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Abstract

Recently, graphene-based material as a catalyst has crucially shown a novel strategy in furfural synthesis from biomass
resources. In this study, sulfonated graphene oxide (SGO) was studied within five different graphene oxide to sulfanilic acid
mass ratios of 1:1.5, 1:2.0, 1:2.5, 1:3.0, and 1:3.5 for facile synthesis of furfural from sugarcane bagasse. The structural
investigation of those samples was proceeded through Fourier transform infrared spectroscopy, Raman spectroscopy, and
energy-dispersive X-ray spectroscopy. The appropriate sample with the sulfur mass percentage of 3.51 %, corresponding to
the ratio of 1:3.5, gives out the highest furfural yield was then, conducted with X-ray diffraction, Scanning electron micros-
copy, Transmission electron microscopy, and Brunauer-Emmett-Teller for further morphological analysis. The influence of
catalyst dose, reaction temperature, and time on the yield of furfural using this catalyst revealed that under reaction condi-
tions of 190 °C for 90 min, reaction in a low dose of 5 wt% of SGO solution gave out the highest conversion of furfural (20.6
%). According to the results, SGO showed high application potential for the synthesis of furfural from sugarcane bagasse.
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1 Introduction

The extremely rapid depletion of fossil fuel supplies has led
to the search for potential alternatives. Hemicellulosic bio-
mass has emerged as one of the most important alternative
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resources in a variety of industries nowadays. Among a
variety of products that can be produced from these feed-
stocks, furfural (CsH,O,) is regarded as a potential organic
compound for a lot of applications such as pharmaceutical,
food, or petrochemical industries [1, 2]. Xylose, a 5-carbon
sugar, found in a variety of agricultural wastes, may be used
for synthesizing this heterocyclic molecule, which involves
hydrolysis of agricultural surpluses to xylose, subsequently
dehydration of xylose to furfural with acidic catalysis [3].
There has been a host of researches carried out to obtain
furfural. One of the common methods is using homogeneous
acids as catalysts (H,SO,, HCI, and H;PO,) which results in
a lot of negative effects such as contamination, health risks,
or equipment corrosion [4, 5]. Additionally, furfural can be
also synthesized without the addition of catalysts, owing to
an autocatalytic reaction mechanism: when xylose is heated,
organic acids are formed, which can function as homog-
enous catalysts in the synthesis of furfural. Nevertheless,
these processes involve the occurrence side reactions, which
significantly diminish the production yield and lead to an
abundance of environmental issues [6]. As a consequence,
research into novel chemical technologies to enhance the
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efficiency of furfural production while minimizing envi-
ronmental effects is critical for the growth of furan-based
chemical companies.

One of the promising methods for efficient furfural pro-
duction is using heterogeneous catalysts, which are environ-
mentally friendly and can be easily reusable as compared to
homogeneous ones [7]. These types of catalysts have been
playing a vital role in the conversion of xylose to furfural.
Particularly, grafting sulfonic groups (-SO;H) are broadly
used due to high production efficiency and powerful cataly-
sis performance [8]. However, due to the limited accessible
active site of these solid acid catalysts and high mass transfer
resistance, the catalysis efficiency is significantly hindered.
Carbonaceous nanomaterials, especially graphene oxide
(GO), which is usually used to immobilize active species or
as a catalyst, can be one of the promising agents to tackle the
above phenomenon. It has an variety of outstanding proper-
ties such as good conductivity a large specific surface area
[9]. Besides, GO also provides a lot of oxygen-containing
functional groups, such as epoxy, hydroxyl, and carboxyl
[10], which make it become one of the powerful catalysts for
many reactions [11]. Several kinds of research have shown
that GO and its derivatives, sulfonate graphene oxide (SGO),
can be used as eco-friendly and economical carbonaceous
catalysts in many acid-catalyzed chemical reactions [12].
Hence, the presence of SGO as acidic catalysts can dramati-
cally enhance the efficiency of furfural production without
environmental consequences.

