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Abstract

The development of an environmentally friendly synthesized biomass-derived catalyst for the conversion of hemicellulose to
platform chemicals has attracted worthwhile attention. In this work, an acidic carbon-based catalyst (C-SGO) with a structure
resembling sulfonated graphene oxide is synthesized from corncob-extracted cellulose by bleaching, alkalization, carboniza-
tion, and sulfonation processes. Characteristics of the as-synthesized C-SGO were investigated using Fourier-transform infrared
spectroscopy, X-ray diffraction spectroscopy (XRD), Raman spectroscopy, energy dispersive spectroscopy, thermal gravimetric
analysis, Brunauer—-Emmett—Teller, and scanning electron microscopy (SEM). Raman spectrum of C-SGO spectroscopy indi-
cated the existence of D and G bands at 1338.72 and 1593.41 cm™, respectively. SEM images of C-SGO showed sheet-like
structures with folds and wrinklier after the sulfonation process, confirming the structural similarity of the synthesized mate-
rial to sulfonated graphene oxide sheets. The synthesized C-SGO catalysts were applied for the conversion of hemicellulose
from corncob to furfural. The synergistic effect of C-SGO and the concentration of NaCl 0.2 mol/L in the furfural synthesis
reaction achieved a yield of 40.03% at a temperature of 200 °C, time of 90 min, and 100 mg of the catalyst amount, showing
the potential of using seawater or wastewater containing NaCl as a low-cost solvent. Moreover, the catalyst also demonstrated
reusability after 5 cycles, showing that C-SGO can be used as a heterogeneous catalyst suitable for furfural synthesis.

Keywords Sulfonated graphene oxide-like carbon acid - Furfural - Corncob

1 Introduction

Hemicellulose is the one of main compounds in ligno-
cellulosic biomass, a promising biofuel precursor as a
replacement for fossil fuels. During chemical processes,
hemicellulose is first hydrolyzed to pentose sugars (xylose,
arabinose) in the liquid phase and then further dehydrated
into furfural as the main product [1]. Furfural is one of the
promising platform chemicals widely used in petroleum
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refining, plastics, pharmaceutical, and chemical industries
[2]. In the manufacturing industry, furfural is synthesized
directly from biomass by homogeneous acid catalysts such
as H,SO, and H;PO, because of their good dispersion abil-
ity, simple synthesis, and low cost [3]. However, the dif-
ficulty of recovering the solvent after the reaction results
in difficulties in catalyst separation and recovery, equip-
ment corrosion, and overall environmental damage [4]. An
increasing number of researchers are consequently focused
on heterogeneous catalytic syntheses, utilizing materials
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such as zeolites, polymers, metal oxides, and carbon-based
catalysts because of their superior properties and ease of
recovery after operation [5].

Carbon-based materials have attracted worthwhile
attention in research with special properties such as high
mechanical strength, hydrothermal stability, large surface
area, and tunable surface functional groups [6]. In gen-
eral, carbon-based catalysts have been greatly successful
in converting biomass material into furfural. Various syn-
thesis strategies have been employed to modify carbon-
based materials with a diversity of functional groups: a
resorcinol-formaldehyde resin carbon catalyst synthesized
with sulfanilic acid as the sulfonating agent achieved a
xylose-to-furfural conversion efficiency of nearly 100%
and overall furfural yield reaching 80% [7]. Alternatively,
a carbonized sulfonated teff straw-based material (CST)
provided a conversion efficiency from xylose into furfural
of 62.4% [8], and a sulfonated graphene material synthe-
sized from graphite has a furfural yield from xylose of
96% and a SO;H-NG-C material sourced from glucosa-
mine managed to convert corn stalk into furfural with 53%
overall efficiency [6]. Among carbon-based structures are
graphene-based materials, specifically graphene oxide
(GO) which possesses noteworthy thermal, electrical,
chemical, optical, and catalytic properties [9, 10]. GO can
be synthesized through the oxidation and delamination of
graphite. The oxidation process allows oxygen-containing
functional groups to attach to the surface of the material,
such as epoxy groups on the carbon lattice plane and small
amounts of carbonyl and carboxyl groups at the plate edges
[11, 12]. Additionally, GO is considered a potential acid
catalyst for conversion reactions due to its good dispersion
in water. Several methods of GO synthesis are known, such
as chemical vapor deposition (CVD) and mechanical abla-
tion. However, the above methods require complex synthe-
sis, high cost, and generate many harmful emissions such
as NO,, N,O,, and ClO, [13]. Recently, there are more
and more studies on synthesizing materials structurally
similar to GO from biomass because of its easy access,
rapid regeneration, low cost, and environmental friendli-
ness [14]. Examples of recent research include synthesiz-
ing GO and graphene quantum dots using Miscanthus as
a precursor via an ultrasound-assisted mechano-chemical
cracking method [15], synthesizing sulfonated graphene
from nettle leaves [14] and GO from coconut shell waste
[11]. Besides, to improve furfural yield, the addition of
sulfonic groups (— SO;H) to increase the acidity of the
material plays an important role in converting hemicellu-
lose to furfural [16, 17]. The —SO;H group is assigned as
the Brgnsted acid site along with other acidic functional
groups such as — COOH and C — OH, which participate
in hydrolysis; H* and water react together to cleave the C
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— O bond in p-1,4-glycosidic and then dehydrate to form
furfural [18].

