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Abstract

The hydrolysis of cellulose into glucose is a critical step for the conversion of lignocellulosic
biomass into fuels and chemical products. The combination of supercritical water hydrolysis
in ultrafast reactors, with the subsequent hydrolysis of the cello-oligosaccharides on silver-
exchanged mesoporous mordenite zeolite, offers the possibility of a clear enhancement in the
conversion of cellulose and in glucose formation. Complete dissolution of cellulose is
achieved in the supercritical step and 81.8% of formed oligosaccharides are hydrolyzed in
the catalytic step, with a yield into glucose of 77.0 %. A fraction of Al is octahedrally
coordinated, indicating a distribution of acid sites after the silver exchange. A deactivation
of the catalyst between the first and third reaction cycle is observed, with a reduction in
hydrolyzed carbon from 81.8% up to 45.6%. However, the selectivity to glucose only varies
from 94.1 to 81.8%. Afterwards, the activity remains constant up to the fifth cycle. The
presence of Ag(0) particles, together with the formation of coke, are responsible for the

partial blockage of the pores of the support and loss of catalytic activity.

Keywords: hydrolysis of cellulose; mordenite; glucose; biomass; silver; mesoporous zeolite
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1. Introduction

In the last years, there is a general tendency towards a society supported by the bioeconomy
and in the use of renewable resources.

In this context, the hydrolysis of cellulose to glucose is an important process and remains a
challenge for the conversion of lignocellulosic biomass to fuels and chemicals. Supercritical
water (SCW) in ultrafast reactors with hydrolysis times of milliseconds has demonstrated to
possess good ability to partially depolymerize cellulose without further degradation of sugars
(Cantero 2013, 2015). Although under such conditions more than 99 % of the cellulose is
solubilized, the presence of oligomers remains high (> 60 % C) (Cantero 2015). A possible
approach to solve this problem is to complete the hydrolysis of cellulose into glucose by solid
acid catalysts, representing an alternative to the enzymatic hydrolysis (Chheda 2007) or to
the use of mineral acids (Chimentao 2014). Various solid acids including sulfonated carbons,
niobic acid, sulfonated resins, (Suganuma 2008, Yamaguchi 2009), acid resins, metal oxides,
H-form zeolites, heteropoly acids, functionalized silicas, supported metals, immobilized
ionic liquids, carbonaceous acids and magnetic acids (Hu 2015), (Inumaru 2007), MoOs3-
ZrO2, tungstate zirconium phosphate, zirconium phosphate, lanthanum phosphate niobium
and some other materials (Morales-de la Rosa 2018) have been studied to catalyze the
cellulose hydrolysis. Conceptually, solid acids having high specific surface areas, pore
size/volume and strong acid sites are prone to exhibit better performances in the reaction.
Among these solid acids, zeolites are one of the promising catalysts due to their crystalline
structure, uniform pore size, high surface area, flexible framework and tunable acidity.
Nevertheless, zeolites defining accessible pores of effective dimensions and allowing the

access and escape of many small-sized reagents but excluding the processing of bulky
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molecules. Furthermore, these porous networks impose diffusional limitations on the reacting
molecules, reducing the mass transport to and away from the reactive sites in the pore system
and opening time windows for unwanted secondary reactions and coke formation (Zapata
2012). Cho et. al (2014) reported that the glucose diffusion inside the 5.1-5.6 A pores of the
ZSMS5 was significantly hindered compared to B zeolite (5.6-6.7 A) and carbohydrates can
only react with active sites located on the outer pore rims. As it can be observed, until now,
there are very few works that report catalysts based on transition metals for the hydrolysis of
cellulose into sugars and, up to our knowledge, there is not any work using mesoporous
zeolites.

Hence, the aim of the present work is to maximize the glucose yield from microcrystalline
cellulose using heterogeneous catalysts to complete the hydrolysis of oligomers derived from
supercritical water hydrolysis in ultrafast reactors. For this purpose, the behaviour of Ag-
based catalysts exchanged in mesoporous Na-mordenite was studied. This performance is
compared to the commercial acid zeolite (HMOR, Si/Al=10) in an inert and reducing
atmosphere.

In addition, to achieve a global understanding of the observed catalytic behaviour several
physicochemical techniques were applied, such as adsorption/desorption isotherms of N2 and
measurements of X-ray photoelectron (XPS) and solid-state NMR spectroscopies,
programmed-temperature reduction (TPR) and programmed-desorption temperature of

ammonia (TPD-NH3).

2. Materials and Methods

2.1 Supports and Catalysts
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Commercial microporous zeolites were used, Na-mordenite (CBV 10A Zeolyst International,
Si/Al = 6.5) labeled MOR and NHs-mordenite (CBV 21A Zeolyst International, Si/Al = 10).
From the latter, the protonated form denoted H-MOR was obtained by calcination in air flow

at 550 °C for 8 hours.

2.1.1 Synthesis of mesoporous zeolite (m-MOR)

The m-MOR mesoporous support was synthesized using the CTMABTr (bromide hexadecyl
trimethyl ammonium chloride) surfactant as directing agent and a commercial Na-mordenite
zeolite as a source of Si and Al. For that, 3 g of CTMABTr were dissolved in water at room
temperature and with continuous stirring. Absolute ethanol was added as solvent and a
solution of NH4OH 29 wt. %. Subsequently, the mordenite was added and stirred for 18 h at
25 °C. The molar composition used for the synthesis is 0.024 NaMOR:0.3 CTMABr:11
NH3:144 H20:58 EtOH.

