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A B S T R A C T   

Herein, furfural was synthesized via dehydration of xylose with γ-valerolactone (GVL) in the presence of sul-
fonated carbon catalysts prepared from eucalyptus activated carbon (EAC) and sulfonating agents (H2SO4 and 
TsOH). Influences of pure and mixed sulfonating agents on physicochemical attributes of the obtained sulfonated 
carbon catalysts were explored using different characterization techniques (BET, FTIR, NH3-TPD, CHNS, XRD, 
TGA, SEM and total acid density). The process input variables (temperature, solvent/substrate ratio, time and 
catalyst loading) influencing the dehydration process were optimized using Taguchi design approach. The best 
H2SO4 (H)/TsOH (T) molar ratio for the mixed acid sulfonated EAC (EAC-H-T) material to catalyze xylose 
conversion to furfural was 3:2. The total acid density (0.79 ± 0.08 mmol/g), specific surface area (711.9 m2/g) 
and sulfur concentration (9.77%) of the EAC-3H-2T catalyst were higher compared to other sulfonated EAC 
materials. Taguchi optimization approach revealed that highest furfural yield (74.61 ± 0.05 %) was achieved at 
the optimum conditions of 180 ◦C dehydration temperature, 1.5 wt% catalyst loading, 3.0 h dehydration time 
and 3 mL/g GVL/xylose ratio. 1H- and 13C NMR analyses conducted on isolated product obtained under optimum 
conditions confirmed the formation of furfural. In addition, the EAC-3H-2T catalyst exhibited sustained activity 
after it was reused for six times.   

1. Introduction 

Various chemicals and fuels are being produced from fossil resources 
(crude oil, coal and natural gas) for society use, but the non-renewable 
products may not be able to meet market demand in the near future due 
to fossil fuel depletion, over population and increase in energy con-
sumption. The utilization of renewable raw materials has gained much 
interest in recent times as it promotes sustainable fine chemical syn-
thesis and clean energy supply (Naik et al., 2010; Ragauskas et al., 
2006). Currently, lignocellulosic-based biomasses, which are the most 
abundant renewable materials, are being used as alternative raw ma-
terials to produce both fine chemicals and fuels through bioconversion/ 
biorefinery technologies (Xu et al., 2021). Some of the compounds that 
can be made from lignocellulosic biomass include furfural, levulinic 
acid, 5-hydroxymethylfurfural and ethanol (Xu et al., 2021; Melikoglu 
et al., 2016; Liu et al., 2013; Morone et al., 2015). 

Due to its potential platform to produce renewable fuels, furfural is 

regarded as one of the most promising chemicals that may be obtained 
from biomass rich in hemicellulose (Chung et al., 2021). Furfural, a 
naturally-occurring furan aldehyde, is synthesized via acid-catalyzed 
dehydration of C5 hydrocarbon (monosaccharide of the aldopentose 
type such as xylose). Industrially, furfural is made by sequentially 
dehydrating hemicellulose, which is the main constituent of biomass, in 
one step with a mineral acid (HCl or H2SO4) as catalyst. However, 
synthesis and separation of furfural forms a huge quantity of gas, residue 
and wastewater, leading to equipment corrosion and high cost of 
maintenance (Xu et al., 2021). Additionally, catalyst reusability is 
practically impossible since the liquid catalyst is miscible with reactant 
and solvent. Some researchers suggest that heterogeneous catalysts, 
which can prevent corrosion, promote environmentally friendly pro-
cesses, facilitate easy separation of products from reaction mixtures and 
enable catalyst reusability, could help solve those aforementioned 
drawbacks (Jia et al., 2019). In the process of producing furfural through 
heterogeneous catalyzed reaction, homogeneous Lewis and bronsted 
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acids are typically doped with structured supports including zeolite, 
clay, and ion exchange resins to improve the solid acid catalyst’s ac-
tivity, stability, and recyclability (Liang et al., 2010; Xiao et al., 2010; 
Wang et al., 2018; Zhang et al., 2016). Unfortunately, a lot of these 
supported solid catalysts have high costs and need laborious formulation 
processes. 