In this study, cellulose-derived sulfonated graphene oxide-
like catalyst (C-SGO) was synthesized from corncob by
bleaching, alkalization, carbonization, and sulfonation pro-
cesses. The effects of calcination time, cellulose:ferrocene
ratio on the characteristics of cellulose-derived graphene
oxide-like (C-GO), and C-SGO catalysts were studied through
Fourier-transform infrared spectroscopy (FTIR), X-ray dif-
fraction spectroscopy (XRD), Raman spectroscopy, energy
dispersive spectroscopy (EDS), thermal gravimetric analysis
(TGA), Brunauer—-Emmett-Teller (BET), and scanning elec-
tron microscopy (SEM). The catalytic ability of the materi-
als in terms of the furfural yield was also investigated with
constant parameters at 200 °C in 90 min and 10 wt% amount
of catalyst. The synthesis of C-SGO from biomass opens up a
potential direction of application that helps to solve the issue
of biomass residues. The reusability of C-SGO material after
five cycles was also investigated.

2 Materials and methods
2.1 Materials and chemicals

Corncob was collected from Dong Nai province, Vietnam.
Furfural (CsH,0,, 99%) was purchased from Fisher Scientific
Co. Ltd. 3,5-Dinitrosalicylic acid (C;H,N,05, 98%) and xylose
(CsH,(O5) were purchased from Sigma Aldrich Co. Ltd, USA.
Sulfuric acid (H,SO,, 98%), sodium hydroxide (NaOH, 99.8%),
ferrocene (C, H, Fe), hydrochloric acid (HCI, 36.5%), sodium
chlorate (NaClO,), methanol (CH;0H, 99.5%), and ethanol
(C,HsOH, 95%) were purchased from Xilong Scientific Co. Ltd,
China. All chemicals were used without any further purification.
Double-distilled water was used in all experiments.

2.2 Pretreatment of corncob
2.2.1 Extraction of hemicellulose

Corncob was washed, dried at 60 °C for 24 h, and then
ground into small pieces. Five g of corncob was added to
75 mL of 2 M NaOH, and the mixture was heated to 90 °C
with continuous stirring for 2 h. The corncob was filtered out
and washed with 2 mL 0.1 N NaOH. The filtrated solution
was adjusted to pH 5 with HCI, and 95% ethanol was added
to the mixture until precipitate appeared. Hemicellulose was
obtained by filtering the precipitate and drying at 80 °C for
24 h, while the remaining cellulose residue was dried [19].

Determination of D-xylose in hemicellulose was carried out
by the dinitrosalicylic acid (DNS) method on a UV-Vis spectro-
photometer (Dual-FL, Horiba) at a wavelength of 530 nm [20].
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2.2.2 Extraction of cellulose

The cellulose residue obtained was subsequently deligni-
fied. Firstly, 0.635 wt% NaClO, was added, and the mixture
was stirred at 60 °C for 6 h. The obtained cellulose powder
was washed with distilled water to neutral pH and dried
to constant weight before being used to synthesize C-GO.
The separation efficiency of hemicellulose and cellulose
(%) from corncob was calculated as given by Egs. (1) and (2):

f cellul
Cellulose yield (%) = 138 of cellulose (g)

x 100 1
mass of corncob M

mass of hemicellulose (g)
x 100

@

Hemicellulose yield (%) =

mass of corncob

2.3 Preparation of catalysts
2.3.1 Synthesis of C-GO from the cellulose of corncob

Cellulose powder was mixed with ferrocene in a crucible,
and the mixture was reacted in a furnace [13]. The black
solid obtained was labeled as C-GO. Samples synthesized
at different calcination times with different precursor ratios
are denoted as summarized in Table 1. In addition, GO
synthesized from graphite via the improved Hummers
method was used as a control [12].