The final solid was obtained by vacuum filtration, and several washes were performed to
achieve neutral pH. Then, the samples were dried in an oven for 12 h at 80 °C and calcined

in air at 1 °C - min’! to 550 °C.

2.1.2 Incorporation of silver (Ag/m-MOR)

Silver was incorporated by a conventional ion exchange between the calcined m-MOR
support and a solution of AgNO3 (0.07 M) at room temperature for 24 hours under continuous
stirring. Ion exchange is performed in the absence of light to avoid reduction of the species
to Ag(0). Then, the samples were filtered, washed with deionized water, dried and calcined
in air at a flow rate of 1 °C - min™!' to 550 °C. The silver content was determined by Plasma

Spectroscopy (ICP-OES). The Ag/m-MOR catalyst has 9.6 wt. % of silver.
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2.2 Catalyst characterization

The catalysts were characterized by nitrogen adsorption/desorption, small angle X-ray
scattering (SAXS), X-ray diffraction (XRD), temperature-programmed reduction (TPR) or
desorption of ammonia (TPD-NH3), X-ray photoelectron (XPS) and solid-state NMR
spectroscopies.

Specific surface area, pore size distribution and total volume were determined from N2
adsorption/desorption isotherms obtained at -196 °C using a Quantachrome Autosorb
instrument. Previously, the samples were outgassed at 350 °C for 6 h (10 torr). The specific
surface area was calculated using the standard BET method (Brunauer 1938) for N2
adsorption data in the relative pressure adsorption range from 0.05 to 0.1. The BJH method
was used for the distribution of pore size.

The X-ray diffractograms were analyzed using a Shimadzu XD-D1 instrument equipped with
an X-ray tube with monochromatic CuKa radiation and Ni filter. The measurement was
conducted between 5 and 85° values of 20, with a speed of 1 °min’!, 30 kV and 40 mA. The
crystallinity was estimated from the ratio of the sum of the intensity of the prominent peaks
corresponding to planes (1 11),(330),(150),(202)and (3 5 0) of catalysts. The maximum
degree of crystallinity was taken equal to 100 % and corresponded to calcined MOR
(Mignoni 2008).

SAXS patterns were collected at room temperature on a Philips X Pert diffractometer 5000.
The samples were irradiated with a beam of CuKo (A = 1.5405622 A) without
monochromator. The measurement conditions were 40 kV and 20 mA with values of 20

between 1 and 10°.
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The XPS measurements were carried out using a multitechnique system (SPECS) equipped
with a dual Mg/Al X-ray source and a hemispherical PHOIBOS 150 analyzer operating in
the fixed analyzer transmission (FAT) mode. The spectra were obtained with a pass energy
of 30 eV using Mg Ka X-ray source (hv = 1253.6 eV) operated at 200 W and 12 kV. The
working pressure in the analyzing chamber was less than 5 x 107! kPa. The binding energy
(BE) positions of Ag 3d do not identify the oxidation state of the silver species, because the
characteristic states of oxidized (Ag20) and metallic silver (Ag (0)) are close together (within
0.5 eV) (Aspromonte 2012, 2013). Thus, the modified Auger parameter (o) was used to
characterize the chemical state of silver. This parameter is the sum of the kinetic energy (KE)
of the Auger electron (Ag MaNN) and the BE of the core-level (Ag 3ds»2) peak. The BE of
core-levels Si 2p, Al 2p, Ag 3d, C 1s, O 1s and the KE in the region of the Ag MaNN auger
transitions were measured. During the processing of XPS spectra, BE values were referenced
to the C 1s peak (284.6 eV) from the adventitious contamination layer. Solid-state NMR
spectroscopy was performed in a Bruker equipment, model Avance II 400 and 300 MHz,
probe = 7 mm, spinning rate = 4 kHz, pulse angles = p/6 with recycle delay of 60 s and p/4
with recycle delay of 2 s for the experiment of 2°Si and ?’Al, respectively.

The temperature-programmed desorption of ammonia (TPD-NH3) was performed with 100
mg of catalyst, which was pretreated in-situ with He flow (30 ml-min™') at 350 °C during 1
hour. After cooling down to 100 °C, the sample was saturated with 50 cm? min™' ammonia
flow during 30 minutes. Then, He was flowed and the temperature was increased up to 150
°C, maintaining this temperature until no physically adsorbed ammonia was detected. The
TPD experiment was carried out heating at 15 °C-min™! in He flow from 150 to 750 °C and

using a Micromeritics TPD-TPR 2900 equipment.



165

166

167

168

169

170

171

172

173

174

175

176

177

181

182

183

184

185

186

187

188

The temperature-programmed reduction (TPR) experiments were run with 100 mg of catalyst
at a heating rate of 10 °C-min’' and a Ha/Ar (5%) flow rate of 50 cm?-min!. The used

equipment was a Micromeritics with AutoChem II chemisorption analyzer.

2.3 Catalytic Performance

The catalysts were evaluated in the hydrolysis of cellulose oligomers derived from the
hydrolysis of microcrystalline cellulose (Avicel® PH-101, Sigma-Aldrich) in ultrafast
supercritical reactors at 400 °C, 25 MPa and 0.03 s. Details of the experimental facility are
included in previous works (Cantero 2013). Under such conditions 99.9 % of the cellulose is
solubilized in water (Cantero 2013) but more than 66% of solubilized carbon is still forming
cello-oligosaccharides. The purpose of the subsequent catalytic step was to complete the
oligosaccharide hydrolysis maximizing the glucose production in the final product. The

outline of the procedure is summarized in Figure 1.

