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Sulfonated Graphene-Based Materials as Heterogeneous
Acid Catalysts for Solketal Synthesis by Acetalization of

Glycerol

Dolores G. Gil-Gavilan,” Juan Amaro-Gahete,*** Raul Rojas-Luna,””” Almudena Benitez,"
Rafael Estevez,*® Dolores Esquivel,” Felipa M. Bautista,® and

Francisco J. Romero-Salguero*®

Acid catalysis plays a pivotal role in the industrial landscape
due to its multifaceted contributions to various chemical
processes in numerous sectors, including petrochemicals,
polymers, food processing, and biodiesel production, among
others. Sulfonated graphenes hold notable relevance as hetero-
geneous acid catalysts due to their unique combination of
graphene’s structural properties and the introduction of sulfonic
groups as catalytic acid sites. Herein, we report the preparation
of three sulfonated graphene-based materials - sulfonated
reduced graphene oxide (rGO-SO;H), chlorosulfonated reduced
graphene oxide (rGO-HSO;Cl) and sulfonated graphene oxide
(GO-SO;H) - by different synthetic approaches. Physicochem-
ical, textural, morphological, and acidic properties of all

1. Introduction

Catalysis is a fundamental and indispensable field that
profoundly impacts the world across numerous sectors, playing
a significant role in reducing pollution of the environment and
satisfying the current enormous energy demand.”? Specifically,
acid catalysis holds great significance in several industrial
processes ranging from oil refining and pharmaceutical manu-
facturing to polymer production and food processing,® due to
its ability to enhance reaction rates, control selectivity, and
enable milder operating conditions. In this context, significant
reaction types include Friedel-Crafts alkylations, acylations, and
sulfonations, as well as aromatic halogenations, nitrations,
isomerizations, and oligomerizations. Traditional mineral acids
such as sulfuric (H,S0,), phosphoric (H;PO,), hydrochloric (HCI)
and hydrofluoric (HF) acids have been widely reported to

materials were characterized in detail by different instrumental
techniques. Innovatively, these materials have been evaluated
as heterogeneous acid catalysts in the solketal synthesis by
acetalization of glycerol, which is considered an interesting
building block to produce added-value products. The density of
acidic active sites and hydrophobicity were found to be
conditioning parameters of the resulting catalytic activity in
terms of conversion and selectivity. The best catalytic perform-
ance was obtained by rGO-SO;H, reaching the maximum
conversion towards solketal in 15 minutes under mild reaction
conditions. The reusability and stability of all materials were
also examined after three consecutive acetalization reactions
with only a slight loss of catalytic activity.

catalyze these organic transformations with high efficiency at
low economic cost” However, the drawbacks of the homoge-
neous catalysis are currently well-known, including the difficul-
ties in separating the catalysts from the resulting products, the
need to carry out additional neutralization steps to prevent the
corrosion of the equipments and the production of large
volume of toxic and corrosive wastes.®®

Since 1940, there has been an increasing tendency to
replace these mineral acids by solid acids whenever feasible,
which present clear advantages from an environmental point of
view.”! Heterogeneous catalysis promoted by acid solids finds
broad applications in numerous acid-promoted processes with-
in organic synthesis and has emerged as crucial materials due
to its many advantages, including: i) straightforward product
separation from the reaction medium; ii) the ability to easily
recover and reuse the catalyst multiple times without any loss
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of activity; iii) the propensity for clean reactions resulting in
high-purity products; iv) the reduction of corrosion problems in
the reactor and the plant; and v) the capability to promote
selective reactions.”®'” The Bransted/Lewis acidity, the popula-
tion and strength of active sites, and the structure of the
support material related to its surface area and porosity are
tunable properties to obtain the highest product selectivity.

Regarding the solid acids, and the accessibility and effective
dispersion of active sites, a wide variety of inorganic materials
with different surface areas and average pore diameters,
including zeolites,"'? silicas,"*'¥ cation-exchange resins,"
polymers,"® hydroxyapatite,'” zirconia,"® heteropolyacids,
sulfated metal oxides,"® organic-inorganic composites,”” and
carbons,”” have been successfully employed as catalytic
supports.