2.3.2 Synthesis of C-SGO

C-SGO was synthesized using sulfuric acid as a reagent
[21]. One g of C-GO was added to a mixture of 20 mL
methanol and 15 mL of H,SO, 1 M and then sonicated for
1 h to create a homogeneous suspension. The mixture was
dried at 100 °C for 24 h, filtered, and washed with ethanol

Table 1 Effect of different conditions on C-GO synthesis investiga-
tion

No Samples Calcination time  Cellulose:ferrocene
(min) ratio (wt:wt)

1 C-GOl1 15 1:1

2 C-GO2 30

3 C-GO3 60

4 C-GO4 90

5 C-GO5 120

6 C-GO6 30 1:5

7 C-GO7 1:3

8 C-GO8 1:1

9 C-GO9 3:1

10 C-GO10 5:1

until neutral pH was achieved. Subsequently, the solution
was dried at 80 °C for 6 h to acquire C-SGO.

2.4 Characterization of materials

FTIR was used to identify functional groups in the material
(Alpha-E, Bruker Optik GmbH, Ettlingen, Germany), with
potassium bromide (KBr) pellets in the wavenumber range
between 400 and 4000 cm™'. The morphological structure
was investigated via XRD measured on an Advanced X8,
Bruker (Ax=0.154 nm), with CuK|, irradiation in the range
of 5-80° (D2 Phaser, Bruker, Germany). The elemental com-
position of materials was determined using EDS (Jeol-JIMS
6490, Japan). SEM images (S—4800, Hitachi, Japan) were
obtained at an accelerating voltage of 100 kV to study the
surface structure of C-GO and C-SGO materials, accord-
ingly. The recording of N, adsorption/desorption isotherms
of catalyst was carried out prior to the degassing at 77 K and
recorded on an Autosorb iQ gas sorption analyzer (Quan-
tachrome Instruments, USA). The specific surface area of
the catalyst was determined using Brunauer—Emmett—Teller
method, and the pore was detected by the density functional
theory (DFT) method. Thermogravimetry analysis was from
20 to 800 °C at a rate of 10 °C min~! in the air on a Setaram
TGA.

2.5 Conversion of hemicellulose to furfural

2.5.1 Effect of material synthesis conditions on furfural
yield

Furfural was synthesized from hemicellulose via
hydrolysis and dehydration. First, the C-SGO suspen-
sion was added to the hemicellulose mixture. The mix-
ture was placed in the Parr 4848 high-pressure reactor
and reacted at a temperature of 200 °C, with a reac-
tion time of 90 min and a catalyst amount of 100 mg.
After condensing the resulting vapor and cooling to
room temperature, the post-reaction mixture was fil-
tered, and the filtrate was analyzed via UV-Vis spec-
trophotometry (Dual-FL, Horiba) at the wavelength of
278 nm [19].

In order to determine the suitable synthesis conditions
for C-SGO, the various synthesized samples were evaluated
with respect to their catalytic ability. The furfural yield (%)
from hemicellulose was calculated as given by Eq. (3) [22]:

moles of furfural in the product (mol)

Furfural yield(%) = x 100

3

moles of initial xylose (mol)
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2.5.2 Effect of NaCl concentration on furfural yield

Effects of NaCl concentration (0—0.5 mol/L) on furfural
yield were investigated at 200 °C for 90 min with the initial
catalyst dosage of 100 mg. The possible reaction conver-
sion route of hemicellulose to furfural with the presence
of the acid catalyst and NaCl was simplified, as shown in
Scheme 1.

2.5.3 Reusability of the C-SGO catalyst

To investigate the reusability of C-SGO, the reaction was
carried out at 200 °C for 90 min with 100 mg catalyst.
After each batch of reactions, the catalyst was recovered
by filtration, washed with ethanol and distilled water sev-
eral times, and dried at 80 °C in the oven overnight.

