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The catalytic conversion of cellulose to levoglucosenone (LGO) was studied using dilute sulfuric acid and pro-
pylsulfonic acid functionalized SBA-15 (PS-SBA-15) in tetrahydrofuran (THF). We show that the addition of small
amounts of a liquid acid catalyst such as sulfuric acid complements the use of a solid acid catalyst for the
conversion of cellulose. Sulfuric acid promotes the depolymerization of cellulose into levoglucosan (LGA). The
main role of the solid Brgnsted acid catalyst is to dehydrate the LGA into LGO. The addition of low concentrations

of HySO4 to PS-SBA-15 resulted in an increase in LGO yield of up to 37% (from 18% obtained using an equivalent
amount of HySO4 only). Our approach provides a novel alternative for a more environmentally friendly pro-

duction of LGO.

1. Introduction

Biomass is an abundant renewable carbon source that includes wood,
agricultural crops, and agricultural residues [1,2]. Lignocellulose is the
main chemical component of these materials [3-7]. Many researchers
have studied the acid hydrolysis of cellulose to glucose followed by the
dehydration of glucose to produce furans like furfural and 5-hydroxyme-
thylfurfural (HMF) [7-16]. These reactions are usually performed in
water. The use of water as a solvent is convenient because it is readily
available, has low cost, and is non-toxic. However, its use involves
several challenges. The presence of water in the reaction system can
compromise the stability of heterogeneous catalysts [17-20]. Water also
solvates acidic protons of Brgnsted acid catalysts decreasing their ac-
tivity, this effect can be reduced by replacing water with polar aprotic
solvents [21]. In addition, it is hard to control the product selectivity in
several of these reactions in the presence of water due to its participation
as a reactant. Those factors, and others, have motivated the study of
alternative solvents such as renewable biomass derived solvents as re-
action medium [7,21-23]. Polar aprotic solvents, like THF, do not have
polar hydrogen functional groups (e.g., O-H and N-H) in its structure.
The absence of these groups limits the possibility of hydrogen bonding
and reaction with some species. These characteristics make polar aprotic
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solvents convenient media for liquid phase reactions such as cellulose
conversion to levoglucosenone.

Levoglucosenone (LGO) is a high value molecule used for the pro-
duction of solvents, polymers and anti-cancer drugs [7,14,24,25]. It is
conventionally produced using the Furacell™ technology developed by
Circa™ which involves the catalytic conversion of pine sawdust in sul-
folane using phosphoric acid as catalyst in a prototype scale [26]. LGO
can be hydrogenated into Cyrene™, a bio-based polar aprotic solvent
[26]. Recently, Circa™ announced the construction of a commercial
plant in Europe for the production of 1000 tons of Cyrene™ per year
from LGO [27].

The first step in the production of LGO from cellulose is the depo-
lymerization of cellulose to levoglucosan (LGA) in the presence of a
Brgnsted acid catalyst in a polar aprotic solvent [7,14,23]. LGA is then
dehydrated to LGO again catalyzed by Brgnsted acids [7,23,28]. A
generalized reaction pathway for the conversion of cellulose to LGO is
shown in Scheme 1.

Alternative routes to produce LGO from cellulosic materials include
pyrolysis and liquid phase catalysis using homogenous or heterogeneous
catalysts in different solvents [29-31]. Each of these approaches has
process and economic advantages and challenges. The catalytic liquid
phase route seems to be one of the most attractive due to the lower
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Scheme 1. Generalized reaction pathway for the catalytic dehydration of cel-
lulose to LGO using a Brgnsted acid catalyst in the absence of water. Marvin-
Sketch was used for drawing and displaying of chemical structures and
reactions, Marvin version 21.3.0, ChemAxon (https://www.chemaxon.com).

temperature required to promote the conversion of cellulosic material to
LGO compared to pyrolysis methods [29]. Another advantage is the
possibility of improving the separation of LGO if volatile solvents are
used, such as tetrahydrofuran (THF) [23].

The liquid phase production of LGO has been studied using liquid
and solid acid catalysts. Huber and co-workers studied the conversion of
cellulose to LGO using sulfuric acid (H2SO4) as a catalyst in polar aprotic
solvents [7,23]. They observed LGO yields up to 39.5% from 1 wt%
cellulose in THF using H2SO4 [23]. Based on a techno economic analysis
performed by this group, the cellulose loading needs to be increased to
improve the efficiency of this process [23]. The increase in cellulose
loading caused a decrease in LGO yields to about 10% [23]. One of the
reasons for the decrease in the LGO yield is the hydration of LGA into
glucose by the water produced during LGA dehydration to LGO.
Oyola-Rivera et al. using a similar approach, but starting with LGA,
reported the production of LGO with 59% yield in THF using SBA-15
functionalized with propylsulfonic acid groups (PS-SBA-15) [28]. The
surface properties of this catalyst reduced water interactions with the
acid sites enhancing the LGO yield [28]. Huang et al. also showed high
LGO yields (32%) from LGA using Amberlyst 70 in DMSO and its further
improvement to 40% by removing the water produced during the re-
action [32]. Those studies demonstrated the potential use of a simple
solid Brgnsted acid catalyst for the production of LGO at high selectivity
and yield in polar aprotic solvents. However, LGA is an expensive
molecule to use as a feedstock and it would be highly desirable to pro-
duce LGO directly from cellulose. Also, the limited contact between two
solid surfaces in a suspension and the accessibility of cellulose into the
catalysts pores system restricts the ability of the solid acid catalyst to
promote the depolymerization of cellulose.

