal conditions. A 100% sorbitol
conversion rate and a 70.3% selectivity for isosorbide were obtained from the investigation, however, the
presence of heterogeneous acidic BP catalysts in a batch reactor caused the selectivity for 1,4-sorbitan to
decrease to 6.3% [75]. Using NH;-TPD, the researchers assessed the acidity of metal phosphate catalyst
surfaces (Fig. 19a). The findings demonstrated that water molecules and solid acid centers drove the
conversion of sorbitol when FeP, ZrP-2, ZrP-1 and CeP were used as catalysts; BP had more acid sites
than the other phosphates. The activity of the metal phosphates, in terms of sorbitol conversion, followed
this order: AIP < ZrP-1 < ZrP-2 < FeP < LaP < CeP < BP, which was consistent with the selectivity
order for isosorbide. Sorbitol dehydration was more favorable at medium and strong acidic sites, while
very strong and overly strong acidity was less beneficial. Moreover, researchers observed that BP retained
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its crystallinity even under high-temperature calcination (Fig. 19b). The BP catalyst’s higher average pore
size was primarily responsible for its enhanced catalytic performance.
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Figure 19: (a) XRD patterns of BP and its calcined forms, BP**° and BP®?. (b) NH;-TPD profiles of the
metal phosphates. Adapted with permission from Reference [75]. Copyright ©2015, Elsevier

Various metal-modified (Cr, Mn, Fe, Co, Ni, Cu, Al, Bi, Ga) sulfonic acid resins have been discovered to
have Brensted (B) and Lewis (L) acid sites. When applied as catalysts, these resins help byproducts produced
at the start of the reaction produce 1,4-sorbitan and isosorbide simultaneously. However, the catalysts lost
activity when loaded with metals such as Fe, Al, and Ga, likely due to the deactivation of the acidic sites.
Notably, Bi (OTs); achieved a 100% sorbitol conversion rate and a 67% selectivity for isosorbide [76].
Using the solid acid ion-exchange resin Amberlyst 36, researchers investigated the effects of temperature,
stirring speed, reaction time, and catalyst loading on the dehydration of sorbitol under mild conditions
[77]. The data demonstrated that increasing the catalyst loading from 5 to 7 wt% did not significantly
alter the isosorbide yield. Extended temperatures facilitated the process, increasing the isosorbide
production and sorbitol conversion at the same time. Sorbitol conversion and isosorbide yield both above
99% under ideal circumstances, which included 5 wt% catalyst loading, 300 rpm stirring speed, 423 K,
and 4 h of reaction time. When it came to isosorbide yield during sorbitol dehydration, Amberlyst
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36 performed better than other resin catalysts that have been described. The pore size of zeolites allows the
selective entry of molecules of specific sizes, and their acidic sites facilitate proton transfer, thus accelerating
dehydration reactions effectively [40]. H-ZSM-5, a high-silica zeolite with an MFI structure, exhibits
excellent thermal stability and acidity. In the sorbitol dehydration process to produce isosorbide, H-ZSM-
5 efficiently catalyzes the dehydration reaction while minimizing side reactions, thereby enhancing the
yield and purity of isosorbide [78]. At 200°C for 2 h, the BEA-type aluminosilicate zeolite with a Si/Al
ratio of 75 generated up to 80% isosorbide. The reaction rate of sorbitol is closely related to temperature;
at 180°C for 2 h, the sorbitol conversion rate was 43%, whereas at 220°C, it reached 99%. While
increasing the catalyst amount can improve sorbitol conversion, it does not necessarily enhance the
isosorbide yield, indicating an increase in by-product formation.

5.3 Factors Influencing Catalytic Performance

While sorbitol dehydration and cellulose hydrolysis can both utilize acid catalysts under specific
conditions, there are several key differences between the two processes with respect to catalyst type,
strength, and origin. Acid catalysts are generally used to donate protons (H") to the glycosidic bond
oxygen atoms in cellulose molecules during hydrolysis to glucose, increasing the susceptibility of these
protonated bonds to nucleophilic attack by water molecules. Cellulose hydrolysis typically occurs at
temperatures below 190°C using acid catalysts that effectively break the robust glycosidic bonds without
causing excessive side reactions. In contrast, sorbitol dehydration requires temperatures exceeding 220°C
and involves a two-step dehydration process to achieve high yields of isosorbide [3]. This process relies
on strong acids at high temperatures to facilitate hydroxyl group removal, stabilize reaction intermediates,
and overcome the high activation energy barrier, thereby ensuring efficient conversion. In the catalytic
dehydration of sorbitol, catalysts initially provide protons to protonate the substrate. Only when the acid
strength of the catalyst reaches a certain threshold can the reaction substrate be effectively activated,
leading to high reaction activity. Therefore, the acidity of the catalyst is a major factor influencing
reaction activity. Researchers compared the dehydration efficiency of sorbitol using Brensted
homogeneous acid catalysts with varying acid strengths (pKa). According to their data, the catalytic
activity of Brensted acids in sorbitol dehydration, as shown in Fig. 20a, increases when the catalyst’s pKa
is less than —1.74, resulting in a higher turnover frequency of sorbitol. Conversely, when the pKa exceeds
—1.74, the catalytic activity decreases with increasing pKa, reducing both sorbitol conversion and
isosorbide yield. This indicates that the acidity of Brensted acid catalysts significantly impacts sorbitol
dehydration, with strong acids (low pKa values) having a high acid dissociation constant (Ka), which
fully dissociates in the reaction system, thereby effectively catalyzing the dehydration of the substrate.