Scheme 1 Possible reaction v

3 Results and discussion
3.1 Pretreatment of corncob

The pretreatment process of corncob plays a vital role in
the synthesis process of furfural. Through alkalization, the
obtained hemicellulose was used as the substrate for the syn-
thesis process of furfural. Besides, the cellulose was delig-
nified and used for catalyst synthesis, making maximal use
of the biomass. Table 2 shows the separation efficiency of
hemicellulose and cellulose from corncob in this study in
comparison with other methods. According to the results,
the efficiency of detaching hemicellulose impacted by alka-
lizing agent NaOH 2 M was 60.43%. This can be explained
by the selective alkalization of hemicellulose, which breaks
down the cell wall through hydrolysis of the ester bond
between hemicellulose and lignin [23]. Additionally, the
ionization of phenolic groups of lignin and carboxyl groups

s e
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conversion route of hemicellu- N
lose to furfural / °. . .°..‘ —-® —SO, + H : Bronsted acid L
HoGdcn CH,OH
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Hemicéllulose D-xylose &(3 %400 /%%.:
S @/CHo@ oo /
Furfural
Table 2_ Separation efficiency No Method Chemical compounds Separation effi-  Ref
of hemicellulose and cellulose ciency (%)
from corncob
1 0.635 wt% Cellulose 27.56 This study
2 NaOH2 M Hemicellulose 60.43 This study
3 Distilled water, 80 °C, 24 h Hemicellulose 6.25 [25]
4 2% NaOH, 90 °C, 2 h Hemicellulose 67.44
5 EtOH:NaOH (20:1), 60 °C, 3 h Hemicellulose 3.95
6 Soaking in aqueous ammonia Cellulose 45.7 [26]
Hemicellulose >50
7 Liquid hot water Cellulose 84.73 [27]
Hemicellulose 4.58
Lignin 10.68
8 Hydrothermal Cellulose 78.34 [28]
Hemicellulose 7.95
Lignin 17.7
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of hemicellulose may enhance the dissolving ability of the
hemicellulose while simultaneously decreasing the crystal-
linity of cellulose fibers via swelling in the alkaline envi-
ronment. This ultimately accelerates the release of residual
hemicellulose and lignin. Besides that, the dissolution of
hemicellulose is proportional to the alkali concentration —
which implies greater biomass separation capability [24]. It
is notable that the method utilizing liquid hot water returned
the greatest proportion of cellulose (84.73%) while con-
versely yielding the least hemicellulose (4.58%). However,
considering the objective of producing furfural from hemi-
cellulose, the method using NaOH 2 M is deemed appropri-
ate for this research.

As shown in Fig. 1, FTIR spectra show the difference in
bonding present in the components of the biomass. A peak
at the wavelength of 3300-3400 cm ™! is observed in all three
samples, representing the stretching fluctuation of the — OH
group. An additional signal at 2921.76 cm™' characterizes
the vibration of Csp3 — H, which is indicative of the car-
bon network in the material [29]. The appearance of acetyl
groups in xylan is confirmed via the absorption band at
1562.13 cm™!, which correlates to C =0 aldehyde bonds in
an amorphous state. The absorption band at 1562.13 cm™!,
on the other hand, may be attributed to the aromatic C = C
ring stretching and C — H deformation in methyl, methyl-
ene, and methoxyl groups from lignin impurities [30]. Such
peaks, however, completely disappear in the spectrum of
cellulose, which confirms the successful delignification
process of cellulose after separation. Furthermore, a small
peak at 895.85 cm™! affirms the presence of f-1,4-glycosidic
bonding. Absorption bands at 1416.15 and 1348.17 cm™" are
identified as C — H bending in hemicellulose, the existence

Hemicellulose

o

12921.76

Transmittance (%)

3442

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm!)

Fig.1 FTIR spectra of corncob, cellulose, and hemicellulose

of which is further confirmed by the absorption band at
1044.21 cm™! characteristics of C— O, C — C, and C — OH
vibrations [31].

The SEM of corncob, as shown in Fig. 2a, illustrates a
rough surface with many microparticles, fibers, and small
blocks characteristic of lignin without corrugated sheets
and the cell structure without obvious porous structure.
Corncob is comprised of different components including
the beeswing, woody ring, and pith — each of which has a
different form and structure with varying cellulose, hemicel-
lulose, lignin, and wax content [28]. Treatment with NaOH
can separate the block form and inter-fiber lignin, leading to
the breakage and dispersion of biomass fibers. After remov-
ing the lignin and obtaining cellulose as shown in Fig. 2b,
naked microfibril bundles are identified with uneven dis-
tribution and a compacted sheet structure. Figure 2c¢ illus-
trates the morphology of the hemicellulose obtained from
alkalization; an amorphous mesoporous structure can be
observed. Hemicellulose particles did not evenly distribute
rough surface with cracks. Hemicellulose obtained from
corncobs is obtained from amorphous insoluble macromo-
lecular compounds, which have a more compact structure
than the polyporous structure from other biomass sources
such as rapeseed and straw. This can be explained, depend-
ing on the type of biomass that the obtained components also
have different morphology, respectively [32, 33].