The objective of this work is to increase the LGO yield from cellulose
using the synergistic combination of a solid and a liquid Brgnsted acid
catalyst. Our goal is to use low concentrations of HySO4 to first maximize
the production of LGA from cellulose with a low production of LGO,
HMF and furfural. This is followed by the in situ use of PS-SBA-15 for the
selective production of LGO from the LGA produced from cellulose
depolymerization using H2SO4. We studied the use of PS-SBA-15 com-
bined with HySO4 for the dehydration of cellulose to LGO in THF. We
show that the use of small amounts of HoSO4 is necessary to increase the
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rate of cellulose depolymerization to LGA. The total LGO yield obtained
using PS-SBA-15 in the absence of HaSOy4 is low (7.1%). However, as we
will show in this paper, a combination of sulfuric acid with PS-SBA-15
increases the LGO yield to 37%.

2. Materials and methods
2.1. Materials

Pluronic P123 (Sigma-Aldrich) and tetraethyl orthosilicate (TEOS)
(Acros Organics, 98% purity) were used as template and precursor of
SiOg for PS-SBA-15 synthesis, respectively. Hydrochloric acid (HCI)
(Acros Organics, 37% solution in water and Sigma-Aldrich, ACS reagent)
was used to dissolve P123 during PS-SBA-15 synthesis. The propyl sul-
fonic precursor used for the synthesis of PS-SBA-15 was (3-mercapto-
propyl)trimethoxysilane (MPTMS) (Alfa Aesar, 95% purity). Hydrogen
peroxide solution (H205) (Fisher Chemical, 30% certified ACS) was used
as oxidation agent for the PS-SBA-15 synthesis. Ethanol (Alfa Aesar, 95%
purity) was used for the removal of the P123 template. Sulfuric acid
(H2S04) (Fisher Chemical, certified ACS plus) was used as a catalyst and
for catalyst treatments. Tetrahydrofuran (THF) (Sigma-Aldrich, anhy-
drous, inhibitors-free, 99.9% purity and Acros, anhydrous, 99.9% sta-
bilized with BHT) was used as a solvent for reactions and catalysts
treatments. Helium (He) (Praxair, 99.999% and Airgas, 99.999%) was
used to pressurize the reactor. Cellulose (Acros Organics, average par-
ticle size 50 pm) was used as reactant. Levoglucosan (LGA) (Acros Or-
ganics, 99% purity and CarboSynth, purity 98%) was used as a reactant
and standard. Levoglucosenone (LGO) (GlycoSyn 90% purity and Apollo
Scientific, 98% purity), 5-hydroxymethilfurfural (HMF) (Acros Or-
ganics, 98% purity and Sigma-Aldrich, 99% purity) and furfural (Acros
Organics, 99% purity) were used as standards. 1-butanol (Fisher
Chemical, certified ACS) was used as an internal standard for GC-FID
analyzes. Sodium chloride (NaCl) (Fisher Chemical, certified ACS) and
sodium hydroxide (NaOH) (Acros Organics, 98.5% purity) were used for
the determination of PS-SBA-15 acid concentration.

2.2. Catalyst preparation

We used SBA-15 as the support for propylsulfonic acid. SBA-15 is an
ordered mesoporous silica used in many catalytic applications due to its
high surface area and simple preparation [33]. The synthesis of
propylsulfonic-functionalized SBA-15 was performed using the synthesis
procedure reported by Stucky and co-workers [34]. The first step of this
synthesis was to dissolve 15 g of P123 in 480 mL of 2 M HCl and 24 mL of
DI water at 313 K. Afterwards, 25 mL of TEOS were added and aged for
45 min at 313 K under stirring. Then MPTMS and 30 wt% H30; solution
were added to the mixture. The mixture was aged for 20 h at 313 K under
stirring. Once the aging at 313 K was completed, the temperature was
increased to 373 K and aged for an additional 20 h. The solid precipitate
was filtered and washed with water. Afterwards, the P123 template was
removed by refluxing ethanol for 24 h. After removing the copolymer
template, the solid was filtered and washed with ethanol. Finally, the
PS-SBA-15 was dried under vacuum at 353 K. The structure of the
propylsulfonic acid group on the surface of SBA-15 is reported elsewhere
[35]1.

