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One-pot conversion of mechanically activated cellulose to sorbitol was investigated over bifunctional catalysts
based on Ru (0.6, 1 and 3 wt.%) and cesium salts of heteropoly acids (HPA) Csz 1Hp oPW15040 and Cs3HSiW1,04¢
(Cs-PW and Cs-SiW, respectively). The maximal yield of sorbitol equal to 59 % and selectivity 94 % were
achieved over the 1%Ru/Cs3HSiW,04¢ catalyst. Physicochemical and catalytic data showed that the rate-de-
termining step, i.e. the hydrolysis of cellulose, depended on the surface acidity of catalysts, whereas Ru content
in catalyst affected both the hydrolysis and the hydrogenation steps. The kinetic parameters for one-pot con-

version of cellulose were determined by mathematical modeling approach and were successfully used for the
prediction of the yields of sorbitol and mannitol.

1. Introduction

In the past decade, intense research activities have been focused on
the search for alternative resources for energy and chemistry. The re-
newable and carbon-neutral plant raw materials are among the most
promising resources [1-3]. The ever increasing attention is paid to the
conversion of one of the main components of the plant raw materials —
cellulose (a glucose homopolymer, up to 70 %) [4,5] — to valuable
chemicals and liquid fuels [3,6].

The catalytic transformation of cellulose under mild conditions
unfortunately is a complex task due to the robust crystalline structure of
cellulose. Traditional technologies for cellulose processing include the
step of cellulose hydrolysis over soluble mineral acid catalysts (H»SO4,
HCI etc.) to produce glucose, which may be transformed into platform
molecules and fuels in subsequent steps. Such the valuable chemicals as
sorbitol and mannitol can be produced from glucose over catalysts
containing Ni, Ru, [7,8]. These products are widely used in the che-
mical and food industries, pharmaceutics, medicine etc. [1].

The main drawbacks of traditional technologies for cellulose pro-
cessing are corrosive activity of soluble acid catalysts at high reaction
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temperatures and the formation of dangerous waste waters. These
problems can be solved by designing new catalytic systems for the
cellulose processing. Here, of special note is the development of one-pot
transformation of cellulose to desirable products with the use of bi-
functional catalysts. This one-pot processing appears very promising
due to elimination of technological stages of intermediates isolation and
purification which gives economic and environmental advantages.

Nowadays, there are two strategies for conducting one-pot hydro-
lysis-hydrogenation of cellulose into polyols (Scheme 1). The first ap-
proach suggested by Balandin et al. [9] is the use of liquid acid (as
catalyst for hydrolysis) in combination with a supported metal material
(as the hydrogenation catalyst) in one reactor. This way allows polyols,
namely, sorbitol, mannitol etc. to be synthesized (Table S1, Supporting
Information (SI)) [10-12].

The rate and selectivity of the process is effected significantly both
the chemical nature of the metal and the acid type. Thus, Ni, Pt, Ir, Rh,
Pd, or Ru fixed on different supports can be used [13-15]. It should be
emphasized that yields of hexitols (sorbitol and mannitol) are higher
over Ru-containing catalysts compared to non-ruthenium ones. Also for
cellulose to be transformed efficiently over -catalysts without

Received 12 December 2019; Received in revised form 10 February 2020; Accepted 28 February 2020

Available online 28 February 2020
0926-860X/ © 2020 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/0926860X
https://www.elsevier.com/locate/apcata
https://doi.org/10.1016/j.apcata.2020.117489
https://doi.org/10.1016/j.apcata.2020.117489
mailto:gromov@catalysis.ru
https://doi.org/10.1016/j.apcata.2020.117489
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcata.2020.117489&domain=pdf

N.V. Gromov, et al.

(HO-,

.@HQO

ngosacchaﬁdes

HO‘CHZ
N w
CHZ
HO-cHj, o
HO
HO OH

CHa
~Ho~

Applied Catalysis A, General 595 (2020) 117489

Cellulose

Bifunctional| | + H,0
cat| | + H,

(4

Glucose

Redox cat%\

OH
Ho/\i)\‘/'\/oliﬂ:”()/\i/‘j/v
OH OH OH OH

Sorbitol

OH OH OH OH

Mannitol

Scheme 1. Possible approaches to transformation of cellulose to sorbitol.

ruthenium, severe conditions (463 —518 K and 5—6 MPa) have to be
used whereas as the reaction can be conducted under milder conditions
(423 —-458K, 5MPa) over Ru-based systems [16,17]. Thus, one can
conclude that Ru-based catalysts seem to be most promising.

HCl and H,SO, can be used as catalysts for hydrolysis of cellulose to
glucose (Scheme 1). The yields of hexitols reach 33-37 % over a
combination of soluble acids and Ru-containing catalysts. Apart from
mineral acids (HCl and H,SO,), heteropoly acids (HPA) also were ap-
plied in this process [12,18]. For example, in the presence of
"H4SiW15040 - Ru/C" system the conversion of ball-milled cellulose
reached 99 % and the total yield of target products (sorbitol and
mannitol) was ca. 85 % [12]. Note, that the application of H4SiW;504¢
instead of mineral sulfuric acid under identical conditions increased
significantly the efficiency of cellulose conversion (82 % vs 56 %) and
selectivity to hexitols (49 % vs 28 %) (Table S1, SI). The high solubility
of HPA can be overcome through the use of their insoluble cesium salts
(Cs-HPA) that facilitates significantly the catalyst recovery procedure
[19]. Geboers et al. [19] showed that Cs3sHgsSiW12049 and
Cs, sHp sPW1,040 in combination with Ru/C gave total yield of hexitols
of 55 and 45 %, respectively. It should be emphasized that the mixture
of two solid catalysts is more effective than the ‘soluble HPA — Ru/C’
system for processing ball-milled microcrystalline cellulose, when the
highest yields of hexitols reached no more then 18 and 41 % in the
presence of H4SiW15040 and H3PW;50,40, respectively, under identical
conditions [20]. Hence, Cs-HPAs were more active than their fully
protonated counterparts, probably, due to their high surface acidity and
hydrophobicity. The same total yields of the polyalcohols were reached
three times faster over Cs, sHp sPW15040 — Ru/C under identical reac-
tion conditions and at identical calculated concentrations of H™.