Furthermore, homogeneous catalysts such as metal salts,
mineral acids, and enzymes, as well as heterogeneous cata-
lysts in organic solvents such as dimethyl sulfoxide and ionic
liquids, are the most frequent methods for carrying out fur-
fural conversion processes [13]. In these reaction systems,
however, hazardous organic solvents, severe reaction con-
ditions, and expensive ionic liquid solvents are generally
needed. Recently, green catalytic reactions are more favora-
ble, and these processes require the utilization of ecologi-
cally acceptable and long-lasting catalytic processes, which
need the use of non-toxic and low-cost solvents. Water is the
ideal replacement for a green solvent to support the furfural
production, which could avoid the use of toxic and hazard-
ous solvents and reduce waste formation, thereby adhering
to the most fundamental criteria of green chemistry.

In the study, SGO was prepared by Samulski’s method,
which was initially used to enhance the hydrophilic-
ity of reduced graphene oxide through the attachment of
—C¢H,SO;H in 2007 [14]. The obtained solid catalyst was
directly used as a catalyst to synthesize furfural from sug-
arcane bagasse. The material was carried out with 5 precur-
sor mass ratios, which is analyzed characterization using
modern analytical. Then, a suitable sample with the greatest
furfural production was continuously investigated according
to 3 factors: the amount of catalyst, reaction temperature,
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and time. The mechanism of the hydrolysis reaction from
the biomass source to the furfural product was also briefly
discussed.

2 Materials and methods
2.1 Materials and chemicals

Furfural (CsH,0,) was purchased from Fisher Scientific Co.
Ltd, Switzerland; graphite powder (particle size < 20 pm)
was purchased from Sigma Aldrich Co. Ltd, USA; sulfu-
ric acid (H,SO,), phosphoric acid (H;PO,), potassium per-
manganate (KMnO,), hydrogen peroxide (H,0,), sodium
hydroxide (NaOH), hydrochloric acid (HCI), sulfanilic
acid (C¢H;NO5S), sodium nitrite (NaNQO,), and ethanol
(C,HsOH) were purchased from Xilong Scientific Co. Ltd,
China. All chemicals were used without any further puri-
fication. Sugarcane bagasse was collected from Dong Nai,
Vietnam.

2.2 Synthesis of catalyst
2.2.1 Synthesis of GO

GO was synthesized via the improved Hummers’ method
[15]. Briefly, 3 g of graphite was added to a 400 mL mixture
of concentrated H,SO, and H;PO, with the volumetric ratio
of 9:1. Afterward, 18 g of KMnO, was added gradually to
the mixture while kept stirred at below 10 °C. The mixture
was then heated to 50 °C and stirred for 12 h. Subsequently,
500 mL of distilled water and 15 mL of 30 % H,0, were
then added to the mixture after being cooled down to room
temperature, and a change in color from brown to white yel-
low upon the addition of H,O, was observed. The resultants
were purified by centrifugation at a speed of 2000 rounds/
min and rinsed with water until the desired pH of 6 was
achieved. The obtained solid was dried at 50 °C, dispersed
in distilled water with a concentration of 5 g/L, and ultra-
sonicated for 12 h. The suspension was then centrifuged and
dried at 50 °C to obtain GO.

2.2.2 Synthesis of SGO

The as-prepared GO was applied to synthesize SGO by Sam-
ulski’s method as shown in Figure 1 [14]. Briefly, sulfanilic
acid (SA) was dispersed in 5 % NaOH. Afterward, NaNO,
was added to the mixture, stirred for 10 min, and transported
in an ice bath. The solution was then added with 1 N HCl
and stirred for another 15 min to obtain a homogeneous solu-
tion. The mixture was added into GO solution at 0-5 °C and
stirred for 4 h. The suspension was washed with distilled
water, centrifuged, and dried at 50 °C to obtain SGO. The
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Fig.1 Schematic pathway of
SGO and furfural synthesis
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influence of precursor ratio on the structure and catalytic
performance of SGO was investigated. SGO samples syn-

thesized from various precursor ratios are demonstrated in
Table 1.

2.3 Catalytic conversion of sugarcane bagasse
into furfural

The synthesis of furfural consisted of two steps, namely, (1)
extraction of hemicellulose from sugarcane bagasse and (2)
hydrolysis of hemicellulose to obtain xylose and dehydration
of xylose to furfural.

2.3.1 Extraction of hemicellulose from sugarcane bagasse

Sugarcane bagasse was grounded, washed with hot water
and ethanol, and dried at 50 °C. Then, 5 g of dried sugarcane
bagasse was added into 75 mL of 2 N NaOH solution within
stirring at 90 °C for 2 h. The obtained solution was filtered and
washed with 20 mL of NaOH and 20 mL of 0.1 N HCl solu-

slowly until precipitation was observed. The solution was then
filtered and washed with ethanol to obtain hemicellulose.