2.3. Catalyst characterization

An accelerated surface area and porosimetry system Micromeritics
ASAP 2020 unit was used to determine the BET surface area using ni-
trogen physisorption isotherms at 77 K. The os-plot method was used to
determine the micro and mesopore volumes [36-38]. A pore size dis-
tribution (PSD) analysis including the correction of the
Kruk-Jaroniec-Sayari (KJS) for the statistical film thickness in the
Barret-Joyner-Halenda (BJH) method was used to determine the meso-
pore diameter [39]. Before the Na physisorption experiments, the
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catalysts were degassed at 423 K under a vacuum of 0.01 bar for 4 h.

The powder X-ray diffraction (XRD) patterns were obtained using a
Bruker D8 Discover X-Ray diffractometer equipped with cross beam
optics and a Cu K, target, operating at 50 kV and 1000 pA using small
angle mode.

The acid loading of the PS-SBA-15 was determined by ion exchange
of 0.10 g of the catalysts with 20 mL of an aqueous solution of 2 M NaCl
for 2 h and titrated with an aqueous solution of 0.01 M NaOH.

2.4. Catalytic performance

The conversion of cellulose was studied using high-pressure 100 mL
batch reactors from Parr Instruments (model 4793 and 4560). The
model 4560 has the capability to remove samples during the reaction.
This reactor was used to evaluate the effect of time on the cellulose
conversion. The heating of the reactor was achieved using a rigid
heating mantle controlled with a close loop temperature controller,
model 4838 or 4848 from Parr Instruments. The temperature was
measured using an Omega JQSS-M30G-300 Type J thermocouple of 1/8
in diameter. The reactor, cellulose and catalyst were previously dried at
373 K overnight. The catalytic performance experiments were per-
formed for three different cellulose loadings of 0.54 g, 2.70 g and 5.93 g
to reach 1 wt%, 5 wt% and 10 wt%, respectively. The solid acid catalyst
loading was varied from 88 to 100 mg. In a typical experiment, the
desired amount of cellulose and solid catalyst, previously dried, were
added to the reactor followed by the addition of 60 mL of THF and 1-64
pL of sulfuric acid to reach from 0.3 to 20 mM H3SO4. Then, the reactor
was closed and purged with He five times. The reactor was pressurized
with He to 34 bar and heated to the desired temperature and re-
pressurized with He to 69 bar. The stirring rate was maintained at
600 rpm. Time equal zero was set to the point when the temperature
reached the desired set point. For single point runs the reactor was
quenched after 30 min of reaction in an ice-water bath. For the experi-
ments as a function of reaction time, time equal zero was set to the point
when heating was started. After 40 min of heating the reactor reaches
the temperature set point of 483 K. After the reaction time was
completed the reactor was quenched in an ice water bath. The resulting
reaction liquid mixture was removed from the reactor and the residual
solid was filtered, washed with DI water and dried at 373 K overnight. A
sample of 5 mL of the liquid reaction mixture was mixed with 10 pL of 1-
butanol and analyzed using GC. 1-Butanol was used as internal standard.
For the runs performed to evaluate the effect of time, a sample was taken
from the reactor periodically, quenched in a dry ice bath and analyzed
using HPLC.

2.5. Thermal stability tests

The thermal stability of propyl sulfonic acid functionalized SBA-15 in
1.2 mM H3SO4 in THF was studied by treating the catalyst sample at 483
K and 69 bar in THF in one of the batch reactor systems described above.
The samples were treated for 40, 70 and 100 min. The solid was filtered
and washed with THF to remove any physisorbed species and dried at
353 K under vacuum overnight. Finally, the solid was characterized
using XRD, BET and acid-base titration to determine changes in the
physicochemical properties of the catalyst.

2.6. Analytical methods

The cellulose conversion products analyses were performed using an
HP5890 gas chromatography (GC) system equipped with a flame ioni-
zation detector (FID) and a J&W HP-5MS capillary column. Helium was
used as the carrier gas with a constant flow of 0.4 ml/min. The injector
port and the detector temperatures were maintained at 513 K and 523 K,
respectively. The GC oven temperature was kept at 313 K for 3 min, and
then the temperature was increased to 513 K using a heating ramp of 7.5
K/min and held 513 K for 15 min. The sample injection volume was 1 pL.
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Fig. 1. Effect of H,SO4 concentration on product yields for 1 wt% cellulose
conversion in THF at 483 K and 69 bar He after 30 min of reaction.

Table 1
Physicochemical properties of PS-SBA-15 before and after treatment with 1.2
mM H,SO,4 in THF at 483 K.