The second approach to the one-pot hydrolysis-hydrogenation of
cellulose into polyols is based on the application of a bifunctional cat-
alyst. One of the advantages of bifunctional catalysts is the selectivity
increasing due to acceleration of mass transfer of the intermediates
between acid and metal active centers. Different type porous supports
(carbon, mesoporous silica materials, zeolites etc.) were suggested for
preparing such bifunctional catalysts (Table S1, SI) [21,22]. Pre-
sumably, severe experimental conditions, i.e. high temperature
(483 —-503K) and/or longer reaction time (24 —36 h), must be used to
achieve the high conversion of insoluble cellulose. For example, the
maximal total yield of sorbitol and mannitol equal to 27 % was reached
over 4.0 wt% Ru/SBA-15 [23], and 22-31 % over 2.5 wt.% Ru/HUSY
under severe conditions [24]. The use of Ru/Cs-HPA systems made it

possible to carry out the process under mild conditions [25]. Thus, one-
pot hydrolysis-hydrogenation of ball-milled cellulose into sorbitol with
40 % yield proceeds at 433 K and 2 MPa of H, over 1%Ru/Cs3PW150.40
[25].

Since the one-pot hydrolysis-hydrogenation of cellulose in one-pot
operation proceeds through consecutive/tandem reactions (depoly-
merization, hydrolysis and hydrogenation) over bifunctional catalyst,
thus productivity and selectivity of the overall process depends on the
ratio of reaction rates, which is affected by the number and properties
of each the catalytic sites. Studies of cellulose hydrolysis over acid ce-
sium salts CsyHz xPW15040 (x = 1-3) [26] showed that the glucose
yield depends on the number of acid sites which were determined by
the concentration of cesium ions. Highly negatively charged hetero-
polyacids HsBW1504¢ and HsAIW;5,040 with stronger Brgnsted acidity
were more active to hydrolysis of cellulose [27]. On the other hand,
Shimizu et al. [28] studied the conversion of cellulose or cellobiose in
the aqueous media and showed that the yield of glucose correlated with
the deprotonation enthalpy of soluble HPAs and mineral acids. These
data lead us to suppose that the number of acid sites in the bifunctional
Ru/Cs-HPA catalysts also should influence the yields of the main pro-
ducts such as sorbitol and mannitol.

Moreover, we can assume that the reaction rate and the product
yields depend on the size of ruthenium nanoparticles because the hy-
drogenation process depends strongly on the size of metal particles on
the support surface [29-31]. Hydrogenation of arabinose and galactose
into arabinitol and galactitol over supported Ru/C catalysts with the
cluster size ranging from 1 to 8 nm was found to be structure sensitivity
[32]. The chemical state of Ru species also influences on the conversion
of cellulose to sorbitol. Generally, Ru’ nanoparticles are believed to be
the active phase for hydrogenation [10]. Kobayashi et al. [33] sug-
gested that cationic Ru species were the active phase over a Ru/C
catalyst which catalysed hydrogenation of cellulose with 2-propanol as
the source of hydrogen.

We report here the progress of our research aimed at the design of
Ru/Cs-HPA systems for one-pot hydrolysis-hydrogenation of cellulose
into polyols. The purpose of the study was to evaluation the main
factors affecting the catalytic properties of Ru/Cs-HPA systems. The
attention was mainly focused on the effects of surface acidity and ag-
gregation state of Ru nanoparticles. Analysis of the main factors that
affect the reaction rate and the isomer selectivity was based on a
combination of catalytic, kinetic and physicochemical methods. We
also provided kinetic analysis of experimental data using mathematical
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model.

2. Experimental
2.1. Materials

5-Hydroxymethylfurfural (> 98 %, Acros), p-fructose (> 99 %,
Sigma-Aldrich), p-mannose (> 99 %, Sigma-Aldrich), p-glucose (99 %,
Fisher Chemical), p-cellobiose (> 99 %, Alfa Aesar), mannitol (> 98 %,
Alfa Aesar), sorbitol (98 %, Alfa Aesar) were used as HPLC standards.

Catalysts were prepared using H3PW;5049'19H,0,
H4SiW;150407.5H50, CsyCO3 (99.5 %, Acros Organic), Ru(NO)(NO3)3
(31.5 % Ru content, Alfa Aesar) and carbon material Sibunit-4 (Center
of New Chemical Technologies of the FRC Boreskov Institute of
Catalysis SB RAS, Omsk, Russia). Microcrystalline cellulose (> 99 %,
fraction < 0.10 mm, Vekton Co., Russia) was used as a substrate. Argon
(99.998 %) as an inert gas and hydrogen (99.99 %) was used for hy-
drogenation. Water purified with a Milli-Q unit (Millipore, France) was
used for preparation of all catalysts and solutions.

2.2. Mechanical activation of cellulose

Microcrystalline cellulose was activated in a discrete action plane-
tary mill Pulverizette 5 (Fristch, Germany) with a 0.25 dm?® bowl, seven
balls (20 mm diameter), cellulose sample weight 15 g, working power
1.5 kW, centrifugal acceleration (g =9.81 m s~2) 22 g. Activation time
was 40 min.

The size of activated cellulose particles was determined using an
optical microscope Biomed-5 (LLC Biomed-M, Russia) equipped with a
digital camera (Fig. S1, SI).

XRD analysis of the microcrystalline and mechanically activated
cellulose was conducted using a Bruker D8 diffractometer (Germany)
with Cu radiation (A = 1.5418 A) in 0.05° steps at 20 range from 10 to
40° (Fig. S1-S2, SI). The degree of cellulose crystallinity was calculated
as the ratio of summed area of peaks of crystalline cellulose to the
summed area of all peaks [34].

2.3. Synthesis of catalysts

Csy.1Hp 9PW15040 and Cs3HSiW;2,04¢ were synthesized from HPAs
(H3PW;504 and H4SiW15040) and CsyCO3 according to the procedure
described in literature [35]. Chemical composition of cesium salts is
shown in Table S2 (SI). The main physicochemical characteristics of Cs-
HPA are shown in Figs. $3-S6 (SI).