Focusing on carbon-based supports for acid catalysis, it is
worth mentioning that prior to the 21st century, the carbon
family was predominantly characterized by well-known materi-
als such as graphite, diamond, fullerenes, and carbon nano-
tubes. However, this perception underwent a transformation
with the groundbreaking isolation of free-standing 2D gra-
phene in 2004 by Andre Geim, Konstantin Novoselov and co-
workers.”” Graphene is a two-dimensional allotrope of carbon,
consisting of a single layer of carbon atoms arranged in a
hexagonal lattice and is often described as a “wonder material”
due to its exceptional properties, such as high strength,
lightweight, high electrical and thermal conductivity, trans-
parency, flexibility, impermeability, large surface area, chemical
stability and biocompatibility.>?¥ However, there are many
limitations to produce high-purity graphene by traditional
bottom-up approaches (confined self-assembly, chemical vapor
deposition (CVD), arc discharge, epitaxial growth on silicon
carbide (SiC), etc) because of production costs, restricted
scalability, poor layer uniformity, lack of standardization for
characterizing and defining graphene quality, contamination
from residual chemicals, metals, or other carbon structures, and
the presence of structural defects.”” To overcome these draw-
backs, graphene oxide (GO) and reduced graphene oxide (rGO)
have emerged in recent decades as promising graphene-
derived materials with high functionalization capacity, dispersi-
bility, versatility, processability, and tailored electrical conduc-
tivity properties, which are produced at large-scale and high
cost-effectiveness.”**! Whilst GO has oxygen-containing func-
tional groups, such as hydroxyl (—OH), epoxide (-O-), and
carboxyl (—COOH) groups, attached to the carbon lattice that
introduce defects and disrupt the perfect hexagonal structure
of graphene, rGO is obtained by reducing graphene oxide,
which removes some of the oxygen functional groups, partially
restoring the sp”? carbon-carbon bonds found in pristine
graphene.”®*% Therefore, the notion of carbocatalysis within
the framework of graphene-based material represents a
burgeoning research field that is relatively new but rapidly
gaining prominence in organic chemistry, materials science and
green chemistry. Thus, graphene-based acid catalysis has
garnered significant interest in the field of heterogeneous
catalysis due to its unique electronic and surface properties

19]
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noted above, wide commercial availability and environmental
acceptability.?'¥

Since the pioneering applications by Hara and co-workers
as solid Brgnsted acid catalysts in 2004,°% the area of
heterogeneous carbocatalysis using SO;H-containing acidic
carbons has expeditiously progressed for many important
organic reactions (esterification, transesterification, etherifica-
tion, acetalization) replacing the rare earth and noble metals
frequently employed as catalysts in industrial operations. To
sulfonate carbon supports, sulfonating agents such as concen-
trated H,SO,, fuming H,SO,, gaseous sulphuric anhydride (SO,),
chlorosulfonic acid (HSO,CI), p-toluenesulfonic acid, or aryl
diazonium salts containing SO;H, among others, are commonly
employed. Templated carbons such as ordered mesoporous
carbons and zeolite-templated carbons, commercial carbon
supports such as glassy carbons, activated carbons, carbon
foams, and carbon fibers, as well as nanostructured carbons
such as graphene, graphene oxide, nanotubes, and carbon dots
have been used as sulfonated platforms to prepare carbon-
based acid catalysts.?"

In this scenario, sulfonated graphene-based materials
represent an emerging category of metal-free solid protonic
acids characterized by their distinctive carbon structure and
strong Bregnsted acidity with Hammett strength (—H,)=8-11
comparable to concentrated H,50,°" These supports with
graphene nature, featuring covalently attached SO;H groups
through C—PhSO;H or C—SO;H bonds, exhibit remarkable
versatility as solid acids that can withstand water exposure.®®
Specifically, GO and rGO are currently considered attractive
platforms to tether catalytically active species due to their low-
cost and large-scale production, unique surface chemistry, high
chemical and thermal stability, and tailorable pore structures,
positioning them as promising alternatives to liquid H,SO, in
many industries involving catalytic reactions.?” In fact, the
catalytic activity of sulfonated graphene oxide surpasses that of
other solid acid catalysts and traditional sulfuric acid, which can
be attributed to the creation of hydrophobic cavities on the
sulfonated graphene oxide surface, resulting from the combina-
tion of graphene nanosheets and oxygen-containing groups.
These cavities facilitate the catalyst interaction with substrates/
reactants and significantly enhance proton interactions, pro-
moting high catalytic reactivity.?” Commonly, the sulfonation
procedure for these materials can be carried out by two
different routes: (i) the direct sulfonation of GO, and (ii) the
reduction of GO to rGO and subsequent sulfonation of rGO.B®

Herein, several sulfonated graphene-based materials have
been tested in the acetalization of glycerol with acetone, which
yields mainly the five-member ring (1,3-dioxolane or solketal) as
major product, and the six-member ring in a lower amount (1,3-
dioxane). Solketal has attracted significant attention since it can
be used as a smart building block to produce added-value
products and fine chemicals.***" Among the different uses,
solketal has been tested as an oxygenated additive for
(bio)fuels,“>*¥ since it is able to diminish the particulate matter
emission and also improve the flow properties and the
oxidation stability of fuels.*¥ Furthermore, because of its low
toxicity, solketal is employed as an environmentally friendly
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solvent in various industrial processes, including those in
pharmaceuticals, polymers, cleaning products, and pesticides.
Finally, recycling experiments were performed to evaluate the
stability of the sulfonated graphene-based materials under
reaction conditions.

2. Results and Discussion
2.1. Characterization

Different sulfonated graphene-based materials have been
synthesized according to the detailed procedure described in
experimental section (Figure 1). Firstly, GO was prepared by
modified Hummers method in which graphite was exfoliated
and functionalized with oxygenated groups. The hydrothermal
treatment at 200 °C and subsequent reaction with fuming H,SO,
gave place to the sulfonated reduced graphene oxide (rGO-
SO;H). On the other hand, a direct sulfonation of GO was carried
out by reaction with chlorosulfonic acid (HSO,Cl) obtaining
chlorosulfonated reduced graphene oxide (rGO-SO;H). Alterna-
tively, GO was subjected to a thiolation process using hydro-
bromic acid and thiourea as reagents. The subsequent oxidation
step of this material with hydrogen peroxide (H,0,) resulted in
the sulfonated graphene oxide (GO-SO;H).