HH H Depolimerization
H
O |HO/ - —7—0H » OLIGOMERS/GLUCOSE
° W SCW, 400°C
iFy 25 MPa, 0.03s
CELLULOSE
catalyst

HZO’ 180°C Hydrolysis
5 MPa, N; or H2

GLUCOSE

Figure 1. Scheme of the global hydrolytic process.
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Catalytic tests were performed in a commercial AISI 304 stainless steel batch reactor with
an internal volume of 25 ml (Berghof® BR-25). First, the catalyst was placed inside the
reactor and after closing it was vented three times with nitrogen. Then, the reactor was
pressurized with N2 or H2 up to 50 bar and heated up to the operating temperature (180 °C).
Then, a volume of 20 ml of the solution obtained in the supercritical reactor was pumped at
50 °C (PU-2080 Plus, Jasco). In all the experiments, the amount of catalyst was 0.06 g of
metal/g C in the feed solution. The operating time was 90 min under continuous stirring at
1400 rpm.

When the final reaction time was achieved, the reactor and its content were quenched using
an ice bath to rapidly stop the reaction. After that, the product mixture was centrifuged and
the supernatant solution was then filtered prior to analysis by High Performance Liquid
Chromatography (HPLC). Sugars and their derivatives were determined by HPLC using a
Shodex SH-1011 column at 50 °C and H2SO4 (0.01 N, 0.8 ml-min™') as the mobile phase and
a Waters RI detector 2414, Total organic carbon (TOC) was determined using a Shimadzu
TOC-VCSH analyzer.

The selectivity to D-glucose in terms of carbon was calculated for the catalytic step using

equation (1):

) = C(D—glucose) oyt — C(D—glucose)in 100 Eq. (1)
C hydrolyzed

SD—glucose (%
where ‘C(D-glucose)out’ are the moles of carbon after the reaction corresponding to the D-
glucose, ‘C(D-glucose)in’ are the moles of carbon corresponding to the D-glucose in the
hydrolysate obtained in the SCW step and ‘C hydrolyzed’ are the moles of carbon hydrolyzed

in the catalytic step, and it is calculated by equation (2):
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C hydrolyzed = (Coligomers)in - (Coligomers)out Eq- (2)

where, ‘Coligomers,in” and ‘Coligomers,out’” are the moles of carbon corresponding to the oligomers
present before and after the catalytic reaction, respectively. ‘Coligomers’ is determined through
a carbon balance by difference between the TOC of the sample and the carbon detected by
HPLC in cellobiose, glucose, fructose, glyceraldehyde and glycoaldehyde. For this, it is
assumed that the carbon remnant corresponds in its entirety to the presence of
oligosaccharides, because the concentration of pyruvaldehyde was always below 3% and
neither 5-HMF nor other degradation products were detected.

D-glucose yield (%) was obtained dividing moles of carbon formed in D-glucose by moles of

carbon in oligomers that enter the catalytic step (Eq. (3)):

C (D—glucose)oyt — C (D—glucose)in
YD—glucose (%) = © oligtomers)in -100 Eq. 3)

and the percentage of hydrolyzed carbon in the catalytic step was determined by equation

(4):

(Coligomers)in_(Coligomers)out . 100 Eq (4)

(C oligomers)in

Chydrolyzed (%) =

The selectivity to 5- (hydroxymethyl) furfural (5-HMF) was determined with equation (5):

C (5—HMF)

0p) =
Ss—rmr (%) C hydrolyzed 100 Eq. )

where, ‘C (5-HMF)’ are the moles of carbon related to 5S-HMF compound.

10
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2.4 Recycling study

The most promising Ag/m-MOR catalyst was exposed to a recycling test to study its catalytic
stability. The recycling study was carried out in a similar way to the catalytic performance.
First, the catalyst was separated from the products by filtration between the runs, dried at
60°C and re-used. Five consecutive cycles were performed. The reaction products were
identified and quantified by HPLC.

The nature of the Ag species formed after each reaction cycle was studied by XRD. The
amount of deposited carbon during the hydrolysis reaction was determined by temperature-
programmed oxidation (TPO) after each reaction cycle. The TPO experiments were carried
out using a Micromeritics Autochem TM II 2920 instrument, under a gas flow of 5 % Oz in
He, and a temperature ramp of 10 °C min’!. Before the TPO experiments, catalysts were

dehydrated in situ at 300 °C in He flow.

3. Results and Discussion

3.1 Physicochemical characterization

3.1.1 Porous structure of the catalysts

Table 1 shows the quantitative values derived from the characterization of textural properties
of the catalysts, i.e. BET surface area, pore volume and pore diameter, crystallinity degree

and acid sites by TPD-NHs.

Table 1. Textural and acid properties of catalysts

Acid sites/mmol-g!

Catalysts SBETY  Vmiere®  Vmeso!®  Dp®  %Crist® Total Weak Strong
(T <350°C) (T > 350°C)
m-MOR 532.9 0.18 0.14 4.1 65.3 0.72 0.72 -
Ag/m-MOR 425.4 0.13 0.10 3.9 42.5 1.75 0.75 1.02
Ag/m-MOR-R®  408.5 0.10 0.10 3.9 39.8 1.45 0.40 1.05

11
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(1) Surface area BET, m?-g*!; (2) Micropore volume calculated by t-plot method, cm?-g'!; (3) Mesoporous volume calculated
by BJH method, cm?-g'; (4) Pore diameter, nm; (5) Crystallinity calculated using the ratio of the sum of the intensity of the
five most intense peaks, (6) Ag/m-MOR-R catalyst reduced in Ha flow at 500 °C.