The utilization of biomass-based sulfonated carbon catalysts in the 
dehydration of xylose has recently increased because they are me-
chanically and chemically stable, have large surface area and adjustable 
surface functional groups, offer high product yield and reduce produc-
tion cost, thus making them as good replacement for homogeneous 
catalysts (Gabriel et al., 2020; Liang et al., 2021; Zhang et al., 2022; Xu 
et al., 2023). For example, an acid-activated sugarcane bagasse carbon 
catalyst was used for the xylose dehydration to make furfural (Silva 
et al., 2023), a carbon-based solid acid obtained from pectin was used as 
a catalyst for furfural synthesis (Xu et al., 2021), H2SO4-modified mes-
oporous carbon was used for catalytic dehydration of xylose to produce 
furfural (Wang et al., 2022) and p-TSA modified water hyacinth leave 
biochar was employed to catalyze the furfural synthesis from xylose 
(Laohapornchaiphan et al., 2017). Furthermore, the production of 
furfural from the dehydration of corncob and xylose with different sol-
vents (water, acetone, DMSO, GVL, 1, 4-dioxane, ethanol, methanol and 
DMF) over heterogeneous sulfanilic acid-derived carbon (S-CG) cata-
lysts obtained from calcium-gluconate (biomass material) has been 
studied and reported. The furfural yields of 80.2, 73.5, 38.7, 10.1 and 
7.3 % were obtained when GVL, 1, 4-dioxane, acetone, DMSO and water 
were used as solvents, respectively, whereas no xylose conversion was 
noticed with DMF, methanol and ethanol as solvents (Xu et al., 2023). 
Additionally, corncob conversion of 52.9 % was achieved with 1, 4-diox-
ade as a solvent over S-CG catalyst at 180 ◦C with 200 mg corncob, 10 
mL solvent volume and 100 mg catalyst dosage after 70 min of the 
dehydration reaction (Xu et al., 2023). Corn straw conversion to furfural 
over the carbon acid catalyst formulated via impregnation of tin on 
sulfonated pollen was studied. The solid acid heterogeneous catalyst 
resulted in 77.82 % furfural yield at 190 ◦C for 3 h (Teng et al., 2020). 
Bifunctional-SO3H/sucralose catalyst was used to catalyze corncob 
conversion to furfural with DMSO as solvent, and a furfural yield of 90.8 
% was achieved (Zhang et al., 2019). The favourable attributes of 
carbon-based support, such as mechanical and chemical stability, high 
specific surface area (SSA), adjustable surface functional groups and 
porous structure, have formed the motivations for further research 
(Teng et al., 2020; Ma et al., 2019; Millán et al., 2019). The use of 
activated carbon derived from eucalyptus bark as a catalyst support is an 
exciting aspect of green technology. Furthermore, eucalyptus activated 
carbon (EAC) has a large surface area, well porous structured and high 
adsorption capacity (Yusuff, 2022). The eucalyptus tree is common in 
China and Nigeria and grows yearly (Martini et al., 2020). To make 
sulfonated carbon catalyst, EAC is modified with bronsted acids to 
improve its acidic attributes as unmodified carbon has low activity 
(Yusuff, 2022; Yusuff et al., 2022). Therefore, enhancement of activated 
carbon from biomass via surface modification is necessary to enrich its 
acidic attributes and outwit the disadvantages of biomass with respect to 
the relatively low catalytic activity. 

More importantly, the quest for facile and more efficient dehydration 
reaction process has attracted further studies on optimization of xylose 
conversion to furfural. So many reported studies showed that conven-
tional methods were applied to examine the impact of operating vari-
ables on dehydration process. In these traditional techniques, 
experiments were conducted by changing systematically the indepen-
dent variable and holding constant the others. This procedure should be 
repeated for each of the influencing factors, leading to an unpredictable 
number of experimental runs. The implementation of experimental 
design methods (EDMs) can be helpful in optimizing the effective pa-
rameters with the fewest experiments necessary. Taguchi optimization 
approach is one of EDMs used to control a process and optimize the 
process procedures in order to offer the favourable optimum conditions 

(Yusuff and Onobonoje, 2023). But, there is lack of information on the 
optimization of xylose conversion to furfural over solid acid catalyst 
using Taguchi experimental design approach. 

The utilization of green solvent, such as GVL, in the dehydration of 
aldopentose (C5 hydrocarbon) will make the process eco-friendly. 
Therefore, the present study dwelled on the conversion of xylose by 
enriched eucalyptus activated carbon with the –SO3H sites as catalyst for 
the dehydration of xylose with GVL to produce furfural. The Influence of 
type and composition of the sulfonating agents on the characteristics 
and the catalyst reactivity was explored. The process input variables 
(temperature, catalyst dosage, time and solvent/substrate ratio) 
affecting the dehydration process were optimized using Taguchi opti-
mization approach. Moreover, the catalyst reusability was investigated 
to examine its stability during reuse. 

2. Materials and methods 

2.1. Materials 

Eucalyptus globulus barks (EBs) were collected from a garden at 
HUST, Wuhan, China. Xylose (98%, Energy Chemical, sourced from 
straw), sulfuric acid (H2SO4, 98%, Sigma-Aldrich), p-Toluene sulfonic 
acid monohydrate (TsOH, 98%, Energy Chemical), phosphoric acid 
(H3PO4, 85%, Sigma-Aldrich), furfural (98.5%, Energy Chemical) used 
as standard for quantification, γ-valerolactone (GVL, 98%, Energy 
Chemical), acetophenone (99.7%, Sigma-Aldrich), ethyl acetate (99.9%, 
Sigma-Aldrich), dichloromethane (DCM, 99.5%, Sigma-Aldrich) and 
phenolphthalein (97%) were purchased from Chemical Stores in Wuhan, 
China. 

2.2. Solid acid catalysts synthesis procedures 

2.2.1. Preparation of activated carbon from eucalyptus bark 
The collected barks were washed with tap water until the leachate 

was clear and thereafter, the washed barks were dried at 110 ◦C for 5 h, 
crushed with pestle and mortar and then screened through 50-mesh 
sieve. 50 g of eucalyptus bark powder was weighed into 70 mL H3PO4 
solution (85% weight), mixed at ambient temperature for 1 h for proper 
activation and then dried in a vacuum dryer at 60 ◦C for 12 h. There-
after, the dried sample was carbonized in a furnace (OTF-1200X) at 
600 ◦C for 1.5 h under N2 gas flow (150 mL/min STP) at 10 ◦C/min 
heating rate. The carbonized product was then rinsed in warm distilled 
water until washed water’s pH was around 7.0 in order to remove re-
sidual acid. The washed material was dried at 80 ◦C for 8 h and then 
pulverized to obtain uniform particle size powder. The product obtained 
will henceforth referred to as eucalyptus activated carbon (EAC). 