XRD analyses were carried out to study the crystal structure
of the synthesized materials (Figure 2 and Figure S1). The

Hydrothermal
treatment
200°C, 15h

Hydrothermal
treatment
Fuming H,SO,
180°C, 24 h

rGO-SO,H

Figure 1. Synthetic routes used to obtain sulfonated graphene materials.
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successful insertion of the oxygenated groups between graph-
itic sheets leading to the separation and disordering of the
crystalline laminar structure®“*’ was confirmed due to the
disappearance of the peak at 26.4° (d=0.34 nm), associated to
the pristine graphitic structure™” (Figure S1). Thus, the GO
pattern displayed a new prominent peak at 11.7°, related to the
001 plane, which corresponds with an interlayer distance of d=
0.76 nm.*® This new signal is indicative of a well-stacked
layered structure with different oxygenated groups such as
hydroxyl, epoxy, carboxyl and carbonyl. The reduction of
oxygenated groups involved the replacement of the 11.7°
diffraction peak in the rGO diffraction pattern, associated with
GO, for a broad band centered at 25.3° (d=0.35 nm),”*” which
was attributed to 002 plane”” thereby confirming further
interlayer separation, effective thermal exfoliation of GO and
elimination of most of the oxygenated groups.“®*V This broad
peak revealed small 2D crystallites, which is indicative of lattice
strain and defects.*® The absence of the peak at 11.7° in rGO
suggested a significant alteration with respect to GO through
the acquisition of hydrophobic properties.®” The thiolation of
GO can be directly achieved by transforming hydroxyl func-
tional groups.®® After the thiolation and the subsequent
reduction process suffered by GO, the resulting rGO-SH material
exhibited two signals at 24.1° and 42.9°,*¥ analogously to the
reduced graphene oxide.

The XRD pattern of the rGO-SO;H displayed two bands at
25.3° (d=0.35nm) and 43.4° associated with 002 and 100

1) HBr, thiourea

70°C, 24 h
2) KOH
HSO,CI
RT°C,24h .
N, atmosphere H,0, 30%
90 °C, 24 h

rGO-HSO;Cl

© 2024 The Authors. ChemCatChem published by Wiley-VCH GmbH

85UB017 SUOLULLIOD BAIES.D 3ol dde au} Aq pauRA0B 818 S3 1R VO ‘SN 40 S3|NI 0} ARIq1T 3UIIUO AB|IA UO (SUORIPLOD-PUR-SWR}LIOD A8 | 1M ARe4q | U1 |UO//SANY) SUOBIPUOD PUe swis | 8y} 83S *[7202/60/20] U0 Akeiqiauljuo A8|Im epeueis aq pepsRAIUN AQ TG200202 2100/200T OT/I0p/wod" &3] im Areiq 1 pul uo adoins-Ansiweypo//sdny wouy papeojumod ‘0 ‘668€298T



Chemistry
Research Article Europe

European Chemical

ChemCatChem doi.org/ 101002/ cctc.202400251 Societies Publishing
001 GO-SO,H —— GO-SO,H
1Y rGO-HSO,Cl s - ——rGO-HSO,CI
/ *-\ rGO-SO,H —rGO-SO,H
rd A
- ~~...___100 .  lifg=123 2688
3 e 5
S 001 0(22 o 1348 1593
2> ' A -
(72} \M‘“ / qﬁ
§ | o \‘Wmﬁ 100 2
= R £ |lp/lg=0.99
002 1349 1597
"
f N 100
s S S I/l = 1.06 2695

Figure 2. XRD patterns of the sulfonated graphene materials.

planes typical of reduced graphene oxide (Figure 2).°* These
two signals were also showed by rGO-HSO;Cl in addition to a
band at 13.6° (d=0.65 nm) associated to 001 plane character-
istic of graphene oxide,® thus confirming that graphene oxide
in this material was partially reduced during the substitution of
oxygenated groups with —OSO;H groups.” The GO-SO;H
diffraction pattern exhibited two bands at 13.5° (d=0.66 nm)
and 43.4° typical of 001 and 100 planes, respectively, which is in
accordance with an oxidized graphene XRD pattern.®® This is
because the thiol-functionalized rGO (rGO-SH) was reoxidized
by the H,0, treatment.”® XRD patterns revealed a decrease in
the crystallinity degree of the material when functionalized with
oxygen and sulfur atoms."*”