3.2 Effect of C-GO material synthesis conditions
on furfural yield

The FTIR spectra of GO and C-GO materials at differ-
ent calcination times, such as 15, 30, 60, 90, and 120 min
assigned to C-GO1, C-GO2, C-GO3, C-GO4, and C-GOS,
respectively, are shown in Fig. 3a. The results show a broad
peak around 3400-3600 cm™" attributed to the stretching
vibrations of hydroxyl groups of interlayer water mol-
ecules. In comparison to GO from commercial graphite,
the FTIR spectra of C-GO materials from cellulose exhibit
the presence of various oxygen functional groups in ranges
of 1700-1710 cm™! (C =0 stretching vibrations) and
1610-1620 cm™! (COOH stretching vibrations) which show
the characteristic peak of GO. In particular, the C-GO2 mate-
rial calcined at 30 min shows similar peaks to those in the
FTIR spectrum of GO at 1380.93 and 1045 cm™' assigned
to the stretching vibration of the C — OH and C — O bonding
[10]. It becomes a desirable candidate with respect to its
similarity to GO. However, to select catalyst materials for
high furfural yield, materials that were investigated for cata-
lytic efficiency of furfural synthesis are shown in Table 3.
The result shows that, for C-GO2 material, the furfural yield
is highest, at 27.79 +0.51%, compared to the different times
of the same calcination temperature. Thus, C-GO2 is chosen
to investigate the ratio of cellulose:ferrocene.
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Fig.2 SEM images of a raw
corncob, b cellulose, and ¢
hemicellulose of corncob

Fig.3 FTIR spectra of C-GO at a) b)
a different calcination times and C-GO5 . __\______99,___\4'”'/\_\\\/\
b cellulose:ferrocene ratios ) |
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Table 3 Effect of C-GO material synthesis conditions on furfural Figure 3b displays the FTIR spectra of C-GO samples

yield calcinated with different ratios of cellulose:ferrocene. Com-

Samples  Furfural yield (%)  Samples  Furfural yield (%)  pared to the remaining materials, the C-GOS5 sample cal-
cined with the cellulose:ferrocene ratio of 5:1 demonstrated

€GOl 12.67£0.53 C-GO6 21.72£0.32 a stark difference in intensity at the wavelength range of
C-GO2 2779051 C-GO7 23.58+0.34 3300-3600 cm™~! assigned to the extension of the — OH
C-GO3 2554023 C-GO8 2779051 bond (hydroxyl group). In addition, the presence of peaks
CG-Go4 22.42+0.34 C¢-GO9 23.25+0.20 at 2917.82 cm~! was attributed to C — H stretching, due
C-GOS5 15.86+0.23 C-GO10 19.73+0.39

to the presence of C — H groups of cellulose. Besides, the
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C-GO10 sample has the presence of strong intensity peaks
at 1053.84 and 1157.99 cm™! which are attributed to the
pyranose ring stretching vibration in the asymmetric C —
O — C phase [34]. Therefore, the C-GO10 material still
retains the characteristic peaks in the structure of cellulose.
For samples C-GO6 and C-GO7, the peaks at 2924.18,
2924.38, and 2855.29 cm™! are attributed to the fatty C-H
fluctuations due to ethanolamine and ferrocenyl alkyl radi-
cals [35]. This could be explained by the much higher ratio
of catalysts compared to cellulose. Except for the GO sam-
ple from graphite and C-GO8, the remaining samples pos-
sess sharp absorption peaks at positions 2359.21, 2365.44,
2366.22, and 2360.76 cm™! for C-GO6, C-GO7, C-GO9, and
C-GO10, respectively, assigned to C — O bonding [36]. In
addition, the effect of cellulose:ferrocene ratio on furfural
yield is also investigated. Notably, C-GO8 material shows
the highest furfural yield, at 27.79+0.51%, compared to
other materials, and FTIR spectra show characteristic peaks
most similar to GO. As a result, C-GO8 material is used to
synthesize C-SGO.