Time Cuy” SBETh Sext” Dpd Vb/po = fo Vin®

(min)  (mmol/  (m%g) (@’ (M) 0 (cm®/  (em®/
) ) (em’g) @ )

0 0.96 734 26 5.8 0.63 0.59 0.00

40 0.87 511 8 6.2 0.43 0.39 0.03

70 0.79 911 33 6.2 0.80 0.71 0.02

100 0.73 550 24 6.2 0.48 0.43 0.01

2 H* loading on PS-SBA-15 determined by ion-exchange and titration.

b

BET surface area.

External surface area.

Average mesopore diameter.

Total pore volume determined at a relative pressure of 0.99.
f Total mesopore volume.

8 Total micropore volume.

c
d

e

The samples taken during the reaction for the evaluation of the effect
of reaction time were analyzed using a high performance liquid chro-
matograph (Shimadzu LC-20AC) equipped with a refractive index
(Shimadzu RID-10A) used for LGA analysis and a UV (Shimadzu UV-vis
SPD-20AV) used for the analysis of LGA, HMF and furfural. A Bio-Rad
Aminex HPX-87H column was used for the separation of the reaction
products. The mobile phase was an aqueous solution of 5 mM HySO4
with a flow rate of 0.6 mL/min. The column temperature was held at
303 K. The sample injection volume was 1 pL.

The carbon yield for each product was calculated as the ratio of the
determined moles of carbon of product and the initial carbon moles. The
total carbon yield was calculated as the ratio of the sum of the moles of
carbon determined for each product and the initial carbon loading. The
turn over frequencies (TOF) for the species produced were calculated
based on the acidic proton loading.
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Fig. 2. Effect of protons loading using PS-SBA-15 on LGA conversion using
14.3 mM LGA in THF at 483 K and 69 bar He for 30 min reaction.

3. Results and discussion
3.1. Catalytic performance

3.1.1. Effect of H2SO4 concentrations on cellulose dehydration

We evaluated the use of HySO4 as catalyst for the production of LGA
and LGO from cellulose in THF for the dehydration of 1 wt% cellulose
loading at 483 K for 30 min, as shown in Fig. 1. We observed LGA, LGO,
HMF and furfural as products. LGA was the most abundant product for
acid concentrations between 0.3 and 1.8 mM H3SO4. Treating cellulose
in THF without catalyst produced a trace amount of LGA with no other
soluble products detected. These observations suggest that the depoly-
merization of cellulose without the addition of a liquid acid is low or
negligible at the reaction conditions used in Fig. 1 and HySO4 is required
for cellulose depolymerization to LGA. Increasing the H2SO4 concen-
tration causes a decrease in the LGA yield while the LGO increases by
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dehydration of LGA to LGO [7,23]. The HMF yield also rises with
increasing acid concentration which is likely due to isomerization of
LGO to HMF [40]. Increasing the HySO4 concentration from 1.8 to 3.0
mM causes a decrease in LGA yields from 21.9% to 14.1%, making LGO
the most abundant product. However, the LGO yield remains constant
and the furfural yield increases from 1.1% to 3.3%. Increasing the
concentration of H;SO4 to 3 mM leads to degradation products such as
humins and furfural.

Based on these results we used a H,SO4 concentration of 1.2 mM in
combination with a solid acid catalyst for the production of LGO from
cellulose in other experiments in this paper. At this HySO4 concentration
the production of LGA is higher than the production of LGO, HMF and
furfural. Also, at this concentration we observed the highest LGA yield.

3.1.2. Effect of solid Brgnsted acid loading on LGA dehydration

We studied the effect of the propylsulfonic acid concentration on the
PS-SBA-15 catalyst on the conversion of LGA to LGO to find the con-
centration of propylsulfonic acid needed that maximizes the production
of LGO. Fig. 2 shows the effect of changing the acid content using propyl
sulfonic acid functionalized SBA-15 on the production of LGO from LGA
in THF at 483 K. In these experiments we used the amount of LGA
produced from cellulose in the run using 1.2 mM H3SO4 and 1 wt%
cellulose loading. We prepared catalysts with different contents of pro-
pyl sulfonic acid groups to vary the loading of Brgnsted acid sites. For the
reaction that had 0.12 mmol H' loading we used a higher mass (100 mg)
of the catalyst with 0.96 mmol H"/g. In the absence of a catalyst we
observed an LGA conversion of 25% with no detectable products in the
liquid phase. We observed the production of a dark brown solid sug-
gesting the formation of degradation products such as humins. In the
presence of the solid acid catalyst we observed the production of LGO,
HMF and furfural. The main product from the LGA dehydration using
PS-SBA-15 catalysts is LGO with yields from 55% to 64%. The other
products detected were HMF and furfural with yields from 10% to 13%
and 1-3%, respectively. The conversion of LGA rises by increasing the
acid loading. Yet, the LGO and HMF yields pass through maxima at an
acid loading of 0.08 mmol H'. The furfural yield continued to increase
with increasing acid loading. Based on these observations we decided to
use 88 mg of PS-SBA-15 with a propylsulfonic acid loading of 0.96
mmol/g for the conversion of LGA produced from cellulose by HSO4 in
the same system to target 0.08 mmol H' from PS-SAB-15 in the reactor.
Using this amount of solid acid catalyst we obtained the highest total
carbon yield (80%) at an LGA conversion of 91%.
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Fig. 3. Cellulose conversion at 30 min of reaction for (a) 1 wt%, (b) 5 wt% and (c) 10 wt% cellulose loadings using H»SO4 and PS-SBA-15 in THF at 483 K and 69