2.3.2 Synthesis of furfural

Furfural was synthesized from hemicellulose via hydrolysis
and dehydration [12]. Briefly, SGO suspension was added into
the hemicellulose solution. The mixture was then sealed in
high-pressure reactor Parr 4848 under constant stirring at set
temperature and time. The resultant vapor was condensed and
cooled to room temperature. The obtained solution was quan-
titatively analyzed by UV-vis spectrometer (Dual-FL, Horiba)
at the wavelength of 278 nm for furfural content. The influence
of SGO dose (2-8%), reaction temperature (150-230 °C), and
reaction time (50—130 min) on furfural yield were studied step
by step.

Furfural yield H (%) is calculated based on the ratio of the
mass of furfural produced and mass of sugarcane bagasse used
as described in Equation (1):

mass of furfural produced (g)

tion. The filtered solution was evaporated until half remained, H(%) = 100 1)
followed by the adjustment of pH to 4. Ethanol was added mass of used sugarcane bagasse (g)
II::"SeG‘Oi’r‘gfﬁfsﬁnﬁssse;:go Samples GO (mL) SA (2) NaNoO, (g) NaOH (mL) HCI (mL) H,0 (mL)
investigation SGO-1 200 1.5 0.6 7.2 18 50

SGO-2 200 2.0 0.8 9.6 24 50

SGO-3 200 2.5 1.0 12.0 30 50

SGO-4 200 3.0 1.2 14.4 36 50

SGO-5 200 3.5 1.4 16.8 42 50
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2.4 Characterization

Scanning electron microscope (SEM) images were used to
study the morphologies of the synthesized nanocomposite by
using S-4800, Hitachi, Japan, with the accelerating voltage
of 10 kV, magnification of 5,000 to 300,000%, resolution of
0.2 nm for high contrast polepiece, and 0.14 nm for high-
resolution polepiece and JEM-1400, JEOL, Japan, with the
maximum accelerating voltage of 120 kV with the magni-
fication of 800,000 and CCD systems for image capture.
Fourier transform infrared spectroscopy (FTIR) was meas-
ured by using Alpha-E, Bruker Optik GmbH, Ettlingen, Ger-
many, with potassium bromide (KBr) pellets in mid-infrared
range (400-4000 cm™") with a resolution of 0.2 cm™! and
standard deviation of 0.1 % T. Raman spectra were used to
study the defects of SGO by using Labram 300, Jobin Yvon,
Japan. X-ray diffraction (XRD) was carried out in D2 Phaser,
Brucker, Germany with Cu-K radiation (A = 0.1541 cm™),
20 scan range between 5 and 80 °, scanning speed of 1 /s, step
size of 0.02. Brunauer-Emmett-Teller (BET) specific surface
area was measured by BET adsorption/desorption isotherm
of N, at 77.35 K and 756 mmHg by utilizing NOVA 2200e,
Quantachrome, America. Energy-dispersive X-ray spectros-
copy (EDX) was recorded by using JMS, JEOL, Japan, with
operating parameters of Wolfram cathode, accelerating volt-
age between 0.5 and 30 kV, and resolution of 3 nm at 30 kV
and 1 nm at 15 kV. UV-visible spectrophotometry (UV-vis)
was performed on Horiba Dual FL, Japan, to determine the
concentration of furfural post-reaction.

3 Results and discussion

3.1 Influence of precursor ratio on the characteristic
and catalytic performance of SGO

As shown in Figure 2a, the presence of functional groups of
the synthesized samples is analyzed via FTIR spectra. FTIR

spectra of GO show absorption peak at 1731, 1403, and 1128
cm™! corresponding to C=0, C—-OH, and C—O-C groups,
respectively [16]. In particular, it could be observed that
there is a distinctive peak at 30003700 cm™ characterized
by the vibration of —OH. These results can be explained that
Gi has been oxidized, leading to the attachment of oxygen-
containing functional groups in the structure. Besides, the
FTIR spectrum of GO also has the distinctive peak of the
C=C bond at the 1613 cm™!, which is a characteristic bond
for the carbon network of graphene-based materials [17].
FTIR spectra of SGO materials have fluctuations similarly
to those of GO. Besides that, the oscillation peaks at 1352,
1218, and 1071 cm™! demonstrated the successful function-
alization of —-SO;H and O=S=0 in the structure of SGO
[12]. The intensity of these peaks increased with the amount
of SA used for preparing SGO-1 to SGO-5. This proved that
the efficiency of the sulfonation increases gradually with the
dose of SA. The success in sulfonation of graphene oxide
is further demonstrated by structural and morphological
studies.