Bifunctional catalysts of Ru/Csp1HpoPW;1504 and Ru/
Cs3HSiW15,040 were prepared by the incipient wetness impregnation of
the supports by aqueous Ru(NO)(NOs3); solution. The load of Ru was
0.6, 1 and 3 wt.%. The amount of water corresponding to the wettable
pore network of the support and containing the appropriate amount of
metal was dispersed on the support [36]. The HPA salts impregnated by
ruthenium precursor were reduced in flowing hydrogen at 573K
(heating rate 1°C min~! from room temperature to 573K) for 2h. A
similar procedure was used for supporting Ru on Sibunit-4 [37]. The
main physicochemical characteristics of Ru/Cs-HPA are shown in Figs.
$3-S6 (SI).

2.4. Instrumental measurements

Texture of the prepared samples was characterized by low-tem-
perature nitrogen adsorption at 69 K using an ASAP-2400 apparatus
(Micrometritics, USA). All the samples were vacuumized at
403 — 423 K. Specific surface areas were calculated using the BET model
and STSA equation, as well as the comparative method with the Cabor
BP 280 carbon as the reference. Pore size distribution was estimated
based on QSDFT and NLDFT calculations.
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A JEM-2010 instrument (JEOL, Japan) with the accelerating voltage
200 kV and resolution 1.4 A was used for transmission electron micro-
scopic (TEM) studies. For the studies, catalytic particles were mounted
on perforated carbon substrates fixed on cupper nets.

X-ray diffraction patterns were acquired using a X-ray dif-
fractometer (ThermoARL) with Cu-K, (A =1.5418 10\) radiation. The
POLYCRYSTAL program package was used to determine the unit lattice
constants by the least squares method [38].

Chemical analyses were done by an inductively coupled plasma-
atomic emission spectrometry (ICP-AES) using a PERKIN-ELMER in-
strument OPTIMA 4300.

Brgnsted and Lewis surface acidity was analyzed by IR-spectroscopy
using pyridine as the probe molecule (SI) [39]. IR spectra were ac-
quired on a Shimadzu FTIR-8300S spectrometer in the range between
400 and 6000 cm ~ ! with a resolution of 4 cm™?.

DR UV-VIS studies of the Ru/Cs-HPA samples were performed with
a Shimadzu UV-2501PC spectrophotometer with a DR attachment ISR-
240A.

2.5. Catalyst tests

Hydrolysis-hydrogenation of cellulose was conducted in a high-
pressure autoclave (Autoclave Engineers, USA) at 453 K and 5 MPa of
hydrogen under vigorous stirring 1500 rpm. Contents of cellulose and
catalyst were both 10gL™". Weighed cellulose and catalyst samples
were placed to the reactor, after that 45 mL of water were added. The
reactor was closed and cleaned with argon, and fed with hydrogen
(5 MPa), then heating was started. As soon as the required temperature
was reached (that took ca. 20 min), a zero sample was collected using a
sampler. Samples to be analyzed were drawn from the autoclave during
the reaction in 0, 1, 2, 3, 5 and 7 h. Sample volume was 1 mL.

Reaction products were analyzed by HPLC (Shimadzu Prominence
LC-20) equipped with refractive index and diode array detectors and
Rezex RPM-Monosaccharide Pb?* column thermostated at 343K.
Deionized water prepared in a Milli-Q apparatus (Millipore, France)
was used as the eluent at the rate of 0.6 mL min ™.

The total organic carbon (TOC) content was determined in the so-
lution after the reaction using a Multi N/C 2100S TOC Analyzer
(Analytik Jena, Germany). A 500 uL aliquot of the reaction mixture was
added into an analyzer injector. The amount of organic carbon (gL~ %)
was calculated based on the calibrations.

Each cellulose depolymerization experiment was repeated three
times. Each analysis of the reaction mixtures was carried out three
times. The standard deviation of the results was less 2%.

The yields of the reaction products were calculated according to the
formula [40,41]:

n'cproduct v
Y= W -100%
Mglucan

where Y is the yield, Cproquet (mol L™ 1) is the product concentration, V
is the reaction volume (0.045 L), n is the coefficient equal to the content
of carbon atoms in a product molecule, m.) is mass of cellulose charged
into the autoclave (0.45g), Mgycan is the molar mass of glucan unit
(162 gmol ™).

The selectivity of products was calculated as follows:

- Cproduct

S= X 100%

Croc

where S is the selectivity, w is the coefficient equal to the content of
carbon atoms in a product molecule, Cproqucr is the product con-
centration, Croc is the total concentration of organic carbon detected
with TOC analyzer.
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3. Results and discussion
3.1. Mechanical activation of cellulose

Pre-activation of crystalline cellulose is well known to make pos-
sible shortening the reaction time of catalytic hydrolysis-hydrogenation
and to reduce the process temperature [42]. Therefore, the initial
crystalline cellulose underwent mechanical activation to reduce the
crystallinity degree and to destroy the structure of the cellulose. The
morphology and particle sizes of cellulose are shown in Fig. S1A (SI).
One can see the pristine cellulose consists of the aggregats of rod-
shaped crystals of 114 + 35um in length. Mechanical activation of
cellulose in the planetary-type mill during 40 min changes strongly its
morphology and particle sizes (Fig. S1B, SI). According to XRD data
(Fig. S2, SI), the crystallinity degree of pristine cellulose is 92 %,
whereas the crystallinity of the activated sample equals to 36 %.