Raman spectra of the synthesized materials are shown in
Figure 3 and Figure S2. Graphene-based materials exhibited D
and G bands as the main signals at 1349 cm™' and 1590 cm ™,
respectively, which are assigned to sp® and sp? carbon domains
(Figure S2).°" D band is associated with defects and disorder
while G band is related to the 2D graphitic hexagonal lattice.
Moreover, these materials presented a band around 2680 cm™,
denoted 2D band, which is an overtone of D band.*® Raman
spectra of rGO-SH provided additional confirmation of the
correct thiol functionalization due to the appearance of new
peaks, specifically at 621 and 975 cm™', which evidenced the
formation of C—S bonds."” Intensities ratio of D and G bands
(Io/lg) gives information about the disorder of graphene-based
compounds,®® with higher Iy/l; ratio for a more disordered
material. Graphite presented a Ip/l; ratio of 0.28 whereas the
values for GO, rGO and rGO-SH were 0.86, 1.01 and 1.11,
respectively (Figure 52).“9 The higher Iy/l; ratio of rGO
compared to that of GO is attributed to the decrease in the sp?
graphitic domains and the increase in the crystal structure
disorder during the reduction process.®** In the sulfonated
materials these values were 1.06, 0.99 and 1.23 for rGO-SO;H,
rGO-HSO;Cl and GO-SO;H, respectively (Figure 3). It is note-
worthy that the functionalization with sulfur groups promoted
the formation of sp® carbons after thiolation and sulfonation
processes,®*? which resulted in higher Ip/lg ratios compared to
GO (0.86). The conservation of D and G bands corroborated that
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Figure 3. Raman spectra of the sulfonated graphene materials.

graphene structure remained unchanged after sulfonation
process.””

The quantification of the sulfur species after the sulfonation
processes was studied by elemental analysis, revealing a sulfur
content of 2.07%, 1.09% and 3.62% in rGO-SO;H, rGO-HSO,CI
and GO-SO;H, respectively, which confirmed that the sulfona-
tion process was successful.*

Textural properties of the obtained materials were studied
by nitrogen adsorption-desorption isotherms (Figure 4). Specific
surface area and pore volume values are listed in Table 1. GO-
SO;H exhibited a combination of type Il and IV isotherms with
macropores and a wide mesopore distribution whereas rGO-
SO;H and rGO-HSO,CI only presented type IV isotherms, being
rGO-SO;H the material with the lowest pore size (most below
25 nm) (Figure 4).% GO-SO,H exhibited a hysteresis loop of
type H3 associated to non-rigid aggregates of plate-like
particles, whereas rGO-HSO;Cl and rGO-SO;H gave H2 loops,
which corresponded to non-homogeneous pore sizes and
distributions.®™ The reduction of the oxygenated groups from

00 02 04 06 08 10 25 50 75 100
440 : : : ,
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Figure 4. a) Nitrogen adsorption-desorption isotherms and b) pore size
distributions obtained by a DFT method of the sulfonated graphene
materials.
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Table 1. Textural properties of the synthesized materials.
Sample Sger (M?/g) Pore volume (cm*/g)
Graphite 19 0.06
GO 146 0.10
rGO 273 0.51
rGO-SO;H 86 0.05
rGO-HSO,CI 245 0.27
rGO-SH 81 0.46
GO-SO;H 134 0.63

GO to rGO led to an increase in surface area, while the
functionalization step with fuming H,SO, for obtaining rGO-
SO;H led to a slight decrease in surface area and pore volume
with respect to the rGO material.* Probably, the heat treat-
ment at 180°C under strong acidic conditions could have
contracted the pore volume of the material while the sulfonic
groups could have anchored mainly on the surface, thus
decreasing the available surface area. Unlike, the sulfonation
treatment of GO under milder conditions with HSO,Cl resulted
in the sulfonated materials with the highest specific surface
area (245 m%g). An increase of surface area was observed for
GO-SO;H after the oxidation step carried out in rGO-SH
preserving most of the surface area of the starting GO with an
increase in pore volume. The presence of macropores could
explain the higher pore volume in GO-SO;H.

Surface composition was analyzed by XPS to determine the
oxidation states of the species after oxidation, thiolation and
sulfonation processes (Figure S3). C 1s region of pristine graph-
ite, GO and rGO materials could be fitted into five contributions
associated with C=C/C-C (284.8¢eV), C—O (286.6¢eV), C=0
(287.8 V), COOH (288.9 eV), and n—m* (290.2 eV), respectively
(Figure S4). The incorporation of thiol functional groups on
rGO-SH gave rise to an additional contribution at 285.5 eV,
characteristic of C—S bond. All these contributions were clearly
present for sulfonated graphene-based materials (Figure 5).7°7"
A significant contribution of C—O was observed in GO C 1s
spectra typical of hydroxyl and epoxy groups (Figure S4).°%%
The bromination of GO determined the functionalization degree
for both rGO-SH and GO-SO;H due to the epoxy ring-opening
and nucleophilic substitution of hydroxyl groups.’? Interest-
ingly, the presence of C—O contribution in rGO-SH confirmed
the difficulty of a total replacement of the hydroxyl groups by
thiol groups.” The appearance of sulfur contributions indicated
that the thiolation and sulfonation processes were successfully
carried out (Figure S4 and Figure 5). For rGO-SH and GO-SO;H,
S 2p region presented two signals at ca. 164 and 169 eV, which
corresponded to H-S—C and S—O, respectively (Figure 5).79 S 2p
signals are characterized by asymmetric peaks due to the spin-
orbit splitting of the S 2p level into S 2p,,, and S 2p,,, (splitting
factor 1.1-13eV).”? Noteworthy, the presence of C-S—H
contributions for GO-SO;H confirmed the incomplete oxidation
of the thiol groups. For this catalyst, the XPS S 2p region was
deconvoluted into the following contributions: 164.5 eV
(H-S—C 2p,,), 165.6 eV (H-S—C 2p,,,), 168.5 eV (S—O 2p;,) and
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Figure 5. XPS spectra of C 1s for rGO-SO;H, rGO-HSO,Cl and GO-SO;H; S 2p
for rGO-SO;H, rGO-HSO,Cl, rGO-SH and GO-SO;H.