The mesoporous mordenite (m-MOR) presents a type [V isotherm (not shown) according to
the TUPAC nomenclature (Aspromonte 2017), which is characteristic of mesoporous
materials. The surface area was 532.9 m* g™ and the micropore and mesopore volume were
0.18 and 0.14 cm®-g!, respectively (Table 1). In addition, the Ag/m-MOR and Ag/m-MOR-
R showed a type IV isotherms and the specific area and pore volume slightly decreased
compared to the values reported for m-MOR, due to the addition of a bulky cation such as
Ag. The incorporation of silver did not significantly modify the pore diameter, which would
allow the voluminous oligomer molecules to reach the active centers.

In addition, the percentage of crystallinity obtained from the X-ray diffractograms (XRD) is
included in Table 1. A decrease in the intensity of the major peaks was observed, indicating
a loss of crystallinity in mesoporous zeolite materials from 65.3 % for m-MOR to 39.8 % for
Ag/m-MOR-R. Moreover, the diffractogram did not show the signals corresponding to silver
oxides or metallic species.

On the other hand, it is important to notice that the diffractograms obtained by SAXS do not
show diffraction peaks in the 20 region between 1 and 10°, which implies that the synthesized
material has mesoporosity and high specific surface area, but there is no evidence of

mesoporous ordering.

3.1.2 Reducibility of silver species

12
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The properties of the active sites are related to the different species of silver present in the
catalyst. Temperature-programmed reduction (TPR) helps to discerning these species. Figure
2 shows the results obtained by TPR for calcined Ag/m-MOR catalyst.

The reduction profile exhibits peaks in three temperature regions which can be attributed to
different silver species. At low temperature, below 300 °C (region I), the reduction peaks
could correspond to small highly dispersed particles which may be associated with AgxOy
species (Westermann 2012). Different peaks present in this region suggest a diverse
interaction between the oxide particles and the channels of the support (Aspromonte 2012).
The reduction at temperatures between 300 and 600 °C (region II) is generally attributed to
Ag(]) ions at exchanged positions. Besides, there is a small fraction above 600 °C (region
IIT) that could be assigned to Ag(I) ions located at very stable sites with high coordination,
in which the cation strongly interacts with the support structure. The calculated H>
consumption/Ag molar ratio is close to 0.5, indicating the complete reduction of Ag(I)

species to their metallic state.

Ag(l)

Ag,0, | Ag(l) high coord

H, consumpted / a.u.

T T T T
0 200 400 600 800
Temperature / °C
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Figure 2. Results of Ag/m-MOR catalyst obtained by Temperature-Programmed Reduction (TPR).

3.1.3 XPS Surface characterization

In order to investigate the chemical state of Ag(I) exchanged species and supported
nanoparticles (Ag(0) and Ag20), the Ag 3d photoelectron spectrum of Ag/m-MOR catalyst
was measured (inlet figure in Fig. 3A).

In the literature, it is reported that the binding energy difference between Ag(0) and Ag(I)
corresponding to Ag20 is only 0.3 eV, making difficult to determine the oxidation state of
silver. As a consequence of this, the MaNN transition of the Auger region was measured
(Figure 3B). By means of the calculation of the modified Auger parameter (), remarkable
differences could be obtained. In this sense, Waterhouse et al. (2007), reported values of o’
equal to 726.3 eV for Ag(0) and 724.5 eV for Ag20 species. In previous articles of the group,
a modified auger parameter values close to 722 eV were reported, corresponding to Ag (I)

ions located in exchange positions within the mordenite (Westermann 2012).

A 3d5/2 B Ag MsNN Ag M5N45N45
3C|3/2
T T T T T T T T T T
381 378 375 372 369 366 340 345 350 355 360
Binding Energy/eV Kinetic Energy/eV

Figure 3. XPS spectrum of Ag/m-MOR catalysts, (A) Ag 3d and (B) Ag M4NN region.
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The modified Auger parameter for the Ag/m-MOR catalyst was calculated and it was 722.6
eV, which indicates the presence of Ag(I) ions in interaction with the mesoporous zeolite
structure, in concordance with the TPR results.

On the other hand, the binding energy of the Al 2p region was studied to identify the oxidation
state of the aluminum. In general, the mordenite sample has a single peak at 74.1 eV with
fwhm = 1.9 eV, which is characteristic of the tetrahedral aluminum atoms of the zeolites,
such as AlO4 groups (Boix 2008).

After modifying the original zeolite with the generation of mesopores and the addition of 9.6
wt. % of silver, the binding energy of the main peak is shifted towards higher BE values. In
the open literature, there are numerous studies that report BE values close to 74.5 eV for
octahedral aluminum within the Al203 oxide (Amama 2010). The m-MOR and Ag/m-MOR
catalysts have BE values of 74.2 and 74.5 eV, respectively. In the same way, an increase of
the full width at half maximum (fwhm) to values of 2.3 and 2.5 is observed for the m-MOR
and Ag/m-MOR catalysts, respectively. This would indicate a modification in the chemical
environment of the aluminum species, probably due to the presence of surface octahedral

aluminum.