3.2. Synthesis and investigation of Ru/Cs-HPA samples

Ru/Cs-HPA samples were prepared by incipient wetness impreg-
nation of Cs-PW and Cs-SiW using the aqueous Ru-salt solution.
Chemical compositions of Cs-PW and Cs-SiW are shown in Table S2
(SI). According to Kobayashi et al. [15], the nature of precursor affects
the catalytic behavior of Ru-based catalysts. Thus, the total yield of
sorbitol and mannitol was 37.9 and 57.4 % over Ruc/Al,O3 and Ruy/
Al,03 prepared from RuCl; and RuNO(NOs)3, respectively. In view of
the results reported elsewhere [15], we used RuNO(NO3); as the pre-
cursor [15]. First of all, IR spectroscopy was used for monitoring the
stability of the Keggin structure heteropoly anion impregnated with Ru
(NO)(NO3); and then reduced in the H, atmosphere at 573 K. The bands
at 1080 cm ™! (Vas(P-0,)), 981 cm ™! (Va(W-0g)), 891 cm ™! (Vs(W-Op-
W)) and 799 cm ™! v,i(W-O.-W) cm ~ ! were observed in the IR spectrum
of Cs-PW and bands at 981 cm ™! (u,(W-Og)), 930 cm ™! (vas(Si-0.,)),
879 cm ™" (Vas(W-O,-W)) and 798 and 793 cm ™" (vas(W-O-W)) were
observed in the spectrum of Cs-SiW (Fig. S3 (SI)). These bands are in-
trinsic to heteropoly anions with the Keggin structure [PW;5040]° and
[SiW15040]4 [35,43]. The procedure of Ru supporting gave rise to ap-
pearance of a band at 923 cm ™! in the IR spectra of Ru/Cs-PW and Ru/
Cs-SiW. Moreover, the band at 793 cm ™! (v,s(W-O.-W)) in the spectrum
of Ru/Cs-SiW shifted to 798 cm ™! that pointed to the interaction be-
tween Ru and corner oxygen atoms in the WOg octahedrons. In addi-
tion, new bands at 893 cm ™! in the spectra of Ru/Cs-HPA may indicate
the formation of W-O—Ru bonds [44].

Data of DR—UV/vis spectroscopy also point to the interaction be-
tween Ru nanoparticles and heteropoly anion. One can be seen from
DR—UV/vis spectra of Ru/Cs-PW and Ru/Cs-SiW (Fig. S4 (SI)), an in-
tense absorption peak at 280 nm assigned to a charge transfer bond
within the Keggin units (0>~ — W®*) was observed in the spectra of
Cs-HPA salts. Supporting Ru on Cs-PW caused the appearance of a
broad band at 300—500nm assigned to Ru®" ions [44]. This band
decreased in intensity with an increase in the Ru content. At the same
time, another absorption band appeared at 400 —800 nm, its intensity
also depended on the content of supported ruthenium. The dependence
of the band intensities on the proportion of supported ruthenium may
indicate a change in the size of Ru particles. A similar dependence of
band intensity at 300 —500 nm on the size of Ru particles also was
demonstrated in studying the Ru/Al,O3 system under the action of
microwave irradiation [44].

The size of ruthenium particles on the surface of Cs-HPA was esti-
mated using TEM. There are ruthenium nanoparticles on the micro-
graphs (Fig. 1) with rather narrow particle size distribution
(0.9-1.4 nm) (Table 1). An increase in the Ru content in Cs-PW and Cs-
SiW resulted in changes in the particle size from 0.9 to 1.0 nm for the
Ru/Cs-PW catalysts and from 0.9 to 1.4 nm for the Ru/Cs-SiW samples
(Table 1, Fig. 1). The conclusion on the small size of the ruthenium
nanoparticles was also supported by the XRD data. Reflections of
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ruthenium particles were not observed in the diffraction patterns of Ru/
Cs-PW and Ru/Cs-SiW samples (Fig. S5, SI).

Textural properties of the bifunctional catalysts were studied using
low-temperature adsorption-desorption of nitrogen. Isotherms of ad-
sorption-desorption of nitrogen on Cs-HPA and Ru/Cs-HPA and textural
data are shown in Fig. S6 (SI) and Table 1, respectively. Cs-HPA salts
possess high specific surface area equal to 159 and 195m?*g ™~ for Cs-
PW and Cs-SiW, respectively. The Cs-HPAs contain micropores and
some mesopores. The data obtained demonstrated that both the specific
surface area and micropore volume decreased upon supporting ruthe-
nium on the cesium salt of HPA (Table 1). Sggy comes to 140 m? g 1 for
Cs-PW and 110 m? g~ ! for Cs-SiW.

3.3. Catalytic properties of Cs-salts

Catalytic properties of Cs-HPA salts in hydrolysis of cellulose were
tested first. The reaction was carried out at 5 MPa Hy and 453 K. The
main results are shown in Fig. S7 (SI) and Table 2. Glucose was the
main product over Cs-salts (Table 2, runs 1 and 6). The formation of
cellobiose, mannose, fructose, 5-hydroxymethylfurfural, furfural, levu-
linic and formic acids also was revealed. The total yield of the products
in 1 and 2 h of the reaction is higher in the presence of Cs-SiW (35 and
39 %) than over Cs-PW (29 and 22 %) (Fig. S7, SI). The selectivity of Cs-
PW is lower then that Cs-SiW. In 7 h, the glucose yields were 4 and 14 %
(selectivity 22 and 50 %) over Cs-PW and Cs-SiW, respectively. This
difference can be explained by the difference in nature of the acid sites.
IR spectroscopic studies with pyridine as the probe molecule revealed
that there are 263 and 101 pmol g-1 of Brgnsted acid sites (BAS) and 20
and 23 pmol g’1 of Lewis acid sites (LAS) on the surface of Cs-PW and
Cs-SiW, respectively (Table S3, SI). The higher Brgnsted acidity of Cs-
PW resulted in lower selectivity to glucose in comparison with that of
Cs-SiW (Table 2, runs 1 and 6).

3.4. Catalytic properties of Ru-containing bifunctional systems based on Cs-
HPA salts

The reaction rate, selectivity and product distribution changed
considerably after supporting Ru on Cs-HPA (Table 2). The hydrolysis-
hydrogenation took place over Ru/Cs-PW and Ru/Cs-SiW catalysts, and
the hydrogenation of glucose produced mainly sorbitol at a high se-
lectivity (94-96 %). The main side product was mannitol at the yield
not higher than 4%. The maximal yield of sorbitol up to 63 % at 94 %
selectivity was observed over 1%Ru/Cs-SiW in 5h of the reaction
(Fig. 2). However, the yield of sorbitol decreased slightly to 59 % in 7 h
(Table 2, run 10). Note that maximal yield over the other catalysts were
reached in 7 h. For example, 1% Ru/Cs-PW produced 49 % of sorbitol
(Table 2, run 3).