3.3 Characteristics of materials

The synthesized C-SGO is functionalized with — SO;H, —
COOH, and — OH groups, which directly contribute to the
catalysis efficiency [37]. In particular, — SO;H and — COOH
groups function as Brgnsted acids during the furfural synthe-
sis process, while — OH and — COOH groups could provide
the hydrophilicity needed for the catalytic process [8].
SEM images, as shown in Fig. 4a—b, were used to
determine the structure and morphology of C-GOS8 and
C-SGO. Regions of folds and folded plates are observed
in both C-GO8 and C-SGO samples. Figure 4a shows that
the C-GOS8 structure resembles stacked sheets with vari-
ous small flakes after sulfonation; SEM of C-SGO shows
the structure is more wrinkled probably due to sulfona-
tion. Comparing the respective SEM images of C-GOS8 and
C-SGO, the flakes seem nearly effectively removed from
C-SGO. There is much similarity in the surface structures

Fig.4 SEM images of a C-GO8
and b C-SGO

1581.84

1333.23

1593.41

C-GOS§ 0.78

Intensity (a.u.)

1338.72

Ip/Ig=0.89

1400 1600 1800 2000

Raman shift (cm™)

1000 1200

Fig. 5 Raman spectra of C-GO8 and C-SGO

of C-GO8 and C-SGO with previously reported syntheses
from biomass [13].

Raman spectroscopy was used to further characterize the
structure of C-GO8 and C-SGO, as shown in Fig. 5. The
D band, which is related to defects in the carbon structure,
is located at 1333.23 and 1338.72 cm™' for C-GOS8 and
C-SGO samples, respectively. In turn, the G band exhibited
at 1581.84 and 1593.41 cm™' for C-GOS8 and C-SGO rep-
resents oscillations of sp?> bonded carbons in the graphite
carbon layers. The I/I; ratio is used as a measurement of
defect sites in carbon materials — the lower the I;,/I ratio,
the lower the proportion of disordered structures [11]. The
change in I/I; ratio from 0.78 to 0.89 indicates that, in
comparison with C-GOS8, sulfonation has led to an increase
in the sp3 carbon atom content of C-SGO [38].

Figure 6 illustrates the XRD pattern of C-GO8; the dif-
fraction peak at 11.64°, corresponding to the (001) crystal
plane with an interlayer distance (d) of 0.76 nm, is expected
of the GO sheets. A wider reflection peak is also observed at
20.28°, with an interlayer distance of about 0.44 nm corre-
sponding to reduced graphene oxide. Sulfonation of C-GOS8

@ Springer
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Fig.6 XRD patterns of C-GOS8 and C-SGO

reduces the interlayer distance to about 0.78 (nm). The XRD
pattern of C-SGO is similar to that of C-GOS, showing that
the addition of the — SO;H group does not greatly affect the
structure of C-GOS as shown in Fig. 6. The XRD pattern of
the material samples exhibiting high background strength
shows that C-GO8 and C-SGO contain a high proportion of
disturbed materials in the form of amorphous carbon [39,
40].

The FTIR spectra of samples C-GO8 and C-SGO are
shown in Fig. 7a. From the spectra, the presence of the car-
boxyl functional group and unconjugated ketone stretch-
ing (C = C) is indicated at 1620.62 and 1615.16 cm™! for
C-GO8 and C-SGO, respectively. The FTIR spectrum of
C-SGO demonstrates a strong increase in the absorption
intensity of the CO group at 1716 cm™! compared with the
CO group of C-GO8 at 1710.99 cm™!. Furthermore, the
peaks at 1156.85 and 1043.76 cm™' of C-GO and 1060.60

and 1226.62 cm™! of C-SGO are considered symmetric
and asymmetric stretching oscillations of O =S = O, con-
firming the existence of the — SO;H group assigned as
the Brgnsted acid site [21, 41]. The presence of Fe — O
bonding observed at 585 cm™! in the spectrum of C-GO8
is attributed to the incomplete washing of ferrocene during
the synthesis of the material. In the spectrum of C-SGO,
however, the absorption peak for Fe — O was no longer
recorded, revealing that the sulfonation process dissolved
the remaining Fe [42].