Raman spectra of GO material and SGO samples are
presented in Figure 2b. GO has two characteristic D and G
bands centered at 1330.04 and 1593.41 cm™!, respectively
[18]. The former is observed at about 1327—1330 cm™!, while
the latter shows a peak at the position of about 1590-1600
cm~!, which is consistent with previous studies [19]. GO
has a much lower I,/I; ratio than samples synthesized by
conventional methods, confirming the role of H;PO, in con-
trolling the excessive oxidation and reducing defects in the
carbon network [12]. Despite the presence of flaws in the
lattice, the catalytic material SGO-5 has the same structure
as GO. The Iy/I5 values of 5 samples are reported in Table 2,
demonstrating that the defect in the structure of SGO mate-
rial is higher than that of GO [11]. This can be explained by
the covalent bonding of -C4,H,SO;H (-PhSO;H) and oxy-
gen-containing functional groups, breaking the C=C bonds
in the graphene structure, and altering several atoms C in
sp? hybrid state to sp>. Due to the increase in the intensity

Fig.2 a FTIR and b Raman a b
spectra of GO and 5 researching
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of D and decrease in that of the G peak, the ratio of I,/
increases. In addition, increasing I/I; values of SGO sam-
ples showed that the sulfonation efficiency increased when
the amount of SA precursors involved in the GO reaction
increased.

The successful attachment of sulfonate —SO;H groups to
the GO substrate is further verified through the results of
elemental composition analysis in the materials as shown in
Table 2. The results showed that the presence of element S
in the SGO samples and the mass percentage of S element
increased gradually, corresponding to the decrease in the C/S
ratio from SGO-1 to SGO-5.

As demonstrated in Figure 3, diluted furfural (10 mg/L)
solution demonstrated a distinctive absorption peak at 278
nm. The synthesized furfural using GO and SGO catalysts
displayed the same peak as pure furfural with varied absorb-
ance strength. The results in Table 2 show that the furfural
efficiency as using the catalyst of SGO samples is much
higher than as using GO (1.5-2 times). This proved that the
additional attachment of —SO;H groups onto GO increases
the acidity of the material many times, although GO still has
acidic functional groups like -OH or -COOH [20]. By the
results of the elemental composition analysis, an increase
in the composition of sulfonate groups increased gradu-
ally as % S in these samples increased in the order of 1.39,
1.76, 2.09, 2.50, and 3.51 %, corresponding to an increase
in catalytic efficiency of 7.9, 9.2, 9.6, 9.9, and 10.2 %, from
samples SGO-1 to SGO-5, respectively, which is similar to
the obtained results of UV-vis analysis of the post-reaction
solution. For the solid catalysis in furfural synthesis, the
acidity depended on the amount of acidic functional groups
in the structure of the material plays as the main factor in
affecting furfural synthesis efficiency [21]. With the most
effective catalytic ability to catalyze furfural formation,
SGO-5 synthesized with a GO:SA precursor ratio of 1:3.5
was chosen as the main catalyst material used in this study.
SGO-5 material continues to be analyzed more carefully
in terms of structural-morphological characteristics and
its application as a catalyst for the investigation of factors
affecting the efficiency of furfural synthesis.

0.7 - —=a— Furfural standards (10 mg/L)
o ——GO
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Fig.3 UV-vis spectra furfural standard and production (reaction con-
dition: 2 % SGO, 190 °C, and 90 min, 1:10 dilution)

As shown in Figure 4, the crystal structure of GO and
SGO-5 was reflected by XRD analysis. The diffraction peak
of the crystal plane (002) at 26 = 11.49 °, which is consistent
with interlayer spacing d,,, = 1.139 nm. This indicates the
presence of oxygenated functional groups that have bonded
to the GO surface, increasing the distance between the mon-
olayers when compared to pristine graphite [15, 22]. The
XRD pattern of SGO-5 is similar to that of GO, but the dif-
fraction peak (002) shifted to 26 = 10.53 ° (d g, = 1.243
nm). This result demonstrates that the functionalization of
—SO;H does not have a significant effect on the crystal struc-
ture of GO [12]. The increase in the interlayer spacing indi-
cates that the functionalization of the sulfonic group could
help minimize the restacking of GO sheets.