2.2.2. Sulfonated EAC catalysts synthesis 
Sulfonated catalysts were formulated by following the procedures 

reported by Dechakhumwat et al. (2020) with little adjustment. Apart 
from the adopted procedures, preliminary studies were carried out to 
determine the optimal operating parameters for catalyst preparation. 
Eucalyptus activated carbon was sulfonated using H2SO4, TsOH or 
H2SO4-TsOH mixture at varying mixing ratio as follows: Typically, 3.0 g 
of EAC was mixed with 30 mL of H2SO4 and sulfonated at 180 ◦C for 10 h 
in a closed glass reactor. For TsOH sulfonation, 3.0 g of EAC was added 
to 7.0 g of TsOH dissolved in 20 mL of distilled water in a glass reactor 
and heated at 180 ◦C for 10 h. Furthermore, sulfonation of EAC (3.0 g) 
using mixture of H2SO4 and TsOH at different H2SO4: TsOH molar ratios 
of 1:3, 3:1, 2:3 and 3:2 was carried out in a tightly covered glass reactor 
at 180 ◦C for 10 h. Thereafter, all the sulfonated materials were washed 
with distilled water until filtrate become neutral, and the residues were 
dried at 80 ◦C overnight and then placed in a desiccator to prevent 
moisture contamination. The samples sulfonated by H2SO4, TsOH and 
H2SO4/TsOH were denoted as EAC-H, EAC-T and EAC-xH-yT, respec-
tively, where x and y represent molar ratios of H2SO4 (H) to TsOH (T). 
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For instance, EAC-1H-3 T indicates certain amount of EAC was sulfo-
nated using H2SO4-TsOH mixture at H2SO4/TsOH molar ratio of 1:3. 

2.3. Characterization of sulfonated carbon catalyst samples 

The measurement of SSA and pore sizes of the prepared sulfonated 
carbon samples was conducted under N2 gas at − 196 ◦C (77 K) using 
Micromeritics porosity analyzer (ASAP2460, USA). Each sample was 
degased at 230 ◦C for 5 h to remove adsorbed gases and moisture from 
its surface. Surface functional groups of the formulated solid acid cata-
lysts were evaluated using Fourier transform infrared (FTIR) spectro-
photometer (Thermofisher Scientific, USA) within 4000–400 cm− 1 

wavenumber. Before FTIR analysis, each sample was gently pulverized 
and blended with 0.2 wt% KBr. The phase and crystallinity of the sul-
fonated samples were examined by X-ray diffraction (XRD) using a 
Bruker D8 Advance diffractometer. A Cu-kα radiation (λ = 1.542 Å) was 
employed to generate the XRD profile ranging from 5 to 80◦ at a scan-
ning rate of 2◦/min and 65 kV accelerated voltage. 

Scanning electron microscope (SEM-Sigma 300, Xplore 3D) was 
utilized to view the morphological attributes of the sulfonated carbon 
catalysts. Thermal stability of the catalyst samples was characterized 
using Thermogravimetric analyzer (TGA, NETZSCH TG 209F1). 3.0 mg 
of each sample was weighed and analyzed under N2 carrier flow rate of 
180 mL/min, 15 ◦C/min heating rate and temperature range from 30 ◦C 
to 900 ◦C. Moreover, the acid strength of the sulfonated carbon catalysts 
was examined by temperature-programmed desorption of ammonia gas 
(NH3-TPD) via the Japan Bayer BELCAT-A TPD/TPR/TRO analyzer. 
Furthermore, the compositions of atomic carbon, nitrogen, sulfur and 
hydrogen were determined by CHNS analyzer. Additionally, total acid 
density of each sulfonated sample was estimated by acid/base titration 
technique. Briefly, 0.1 g of solid material was suspended in 25 mL of 
NaCl solution (2.0 M) and agitated for 20 min to allow ions exchange 
between solid acid catalyst and sodium salt. Thereafter, the stirred so-
lution was centrifuged, and the clear solution was titrated against 0.05 
M NaOH with phenolphthalein (indicator). The total acid density (AT) of 
the sulfonated catalyst was evaluated using Eq. (1) 

AT =
VNaOH × CNaOH

WC
(1)  

where VNaOH = volume of NaOH consumed (mL), CNaOH = concentration 
of NaOH (M) and WC = sample weight (g). 

2.4. Catalytic activity evaluation 

2.4.1. Dehydration of xylose 
As illustrated in scheme 1, transformation of xylose to furfural via 

dehydration with GVL as solvent in the presence of sulfonated EAC 
catalysts (EAC-H, EAC-T or EAC-xH-yT) was carried out in a tightly 
covered 100 mL round bottom flask coupled with a reflux condenser. 
Throughout the experiment, the reactor was inserted in a bath of silicone 
oil placed on a hotplate with magnetic stirrer. For each reaction run, 0.1 

g of xylose was suspended in needed volume of GVL and a certain mass 
of catalyst was added to the mixture which was then heated to a desired 
temperature and continuously stirred at 600 rpm to prevent diffusion 
limitation. For the catalysts screening, the dehydration reaction was 
carried under the following conditions: 0.05 g sulfonated catalyst (cor-
responded to 1.0 wt% of GVL used), 5 mL solvent volume, 180 ◦C 
dehydration temperature and 2 h dehydration time. After the dehydra-
tion process, the reaction product was centrifuged for 5 min at 7000 rpm 
to separate solid acid catalyst. The supernatant was then diluted with 
ethyl acetate and filtered with silicon filter before it was analyzed by GC- 
FID analyzer. 