169.8 eV (S—0 2p;,,). The absence of peaks at around 164.0 eV
in rGO-HSO,Cl and rGO-SO;H indicated that all the sulfur was in
the oxidized form (169.0 eV). The contribution of the different
components in each material are summarized in Table S1-
Table S6.

The microstructure and morphology of the graphene-based
materials were studied by Scanning Electron Microscopy (SEM)
and the elemental compositions were determined by Energy
Dispersive X-ray spectroscopy (EDS) mapping. SEM images of
different samples revealed structures with crumpling agglom-
erated layers and exfoliated edges.*®¥75! After sulfonation
processes, SEM images revealed unaltered graphene sheets
(Figure 6a, Figure 7a and Figure 8a), which could have a positive
influence on catalytic activity due to the favored accessibility to
the active sites in crumpled morphology layers.”® Figure 7a
revealed that the layer thickness was approximately 0.25 um
which is in concordance with bibliography.” The roughness in
rGO-SO;H and GOSO;H could be ascribed to the thermal impact
during the sulfonation process. The elevated reaction temper-
ature may induce the separation of oxygenated functional
groups from the structure of GO, resulting in an increased
formation of defects.”” The EDS mapping showed the atomic
composition of C, O, Cl and S in sulfonated graphene materials.
As shown in Figure 6b, Figure7b and Figure8b, S was

C Kal 2

(€] 76.6 at%

Sum S Kal

®11at%

0 Kal

©)22.3at%
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Figure 6. a) SEM image of rGO-SO;H. b) C, O and S EDS elemental mapping
of rGO-SO;H.
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Figure 7. a) SEM image of rGO-HSO,Cl. b) C, Cl, O and S EDS elemental
mapping of rGO-HSO;CI.
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Figure 8. a) SEM image of GO-SO;H. b) C, O, S EDS elemental mapping of
GO-SO;H.

homogenously dispersed on the surface of the synthesized
materials with the following at%: 1.1 %, 1.0% and 0.3 % for rGO-
SO;H, rGO-HSO,Cl and GO-SO;H, respectively. Although these
values are in concordance with those obtained by XPS surface
analysis, significant differences have been exhibited compared
with elemental analysis. However, XPS and EDS quantification
are highly dependent of the analyzed area and elemental
distribution may not be representative enough.

2.2. Catalytic Tests: Acetalization of Glycerol for Solketal
Synthesis

The acetalization reaction of glycerol yields two different
products consisting of the 5-(solketal) and 6-membered cycles
(Scheme 1), which were the only products detected under the
reaction conditions employed.

Table 2 shows the reaction results obtained. As can be seen,
the non-functionalized solids, i.e. without sulfonic acid groups
in the structure, did not show any catalytic performance, as
expected (entries 1-4).

Regarding the catalytic results, almost complete conversion
was obtained with the sulfonated graphene-based materials
rGO-SO;H and GO-SO;H at 50°C after 60 min of reaction time,
whereas a 75% of conversion was obtained over rGO-HSO,CI.
This lower value obtained with rGO-HSO,Cl might be attributed
to its lower acidity. In addition, the reaction primarily leads to
the formation of solketal, with only small amounts of the six-
membered-ring compound, below 5%, which agrees with
results obtained in literature,”®®” since the 5-membered ring
ketal is thermodynamically more stable than the 6-membered
ring ketal. Considering the good catalytic results obtained
under these conditions, the reaction was carried out at lower
temperature, which is more interesting from an economic and
environmental point of view. The results of both, glycerol
conversion and selectivity to solketal, are shown in Table 2.
Even though all sulfonated graphene materials were highly
active, more differences among the catalysts can be observed
in comparison with the results obtained at 50°C. The best
glycerol conversion value (95%) was obtained over the rGO-
SO;H catalyst, followed by the GO-SO;H (70%) and by rGO-
HSO,Cl (45%). Considering the acidity exhibited by sulfonated
graphene-based materials (mmol SO;H/g) given in Table 2, it

HiC CHy

Solketal

Scheme 1. Acetalization of glycerol (G) with acetone (A).

Table 2. Glycerol conversion, selectivity to solketal and acid properties of the synthesized materials.