This is better than the results reported in literature [25]: hydrolysis-
hydrogenation of ball-milled cellulose over similar catalyst (1%Ru/
Cs3PW;5040) gave 40 % of sorbitol at 433K in 24 h. To our knowledge,
Ru/Cs-SiW was used in cellulose hydrolysis-hydrogenation for the first
time in this work. Some authors reported that the presence of catalysts
containing Ru or Ni nanoparticles and W structures may produce of
ethylene glycol and propylene glycol from polysaccharides [47-49].
High yields of ethylene glycol was observed over tungsten carbides
supported on activated carbons [48,49]. However we did not detect
ethylene glycol and propylene glycol among the reaction products.

It is interesting to compare activity of Ru/Cs-PW and Ru/Cs-SiW in
3h of the reaction. According to experimental data (Table 2), the yield
of sorbitol increased in the following series:

3%Ru/Cs-PW < 3%Ru/Cs-SiW < 0.6
PW < 1%Ru/Cs-SiWw

There may be two reasons for the difference in catalytic properties
of Ru/Cs-SiW and Ru/Cs-PW. First, inspection of the experimental data
leads to conclude that the yield of sorbitol depends on the content of
ruthenium in Ru/Cs-HPA system. The yield of sorbitol is higher over

%Ru/Cs-SiW < 1%Ru/Cs-
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Fig. 1. TEM micrographs and Ru particle size distribution of 1% Ru/Cs-PW (A), 3%Ru/Cs-PW (B), 1%Ru/Cs-SiW (C), 3%Ru/Cs-SiW (D), 0.6 %Ru/Cs-SiW (E), and
1%Ru/Cs-SiW after the reaction (F).

Table 1

Textural properties of Cs-HPA and Ru/Cs-HPA systems.

Catalyst Textural properties [a] Ru particle size (nm)
Sper (m*g 1) Smeso (M*g 1) Vs nlem®g™h) Vy (em®>g™h)

C82.1Ho.0PW12040 159 31 0.092 0.064 -

1%Ru/Cs-PW 140 17 0.078 0.045 09 = 0.1
3%Ru/Cs-PW 140 21 0.074 0.035 1.0 = 0.2
Cs3HSiW12040 195 9 0.094 0.074 -

0.6 %Ru/Cs-SiW 110 10 0.092 0.050 09 = 0.1
1%Ru/Cs-SiW 110 11 0.091 0.041 1.1 = 0.2
3%Ru/Cs-SiW 110 10 0.074 0.025 1.4 = 0.2

[a] Sger — Specific surface area; Sp,eso — Mesopore surface area; Vs - Total pore volume; Vu - Micropore volume.
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Table 2

Applied Catalysis A, General 595 (2020) 117489

Catalytic properties of Cs-HPA and Ru/Cs-HPA systems in hydrolysis-hydrogenation of cellulose [a].

N Catalyst Time (h) Sorbitol Mannitol Glucose 5-HMF Syied™ (%)
S (%) Y (%) S (%) Y (%) S (%) Y (%) S (%) Y (%)
1 Cs5.1Ho.0PW12040 7Ll 0 0 0 0 22 4 11 3 18
2 1%Ru/Cs-PW 3 97 38 3 1 0 0 0 0 39
3 7 94 49 6 3 0 0 0 0 52
4 3%Ru/Cs-PW 3 94 31 6 2 0 0 0 0 33
5 7 94 44 4 2 2 1 0 0 47
6 Cs3HSiW;2040 71 0 0 0 0 50 14 17 4 28
7 0.6 %Ru/Cs-SiW 3 84 37 7 3 9 4 0 0 44
8 7 87 49 7 4 6 3 0 0 56
9 1%Ru/Cs-SiW 3 95 58 5 3 0 0 0 0 61
10 7 94 59 6 4 0 0 0 0 63
11 3%Ru/Cs-SiW 3 9 33 4 1 0 0 0 0 34
12 7 94 36 6 2 0 0 0 0 38
13 3%Ru/C + Cs-SiW 3 86 13 14 2 0 0 0 0 15
14 7 90 10 1 0 0 0 0 9
15 3%Ru/C 3l 9 1 38 4 6 1 40 4 10
16 7 17 1 50 3 0 0 33 2 6
17 1%Ru/Cs3PW12040 skl n.d. 43 n.d. 2.1 n.d. 0.3 n.d. n.d. n.d.
18 Csy,5Ho.sPW12040 -5 wt% Ru/C 13 n.d. 58lf! n.d. n.d. n.d. n.d. n.d. n.d. n.d.
19 Cs3.5H.551W12040 -5 Wt% Ru/C glel n.d. 591 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
20 3.2%Ru/16.7 %PW;5/MIL-100(Cr) 108! n.d. 57.9 n.d. 6.6 n.d. 0 n.d. n.d. n.d.

[a] Experimental conditions: 450 mg of cellulose, 450 mg of catalyst, 45 ml of water, 453 K, 5MPa of H,. [b] The total yield based on the cellulose loaded. [c]
Fructose was determined by HPLC. [d] 100 mg of catalyst, 100 mg of cellulose, 15 ml of water, H,, 2 MPa of H,,433 K, 24 h reaction time. The catalyst was pretreated
in Hy at 573K for 5h [25]. [e] 1 g of CsHPA about 0.5g ([H"] =1.5mM), 250 mg of Ru/C, 50 ml of water, 5 MPa of H,, 443K [19]. [f] Total yield of hexytols
(sorbitol + mannitol). [g] 50 mg of cellulose, 30 mg of Ru-PTA/MIL-100(Cr) (3.2 wt.%Ru, 16.7 wt.% PTA), 8 ml of water, 463 K, 2 MPa of H,. [45].