As indicated in Figure 5, SEM images of GO and SGO-5
demonstrated the randomly stacked and overlapped thin GO
sheets with numerous wrinkles and folds. Furthermore, the
SEM image of SGO-5 also showed that the structure of GO
remained intact after the sulfonation [23].

Table 2 Element analysis,

. . . Samples  Mass (%) C/S ratios  Atomic (%) C/Sratios Ip/l;  Furfural
Raman intensity ratio, and yield
furfural yleld of GO and 5 C (0] S C O S %)
researching SGO samples
GO 49.15 50.85 - - 56.28 43.72 - - 1.010 4.8
SGO-1 52.00 46.61 139 3741 59.42 3999 0.59 100.71 1.027 79
SGO-2 50.70 47.54 176 28.81 58.24 41.00 0.76 76.63 1.046 9.2
SGO-3 51.54 46.37 2.09 24.66 59.15 3995 090 6572 1.075 9.6
SGO-4 4897 48.52 250 19.59 56.72  42.19 1.09 52.04 1.109 99
SGO-5 52.54 4395 351 1497 60.49 3799 152 39.79 1.131  10.2

"Reaction condition: 2 % SGO, 190 °C, and 90 min
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Fig.4 XRD patterns GO and SGO-5

Figure 6 shows TEM images analyzing the morpholo-
gies of GO and SGO-5 which are similar to the analysis
results of SEM images; wrinkles and folds show that GO

Fig.5 SEM images with a
different magnification of a GO
and b SGO-5

Fig.6 TEM images with a
different magnification of a GO
and b SGO-5
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and SGO-5 are made up of many 2-dimensional monolayers
linked together by interactions between oxygen-containing
functional groups or by n—r interaction [24]. In addition,
the dark areas on the TEM image of SGO-5 are more trans-
parent than the GO, showing less stacking of single-layer
sheets [20]. This demonstrates that when functionalization
of -PhSO;H, the separation of each layer of SGO material
is more effective than GO material.

EDX spectra of GO and SGO-5 are shown in Figure 7.
Despite the signals of elements C and O, SGO-5 also gave
the signal of element S, which shows the agreement with the
results of FTIR analysis, when the -PhSO;H groups were
successfully functionalized to the GO structure [12, 20].
Furthermore, a weak signal of element S could be detected
in the EDX spectrum of GO as there have been reported the
formation of organosulfur functional groups on the surface
of GO when the improved Hummer’ method is used [25, 26].

Specific surface areas BET of GO and SGO-5 material
are 91.1 and 88.05 m?/g, respectively. The specific surface
area of SGO-5 is slightly lower than that of GO that is
related to the functionalization of sulfonate groups onto GO
sheets [27]. Furthermore, the drying of GO sheets could lead
to the stacking of GO sheets, subsequently, explaining the
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Fig.7 EDX spectra of a GO a 25000 —— b 25000
and b SGO-5
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Table 3 Specific surface area and pore size of some reported materi-

als

Material Specific surface ~ Pore size (nm) Reference

area (m2/g)

GO 91.1 2 [This study]
SGO-5 88.05 2.8 [This study]
S-rGO 900 4.5 [28]

rGO 300 5.5 [28]

AC-SO;H 753 4.1 [29]

GO-SO;H 217 15 [29]

low specific surface area of GO and SGO solid catalysts. The
analytical results of the specific surface area and pore size of
the materials are lower than the previous studies as shown
in Table 3. This can be explained by the fact that SGO still
retains the layered structure after the synthesis process, lead-
ing to the number of cross-linking between the GO plates
to create lower porosity than the finish cladding materials.