Sample XG (%omol) Sel (%omol) Acidity (mmol SO3H/g)c Density of acid sites (mmol SO3H/m2)x10~3
Graphite - - - - - -

GO - - - - - -

rGO - - - - - -

rGO-SH - - - - - -

GO-SO,H 95 70" 95! 951! 0.86 6.4

rGO-HSO,CI 75% 450 97% 951! 0.34 14

rGO-SO;H 98t 95! 98! 97! 0.64 7.5

[a] Reaction conditions: G:A molar ratio 1:12; 5% w/w catalyst; T=50°C; reaction time: 60 min. [b] Room temperature. [c] Acidity was calculated
considering the sulfur measured from Elemental Analysis. [d] Calculated as S casured®Soxidized(%)/100.
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was expected that the catalyst with the highest acidity would
yield the best results, as reported in literature by several
authors.®®2 Therefore, to better explain these outcomes,
another parameter to be considered is the density of sulfonic
groups (mmol SO;H/m?) that takes into account the textural
properties. If we examine the results in relation to the density
of acid sites (mmol SO;H/m?, a clear correlation with the
achieved conversion emerges. Consequently, rGO-HSO;Cl, char-
acterized by the lowest acidity and the highest surface area,
demonstrated the least effective catalytic performance. In
addition, the higher acid strength of aryl-SO;H moieties in rGO-
SO;H in comparison to alkyl-SO;H present in GO-SO;H could
also contribute to the differences between their catalytic
performances, as previously reported in other reactions cata-
lyzed by sulfonic acid solids, such as the etherification of
glycerol.”“'“]

Figure 9 shows the evolution of glycerol conversion with
reaction time at room temperature. Two different tendencies
can be observed. On the one hand, rGO-SO;H solid reached the
maximum conversion values at only 15 min of reaction time. In
addition, at 10 min at room temperature, the glycerol con-
version value was 78%. On the other hand, the evolution of the
glycerol conversion with time over rGO-HSO;Cl and GO-SO;H
was less prominent. In fact, at 15 min, the conversion values
were 22 and 44%, respectively, which supposes 49% and
around 60% of the total conversion achieved for rGO-HSOCI
and GO-SO;H, respectively. To give a possible explanation to
this fact, we need to consider several factors. Firstly, in the
reaction mechanism of the acetalization reaction, the carbonyl
group of acetone is activated by the proton of an acid site, and
then, this carbonyl group is attacked by a nucleophilic oxygen
of a hydroxyl group from glycerol, forming the hemiketal. In a
subsequent attack, by another nucleophilic oxygen, the ketal is
finally formed. In this regard, since two successive acid-
catalyzed reactions are required for the formation of solketal, a
higher density of centers would facilitate its formation.
Secondly, the reaction mixture acetone/glycerol is biphasic,

100
80 -
S 60
€
X
5& 40
20 - —— rGO—SO3H
—o—rGO-HSO,CI
—o— GO-SO,H
0 T T T T y T e T =
0 50 100 150 200 250

Reaction time (min)
Figure 9. Study of the variation of conversion with time of reaction on the

catalysts studied. Reaction conditions: 5.0 wt.% of catalyst referred to the
starting amount of glycerol, A/G molar ratio=12, at room temperature.
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with the solketal produced during the reaction favoring the
homogenization of the solution.

In addition, a high hydrophobicity of the material could be
advantageous in several ways. It facilitates the physisorption of
acetone molecules on the catalyst, and, moreover, due to a
lower amount of polar groups in the material, it would prevent
the hydroxyl (OH) groups of glycerol from forming hydrogen
bonds with the free hydroxyl groups present on the surface of
the graphene-based material, allowing an easier nucleophilic
attack. Indeed, rGO-SO;H material would exhibit the highest
hydrophobicity according to its decreased fraction of oxy-
genated groups, observed both by XPS (FigureS3 and
Tables S4-S6) and XRD (loss of the peak at 11.7°), characteristic
of a reduced graphene oxide structure (Figure 2). This fact
would explain its higher reaction rate compared to GO-SO;H
and rGO-HSOsCl. Furthermore, this hydrophobicity would
prevent the water molecules formed during the reaction from
getting too close to the solketal that has formed. Due to the
acid sites present, water could hydrolyze the ketal formed, thus
reversing the course of the reaction.

To contextualize the catalytic results obtained, a comparison
of the best performing catalyst reported in this work (rGO-
SO;H) has been carried out in relation to the state of the art
recently reported by Cheruvathoor Poulose et al.® In terms of
productivity of solketal (mmolsolketal/gh), our catalyst was
very competitive among all evaluated catalysts with a produc-
tivity value of 800 mmolsolketal/gh, only being outperformed
by an aminosulfonic acid-derivatized graphene catalyst (G-ASA)
with 2168 mmol solketal/g h.B¥

The reusability of the solids was studied by three consec-
utive acetalization reactions (Figure 10). As can be seen, all
solids behaved in a similar way, experiencing a conversion loss
around 5-10% after the first use, and then remaining practically
constant. It is important to note that selectivity to solketal is not
depicted because it showed no changes, remaining above 95 %
in all cases.