75 1

X

2 50 ~

0

S

]

(7]

[T

]

T

(]

< 254 A 1% Ru/Cs-SIW
¥ 1% Ru/Cs-PW
@ 3% Ru/C + Cs-SiW

Time, h

Fig. 2. Kinetics curves of sorbitol accumulation during hydrolysis-hydrogena-
tion of mechanically activated cellulose. (Experimental conditions: 10 gL ™! of
cellulose, 10 gL™! of catalyst, 5 MPa of Hy, 453 K).

catalysts bearing 1% of Ru. For example, the sorbitol yield is almost
doubled over 1%Ru/Cs-SiW compared to the yield over 3%Ru/Cs-SiW.
0.6 %Ru/Cs-SiW demonstrates lower activity than 1%Ru/Cs-SiW.
Notice, however, that Ru/Cs-SiW is more active than Ru/Cs-PW at
identical metal contents in spite of the higher dispersion of Ru in the
latter. We can assume that this phenomenon is related to the difference
in metal states on the surface of Cs-HPA. TEM studies of Ru nano-
particles supported on Cs-SiW (Fig. 1) revealed that the Ru-Ru intera-
tomic distance equals mainly 2.1 A that is typical for metal state of Ru
[44], while the distance equal to 2.4 A also is observed that may be an
evidence of the existence of RuO, particles. At the same time, the
average interatomic distance in Ru/Cs-PW sample is close to RuOy
particles and equals 2.4-2.5 A.

Another reason for the difference in catalytic properties of Ru/Cs-

SiW and Ru/Cs-PW systems may be the different nature and number of
acid sites (Table S3, SI). In general, the yield of sorbitol decreases with
decreasing number of BAS and increasing number of LAS. This trend
can indicate that cellulose hydrolysis is the limiting stage in the hy-
drolysis-hydrogenation. Moreover, the observed higher activity of 1%
Ru/Cs-HPA in comparison with that of 3%Ru/Cs-HPA is related to the
difference of the number of BAS and the change of LAS nature. The
catalysts contain two types of LAS, namely LAS formed by ruthenium
and tungsten (LASg, and LASypa). There are other facts to support that
contradiction. The point of intersection of two correlations between the
Ru loading and the number of LAS and BAS in Ru/Cs-SiW is observed at
1 wt% of Ru (Fig. 3). At the same time, the maximum yield of sorbitol
(63 %) also is observed over 1%Ru/Cs-SiW sample (Fig. 3). Such a
coincidence cannot be just an accident. Another important point to note
is that the catalytic efficiency (TON based on Ru loading) decreases
with increasing density of acid sites (Fig. S8, SI). This can indicate
decreasing of LASyps contribution to the cellulose hydrolysis process.
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Fig. 3. Dependence of the yield of sorbitol and number of acid sites on the Ru
content in Ru/Cs-SiW. (Experimental conditions: 10 gL~ * of cellulose, 10 gL~ !
of catalyst, 5 MPa of Hj, 453 K).
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Fig. 4. Kinetic curves of sorbitol accumulation and glucose consumption in
hydrolysis-hydrogenation over 1%Ru/Cs-SiW at 383 and 453 K. (Experimental
conditions: 10 gL~ ! of a substrate (cellobiose or glucose), 10 gL~ ! of catalyst,
5MPa of Hy).

On the one hand, increasing of the Ru content rises the amount of
LASg,. They are suggested to be the sites for the adsorption of inter-
mediates (glucose) on the surface of catalyst, its quick hydrogenation.
Therefore, the maximal yield of the sorbitol can be archived in the
presence of a catalyst with optimal amount of LASg, and LASypa be-
cause the decreasing amount of LASypa reduces hydrolysis rate while
increasing amount of LASg, leads to the strong adsorption of inter-
mediates and in unfavorable spatial orientation for the following
transformations.

3.5. Reaction kinetics and pathways over Ru/Cs-HPA

In order to study the cellulose hydrolysis-hydrogenation pathways
the transformations of cellobiose and glucose as substrates were studied
under conditions identical to the transformation of cellulose.
Experiments were conducted at 453 K. Cellobiose was chosen as the
simplest saccharide (diccaharide) containing the glycoside bond. From
the data obtained, the conversion of glucose to sorbitol was 83 % at the
experimental ‘zero’ point (Fig. 4). The conversion of cellobiose was 90
% under identical conditions (Fig. 5). The observed high conversions
may indicate rather high rates of hydrolysis and hydrogenation. Inter-
estingly, the maximal yield of sorbitol (hydrogenation of glucose at
453 K) was 83 % in half an hour of the reaction (74 % at the ‘zero’
point) (Figs. 4 and 5). After the maximal yield was reached, the con-
centration of sorbitol decreased to reach ca. 50 % in 7 h. This is an
evidence of sorbitol instability at high temperature. At the same time,
the overall process is limited by cellulose depolymerization in water,
and the rate of this step drops down to almost zero upon even slight
temperature reduction; hence, high temperature is necessary for the
process. The maximal yield of sorbitol (83 %) observed in the experi-
mental studies of glucose and cellobiose transformations is, again, an
evidence of unattainability of 100 % yield of the target product because
of its destruction, even though the glucose reduction is a highly selec-
tive process. Therefore, glucose hydrogenation was studied over 1%Ru/
Cs-SiW at 383K (Fig. 4). At this low temperature the yield of sorbitol
produced from glucose was very high (98 % in 5 h) to indicate very high
selectivity of the transformation glucose — sorbitol.

The hydrolysis-hydrogenation of cellulose over 1%Ru/Cs-SiW was
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Fig. 5. Kinetic curves of sorbitol accumulation and cellobiose consumption in
hydrolysis-hydrogenation over 1%Ru/Cs-SiW at 453 K. (Experimental condi-
tions: 10 g L™ ! of a substrate (cellobiose or glucose), 10 g L.~ ! of catalyst, 5 MPa
of Hy).
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Fig. 6. Arrhenius temperature dependence of initial rate of cellulose hydrolysis-
hydrogenation over 1%Ru/Cs-SiW (Experimental conditions: 10 gL' of cel-
lulose, 10 gL’1 of catalyst, 5 MPa of H,).

stuOdied and the activation energy of the process determined. The ac-
tivation energy Ea was determined in the process of hydrolysis-hydro-
genation of cellulose at 453, 463 and 473K; Ea = 120 + 5kJmol ~*
(Fig. 6). This value is much lower as compared to the activation energy
found for the processes of cellulose hydrolysis in the solution of sulfuric
acid used as a catalyst (170 —180 kJ mol-1) [50,51], but close to the
activation energy over solid catalysts (sulfonated chloromethyl poly-
styrene resin, 83kJ mol~! [52], and sulfonated carbon materials,
110kJmol ~) [53,54].