The transformation of sorbitol into isosorbide using several Bronsted and Lewis acid catalysts is shown
in Fig. 20b [79]. After comparing the product selectivity of Lewis and Brensted acids, researchers discovered
that both kinds of acids may catalyze the formation of 1,4-sorbitan by removing the first water molecule from
sorbitol. But when it came to taking out the second water molecule from sorbitol, Brensted acids worked
better. The combined action of Lewis and Brensted acids can produce isosorbide at temperatures above
160°C. Although Brensted acid sites generally exhibit stronger catalytic activity than Lewis acid sites,
isosorbide selectivity is negatively impacted by both excessively high and low acidity. Low acidity results
in low catalytic activity, while excessive acidity increases side reactions, thereby reducing isosorbide
selectivity.

Solid acid catalysts’ catalytic activity and product selectivity depend significantly on their pore structure,
specific surface area, and surface properties [80]. Surface characteristics play a crucial role during the
reaction. Hydrophobic surfaces accelerate the reaction by facilitating the removal of water produced, but
they also promote coking, leading to catalyst deactivation [34]. Conversely, hydrophilic surfaces can
extend the catalyst’s lifespan, although higher acidity is required to maintain catalytic efficiency [11]. The
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solvent environment also significantly affects the reaction, not only by synergistically activating the
substrates with the catalyst and accelerating the reaction rate but also by altering the conformation of
sorbitol within the reaction system or directly participating in the reaction, thereby influencing selectivity.
The pore structure of catalysts is essential for mass transfer. Different pore sizes exhibit varying diffusion
rates, and the relationship between pore size and the molecular size of reactants or products can result in
shape-selective catalysis and spatial confinement effects. Studies have shown that microporous Ru/C and
Ru/NbOPO, catalysts yield isosorbide at rates ranging from 20% to 56%, whereas loading Ru onto
mesoporous niobium phosphate increases isosorbide yield by 2 to 6 times [23]. This demonstrates that
mesoporous structures are more conducive to mass transfer, increasing the beneficial effects of metal and
acid sites.
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Figure 20: (a) Catalytic activity of Bronsted acids with different acid strengths in the dehydration reaction of
sorbitol. (b) Schematic illustration of sorbitol conversion to isosorbide under various Brensted and Lewis
acid catalysts. Adapted with permission from Reference [79]. Copyright ©2015, Elsevier

In addition to the factors mentioned above affecting the dehydration rate of sorbitol, the amount of
catalyst, temperature, and pressure also influence the reaction rate or equilibrium. Catalyst loading is a
significant parameter that influences reaction rate and must be adjusted to reach the desired catalytic
efficiency. Increasing catalyst loading can improve the accessibility of active sites to the reactants, leading
to adequate catalytic effects [81]. Temperature significantly affects sorbitol dehydration; lower
temperatures are insufficient to activate the reactants, while higher temperatures can lead to problems
such as metal particle sintering and coking [77]. Therefore, determining the optimal reaction conditions
for converting cellulose to isosorbide is essential.

6 Summary and Outlook

This review has comprehensively examined the reaction mechanisms and catalyst systems involved in
the three key steps of converting cellulose to isosorbide. Firstly, we detailed the activation energy and acidic
sites involved in the hydrolysis of cellulose to glucose, discussing the types and performances of catalysts
used in this process. Secondly, we delved into the mechanism of glucose hydrogenation to sorbitol,
analyzing the impact of different metal catalysts on hydrogenation activation, with a focus on factors
influencing the catalytic performance of metal catalysts. Finally, we emphasized the critical steps in the
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two-step dehydration of sorbitol to isosorbide, thoroughly exploring the catalyst systems, catalytic
performance, and factors affecting catalytic activity in the sorbitol dehydration process.

Currently, the one-step method for producing isosorbide from cellulose remains in the experimental
research stage, presenting significant technical challenges. The catalysts used generally suffer from low
activity and poor stability, resulting in slow reaction rates, and the yield and selectivity of isosorbide need
improvement.

Future research should, therefore, focus on developing efficient and stable catalysts and optimizing
reaction conditions to enhance reaction efficiency and increase the yield of isosorbide. A clear
understanding of the pore structure and surface acidic centers of catalysts is crucial for improving
isosorbide selectivity and suppressing various side reactions. Consequently, further research is needed in
the catalytic synthesis of isosorbide.
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