3.1.4 Solid state NMR determination of mesoporous zeolite topological structure

2Si (MAS) and ?’Al (MAS) NMR measurements were performed to reach a full
understanding of the system after the modification of zeolite and incorporation of silver. The
basic structural units of zeolitic materials based on silicates and aluminosilicates are TO4
tetrahedral with silicon atoms at the central T-positions. In the second coordination sphere of
these T-atoms, aluminum can be incorporated into the framework. Depending on the amount

of aluminum atoms, which are incorporated, the tetrahedrally coordinated silicon atoms (Q%)

15



347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

in aluminosilicates may be characterized by up to five different environments denoted as
Si(nAl) withn =0, 1, 2, 3 and 4 (Stepanov 2016). Typically, the 2?Si MAS NMR signal of
Si(0Al) species occur at ca. -110 ppm (referenced to tetramethylsilane) (Meynen 2009).
Figures 4A and 4B present the results of 22Si MAS NMR and ?’Al MAS NMR spectroscopy,
respectively. The calcined MOR and m-MOR catalysts have the peaks corresponding to Q?
and Q* very well defined. However, after the exchange of silver with the structure, the peak
assigned to Q? is resolved with a contribution of 5 %. These results imply that the silicon
environment after silver exchange was slightly modified.

On the other hand, according to the Loewenstein’s rule, the formation of Al-O-Al bonds in
aluminosilicates is forbidden, and only Al(4Si) species can exist in the corresponding
frameworks (Abdelrasoul 2017). Therefore, ?’Al MAS NMR spectra of hydrated
aluminosilicates consist, in general, of only one signal of tetrahedrally coordinated
framework aluminum (AI*") at chemical shifts of ca. 50-60 ppm (referenced to a 0.1 M
aqueous solution of AI(NO3)3 in D20). Octahedrally coordinated aluminum species (AI°®') in
hydrated aluminosilicates, which can be due to extra-framework aluminum compounds,
induce 2’Al MAS NMR signals at ca. 0 ppm. Figure 4B shows the >’Al MAS NMR results
of MOR (spectrum a), m-MOR (spectrum b) and Ag/m-MOR (spectrum c) catalysts. All the
samples present a narrow signal at 53 ppm due to tetrahedrally coordinated framework
aluminum. In the case of the modified mordenite catalysts with mesoporous and/or silver
species, the spectra show an additional peak at ca. 0 ppm due to octahedrally coordinated
aluminum species. Specifically, after incorporating the 9.6 wt. % Ag in the structure, a broad
background signal at ca. 0 ppm is observed, indicating the presence of Al2O3 or oxide

hydrates (Meynen 2009).
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Figure 4. (A) 2Si and (B) 2’Al MAS NMR spectra of (a) MOR, (b) m-MOR and (c) Ag/m-MOR catalysts.

In this context, Gardner et. al (2015) claimed that the presence of NaCl enhances the
hydrolysis of Si-O-Al bridges and the release of AI(IIl) species that catalyze the
isomerization of glucose to fructose. Ravenelle et. al (2015) studied the behaviour of Pt-
Al2Os in the hydrolysis of cellulose. They propose that the AI(III) cations [AI(OH)2", A10"]
interacts with OH™ ions, shifting the dissociation equilibrium of water and increasing the
concentration of protons and, thus the hydrolysis activity.

It is known that all Al (IIT) species promote the acid-catalyzed hydrolysis of cellulose and
the isomerization of glucose to fructose through Lewis acid-catalyzed intramolecular hydride
shift (Saha 2014).

It is important to notice that according to the XRD results, it was observed that the crystalline

fraction of the catalysts was modified in the generation of mesopores and the incorporation
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of silver. This could be linked to the Si-O-Al bonds involved in extra-structural species and/or
defective sites that suffers a hydrolytic attack, resulting in the leaching of the aluminum to
the synthesis medium. In addition, by means of XPS and >’Al MAS NMR spectroscopies, it
is shown that a fraction of Al is octahedrally coordinated, most likely as Al(III) ions.

The cellulose is formed by the binding of B-glucopyranose molecules via B-1,4-glucosidic
bonds. Cellulose chains are coupled together in bundles hydrogen bridges. Therefore, in the
first step, due to the low solubility, hydrolysis of cellulose in water can only proceed on the
outer surface of porous for oligosaccharides. In a second step, these soluble oligosaccharides
formed with linear structure, diffuse into pores (Song 2017). Subsequently, the

oligosaccharides can be hydrolyzed to monosaccharides by acid sites (Do Couto Fraga 2016).

3.1.5 Temperature-Programmed Desorption of ammonia

Following this line, it is necessary to study the acidity of the synthesized catalysts.
Temperature-Programmed Desorption of ammonia (TPD-NH3) is one of the conventional
methods for the characterization of total acidity. In general, the assessment of acidity involves
the determination of the strength, number of active centers and their nature. The temperature
of desorption can be understood as the relative acidic strength of the different centers. When
the strength of the acid centers is higher, the ammonia molecule is retained more strongly
and higher temperature is necessary to desorb it. The number of acid centers is defined as the
amount of ammonia desorbed per gram of catalyst (Benaliouche 2008).

Table 1 shows the quantitative results obtained from the desorption profiles of NH3,
employed to analyze the acidic strength of the m-MOR, calcined Ag/m-MOR and reduced
Ag/m-MOR-R catalysts. In the case of mesoporous mordenite support (m-MOR), the

baseline is stable after 350°C, indicating that all the ammonia was weakly adsorbed.
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However, the calcined and reduced Ag/m-MOR catalysts presented desorption peaks above
350 °C, which indicates the existence of strong acid sites.