3.6. Modulation of reaction kinetics

The following kinetic model of hydrolysis-hydrogenation of cellu-
lose was suggested in this work (Scheme 2) based on experimental and
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Scheme 2. The main steps for modeling of the hydrolysis-hydrogenation of cellulose.

literature data [10,24]. The model includes: (1) cellulose conversion to
glucose; (2) reduction of glucose to sorbitol; (3) isomerization of sor-
bitol to mannitol; (4) side reactions of the product decomposition in the
reaction medium at high temperature. Several math models were dis-
cussed earlier to describe cellulose hydrolysis-hydrogenation to sorbitol
[55,56]. Liu and Liu used a nine-stage model implying the production
of ethylene glycol and propylene glycol as the main products of cellu-
lose transformation. It should be emphasized here that glycols were not
detected in this work as well as the degradation of sorbitol and man-
nitol to biochar was out of consideration in the model proposed [55].
Furthermore, the hydrogenation step usually proceeds by the Lang-
muir-Hinshelwood or the Eley-Rideal mechanism but both can be
treated as a pseudo-first-order reaction because of the low concentra-
tion of glucose (< 0.1 gL’l) and excess Hs.

The second model was suggested by Komanoya et al. [56]. In this
model, both amorphous and crystal cellulose can be transformed to the
desired products. In our model (Scheme 2) we assume that it is amor-
phous cellulose that undergoes transformations, while crystal part of
the polysaccharide is not reactive [57]. Moreover, the simultaneous
formation of hexitols (sorbitol + mannitol) from cellulose was as-
sumed. Although the model in Ref [56]. takes into consideration the
degradation of hexitols to biochar, we assume (Scheme 2) that the se-
lectivity of sorbitol production from glucose is 100 % (Fig. 4). Hence,
mannitol is a side-product of the sorbitol transformation.

The experimental data obtained at 453 K were used for the calcu-
lation of the rate constants (Table 3). The constant k, was estimated
using the experimental data of cellulose conversion (35 % in 1h)
controlled by TOC analysis. The developed kinetic model describes well
the experimental data on the hydrolysis-hydrogenation of cellulose
(Fig. 7). The modeling was based on the assumption of the observed
first order of all the reactions and high rates of adsorption and deso-
rption of the reactants on the catalyst surface. In terms of the model,
cellulose is hydrolyzed on the acid sites to glucose to be reduced to
sorbitol on the reducing Ru sites of the catalyst. A system of kinetic

Table 3
Rate constants based on the experimental kinetic curves of the hydrolysis/hy-
drogenation of cellulose catalysed by 1%Ru/Cs-SiW.

Constant Reaction Rate constant (min~ 1)
ko Cellulose hydrolysis 7.31072

kq Glucose hydrogenation to sorbitol 5.510 2

ko Isomerisation of sorbitol to mannitol 5104

ks Sorbitol decomposition 1.31073

ka4 Mannitol decomposition 251072

75 A
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2 \
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Time, h

Fig. 7. Experimental (symbol) and theoretical (dash) data for hydrolysis-hy-
drogenation of mechanically activated cellulose over 1% Ru/Cs-SiW.
(Experimental conditions: 10 gL ™" of cellulose, 10 gL ™! of catalyst, 5 MPa of
H,, 453K).

differential Eq.s (I)-(IV) was compiled and resolved using the Mathcad
15.0 program package:

dCCell

i - —ko-Ceen @
% = Ko-Ceen — ki-Ca an
% = ki-Cara — Ko-Csor — Ks-Csorb (11n)
% = KoCsorb — Ka*Csorp av)

where Cell is cellulose, Glu is glucose, Sorb is sorbitol, Mann is man-
nitol.

3.7. Catalytic potential and stability of Ru/Cs-HPA systems

The most active sample 1%Ru/Cs-SiW was studied for three
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Fig. 8. The yield of sorbitol achieved in three runs over 1%Ru/Cs-SiW catalyst.
(Experimental conditions: 10gL ™" of catalyst, 10gL~" of cellulose, 5MPa of
Ha, 453 K).

successive cycles of cellulose hydrolysis-hydrogenation. The Ru/Cs-
HPA catalyst demonstrated quite stable catalytic activity. The yield of
sorbitol decreased from 59 % (first run) to 50 % (second and third runs)
(Fig. 8). The ICP-AES data showed no change in the metal content
during the reaction. We suppose that the catalyst activity decreased due
to an increase of Ru nanoparticles in average size: the diameter of Ru
rose up from 1.1 to 1.5nm after the first cycle of the reaction while
interatomic Ru-Ru distance remained equal to 2.1 A in both not tested
and tested samples (Fig. 1C and 1F). Other reason of decreasing ac-
tivity can be related with partial leaching of HPA from the samples that
is following from the change of the solution pH after reaction from 3.8
to 3.4. Figure S5 (SI) shows XRD patterns of the 1%Ru/Cs-SiW after the
first reaction cycle. One can see from these data, the intensities of the
peaks in the regions of 32-40 and 15-27 °(2 theta) attributed to the
amorphous cellulose strongly decreased due to the reaction. At the
same time, the crystallinity of the remain cellulose increased from 36 to
73 %.

We compared the catalytic properties of Ru/Cs-HPA catalytic sys-
tems with the properties of the systems reported in the literature
(Table 4). One can see that the catalysts suggested earlier are active
under more severe conditions. Since the conditions for the sample
testing are different, we compared the effectiveness of catalysts based
on TOF calculated by formula:

Z Msorbitol+Mannitpl
TOFg, = &>y
MR XT

where, EMgorbitol + mannitol 1S total amount of sorbitol and mannitol (g),
mg, is the Ru loading in a catalyst (g), T is the reaction time (h).
In general, the Ru/Cs-PW and Ru/Cs-SiW systems under study are

Table 4
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much more active than the systems described elsewhere (Table 4).
Comparing the activity of mechanical mixtures Ru/C + Cs-HPA shows
that the mechanical mixture Ru/C + Csy 5Ho5PW15040 (1:2 wt./wt.)
[19,25] is more active compared to the mixture Ru/C + Cs-SiW
(Table 4, runs 3, 6, 7) that is thought to result from the higher acidity
of the reaction mixture due to the higher Cs-HPA content. The low
activity of the 1%Ru/Cs3PW;204 system demonstrated by Liu et al.
[25] as compared with the system under study may be caused by milder
reaction conditions (low temperature and pressure) (Table 4, runs 1,
5).