3.2 Influences of reaction conditions
on the catalytic performance of SGO

Hemicellulose after being isolated was dispersed in deion-
ized water and used as a starting material for furfural syn-
thesis. The SGO nanomaterial for production of furfural was
conducted via 2-8 wt%. The results in Figure 8a witnesses
a maximum yield of 20.6 % as the catalyst was changed to 5
wt% of SGO loading, which is attributed to the increase in
the reactive site and sorption capacity of SGO [30]. How-
ever, the furfural yield was observed to significantly decline
to 16.0 % with the increases in the catalyst loading in the
reaction system. This could be explained that the formation
of the by-product was unavoidable if the excessive solid acid
SGO was used. Particularly, humin, one kind of low-value
solid compound with a complex structure, was stated too
strongly diminishes the yield of valuable platform chemicals

2
Energy (keV)

2
Energy (keV)

from the hydrolysis of biomass [31]. Under the suitable con-
dition, those compounds were possibly formed by the res-
inification, polycondensation, and cyclization that occurred
among the resultant furfural themselves or between furfural
and xylose based on the aldol condensation [32]. Therefore,
in this work, the amount of hemicellulose was utilized with 5
wt% SGO to maximize the sufficient acidic site for hydroly-
sis reaction and restrict the acidic-favored formation of any
unwanted products. The highest furfural efficiency due to
the use of 5 % SGO could confirm the impressive catalytic
capacity of SGO. For comparison with liquid mineral acid
under the same condition, the large amount of those cata-
lysts were used due to the high concentration of protons
in aqueous media that have consequently come up against
various difficulties in residue neutralization and treatment
for recovery and disposal after the reaction. The requirement
of a minimal amount of catalyst not only guarantees a high
reaction efficiency but also effectively simplifies the reaction
and operating process [30].

Toward the thermochemical liquefaction, the temperature
was deemed as a vital parameter that affects the production of
furfural. According to Figure 8b, the yield was obtained 4.4
and 10.2 % at 150 and 170 °C, respectively, and once running
temperature from 180 to 200 °C, the yield increased sharply.
This is due to the higher temperature that can accelerate the
dehydration processes of the hemicellulose to xylose and from
xylose to furfural [33]. Besides, according to the research of
Weingarten et al (2010), the dehydration of xylose requires the
highest activation energy, so temperature plays a vital role in
the improvement of the yield [34]. The hydrolysis reaction as a
dominant process held up a maximum furfural yield at 190 °C
(20.6 %), but the considerable decline to 12.1 % expressed in
the temperature range 200-230 °C. The yield loss was strongly
believed to be caused by the conversion of the desired product
to other furan derivatives under the acidic medium at high
temperatures [35]. Besides, the reduction of the various func-
tionalized group such as -OH, -COOH, or -PhSO;H in SGO
during the hydrolysis process could decline its catalytically
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Fig.8 Effect of a catalyst load-

ing, b temperature, and ¢ reac- 204
tion time on the furfural yield

Furfural yield (%)

Furfural yield (%)

2 3 4 5

Catalyst loz{ding (Wt.%)

acidic sites via the catalytic capacity corresponding to the
major loss in furfural yield [36, 37]. Therefore, it is worth not-
ing that the yield of 20.6% was appropriately optimized at 190
°C to obtain the desired product. Compared to other research
toward the energy-consuming duty, these results were noticed
as impressive as the reaction with high furfural yield was only
operated at the low temperature using the environmentally
friendly catalyst.

The impact of reaction time on furfural yield was stud-
ied in the range of 50-130 min, as shown in Figure 8c.
The furfural yield is observed to increase to 19.0 % when
the reaction was occupied to 70 min and reach the peak
(20.6 %) after the 90-min process. However, the result
subsequently attested a drop to 16.2 % after 130 min.
This could be explained as the occurrence of competi-
tive side reactions, especially the formation of humin as
mentioned above [38, 39]. The extended retention times
in the reactor along with high temperature (190 °C) can
lead to undesired decomposition, condensation, and/or
repolymerization among the furfural molecules and their
unwanted derivatives, which aid in the decrease in yield
[31]. According to Mohamad et al (2017), the dehydra-
tion of xylose to furfural was claimed to achieve a lower
reaction time than that of the unfavorable reaction, i.e., the
condensation and repolymerization. Therefore, a longer
reaction time resulted in the vast occurrence of by-prod-
ucts that affect the furfural yield.
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From the empirical investigation, the optimal reaction
condition for synthesis furfural from biomass using SGO
as an active acid catalyst was indicated as 5 wt% catalyst
loading as compared with the hemicellulose dose, the tem-
perature of 190 °C, and reaction time of 90 min.