Table 1 shows that the total amount of acidic sites increased after incorporating 9.6 wt. %
Ag. The maximum temperatures of the desorption peaks are different for the catalysts, which
implies a variation in the distribution of the acid strength of the centers after the mesoporosity
generation and because of the silver incorporation. The obtained TPD profiles for the m-
MOR and Ag/m-MOR samples (not shown), present peaks in two desorption regions: below
and above 350 °C. The low temperature peaks correspond to weak acid sites, whereas above
350 °C strong acid sites are detected.

The Ag/m-MOR catalyst shows an increase in the number of strong acid sites of 42 % respect
to the original m-MOR mesoporous zeolite. The reduced Ag/m-MOR-R catalyst presented a
decrease of the total acid sites respect the calcined sample. In this sense, it is important to
notice that in concordance with the NMR results, the chemical composition of the catalysts
was changed after the introduction of mesoporosity and silver species.

The mordenite is a zeolite that is characterized by Si (IV) ions forming tetrahedra with the
four vertices occupied by O(-II) ions, which are replaced by AI(III) ions. The resulting
negative charges are compensated by the presence of metal cations such as K (I) or Na (),
which are introduced extra-framework giving rise to weak Lewis acid centers (Cejka 2010).
When the compensation cation is a proton, a Bronsted acid site is generated. The synthesis
process to increase the pore size and subsequent introduction of Ag, generated a decrease in
the crystallinity of the original zeolite and the presence of extra-reticular octahedral Al. Thus,
it is clear that the redox behavior in the mesoporous mordenite is altered by Ag(I) ions.

In the case of the m-MOR support, the synthesis is performed in a basic medium (pH = 11).

However, the functionalization with Ag that is carried out at pH = 5 probably promotes the
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higher amount of AI(III) ions outside of the crystalline structure. In addition, it is possible
that the metal silver particles formed at lower temperatures, improve the dissociation of
hydrogen and the reduction of AgxOy species and generation of H sites in strong interaction
with the structure are promoted. This implies that the presence of Ag favors the formation of

strong acid sites.

3.2 Ultrafast hydrolysis of microcrystalline cellulose

A suspension of microcrystalline cellulose is hydrolyzed in a continuous ultrafast reactor
using supercritical water at 400 °C, 25 MPa and 0.03 s of residence time. Under such
conditions, more than 99.9 % of cellulose is solubilized and depolymerized into soluble
oligomers. Table 2 shows the main composition of the liquid product after SCW treatment

of cellulose.

Table 2. Composition of the hydrolysate obtained from cellulose by ultrafast supercritical water hydrolysis
(400 °C, 25 MPa, 0.03 s)

Cellobiose Glucose Fructose Glyceraldehyde Glycolaldehyde Oligo- TOC
saccharides
mg-L! 3159 2697 1348 936 2327 - 10873
%C 12.2 10.0 5.0 34 8.6 57.8

Total organic carbon in the product was 10873 mg-L™!, being 12.2 % in cellobiose, 10.0 %
in glucose, 5% in fructose, 3.4 % in glyceraldehyde and 8.6 % in glycolaldehyde.
Pyruvaldehyde concentration is < 3% and neither 5S-HMF nor other degradation products
such as humins were detected. The oligosaccharides (including cellobiose) represent 70 % in
terms of organic carbon, thus, a subsequent hydrolysis step is required to complete their

hydrolysis into monomeric sugars.

3.3 Hydrolysis to glucose by heterogeneous catalysts
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Table 3 and Figure 5 present the catalytic results of H-MOR, m-MOR and Ag/m-MOR, in
N2 or H2 atmosphere, in the hydrolysis of the solubilized and partially depolymerized
cellulose stream from the supercritical reactor.

The synthesized catalysts were compared with the commercial zeolite in the protonic form
(HMOR). Additionally, a blank (no catalyst) test was conducted in hydrogen atmosphere. It
was observed that cellobiose and oligosaccharides could be hydrolyzed into glucose at a
temperature of 180 °C. The yield to glucose in the blank experiment was 8.9 %, which was
considered in the calculation of glucose yield obtained with the catalysts.

No influence of the atmosphere was observed for the HMOR and m-MOR support; the
catalytic behavior was similar under inert or reducing atmosphere. The HMOR catalyst
showed 55.1 % and 32.8 % of hydrolyzed carbon and D-glucose yield, respectively.
However, the sample m-MOR hydrolysed 46.2 % of the carbon present in the feed stream,
with a yield of 14.6 % to glucose. In addition, 5- hydroxymethyl furfural (5-HMF) was

detected in low concentrations (4.1 - 3.3 %) with both supports.

Table 3. Results of cellulose hydrolysis to D-glucose production

Catalysts Reaction cond V % C hydrolyzed Yo-glucose /%o S5-mmr®/%
HMOR H, 55.1 32.8 4.1
m-MOR H, 46.2 14.6 33
H, 81.8 77.0 43
Ag/m-MOR N, 773 303 7.8
Ag/m-MOR-R® H, 65.1 51.9 10.5
; N> 63.9 55.8 5.9

(1) Atmosphere of reaction, (2) Yield to D-glucose, %; (3) Yield to 5-HMF, %; (4) Ag/m-MOR-R catalyst reduced in H
flow at 500 °C.

After the incorporation of 9.6 wt. % Ag to the m-MOR support, a different catalytic
behaviour was observed related to the substrate and the reaction atmosphere. On one hand,

when the hydrolysis is carried out in a reducing medium, 81.8 % of the carbon has been
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hydrolysed in this catalytic step (Eq. (4)) with a selectivity of 94.1 % to glucose and only a

4.3 % of selectivity to 5S-HMF.