100
= [ IFresh catalyst [112™ reuse
e 1% reuse [ 13" reuse
80 -
=
S 60 e =
€
&
5& 40
20 4
rGO-SO,H  rGO-HSO,CI GO-SO,H

Figure 10. Glycerol conversion on the fresh and reused solids studied under
the same experimental conditions as in Figure 9 after 60 min of reaction
time.
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Despite the excellent activity, selectivity and stability of the
catalyst rGO-SO;H in the reaction studied, its large-scale
application could be limited by the environmentally unfriendly
synthesis of graphene oxide from graphite by the Hummers
method. Clearly, this aspect needs to be resolved and further
research in this direction is necessary.

3. Conclusions

Various graphene-based catalysts have been obtained by
sulfonation of graphene oxide (GO) following three different
strategies. The higher sulfur content and acidity was achieved
by thiolation followed by oxidation, resulting in the GO-SO;H
material, which had both sulfonic acid (77 %) and thiol groups
(23%) and mainly possessed a graphene oxide structure. The
direct treatment of GO with chlorosulfonic acid gave the rGO-
HSO,Cl material with a partially reduced structure, which
presented the highest specific surface area. In contrast, the
rGO-SO;H material, with a reduced graphene oxide structure,
was obtained after hydrothermal treatment followed by sulfo-
nation with fuming sulfuric acid and showed the lowest specific
surface area. The latter two contained all the sulfur in oxidized
form. Catalyst rGO-SO;H exhibited the highest activity in the
acetalization reaction of glycerol with acetone at room temper-
ature (95% conversion at 15 min) with 98 % selectivity towards
solketal. All three catalysts showed only a small loss of activity
during four consecutive runs, after which the conversion
remained above 83 % with a selectivity over 95% for rGO-SO;H.
The superior catalytic activity of rGO-SO;H for the production of
solketal by acetalization of glycerol with acetone was appa-
rently due to its higher density of acid sites and hydrophobicity.
Ultimately, sulfonated graphene-based materials could be
promising catalysts for many other biomass valorization proc-
esses that require acid catalysts.

Experimental Section

Reagents and Materials

GO derivatives were synthesized using the following commercial
reagents: graphite powder (Aldrich), sodium nitrate (PanReac),
sulfuric acid (PanReac, 95-98 %), potassium permanganate (Aldrich,
99%), hydrogen peroxide (PanReac, 30%), hydrochloric acid
(GlobalChem, 37 %), fuming sulfuric acid (Aldrich, 30%), dichloro-
methane (Labkem, anhydrous, >99.8%), chlorosulfonic acid (Al-
drich, 99%, ethanol (Sigma Aldrich, 99%), diethyl ether (PanReac,
99.7 %), hydrobromic acid (PanReac, 48 %), thiourea (Sigma Aldrich,
99%), potassium hydroxide (PanReac, 85%), dimethylformamide
(PanReac, 99.8%).

Synthesis of Graphene Oxide (GO)

Graphene oxide (GO) was synthesized by a modified Hummers
method®’ using graphite as starting material. Graphite (3 g) and
sodium nitrate (1.5 g) were added to concentrated sulfuric acid
(70 mL) under stirring. The mixture was cooled to 0°C and
potassium permanganate (9 g) was added slowly to keep temper-
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ature at 20°C. After 15 min, the reaction was kept at 40°C for
30 min. Then, 140 mL of water was added, and was stirred for
15 min at 90°C. Hydrogen peroxide was slowly added and the
temperature was turned off meanwhile the system was continu-
ously stirred. Then, the product was filtered and washed with
hydrochloric acid (10%) and centrifuged with deionized water
(3500 rpm for 10 min each time) until pH of supernatant was ca. 7.
After that, the material was dried at 60°C overnight. Finally, a
milling ball was used to obtain the powder.

Synthesis of Thermal Reduced Sulfonated Graphene Oxide
(rGO-SO;H)

GO was thermally reduced by hydrothermal treatment. 80 mg of
the as-prepared GO was added into 40 mL of deionized water
followed by 1 h ultrasonication to fully disperse the material. The
resulting solution was transferred to a teflon line autoclave and the
synthesis was carried out at 200°C for 15 h. Then, it was filtered
and lyophilized to obtain the material denoted rGO.

rGO (0.59) was added into 25 mL of fuming sulfuric acid. The
solution was homogenized in an ultrasonic bath for 1h. The
synthesis was carried out in a teflon line autoclave at 180°C for
24 h. Then, the material was filtered and washed several times with
deionized water. Finally, the obtained material, rGO-SO;H, was dried
under vacuum at 80°C for 12 h.“

Synthesis of Partially Reduced Sulfonated Graphene Oxide
(rGO-HSO0,Cl)

The synthesis of rGO-HSO,Cl was achieved adding 0.5 g of GO into
4 mL of dichloromethane and 1.5 mL of chlorosulfonic acid and the
mixture was stirred at room temperature for 24 h under nitrogen
atmosphere. Subsequently, the material was washed with deionized
water and ethanol several times. Finally, the material was filtered
and dried under vacuum at 90°C for 24 h.”