bar He.
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Fig. 4. Cellulose conversion as a function of reaction time for (a, b) 1 wt%, (c, d) 5 wt% and (e, f) 10 wt% cellulose loadings using 1.2 mM H2SO4 (a, c, and e) and a
combination of 1.2 mM H,S04 and 88 mg (1.4 mM H™) PS-SBA-15 (b, d, and f) in THF at 483 K and 69 bar He.

3.1.3. Effect of solid Brgnsted acid catalyst on cellulose dehydration

The synergistic effect of HySO4 and PS-SBA-15 on the conversion of
cellulose in THF is shown in Fig. 3 along with the LGO, LGA, HMF, and
furfural yields for 1, 5 and 10 wt% cellulose dehydration at 483 K.
Fig. 3a shows the results for 1 wt% cellulose. When cellulose was
dehydrated using PS-SBA-15 in the absence of H2SO4 the total carbon
yield was 13% and the most abundant product observed was LGO with a
yield of 7%. The mesopore diameter of PS-SBA-15 is 5.8 nm and the
average particle size of the cellulose used in this study is around 50,000
nm. Cellulose with this particle size cannot enter the pores of the cata-
lyst. We believe that the solid acid catalyst loses part of the sulfonic acid
groups during the reaction that go to the bulk of the solvent and act as a
liquid acid catalyst promoting the depolymerization of cellulose to LGA

and its eventual conversion to LGO. The partial leaching of the acid sites
from PS-SBA-15 was confirmed under the reaction conditions and will
be discussed later in this article. The loss of acid sites from PS-SBA-15 at
the reaction conditions studied in this section was 9%. The conversion of
1 wt% cellulose was also studied using 1.2 mM H3SO4 in the absence of
PS-SBA-15. The results show that the cellulose is preferentially con-
verted to LGA with a yield of 25%, suggesting that at this H,SO4 con-
centration the main reaction route is the depolymerization of cellulose
as discussed above. Combining HySO4 and PS-SBA-15 the total carbon
yield increases to 57%. The most abundant product observed was LGO
with a yield of 37%. The LGA yield was 10%. The LGA yield decreases
with increasing the concentration of either the liquid or solid catalyst.
The LGO yield is 37% using both catalysts compared to 13% using only
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HSO4 at a concentration of 1.2 mM. These observations suggest that the
main role of HypSOy4 is cellulose depolymerization to LGA and that PS-
SBA-15 is more effective at converting LGA to LGO than H3SOg4. This
result is consistent with our previous finding [28]. The HMF and furfural
yields are similar when using H,SO4 or PS-SBA-15 on their own. Thus, it
is difficult to distinguish if one of the two catalysts is mainly responsible
for the production of HMF and furfural.

We studied the conversion of 1 wt% cellulose using 20 mM H5SO4 in
the absence of PS-SBA-15 at 483 K in THF to understand the effect of
addition of the solid acid catalyst at higher H;SO4 concentration. The
total carbon yield (49%) was lower using 20 mM H,SO4 in the absence of
PS-SBA-15, while the LGO yield (38%) was almost the same to that
obtained using 1.2 mM H3SO4 and PS-SBA-15 (37%). The main differ-
ence was in the amount of LGA and HMF produced, which was higher
using 1.2 mM H3SO4 and PS-SBA-15. The total acid proton loading using
1.2 mM H,S04 and 88 mg (1.4 mM H™) PS-SBA-15 is equivalent to 2.6
mM H,SO4. That concentration corresponds to 13% of the acid proton
loading using 20 mM H,SO4. However, the LGO yield is about the same
for 20 mM H3SOy4 as for the 1.2 mM H3SO4 with the PS-SBA-15 catalyst
suggesting that PS-SBA-15 is more active than HySO4 for the conversion
of LGA to LGO The same conclusion is obtained by comparing the results
for 3 mM H,SO, with those using 1.2 mM H,S0,4 and 88 mg (1.4 mM H™)
PS-SBA-15 (equivalent to 2.6 mM H3SO4) shown in Fig. 3a. Using PS-
SBA-15 produces 2.1 times more LGO (37%) than using an equivalent
amount of HySO4 (18%). This is related to differences in activity of
H2SO4 and PS-SBA-15 for the conversion of LGA. We previously reported
the turn over frequency (TOF) for LGA conversion using HySO4 or PS-
SBA-15 at the same reaction conditions shown here. The TOF for the
consumption of LGA using HaSO4 was 0.7 ks~ ! while for PS-SBA-15 was
2.3 ks~ ! [28]. These differences in activity were related to the reduction
of the interaction of water produced during the reaction with the acid
sites of PS-SBA-15 by the presence of a high concentration of hydroxyl
groups on SBA-15 [28]. Water can promote the solvation of the acid
proton causing the stabilization of the proton and reducing its activity
[21]. Since PS-SBA-15 is more active for the conversion of LGA to LGO
than H,SO4, adding PS-SBA-15, instead of increasing the concentration
of HySOy4, improves the LGO yields from cellulose. The total carbon yield
increases 1.5 times using 1.2 mM H3SO4 and 88 mg (1.4 mM HM)
PS-SBA-15 (57%) compared to 3 mM HySO4 (39%). Suggesting that
PS-SBA-15 not only improves the rate of LGO formation, but also has a
synergistic effect with HySO4 to increase the rate of cellulose conversion.