Figure 7b shows the elemental distributions of C-GO8
and C-SGO. The composition of C and O elements accounts
for the majority of the cellulose-based materials; meanwhile,
the presence of Fe impurities can be explained by the incom-
plete washing of ferrocene from the sample. The elemental
composition of the C-GO8 sample includes S accounting
for 68.89 +£0.13%, O accounting for 30.68 +0.20%, and Fe
accounting for 0.43 +0.17%. Compared with C-GO8, the C
content (67.48 £0.11%) in the sample C-SGO increased by
1.02%, and O content (32.37 +0.17%) increased by about
1.5%. The increase in oxygen content can be attributed
mostly to the — SO;H groups attached to the material fol-
lowing sulfonation. On the other hand, additionally, Fe was
confirmed to be absent in the sample C-SGO; this is likely
explained by sulfuric acid dissolving iron into the solution
during ultrasonication. The difference in percentage com-
positions of the elements, especially that of Fe, O, and S,
has proved the successful attachment of — SO;H groups to
the C-SGO material [16]. For the C-SGO sample after 5
reuse cycles, the contents of C and O were 65.46+0.11%
and 34.41+0.17%, respectively, and the content of S
(0.13+£0.02%) was slightly reduced compared to the original
C-SGO sample. The observed results are the consequence
of S leaching from the sample after multiple recoveries
and reuse cycles, which may be considered as a cause of
decreased furfural production efficiency [43].

Table 4 shows the BET surface area of C-SGO compared
to other studies. The result shows that the specific surface

Fig.7 a FTIR spectra and b
EDS spectra of C-GO8 and
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Table 4. Physicochemical No Catalysts Sger (m2.g™h Viero (cm>.g7h) Pore diameter Ref
properties of sulfonated carbon (nm)
catalysts
1 C-SGO 26.665 0.026 2.94 This study
2 SGO 77 0.010 [46]
3 S0,*7/Sn0,-CS 37.3 0.06 53 [47]
4 SC-FAR-800 32.56 0.018 3.25 [44]
5 FAS-4 113 0.16 5.57 [3]
6 S0,%7/Sn0,-Al,0,-CFA 27.141 0.021 3.093 [4]

Weight loss (%)

400 600
Temperature (°C)

200 800

Fig.8 TGA curves of C-GOS8 and C-SGO

area of C-SGO is 26.665 m>.g~!, which is likely affected by
the collapse of macropores during the sulfonation process.
Additionally, the mounting of sulfonic groups on the surface
of the material can contribute to a decrease in the specific
surface area of the material [44]. The pore diameter is a key
element of the catalyst in the reaction process; in C-SGO,
pore diameters are distributed around 2.9 nm. Since this is
larger than the molecular kinetic radius of xylose (0.86 nm)
and furfural (0.68 nm), the reaction rate is enhanced by the
ease of access for xylose to the catalytic site and the diffu-
sion of furfural during the reaction [45].

As shown in Fig. 8, the TGA curve was performed over
a temperature range of 0 to 800 °C in a nitrogen atmosphere
to investigate the thermal stability of C-GO8 and C-SGO. A
significant mass loss is detected from both samples. Accord-
ing to the diagram, we see that C-GOS8 decomposes in three
steps. The first mass loss (6%) takes place in the range of
50-150 °C due to the removal of water molecules. The
decomposition of oxygen-containing functional groups takes
place in the temperature range from 200 to 350 °C (19%).
The gradient mass change observed at 400 °C indicates
that there are amorphous carbons in the structure forming
CO and escaping CO. The TGA curve of C-SGO is similar

to that of C-GO8, but the mass loss in the second step is
smaller, due to the lesser amount of oxygen-containing func-
tional groups in that of C-GO8. C-GO8 and C-SGO materi-
als are thermally stable at 650 and 570 °C, respectively [48,
49].

3.4 Effect of NaCl concentration on furfural yield

The hydrophilic functional groups (— OH and — COOH)
in C-SGO enhanced the adsorption of xylose on the sur-
face, and the functional group (— SO;H) was assigned as the
Brgnsted acid site. The simultaneous presence of — SO;H
and hydrophilic functional groups in C-SGO increases the
hydrolysis and dehydration capacity of xylan. Besides, the
— SO;H group generates a hydroxyl group on xylose to form
furfural through dehydration to give a cyclic compound.
Therefore, C-SGO is used to investigate the effect of NaCl
concentration on furfural yield.

Figure 9 shows the influence of the dose of NaCl on the
conversion of hemicellulose to furfural. As shown in Fig. 9,
the conversion reaction was first carried out with a control
containing only NaCl to demonstrate the role of the C-SGO
as a catalyst. A furfural yield of 26.25% was achieved with-
out the utilization of C-SGO. Simultaneously, the conver-
sion of hemicellulose to furfural with C-SGO in presence of
NaCl increases from 30.20 to 40.03%. The control result can
be explained by the ability of CI~ to break hydrogen bonds
in biomass and form new hydrogen bonds with the — OH
group in the hemicellulose-lignin matrix [47]. In addition,
following the mechanism shown in Scheme 1, the CI™ ion
is capable of accelerating the formation of 1,2-enediol from
the open-chain form of xylose [50]. However, at high NaCl
concentrations, it is possible that excessive xylose forma-
tion instead promotes xylose dehydration and xylose—fur-
fural polymerization, resulting in the formation of humins
[5]. Therefore, the combination of 0.2 mol/LL NaCl content
with 10 wt% SGO catalyst gives the desired furfural yield
of 40.03%.