2.4.2. Dehydration product analysis 
The furfural content in the dehydration product was analyzed by GC- 

FID instrument (GC9790II) with capillary column (4000 J&W DH-5HT; 
dimension: 30 m × 0.25 mm × 0.25 μm) with nitrogen (carrier gas) at a 
0.4 mL/min flow rate. For the sample analysis, 5 μL of the dehydration 
product was mixed with 50 μL of acetophenone (internal standard), and 
0.4 μL of the blend was then introduced into GC-FID device for the 
analysis. The initial temperature of the oven was set at 60 ◦C which was 
held for 0.5 min and then increased to 120 ◦C at a rate of 10 ◦C/min and 
held for 5 min. The temperature was increased to 200 ◦C at a ramping 
rate of 15 ◦C/min for 5 min before finally dwelling at the 200 ◦C until a 
total resident time of 19.5 min was reached. The furfural yield (Y) was 
calculated as follows: 

Y(%) =
mole of furfural

mole of xylose used
× 100% (2)  

2.5. Optimization of xylose dehydration over the active sulfonated carbon 
catalyst 

In this study, four input variables were considered at four factor- 
three level L9 orthogonal of Taguchi design approach to model and 
optimize the xylose dehydration process. The selection of levels was 
based on the preliminary experiments carried out and previous reported 
studies. The established limits were deposited into Design-Expert soft-
ware (Version 12, Stat Ease) which suggested 9 experimental runs as 
indicated in Table 1. Furfural yield (%) was considered as a response 
factor while dehydration temperature, T (oC), catalyst loading, C (wt.%), 
dehydration time, t (h) and solvent/substrate ratio, S (mL/g) as input 
parameters. 

Scheme 1. Chemical reaction equation for the catalytic dehydration of xylose to furfural.  

Table 1 
Studied dehydration process variables and their associated levels.  

Factors Description Levels   

L1 L2 L3 

T Dehydration temperature (oC) 170 180 190 
C Catalyst loading (wt.%) 0.5 1.0 1.5 
t Dehydration time (h) 1.0 2.0 3.0 
S Solvent/solid ratio (mL/g) 3.0 4.0 5.0  
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Furthermore, the signal/noise (S/N) ratio, a logarithmic parameter 
used to compare the response to the desired value (Yusuff and Onobo-
noje, 2023), was estimated based on values of furfural yields obtained. 
The S/N ratio is of three categories, namely minimizing the output factor 
(the smaller the better), maximizing the output factor (the larger the 
better) and getting a target value (target is better). The experimental 
values obtained from the dehydration of xylose were analyzed using the 
larger the better (LB) goal (Eq. (3) to evaluate optimum process vari-
ables and to study the contribution of each parameter that influences the 
xylose conversion process. 

(S/N)LB = − 10log

[
1
n
∑n

i=1

1
y2

i

]

(3)  

where yi − measured response and n − number of repetitions under 
identical conditions, 

2.6. Isolation and analysis of furfural produced under optimum condition 

After the dehydration reaction conducted under optimum condi-
tions, the catalyst was separated from product through centrifugation, 
and the supernatant was purified through a preparative thin-layer 
chromatography plate using a mixture of DCM and ethyl acetate (ratio 
30:1) as eluting solvent to isolate desired product which was then 
analyzed to examine its chemical structure and purity using 1H and 13C 
NMR spectrometer (Bruker Avance IIITM 500-MHz) with deuterated 
chloroform (CDCl3) as solvent. The obtained NMR data were calibrated 
and analyzed by using MestReNova-14.12-25024 software. 

2.7. Catalyst stability study 

After each reaction, the spent solid acid catalyst was recovered from 
product mixture through centrifugation at 7000 rpm for 5 min and 
rinsed with dichloromethane for three times to remove the physisorbed 
molecules and finally heated at 80 ◦C for 9 h to reactivate its catalytic 
activity before being used for subsequent dehydration experiments. 
Furthermore, leaching test was conducted by mixing the fresh catalyst 
with GVL at 70 ◦C for 4 h. The GVL was retrieved through centrifugation 
and employed for dehydration of xylose at 190 ◦C for 2 h and GVL to 
xylose ratio of 5:1 mL/g. Furthermore, a control dehydration experiment 
without catalyst was conducted with xylose and pure GVL under the 
identical conditions. 