According to Table 4, the SGO expressed a synergetic
catalytic property in comparison with other mineral acids at
the same condition. Besides, the extreme temperature with an
extended reaction can lead to a diminish in yield due to the
side reaction. It was recorded that furfural chemically contains
three unsaturated bonds with highly reactive characteristics;
hence, it is vital to control the furfural recovery immediately
after reaction by steam distillation to avoid its interaction with
other aldehydes and other aromatic compounds [41]. Further-
more, a higher concentration of proton H enriched by the
acidic catalyst was proved to enhance the efficiency of the
hydrolysis of hemicellulose to furfural. From the table, it is
concluded that the use of SGO as a catalyst is a highly promis-
ing pathway for furfural production from biomass.

The conversion from hemicellulose to furfural undergoes
2 steps: hydrolysis of hemicellulose to xylose (Figure 9)
and dehydration of xylose to furfural under acidic medium
(Figure 10). For the hydrolysis of hemicellulose to xylose,
the oxygen-containing groups (~COOH, -OH) and -SO;H
in SGO produce proton H*, which directly attacks the
C-0O-C bonding to form trivalent oxygen bonding (a). This
bond then is separated into 2 groups (b): one containing
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Table 4 The comparison of furfural yield

Catalysts  Conditions Yield (%) References
SGO-5 5 wt% catalyst, 190 °C, 90 min 20.6 This research
H,SO, 170 °C, 0.5 wt% H,SO, 11.44 [2]

SGO 2 wt% catalyst, 200 °C, 35 min 62" [30]

H,SO, 5 wt% catalyst, 190 °C, 90 min 59 [21]
GO-SO;H 5 wt% catalyst, 190 °C, 90 min 86" [21]

H,SO, 2 wt% catalyst, 110 °C, 90 min 16.35 [40]

“Yield based on the xylose used

“Yield based on the xylan used

Fig.9 The hydrolysis mecha- HO,S

carbocation, which later reacts with a water molecule to
yield -C—-O*H,, and one containing hydroxyl ~OH group
(c). The -C-O*H, is deprotonated to form —C-OH bond-
ing (d). Following the dehydration process of xylose, the
H* from SGO will react with the 4™ OH group of xyloses
forming a trivalent oxygen bonding -C—O*H,. Due to the
lower electronegativity, the charge was transferred to the
nearby carbon to form a —C*H cation and release one water
molecule (a). Next, the 4th and 5th carbon will create C=C
bonding, which leads to the ring opening and the forma-
tion of C=0 at 1st carbon (b). Likewise, the H* continues

nism of SGO SOH—=<S07+H' ~ >\ "
/\ ‘
C C—0—C C (a)
\_/ t v
HOO =-C00+Ht
HO,S o
A Y i
. 7 cC 0—¢ C— (b
N N A
1
C C +H,0 — C C OH, (¢)
/\ :
- s U OH +H (d)

Fig. 10 The dehydration mecha-
nism of furfural

4 4
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to attack with the OH group at 3rd carbon to yield another
double bond and release water (c). Eventually, the proton
will react with the OH group at 2nd carbon, attributing to
deprotonation to close the ring of furfural (d).

4 Conclusions

In this study, furfural was synthesized from sugarcane
bagasse, a common by-product in agriculture, as a raw mate-
rial to solve the problem of handling biomass as well as main-
taining the sustainable furfural supply for industries. Besides,
sulfonated graphene oxide (SGO) catalyst with GO:SA pre-
cursor ratio of 1:3.5, corresponding to SGO-5 sample, shows
the highest catalytic performance. SGO-5 is a rapid and effi-
cient catalyst with a low catalyst loading (5 wt% as compared
with the hemicellulose used) for 90 min at 190 °C highest
conversion of furfural from this biomass resources. Based on
the characterization of SGO-5 also has -PhSO;H groups sub-
stitution, which is a major factor in the acidity of the material
and ensures good exfoliation of GO layers of the material as
well as participates in the hydrolysis of hemicellulose and
dehydrates xylose to form furfural. Furthermore, the sulfona-
tion of GO makes the catalyst more reactive in the aqueous
phase and also stabilizes other acidic functional groups such
as —COOH and —C-OH of GO, which increases the catalytic
efficiency at the right conditions.
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