Synthesis of Sulfonated Graphene Oxide (GO-SO;H) Using
Thiol Graphene Oxide (rGO-SH)

First, GO was washed twice with diethyl ether, followed by an
ultrasonication treatment in 1.5 L of deionized water for 2 h. Then,
75 mL of hydrobromic acid was added dropwise and was kept
under stirring for 45 min. Subsequently, thiourea (75 g) was added
while stirring and then the reaction mixture was kept at 70°C for
24 h. After this time, the mixture was cooled, and 750 mL of
potassium hydroxide (3 M) was added while stirring for 45 min.
After that, the solid was recovered by filtration under vacuum. The
resulting material was washed several times with water, dimethyl-
formamide, diethyl ether and ethanol to remove possible reagent
residues. Finally, the synthesized material, rGO-SH, was dried under
vacuum at room temperature for 3 days.”

rGO-SH (0.27 g) was oxidized with 80 mL of hydrogen peroxide
(30%) at 90°C for 24 h. After that, the material was washed with
25 mL of sulfuric acid (1.2 M) prior to filtering and washing with
ethanol. Finally, the material was dried under vacuum at 120°C for
24 h. The obtained material was denoted GO-SO,H."®

Characterization

X-ray powder diffraction (XRD) patterns were collected over the 26
range 3-80° in a Bruker D8 Discover A25 diffractometer using Cu
Ko radiation. Raman spectra were acquired in a Renishaw Raman
instrument with green laser light (532 nm) over the wavenumber
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range 150-4000 cm ™. Elemental analysis results were obtained by
combustion of the material and was performed on a CHSN TM
FlashSmart elemental analyzer (Thermo Scientific). Sulfur content
was revealed by dynamic combustion (modified DUMAS method
10 min) in an elemental reactor followed by a reduction process,
completed by gas chromatographic separation and detection of
the products by a thermal conductivity detector (TCD). The OEA/
FPD option increases the sensitivity to sulfur (5 ppm) through the
use of a Photometric Flame Detector (FPC) coupled to the system.
Nitrogen adsorption-desorption isotherms were obtained in a
Micromeritics ASAP 2020 system at —196°C. Samples were out-
gassed at 120°C before the measurement. BET was used for
determining the specific surface area. XPS measurements were
performed using a SPECS mod. PHOIBOS 150 MCD spectrometer
using monochromatic Mg Ka radiation and a multichannel detector.
The samples were outgassed in an ultra-high vacuum multipurpose
surface analysis system Specs. The binding energy (eV) calibration
has been referred to carbon 1 s peak (284.8 eV). Scanning electron
micrographs was obtained with a JEOL JSM 7800 microscope at a
voltage of 15 kV.

The acidity of rGO-HSO;Cl and rGO-SO;H was calculated as the
amount of sulfur measured by elemental analysis, since all the
sulfur in the materials is in sulfonic form. In the GO-SO;H solid, the
acidity was calculated considering both the amount of sulfur
measured by elemental analysis and the percentage of oxidized
sulfur measured by XPS (Table S6), as follows:

mmol SOSH = Smeasured X Soxidized(%)/100

Catalytic Tests

Acetalization of glycerol (>99.5%, SigmaAldrich) with acetone (>
99.5%, Sigma-Aldrich) was carried out in a Syrris-Orbit Multi-
reactor. The total volume employed was 5 mL to ensure the optimal
sample temperature control. In this sense, the amount of glycerol
(limiting reagent) employed was 047 g, and the molar ratio
acetone/glycerol was 12. These parameters together with the
catalyst loading (5% w/w, referred to initial glycerol mass) were
selected in accordance with the results obtained in a previous study
about the reaction parameters optimization by an ANOVA statistical
test”” Vessels are made of Pyrex glass with a total volume of
25 mL. After time of reaction, under magnetic stirring at autoge-
nous pressure, the reactor vessel was cooled down in an ice bath
and the sample was filtered off and subsequently analyzed. The
quantitative analysis was carried out by Gas Chromatography in an
Agilent Technologies 7890 A GC System, equipped with a Supelco
25357 NukoITM capillary column and a Flame lonization Detector
(FID), using N,N-dimethylformamide (>99.9% Sigma-Aldrich) as an
internal standard, according with a previous procedure.®” Glycerol
conversion (Xg) and solketal selectivity (Sel) were determined by
means of Egs. 1 and 2:

mmol of products
Xa(%) = starting mmol of G - 100 M

oy mmol of solketal
Sel(%) = mmol of products x 100 2)

Blank experiments did not show glycerol conversion under the
studied experimental conditions. Recycling experiments were
performed over the catalysts tested. At the end of the reaction, the
catalysts were filtered off, washed with ethanol (99.5%, PanReac
AppliChem) and dried at 80°C. Afterwards, they were tested again
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under the same reaction conditions following the above-mentioned
procedure.
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Sulfonated graphene-based materials
are used as heterogeneous acid
catalysts for solketal synthesis under
mild conditions. Acid sites density and
hydrophobicity are key parameters to
obtain the best catalytic performance
of reduced sulfonated graphene oxide
(rGO-SO;H) achieving maximum con-
version and selectivity in 15 min.
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