3. Results and discussion 

3.1. Catalysts characterization 

In order to investigate the physicochemical attributes of the formu-
lated sulfonated EAC materials, they were characterized by BET, FTIR, 

NH3-TPD, CHNS, XRD, TGA, SEM and total acid density as follows: 

3.1.1. Textural characteristics analysis 
The SSA, pore diameter and pore volume of the EAC and sulfonated 

EAC samples are presented in Table 2. The SSA of the eucalyptus acti-
vated carbon was much larger than those of the sulfonated carbon cat-
alysts, which is in excellent agreement with the porous structure 
observed via SEM analysis. The TsOH sulfonation was more effective at 
synthesis of a porous catalyst compared to the sulfonation by H2SO4 as 
the SSA of EAC-T (449.3 m2/g) was higher than that of EAC-H (331.3 
m2/g). This observed trend agreed with the study reported by Decha-
khumwat et al. (2020). Utilization of H2SO4-TsOH mixture for sulfona-
tion of EAC further promoted the textural and morphological features of 
the sulfonated materials, as affirmed by the significant increase in sur-
face area (>450 m2/g) and well developed pores observed in the EAC- 
xH-yT materials. It is worthy of note that the obtained SSA for the EAC- 
xH-yT samples exhibited a trend with the increase of the H2SO4 amount 
in the sulfonated catalyst. This might have occurred either as a result of 
pores opening after increasing amount of H2SO4 resulting in increase in 
surface area (Nda-Umar et al., 2020) or H2SO4 in synergy with TsOH 
interacted with precursor (EAC) which resulted in increased surface area 
(Arun et al., 2016). By and large, SSA of the sulfonated carbon catalysts 
developed via H2SO4-TsOH mixture sulfonation process were ranked as 
EAC-3H-2T > EAC-3H-1T > EAC-2H-3T > EAC-1H-3T. Furthermore, a 
high SSA and large pore volume were obtained for the EAC-3H-2T 
sample, indicating the merit of using higher H2SO4 content in the sul-
fonated carbon catalyst prepared via H2SO4-TsOH sulfonation process. 

3.1.2. CHNS composition analysis 
The CHNS analysis was done to evaluate the chemical elements 

(carbon (C), hydrogen (H), nitrogen (N) and sulfur (S)) composition in 
the prepared samples as presented in Table 2. The contents of C and H in 
REB sample were 48.7% and 7.32% respectively, but C increased to 
75.7% while H decreased to 5.04% after activation and carbonization of 
REB to obtain EAC due to dehydration and deoxygenation effects. 
However, upon sulfonation of EAC by different sulfonating agents, C, H 
and N contents reduced, suggesting that the carbonization and dehy-
dration processes as well as volatilization of molecules occurred during 
the acid treatment (sulfonation) process. The increased sulfur content in 
sulfonated carbon catalyst suggested successful incorporation of –SO3H 
active sites into EAC, similar to results reported elsewhere (Chen et al., 
2018). In terms of C/H ratio, sulfonated samples exhibited higher ratios 
as compared to that of non-sulfonated sample, which suggested that acid 
loading on EAC increased hydrogen- and oxygen-containing functional 
groups and facilitated the retention of H and O contents. Also, the hy-
drophilicity of the sulfonated carbon catalysts would be improved, thus 
enhancing the reactant adsorption onto active sites of the catalyst sur-
face (Yusuff, 2022; Shokrolahi et al., 2012). Furthermore, the increased 
S content in the sulfonated samples suggested successful doping of 

Table 2 
Physicochemical properties of the synthesized samples and furfural yield.  

Sample Ultimate analysis (%)a Textural properties    

C H N S C/H Surface area (m2/ 
g) 

Pore volume 
(cm3/g) 

Average pore diameter 
(Å) 

Total acid densityb 

(mmol/g) 
Furfural yield 
(%)c 

REB  48.7  7.32  0.91 0.38  6.65 − − − − −

EAC  75.7  5.04  3.36 − 15.1 826.1 0.72 3.69 − −

EAC-T  66.4  3.79  0.35 8.50  17.5 449.3 0.23 58.2 0.28 ± 0.10 48.4 
EAC-H  60.7  3.21  0.6 8.00  18.9 331.3 0.21 14.5 0.96 ± 0.24 67.1 
EAC-1H-3T  71.4  3.36  0.15 7.19  21.3 498.7 0.36 5.87 0.52 ± 0.07 54.9 
EAC-3H-1T  75.9  3.17  0.25 7.42  23.9 608.6 0.38 6.29 0.64 ± 0.83 64.8 
EAC-2H-3T  64.8  3.43  0.41 8.96  18.9 596.2 0.27 15.1 0.51 ± 0.24 57.5 
EAC-3H-2T  62.6  3.95  1.05 9.77  15.8 711.9 0.43 27.7 0.79 ± 0.08 71.2 
Spent EAC-3H- 

2T  
77.1  5.03  0.07 4.91  15.3 518.4 0.38 12.6 0.63 ± 1.06 51.6  

a evaluated by CHNS analyzer, bdetermined via titration technique, measured by GC analyzer. 
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–SO3H active sites with EAC, similar to results reported elsewhere (Xu 
et al., 2021; Chen et al., 2018). The S contents in the solid acid samples 
were in the range of 7.19–9.77%, where S content in EAC-3H-2T 
(9.77%) was 25.7 times higher than the S content in the raw euca-
lyptus bark (0.38%). It is important to note that EAC sample contained 
no sulfur due to the carbonization at high activation temperature which 
increased the C-H3PO4 and C-N2 reaction rates, resulting in increasing 
devolatilization which developed the pore structure in EAC. This 
observation was similar to findings documented by Nda-Umar et al. 
(2020). 