Comparative studies of catalytic properties of Ru/Cs-HPA systems
and the mechanical mixture of Ru/C + Cs-SiW (1:1 wt./wt.) revealed
significant advantage of the bifunctional Ru/Cs-HPA systems (Table 4,
runs 1-3). First, the application of Ru/Cs-HPA systems allows the se-
lectivity to sorbitol to be improved by 46 % and the yield of mannitol as
the side product to be decreased from 10 % to 4-7 %. Especially no-
ticeable is the fact that the yield of sorbitol over Ru/Cs-HPA systems is
much higher of that over the Ru/C and mechanical mixture of Ru/
C + Cs-SiWw (1:1 wt./wt.) (Table 4, runs 1-4). A significant dis-
advantage of the mechanical mixture is decreasing the total yield be-
cause of the biochar formation (Table 2, lines 13, 14). Acid sites located
on CsHPA and reducing sites located on Ru/C are divided from each
other in two component system. Therefore, the intermediates of hy-
drolysis should be transferred from CsHPA acid catalyst to Ru/C re-
ducing catalytic system. The transfer needs much longer time compared
to the bifunctional catalyst Ru/CsHPA, that favors the formation of
biochar. At the same time, the high yield of sorbitol may be accounted
for by synergetic effect caused by the spatial proximity of the acidic and
reducing sites on the Ru/Cs-HPA surface where the reactions of hy-
drolysis and hydrogenation proceed, respectively. Their proximity al-
lows the diffusion limitations and the necessity of intermediate trans-
ferring from acid sites for hydrolysis to metal sites for reduction to be
lowered.

4. Conclusions

Bifunctiona catalysts based on cesium salts of heteropolyacids
(HPA) (Csy1Hp oPW12040 and Cs3HSiW;5040) and Ru nanoparticles
were prepared by impregnation of polyoxometalates by Ru(NO)(NO3)3
followed by reduction of the precursor to produce Ru nanoparticles.
The Ru/Cs-PW and Ru/Cs-SiW catalysts were characterized by ele-
mental analysis, X-ray powder diffraction (XRD), N,-adsorption/deso-
rption analysis, transmission electron microscopy (TEM), Fourier-
transform infrared spectroscopy (FT-IR), Diffuse Reflectance
Ultraviolet-visible spectroscopy (DR UV-vis). TEM studies confirmed
that highly dispersed Ru particles (0.9-1.4 nm in size) were stabilized
on the Cs-HPA surface.

Comparison of catalytic properties of Ru-containing systems based on HPA in hydrolysis-hydrogenation of cellulose.

N Catalyst Experimental conditions Catalytic test TOF (g/(h'gry))  Ref

T (K) P (MPa) Time (h) Cell/Cat (g/8) Sorbitol Mannitol

S(% Y(@®%) S@®) Y (%)

1 1%Ru/ Csy1Ho.oPW12040 453 5 3 0.45/0.45 97 38 3 1 13.7 This work
2 1%Ru/Cs3zHSiW12040 453 5 3 0.45/0.45 95 58 5 3 20.3
3 3%Ru/C + CszHSiW12040 453 5 3 0.45/(0.45 + 0.45) 86 13 14 2 1.7
4 3%Ru/C 453 5 3 0.45/0.45 9 1 38 4 0.017
5 1%Ru/Cs3PW15040 433 2 24 0.10/0.10 43 2.1 0.6 [25]
6 5wt% Ru/C + Csy sHo sPW12040 463 5 8 1/(0.25 + 0.5) 56 [a] 5.6 [19]
7 5wt% Ru/C + CszsHosSiW12040 463 5 13 1/(0.25 + 0.5) 59 [a] 3.6 [19]
8 3.2%Ru/16.7 %H3PW1,040/MIL-100(Cr) 463 2 10 0.050/0.03 57.9 6.6 3.3 [46]
9 0.4 wt%Ru/ H3PW12040/AC 478 5 5 0.75/0.3 17 n.d. 18.9 [58]
10 0.4 wt%Ru/ HySiW;2040/AC 478 5 5 0.75/0.3 12 nd. 13.3 [58]

[a] Total yield of sorbitol + mannitol.
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Catalytic properties of Ru/Cs-PW and Ru/Cs-SiW were studied in
one-pot hydrolysis-hydrogenation of mechanically activated micro-
crystalline cellulose to sorbitol under hydrothermal conditions at 453 K
and hydrogen pressure 5 MPa. The yields of the main product were in
the range of 36-59 % and the selectivity of sorbitol formation was
94-96 % over of Ru/Cs-HPA. The highest yield of sorbitol (59 %) was
obtained over 1%Ru/Cs-SiW catalyst in 7 h of the reaction.

A correlation between the number of Brgnsted acid sites and cata-
lytic activity was established. The catalyst activity increased with rising
BAS numbers to confirm that the process was limited by polysaccharide
hydrolysis. The Ru content in the catalyst, nanoparticle size and ru
oxidative state affected both the hydrolysis and hydrogenation steps.

The activation energy of hydrolysis-hydrogenation of cellulose over
the most active catalyst 1%Ru/Cs-SiW was calculated to equal to
120 + 5kJmol L. A kinetic scheme of hydrolysis-hydrogenation over
1%Ru/Cs-SiW catalysts was suggested and rate constants were calcu-
lated. The suggested scheme described quantitatively the experimental
results. Bifunctional catalysts were demonstrated to be much more
active and selective than the Ru/C catalyst and mechanical mixture of
Ru/C + Cs-HPA.
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