The conversion of 1 wt% cellulose was also studied using 1.2 mM
H2SO04 at different loadings of PS-SBA-15. The total carbon yield at 1.6
mM H' from PS-SBA-15 was 54%, which is lower than that obtained
using 1.2 mM HySO4 and 1.4 mM H' from PS-SBA-15. However, the
yields towards LGO (38%) and furfural (3%) were slightly higher. On the
other hand, the yield for LGA (8%) and HMF (5%) were lower.

Fig. 3b and c shows the carbon yields for LGA, LGO, HMF, and
furfural obtained for the conversion of 5 and 10 wt% cellulose in THF at
483 K using HySO4 and PS-SBA-15. The LGA yield decreases as the
cellulose loading increases when only HoSO4 was used as a catalyst. The
LGO, HMF and furfural yields increase when the cellulose loading was
increased from 1 to 5 wt%. All identifiable products yields then decrease
by increasing the cellulose loading from 5 to 10 wt%. Combining HoSO4
and PS-SBA-15 for the conversion of 5 and 10 wt% cellulose loading
increases the total carbon and LGO yields compared to those obtained
using only HpSO4, at 1 wt% cellulose loading. These results confirm that
the addition of PS-SBA-15 improves the conversion of cellulose to LGO.
The results suggest that the rate of LGO degradation to humins is higher
at 5 wt% than at 1 wt% cellulose. Increasing the cellulose loading from 5
to 10 wt% causes an increase in the LGA yield while the LGO and HMF
yields decrease. Despite the fact that the yields decrease by increasing
the cellulose loading, the concentrations of LGA, LGO and HMF pro-
duced increase as the cellulose loading increases. Increasing the pro-
duction of LGO also causes an increase in the amount of water produced.
Hence, at 10 wt% cellulose the water concentration appears sufficiently
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high to cause a reduction in the catalytic activity of the acid protons,
reducing its performance to produce LGO and its conversion to HMF.
The activity of the acid protons is reduced by its solvation and stabili-
zation in the presence of water, as described by Mellmer et al. [21].

To assess the sustainability of our process we estimated the Reaction
Mass Efficiency (RME) [41,42] and Environmental Factor (E-factor)
[43] and compared it with the values for the current commercial process
for the production of LGO that uses phosphoric acid (HsPO4) and sul-
folane [26,44,45] and with the process proposed by Huber et al. using
sulfuric acid (H2SOy4) in tetrahydrofuran (THF) [23]. Our calculations
are included in Appendix A and the results are summarized in Table A1.
The Reaction Mass Efficiency for the conversion of 1 wt% cellulose using
HSO4 as described by Huber [23] and the combination of 88 mg (1.4
mM H™) PS-SBA-15 and 1.2 mM H,SO4 proposed in this work are more
than two times higher than the RME for the FuraCell™ process. How-
ever, the E-factor is slightly higher due to the amount of solvent used and
its recovery, but it is still inside the E-factor range for the fine chemical
industry (5-50) [43]. The E-factor improves when we increase the cel-
lulose loading. For a loading of 5 wt% the E-factor for our process is 64%
of the value for the FuraCell™ process and decreases further to 52%
when we increase the cellulose loading to 10 wt%. On the other hand,
the RME decreases as the cellulose loading increases, but at the highest
cellulose loading used in this work the RME is still higher than the RME
estimated for the FuraCell™ process. Based on these results we suggest
that the use of PS-SBA-15 and H2SO4 in THF for the conversion of cel-
lulose to LGO can be an alternative process for the production of LGO at
higher mass yields and lower ratio of waste to product. In addition, the
concentration of acid used in our process is about 200 times lower than
that used in the FuraCell™ process, reducing corrosive hazards during
the production of LGO from cellulose.