3.1.3. XRD analysis 
Fig. 1 presents the XRD patterns of the EAC and sulfonated EAC 

samples. The broad diffraction band at around 2θ = 15–30◦ was noticed 
on the diffractogram of eucalyptus activated carbon, which was attrib-
uted to the amorphous carbon framework consisting of randomly ori-
ented aromatic carbon sheet (Nda-Umar et al., 2020). Following the 
sulfonation by TsOH, some diffraction peaks (2θ = 12.8◦, 14.9◦, 19.4◦

and 24.4◦) were observed, attributing to the presence of sulfur atoms in 
the EAC-T sample as corroborated by FTIR and CHNS analyses. In 
addition, because TsOH is a strong and solid organic acid, sulfonation 
resulted in the dispersion of sulfur atoms where the bonding between 
carbon and sulfonic acids groups became stronger (Lathiya et al., 2018). 
However, the diffraction band became more broad, and slightly shifted 
towards right direction after sulfonation of EAC by H2SO4 and H2SO4- 
TsOH, indicating that the acid impregnation process strengthen the 
carbon sheets due to strong bond which inhibited carbonaceous 
framework disorder (Correa et al., 2020). 

3.1.4. FTIR analysis 
The FTIR spectra of raw eucalyptus bark (REB), eucalyptus activated 

carbon (EAC) and sulfonated EAC samples (EAC-T, EAC-H and EAC-3H- 
2T) are displayed in Fig. 2. The spectra of REB, EAC and solid acid 
catalysts exhibited the presence of O–H group associated with alcohols, 
carboxylic acids and phenols and adsorbed moisture at around 
3350–3530 cm− 1. The band broadness of REB reduced after carboniza-
tion which suggested dehydration and deoxygenation, thereby forming 
aromatic carbon sheet (Nda-Umar et al., 2020). The peak at 2908 cm− 1 

on the REB’s spectrum, which is attributed to the C–H stretching of 
methyl group, disappeared after carbonization and acid treatment 
(sulfonation) processes, indicating the biomass transformation into a 
polycyclic aromatic hydrocarbon framework due to the influence of the 
sulfonating/activating agent and activation/sulfonation temperature 
(Xu et al., 2021). The transmittance pattern in the FTIR analysis revealed 
the presence of –NO2 aromatic nitro compound, in-plane-OH bending, 

NH stretching, bonded C=C and C=O stretching at 1315 cm− 1, 
1438–1441 cm− 1, 1533 cm− 1, 1608 cm− 1 and 1675 cm− 1, respectively, 
which was in line with work reported by Thanh et al. (Thanh et al., 
2019), while O=S=O asymmetric and symmetric stretching in –SO3H 
group at around 1060–800 cm− 1 and 1200–1100 cm− 1 as illustrated in 
Fig. 2b. The presence of –SO3H group in the sulfonated samples affirmed 
the successful doping of acid on the eucalyptus activated carbon, 
forming C-SO3H structure (Dechakhumwat et al., 2020). It is worthy of 
note that the peaks associated with O=S=O functional groups in EAC-H 
and EAC-3H-2T samples were more intense as compared to EAC-T 
sample, thus confirming the strong reactivity of H2SO4. 

3.1.5. NH3-TPD analysis and acidity property 
The –SO3H group is a well-known acidic functional group that serves 

as active center on the solid acid catalyst. The NH3-TPD profiles for the 
as-synthesized carbon-based catalysts are shown in Fig. 3. The acidic site 
density was estimated by integration of area under the curve. From the 
NH3-TPD analysis, the carbon-based catalysts exhibited different 
desorption characteristics. EAC-T and EAC-H exhibited single desorp-
tion peak at 449 ◦C and 387 ◦C respectively, while EAC-3H-2T exhibited 
two desorption peaks at 207 ◦C and 338 ◦C. According to Zhang et al. 
(2004), the desorption peak occurred at around 300 ◦C, 300–550 ◦C and 
> 550 ◦C are attributed to the weak, medium to strong and strong acid 
sites on the catalyst surface, respectively. Therefore, the broad desorp-
tion peak exhibited by each of EAC-H and EAC-T affirmed the presence 
of –SO3H as acid sites on them. The two desorption peaks exhibited by Fig. 1. XRD pattern of EAC and sulfonated EAC (EAC-T, EAC-H and EAC-3H- 

2T) catalysts. 

Fig. 2. FTIR spectra of (a) REB and EAC and (b) sulfonated EAC (EAC-T, EAC-H 
and EAC-3H-2T) catalysts. 
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EAC-3H-2T could be attributed to weak acid site and medium to strong 
acid site, respectively, confirming the presence of carboxylic (COOH) 
and sulfonic (− SO3H) groups on the catalyst surface as the active centers 
during the xylose dehydration to furfural. However, based on NH3-TPD 
results, the EAC-T, EAC-H and EAC-3H-2T possessed acidic sites with 
acidic quantity of 183 µmol/g, 177 µmol/g and 257 µmol/g, respec-
tively. The higher total acid site exhibited by the EAC-3H-2T catalyst as 
compared to the EAC-T and EAC-H samples could be attributed to the 
high surface area of the former which promoted the spacing of the 
–SO3H groups, making it more denser in terms of total acid sites and 
accessible by the substrate and consequently enhances the reaction 
product yield (Dosuna-Rodriguez et al., 2011). 