The proposed route of the conversion of xylose into fur-
fural is shown in Scheme 1. In the presence of heterogeneous
catalysts, two processes occur: (1) the = SO;H group breaks
B-1,4 glycosidic bonds to produce monosaccharide (xylose);
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Fig.9 Effect of NaCl concen- 40 |
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(2) xylose will be isomerized to xylulose, which then forms
xylofuranose and subsequently is dehydrated to create fur-
fural or xylose will be dehydrated directly to furfural [2]. In
the aldehyde group, electronegative oxygen promotes the
formation of cationic carbon. As CI™ attacks the C* of the
intermediate, a reduction reaction occurs, and a « bond is
formed between C, and C,. This may explain the synergistic
effect of NaCl in the acid-catalyzed dehydration of xylofura-
nose. The chloride ions interact with the hydroxyl groups via
hydrogen bonding to form the unstable 1,2-enediol form,
facilitating the formation of intermediates, and thereby pro-
moting xylose conversion [50].

3.5 Reusability of the C-GO catalyst

The reusability of the material was investigated through 5 cycles
under fixed reaction conditions of: reaction temperature 190 °C,
reaction time 90 min, and catalyst amount 0.1 g. The C-SGO
material was separated and washed with distilled water and

304

Furfural yield (%)

0 . T
1 2 3 4
Number of cycles

Fig. 10 Reusability of the C-SGO catalyst

@ Springer

ethanol after each reaction cycle. As shown in Fig. 10, the fur-
fural efficiency gradually declined from 30.20 to 26.16% after 3
cycles and then dropped to 18.41 and 16.98% by cycles 4 and
5, respectively. This can be explained due to the loss of — SO;H
functional groups on the C-SGO surface through the reduction of
the S content of the reused C-SGO material, as demonstrated in
Fig. 7b [51]. In addition, some impurities formed from side reac-
tions deposited on the surface of the material reduce the catalytic
sites, thereby reducing furfural efficiency [2].

The results of this research have demonstrated the usage
of corncob biomass as a precursor for synthesizing catalysts
with noteworthy furfural conversion performance and, in par-
ticular, highlighted the synergy of Lewis acid and Brgnsted
acid sites on the material. Similar studies have also shown
that the usage of FeCl;, AICl;, and NaCl as candidates for the
Lewis acid sites provided good catalytic activity Similar stud-
ies have also shown that the usage of FeCl,, AlCl;, and NaCl
as candidates for the Lewis acid sites provided good catalytic
activity, due to the salts being able to form hydrolyzed metal
species and H;O" [4, 16]. The synthesis orientation of the
material attaches metal salt to the carbon network to create
coexisted Lewis acid and Brgnsted acid sites, increasing the
furfural yield. Overall, the synthesized C-SGO material shows
promise for the development of future catalysts in furfural con-
version applications.

4 Conclusion

In this study, the carbon-based acid catalyst material with
a structure similar to graphene oxide (C-SGO) was suc-
cessfully synthesized from corncob as a source of cellulose
precursor, with — SO;H groups performing as the Brgn-
sted acid catalytic site for application in furfural synthe-
sis. SEM images showed that cellulose:ferrocene catalytic
ratio of 1:1, with calcination at 300 °C for 30 min, results
in a material with a corrugated structure. Synthesized
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materials were sulfonated with sulfuric acid reagent at a
concentration of 1 M for a desirable catalytic efficiency
of 30.2%. In addition, synergistic catalytic effects were
identified between C-SGO and NaCl; a furfural yield of
40.02% was obtained with 100 mg of C-SGO and 1 g
hemicellulose introduced into a 200 °C reaction system
for 90 min. Consequently, the study shows the potential
of using seawater or wastewater containing NaCl as a low-
cost reaction solvent in the process of converting hemicel-
lulose to furfural. The C-SGO catalyst also shows good
reusability after five recycles. Moreover, the utilization
of cellulose from corncob in the synthesis of catalytic
materials is regarded as an environmentally sustainable
approach.
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