3.1.4. Effect of reaction time on cellulose dehydration

Fig. 4 shows the carbon yields as a function of reaction time for the
conversion of 1, 5 and 10 wt% cellulose at 483 K in THF using HySO4 and
PS-SBA-15. Time zero was defined as the moment at which the heating
started. The heat up time to reach 483 K was 40 min. The maximum total
carbon yield of identifiable products was obtained at 60-70 min of re-
action times for all of these experiments. The addition of PS-SBA-15 does
not cause an increase in the total carbon yield of identifiable products
compared to those obtained using only HoSO4, as shown in Fig. 4. The
distribution of products does change when PS-SBA-15 is added. The
most abundant product during the conversion of 1 wt% cellulose loading
using HoSO4 was LGA, as shown in Fig. 4a. The addition of PS-SBA-15
causes an increase in the LGO yield suggesting that the PS-SBA-15 has
the main role in the conversion of LGA, while HySO4 is the main
responsible for the depolymerization of cellulose to LGA. A similar
behavior is also observed for the conversion of 5 and 10 wt% cellulose.

The total carbon, LGA and LGO yields decrease as the cellulose
loading increases. The yield of LGA decreases while the production of
LGO increases by the addition of PS-SBA-15. The LGA yield passes
through a maximum at 40 min of reaction and no LGA was observed
after 150 min of reaction during the conversion of 1 wt% cellulose using
PS-SBA-15, as shown in Fig. 4b. The time to reach the maximum LGA
yield increases at high cellulose loadings. The maximum LGA yield was
obtained at 50 and 70 min for 5 and 10 wt% cellulose, respectively
(Fig. 4d and f). This behavior can be attributed to an increase in the
cellulose to catalysts ratio as the cellulose loading increases. The time to
reach the maximum LGO yield was 90 min starting with 1 and 5 wt%
cellulose loading. It decreases to 70 min when the cellulose loading was
increased to 10 wt%.

LGA was completely consumed with a 1 wt% cellulose feed, while
the LGA yield reached a plateau for the 5 and 10 wt% cellulose feeds. As
mentioned above, the concentration of LGO produced increases as the
cellulose loading increases. For every 1 molecule of LGO produced, 2
molecules of water are produced. This causes a rise in the concentration
of water during the reaction. The production of water is higher at
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Fig. 5. Average TOF for the production of (a) LGA, (b) LGO and (c) total
products using only 1.2 mM H5SO4 and a combination of 1.2 mM H,SO4 and 88
mg (1.4 mM H') PS-SBA-15 at 483 K in THF.
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cellulose loadings of 5 and 10 wt% than for a cellulose loading of 1 wt%.
In a previous study, we observed that the catalytic activity of HoSO4 and
propylsulfonic acid functionalized SiO5 catalysts decrease as the pro-
duction of water increases by increasing the concentration of LGA as the
reactant [28]. Based on these observations we believe that the increase
in the amount of water produced caused by increasing the cellulose
loading is sufficiently high to reduce the activity of the acid sites
effectively stopping the catalytic conversion of LGA.

Fig. 5 shows the TOF based on the total loading of H' for the pro-
duction of LGA and LGO using HoSO4 and PS-SBA-15 at 483 K in THF.
The TOF for the production of LGA, LGO and the total detectable liquid
products increases by increasing the cellulose loading. The TOF for the
production of LGA is almost the same with and without using PS-SBA-
15. This supports our theory that the cellulose depolymerization is
mainly promoted by HySO4 and the presence of PS-SBA-15 does not
contribute significantly to the depolymerization of cellulose. The TOF
for LGO production is higher than the TOF for LGA at cellulose loadings
of 1 and 5 wt%. Increasing the cellulose loading to 10 wt% causes an
increase in both rates, but at this loading the TOF for the production of
LGA is higher than that for LGO. This suggests that at high cellulose
loadings the cellulose depolymerization rate is higher than the LGA
dehydration rate at these reaction conditions or to a reduction in catalyst
activity due to an increase in the water concentration. At 10 wt% cel-
lulose loading the TOFs are higher when only H2SO4 is used as catalyst.
However, the production of LGO is higher using the combination of PS-
SBA-15 and H3SO4 as catalysts. The amount of water produced is also
higher, suggesting that the difference in the TOFs obtained with the
combination of PS-BSA-15 and H,SO4 are related to a decrease in the
catalytic activity due to the increase in the concentration of water.