1004
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80 D-glucose
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Figure 5. Results of % C hydrolyzed, % D-glucose Yield and % Selectivity to glucose for commercial MOR
(SV/A1=6.5), m-MOR, Ag/m-MOR, Ag/m-MOR-R reduced at 500 °C and H-MOR (Si/Al=10) catalysts for the
hydrolysis of cellulose. Reaction conditions: 90 min, 180 °C, 50 bar H, and 1200 rpm

The solubilisation of microcrystalline cellulose in the supercritical water reactor is higher
than 99.9 % and after this supercritical step 10.0% of carbon is in glucose form. After the
coupling with the subsequent catalytic step using Ag (9.6 wt. %)/m-MOR in a reducing
atmosphere, the global glucose yield (including both steps) leads to 63.8 % that is much
higher than those obtained in the literature with Ru/CMK-3 (Kobayashi 2010), HY zeolite
combined with ionic liquids (Zhang 2009) or a dissolution/precipitation approach in ionic
liquids using heterogeneous catalysts with sulfonic groups (Morales-de la Rosa 2018).

In contrast, when the reaction medium is N2, the amount of hydrolysed oligomers and glucose
yield decrease to 77.3 % and 30.3 %, respectively. However, an increase in the production

of 5-HMF is detected with a selectivity of 7.8 %.
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These results evidence that the reaction atmosphere has a pronounced influence on the
hydrolysis reaction. This catalytic performance is directly linked to the Ag species present in
the synthesized catalyst. Figure 6 shows a scheme of the proposed hydrolysis mechanisms in
the two different reaction media, N2 (Fig. 6A) and H2 (Fig. 6B).

Based on the results obtained by TPR (Fig. 2) and XPS (Fig. 3), the calcined Ag/m-MOR
catalyst encloses Ag(I) ions located in exchange positions of the mesoporous zeolitic
structure and Ag2O nanoparticles. Since the exchange percentage is 76 %, the catalyst
contains a fraction of Na(I) ions not exchanged. When the hydrolysis reaction is carried out
in an inert atmosphere (N2, Fig. 6A), the water occupies the active sites of the catalyst, Ag(I)
and Na(I) ions. In previous work, we have studied the interaction between the water molecule
and both ions (Aspromonte 2012). The results obtained in this case showed a strong
interaction between the water molecule and the exchanged Ag(I) ions. In this way, the water
adsorbed on the structure allows the hydrolysis of the oligomers to produce glucose.

In the case where the reaction is carried out in reducing medium (Hz, Fig. 6B), an additional
effect is produced. At 180 °C, the fraction (almost complete) of Ag.O nanoparticles
supported on the catalyst is reduced, to generate metal silver particles and water (Fig. 6-B1),

thus shifting the reaction towards glucose (Westermann 2012).
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Figure 6. Scheme of the pathway proposed for the hydrolysis of oligomers to produce glucose over silver-
mesoporous zeolite catalysts, (A) in N, atmosphere and (B) in H, atmosphere.

Thus, in order to study this, the calcined Ag/m-MOR catalyst was previously reduced at 500
°C (called Ag/m-MOR-R) and it was evaluated in nitrogen or hydrogen atmosphere. In this
sense, it was observed that the amount of hydrolyzed carbon is the same in both reaction
atmospheres. However, in the presence of hydrogen it is observed that production of glucose
decreases to 51.9% and the selectivity to 5S-HMF increases (10.5 %). In all cases it is observed

that the glucose selectivity decreases due to the increase in the production of the degradation
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compound 5-HMF. This result corroborates the mechanism proposed in Fig. 6, because by
reducing the catalyst at 500 °C prior to the reaction, the supported Ag2O nanoparticles were
reduced as well as the majority fraction of Ag(I) ions exchanged in the structure. This implies
that the catalytic performance of the sample Ag/m-MOR-R decreases in comparison with the
calcined sample and it does not depend of the used reaction medium, because the reduction
of Ag20 does not occur.

Therefore, it is important to notice that using heterogeneous Ag catalysts exchanged in
mesoporous zeolitic structures, a glucose yield of 77 % was obtained with a selectivity of
94.1 % at 180 °C for 90 minutes. In the literature, a glucose yield of 50.5% and selectivity of
90% are reported with the homogeneous heteropoly acid H3PW 12040 at 180 °C and 2 h (Tian
2010). Similarly, acidified mesoporous carbons of the CMK-3-SO3H type, operating for 24
hours at 150 °C, produce 74.5 % of glucose yields (Pang 2010). Zeolites such as H-beta and
HY hydrolyzing for 24 h at 150 °C or 2 h at 130 °C allow to obtain glucose yields of 12 and
50%, respectively (Cai 2012). Consequently, the yield and glucose selectivity values
obtained in the present work, with recoverable heterogeneous catalysts, greatly exceed what

is reported in the open literature.

3.4 Recycling test and carbon deposits

The catalytic stability of the solid Ag/m-MOR was evaluated in 5 consecutive hydrolysis
cycles. The activity of the catalyst after each cycle was expressed in terms of % C hydrolyzed
(Eq. 4), glucose yield (Eq. 3) and selectivity towards glucose (Eq. 1) and 5-HMF (Eq. 5). The
obtained results are shown in Figure 7.