The total acid densities for the tested sulfonated carbon catalysts, 
which were determined via titration method, ranged from 0.28 to 0.96 
mmol/g as illustrated in Table 1, where EAC-T, EAC-H and EAC-3H-2T 
had total acid density of 0.28 ± 0.10, 0.96 ± 0.24 and 0.79 ± 0.08 
mmol/g, respectively. The prepared EAC-3H-2T catalyst possessed 
higher acid density than other sulfonated carbon catalysts prepared via 
H2SO4-TsOH sulfonation process and EAC-T but had lower acid density 
as compared to EAC-H sample. This observation could be attributed to 

Fig. 3. NH3-TPD profile of EAC-T, EAC-H and EAC-3H-2T catalysts.  

Fig. 4. SEM micrographs of (a) EAC, (b) EAC-T, (c) EAC-H and (d) EAC-3H-2T samples.  
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the fact that the titration method could not account for the oxygen- 
containing functional groups (ether and carbonyl) present on the cata-
lyst surface (Konwar et al., 2015). These observed trends were in line 
with the work of Dechakhumwat et al. (2020). 

3.1.6. SEM analysis 
The SEM micrographs of eucalyptus activated carbon and sulfonated 

carbon catalysts are displayed in Fig. 4. The EAC exhibited a relatively 
rough surface with some flake-like shapes, and it is essentially porous 
due to the effects of devolatilization and evaporation of phosphoric acid 
during carbonization, in excellent agreement with results reported by 
Nda-Umar et al. (2020). Deep and wide pores appeared on the surfaces 
of the sulfonated carbon samples, which is an excellent possibility for 
xylose adsorption during dehydration process. It is worthy of note that 
acid treatment of EAC with H2SO4/TsOH mixture transformed the 
structure of the catalyst better than the solid acid catalysts prepared 
either by pure H2SO4 or pure TsOH. 

3.1.7. TGA analysis 
The thermal stability of the REB, EAC and sulfonated EAC samples 

was examined via TGA analysis, and the obtained TGA profiles are 
displayed in Fig. 5. From the results, it was obvious that raw eucalyptus 
bark showed three major stages of degradation. The initial weight loss 
took place between 40 ◦C and 125 ◦C, attributing to the evaporation of 
water, while the decomposition that occurred between 125 ◦C and 
310 ◦C was due to depolymerization of hemicellulose. The third weight 
loss that occurred between 310 ◦C and 410 ◦C was as a result of 
degradation of cellulose in form of adsorbed gases (such as CO2 and 
NH3), similar to observation reported by Liu et al. (Liu et al., 2013). For 
the EAC sample, two decomposition stages were noticed with first stage 
occurred between 35 ◦C and 100 ◦C which suggested adsorbed water 
loss, whereas the second stage presented no significant weight loss 
(<2%) presumably due to its low amount of cellulose (Burhenne et al., 
2013). These observations suggested the reduction in thermal stability 
of EAC due to carbonization effect, which was in line with the results of 
Silva et al. (2023) who synthesized acid-activated carbon from sugar-
cane bagasse for xylose conversion to furfural. As also seen in Fig. 5, the 
sulfonated carbon catalysts exhibited three weight loss stages but 
different decomposition patterns due to their chemical compositions. 
The initial decomposition stage, which took place between 35 and 
195 ◦C for EAC-T, 35 and around 205 ◦C for EAC-H and 35 and 210 ◦C 
for EAC-3H-2T, was attributed to the adsorbed water evaporation 
(Nagasundaram et al., 2020). The second stage of decomposition that 
happened from 195 to 302 ◦C for EAC-T, 205 to 312 ◦C for EAC-H and 
210 to 303 ◦C for EAC-3H-2T was pointing to the decomposition of 

sulfonic (–SO3H) groups present in the precursor (EAC) (Silva et al., 
2023). The third stage exhibited weight loss between > 300 and 800 ◦C 
for the three samples which signified decomposition of the carbonic 
framework. These TGA data suggested that the sulfonated carbon cata-
lysts were thermally stable as a result of carbon moiety as corroborated 
by the CHNS and FTIR results, and it is in line with the studies reported 
elsewhere (Xu et al., 2023; Laohapornchaiphan et al., 2017; Nda-Umar 
et al., 2020). 

3.2. Influence of the sulfonating agent on furfural yield 

The prepared solid acid samples were utilized to catalyze the dehy-
dration of xylose with GVL to produce furfural, with the corresponding 
product yields presented in Table 2. The SSA and the total acid density of 
the sulfonated carbon catalysts ranged from 331.3-711.9 m2/g and 
0.28–0.96 mmol/g, respectively, and offered a furfural yield ranging 
from 48.4-71.2%. The furfural yield was corresponded to specific sur-
face area, where EAC-3H-2T catalyst offered the highest dehydration 
product yield (71.2%) and EAC-1H-3T gave the least furfural yield 
(51.9%) among the catalysts prepared via EAC sulfonation by H2SO4- 
TsOH mixture, indicating that large surface area could enhance reactant 
adsorption onto catalyst surface and promote the dehydration mecha-
nism of xylose to furfural (Silva et al., 2023). Moreover, the total acid 
density seemed to have played a crucial role in the conversion of xylose 
to furfural as the sulfonated carbon catalyst with high total acidity gave 
high product yield as noticed in the case of EAC-H and EAC-3H-2T 
samples, implying that more and stronger acid sites would enhance 
the performance of the catalyst. Notably, the obtained furfural yields 
proved that the performance of the catalysts depends on both surface 
and acidity properties. Note that the catalyst prepared through pure 
H2SO4 sulfonation (EAC-H) gave a higher furfural yield despite having a 
lower sulfur concentration as compared to catalyst obtained via TsOH 
sulfonation (EAC-T) which had higher surface area and high sulfur 
concentration, thus suggesting that the catalytic activity of the EAC-H 
was related to its total acid density, which was in excellent agreement 
with similar studies reported elsewhere (Xu et al., 2023; Zhang et al., 
2016; Zhang et al., 2019). 