3.2. PS-SBA-15 thermal stability in THF

SBA-15 and acid functionalized SBA-15 are not stable at tempera-
tures higher than 473 K in water [17,46,47]. We also observed that the
physicochemical properties of PS-SBA-15 change in THF at 483 K in the
absence of HySO,4 [28]. For those reasons, we evaluated the thermal
stability of PS-SBA-15 in THF with 1.2 mM H3SO4 at 483 K for different
treatment times. Table 1 shows the physicochemical properties for un-
treated and treated PS-SBA-15 with 1.2 mM H5SO4 in THF at 483 K. The
catalyst was treated at the following conditions in this mixture: heating
the reactor from 303 to 483 K for 40 min (40 min), holding at 483 K for
30 min after the 40 min ramp (70 min) and holding at 483 K for 60 min
after the 40 min ramp (100 min). The acid concentration of the
PS-SBA-15 decreases with increasing treatment time. After 70 min the
catalyst loses around 18% of the acidity. From our previous work, we
observed that treating the catalyst in THF without HoSO4 causes a
decrease in the acidity of around 16% after 70 min of treatment [28]. We
also observed that the acid sites concentration in PS-SBA-15 remained
the same by increasing the treatment time in the absence of HoSO4 [28].
Here, we observed that the loss of acidity as the treatment time increase
is linear at our reaction conditions. The presence of HoSO4 causes an
increase in the loss of the acid functionalization of PS-SBA-15.

The BET surface area decreases after 40 min of treatment, then in-
creases after 70 min of treatment and again falls after 100 min. This
behavior was also observed for the external surface area, total and
mesopore volumes. However, the micropores volume increases after 40
min treatment and then decreases after 70 and 100 min treatments. The
average pore diameter increases after 40 min treatment and remains the
same after 70 and 100 min treatments. We previously reported a similar
behavior by treating PS-SBA-15 under the same conditions in THF
without HySO4 [28]. This was attributed to the loss of silica from
PS-SBA-15 at these conditions in THF since the surface areas and pores
volumes were changing, but the ordered porous structure was not
changing based on XRD data [28]. Since the changes in surface areas and
pore volumes were observed in the presence and absence of HySOy it is
difficult to determine with this data the effect of HoSO4 on the textural
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Fig. 6. Powder XRD pattern for PS-SBA-15 after thermal treatments for
different times using 1.2 mM H,SO4 in THF at 483 K.

properties of PS-SBA-15. Therefore, in both cases we believe that the
changes in the textural properties of the catalyst are related to a loss and
a re-arrangement of silica in the SBA-15 walls due to its exposure to THF
at 483 K.

Figs. 6 and 7 show the small angle XRD patterns and the Ny
adsorption-desorption isotherms for PS-SBA-15 after treatment with 1.2
mM H,SO4 in THF at 483 K, respectively. The (100) peak corresponding
to the hexagonal arrangement of the mesopores in SBA-15 remains after
treating the sample, as shown in Fig. 6. The Ny adsorption-desorption
isotherms for treated PS-SBA-15 preserves a type IV shape. These re-
sults suggest that the hexagonal mesopore arrangement of the SBA-15 is
not completely lost by the physicochemical changes discussed above.
This supports the hypothesis that SBA-15 may be losing silica under
these conditions.
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Fig. 7. Nitrogen adsorption-desorption isotherms for PS-SBA-15 after thermal
treatments for different times using 1.2 mM H,SO4 in THF at 483 K.

4. Conclusions

The catalytic conversion of cellulose in the presence of a Brgnsted
solid acid was studied using PS-SBA-15 in THF. It was shown that it is
necessary to use a liquid acid catalyst at low concentrations to obtain
sufficient depolymerization of cellulose to LGA. The conversion of cel-
lulose to LGO consists of two main steps. The first step is the depoly-
merization of cellulose to LGA promoted mainly by H,SO4 followed by
the dehydration of LGA to LGO promoted mainly by PS-SBA-15. The use
of low concentrations of H,SO4 and PS-SBA-15 combined for the con-
version of cellulose to LGO results in an increase of the LGO and total
carbon yields of over 2.1 times for LGO and 1.5 times for total carbon
compared to that obtained using an equivalent amount of HySO4 only.
This can be attributed to the higher activity of PS-SBA-15 to convert LGA
to LGO compared to H2SO4. Increasing the cellulose loading to 10 wt%
causes an increase in the water concentration causing a reduction of the
catalytic activity of the acid proton affecting the production of LGO. The
physicochemical properties of the solid acid catalysts change after
treatment with 1.2 mM HpSO4 in THF, the most relevant change is the
partial leaching of acid sites at the reaction conditions. The leached acid
sites can act as liquid catalysts, however this contribution is low based
on the results for cellulose conversion using only PS-SBA-15. The results
obtained in this study show that the synergistic combination of PS-SBA-
15 and H3SO4 catalysts at low acid loading improves the LGO production
from cellulose compared to the use of HySO4 only.
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