A deactivation of the catalyst between the first and the third reaction cycle is observed, which

is manifested by the reduction of the hydrolyzed carbon up to 45.6 % and the glucose yield
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to 37.3%. It is important to notice that, although the catalysts exhibit an expected decrease in
the amount of hydrolyzed carbon and in the glucose yield, the selectivity towards glucose
remains practically constant, with values varying between 91.7 and 81.8 %. After the third
reaction cycle, the values of the parameters that are linked to the catalytic activity remain
practically constant until the fifth reaction cycle. The yield to glucose is in the range 37.3-
38.8 % and the amount of hydrolyzed carbon between 45.6-47.1 %.

There are not many works in the literature that report activities of catalysts in the hydrolysis
of cellulose after various reaction cycles. Suganuma et al. (Suganuma 2008), reported that
the activity of an amorphous carbon bearing SOsH, -COOH, -OH functions do not decrease
after 25 reuses (total reaction time, 150 h), however, the observed glucose yield was only 4
%. Fang et al. and Zhang et al. (2011) prepared hydrotalcite nanoparticles
(MgsAl2(OH)12CO3) for the hydrolysis of cellulose and they show a maximum glucose yield
0f30.8 % at 150 °C after 24 h that can be reused four times without much drop in the catalytic
activity. In any case, the works in open literature reported recycling tests corresponding to

maximum glucose yields much lower than that of the present work.
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Figure 7. Results of (a) % Selectivity to glucose, (b) % C hydrolyzed, (c) % D-glucose Yield and (d) %
Selectivity to HMF for Ag/m-MOR catalyst after 5 cycles of oligomers hydrolysis. Reaction conditions for
each cycle: 90 min, 180 °C, 50 bar H, and 1200 rpm.

To understand this behaviour, it is important to note that the reasons for deactivation could
be classified in two groups, which directly modify active sites such as sintering or metal loss
and those responsible for blocking the catalyst such as coke formation. To study the
formation of coke during the successive cycles of catalytic reaction, temperature-
programmed oxidation (TPO) measurements were carried out. The TPO profiles of the
deactivated catalyst show a peak with a maximum ranging between 390 and 420 °C,
attributed to an amorphous coke that encapsulates the active sites. Table 4 presents the results

derived from TPO analysis after each reaction cycle.

Table 4. Diameter of silver metallic particles and carbon characterization deposited on Ag/m-MOR catalysts
after 5 reaction cycles. Reaction conditions: 180 °C, 90 min, 0.06 g metal/g carbon.

Cycles wt. % carbon Tmax/°C  Dagoy/nm?

1% 0.07 400 17.5
2nd 0.10 420 23.6
3rd 0.15 390 323
4th 0.17 410 36.6
5th 0.18 400 37.1

3 Diameter of silver metallic particle (nm) calculated by Scherrer equation: Dago) = kM/(B cos 0), where A is the X-ray source
wavelength (1.5406 A), B is the angular width ~FWHM and 0 is the half angle of diffraction.

The amount of coke increases twice after the third reaction cycle and remains practically
constant until the fifth reaction cycle.
On the other hand, Figure 8 shows the XRD results in the range of 26 = 30 - 85 grades after

each reaction cycle, to analyze the modification of active sites. All the diffractograms present
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658  four peaks at 20 = 38.1°, 44.3°, 64.4° and 77.4°, corresponding to Ag(0) particles
659  (Ausavasukhi 2008). The average size of the metallic silver particles was reported in Table

660 4 and it was calculated using the Scherrer equation (Sales 1998).
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674 Figure 8. XRD results obtained for (a) calcined Ag/m-MOR catalyst and (b-f) after used (1-5) cycles in
675 hydrolysis reaction: 90 min, 180 °C, 50 bar H, and 1200 rpm.
676

677  The average diameter of the Ag(0) crystallite generated during the hydrolysis reaction ranges
678  from 17.5 to 37.1 nm. A more pronounced increase in the average crystal size is observed in
679 the third reaction cycle, which agrees with the observed catalytic deactivation. In this sense,
680  considering that the estimated pore diameter presented in Table 1 is between 3.9 and 4.1 nm,
681  the presence of Ag (0) particles together with the formation of coke are responsible for the
682  partial blockage of the pores of the mesoporous zeolite support and therefore the loss of
683  catalytic activity.

684
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4. Conclusions

The combination of supercritical water hydrolysis of cellulose in ultrafast reactors with the
subsequent hydrolysis of the cello-oligosaccharides on Ag/m-MOR catalyst has led to a
glucose yield of 77.0 % and a percentage of hydrolyzed carbon in the catalytic step of 81.8
%.

The chemical composition of the catalysts changed after introducing mesoporosity and silver
species. The presence of Ag (I) ions in strong interaction with the mesoporous zeolitic
structure was observed. Thus, a rearrangement of the acidic sites was detected producing
ammonia desorption peaks at temperatures above 350 °C in the TPD-NH3 analysis. This
infers the production of strong acid sites as a consequence of ion exchange in acid medium.
NMR and XPS detected the presence of octahedral Al (IIT) species that could be responsible
for the high catalytic activity in terms of conversion of the carbon and yield to glucose.

A deactivation of the catalyst between the first and the third reaction cycle is observed, after
which, the activity remains constant up to fifth cycle. The hydrolyzed carbon diminishes up
to 45.6% and the D-glucose yield to 37.3%, although the selectivity to glucose remains
relatively constant at values between 91.7 and 81.8%. The presence of Ag(0) particles
together with the formation of coke are responsible for the partial blockage of the pores of

the mesoporous zeolite support and the loss of catalytic activity.
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