3.3. Optimization of dehydration process by Taguchi design approach 

The impacts of dehydration process conditions (dehydration tem-
perature, catalyst loading, dehydration time and solvent/substrate 
ratio) on furfural yield were examined using Taguchi design method. 
Table 3 presents the obtained results from dehydration experiments, 
which comprised of L9 orthogonal design matrix, furfural yields and S/N 
ratio values. As listed in the Table 3, the maximum furfural yield of 
72.83 % was gotten at 180 ◦C for 1.0 h with GVL/xylose ratio of 4.0 mL/ 
g and 1.5 wt% EAC-3H-2T catalyst loading. 

Furthermore, the combined plot of S/N ratio against various dehy-
dration process parameters is shown in Fig. 6. Fig. 6a reveals that the 

Fig. 5. TGA analysis of REB, EAC and sulfonated EAC materials.  

Table 3 
L9 orthogonal array design, furfural yields and S/N ratios.  

Run 
No. 

Xylose dehydration process 
parameters 

Furfural yield  

T 
(oC) 

C (wt. 
%) 

t 
(h) 

S (mL/ 
g) 

Experimental value 
(%) 

S/N 
ratio 

1 180  1.5  1.0  4.0 72.83 ± 0.94  37.25 
2 170  1.5  3.0  5.0 70.44 ± 1.41  36.96 
3 190  1.5  2.0  3.0 65.20 ± 2.05  36.28 
4 180  1.0  3.0  3.0 68.40 ± 0.03  36.70 
5 170  0.5  1.0  3.0 38.63 ± 0.61  31.74 
6 190  0.5  3.0  4.0 29.61 ± 3.05  29.43 
7 170  1.0  2.0  4.0 41.9 ± 0.06  32.44 
8 180  0.5  2.0  5.0 53.14 ± 0.35  34.51 
9 190  1.0  1.0  5.0 39.02 ± 0.71  31.83  
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high furfural yield was obtained at middle level of temperature (180 ◦C). 
A higher temperature promotes the diffusion of reactant and dispersion 
of the solid catalyst particles. High temperature also facilitates interac-
tion between the catalyst and solvent, followed by rearrangement and 
ion transfer, leading to high xylose conversion to furfural (Laohaporn-
chaiphan et al., 2017; Thanh et al., 2019). The decline in the furfural 
yield at high level of temperature (190 ◦C) might be attributed to the 
vaporization of GVL at high temperature and prolong time, which pro-
moted secondary reaction and consequently reduced the desired product 
yield, in excellent agreement with observation reported elsewhere (Qin 
et al., 2020). Furthermore, with reaction temperature increasing from 
180 ◦C to 190 ◦C, the yield of furfural decreases and the colour of the 
reaction mixture changes from light yellow to dark yellow. This is 
attributed to the polymerization of furfural with increasing reaction 
temperature to form humin as byproduct (Xu et al., 2023). As shown in 
Fig. 6b, the furfural yield increased with increasing EAC-3H-2T loading, 
and the reason for this observation was that higher catalyst dosage offers 
more acid sites for dehydration reaction which promoted the formation 
of furfural and facilitated the condensation and degradation of the re-
action products (Silva et al., 2023). These observations implied that 1.5 
wt% catalyst loading was adequate in achieving a higher furfural yield. 

This finding implied that 1.5 wt% EAC-3H-2T loading was appropriate 
for achieving a maximum furfural yield. Furthermore, the highest 
furfural yield was obtained at high level of dehydration time (3.0 h) as 
seen in Fig. 6c. A sufficient reaction time is critical in achieving a high 
furfural yield in dehydration reaction because higher reaction time fa-
cilitates strong interaction between reactant and catalyst, thereby 
leading to more frequent collision and consequently promoting the 
xylose conversion (Xu et al., 2021). In addition, the longer reaction time 
resulted in the increase in furfural yield, suggesting the inhibition of 
byproduct (humins) under these reaction conditions. According to 
illustrated result in Fig. 6d, the furfural yield decreased by increasing the 
solvent/substrate ratio, indicating that solvent volume at low level (3.0 
mL) was capable of distributing monosaccharide isotopes and increasing 
the amount of active isomers, which promoted the xylose conversion to 
furfural (Zhang et al., 2019). Therefore, the optimum conditions for 
xylose conversion to furfural were 180 ◦C dehydration temperature, 1.5 
wt% EAC-3H-2T loading, 3.0 h dehydration time and 3:1 mL/g GVL/ 
xylose ratio, and at these conditions, the predicted furfural yield was 
72.71% (S/N ratio = 37.23). Further xylose dehydration experiments 
were conducted to validate the predicted dependent parameter, and the 
average observed furfural yield was obtained to be 74.61 ± 0.05 % with 

Fig. 6. Mean S/N ratio for the optimization of variables using the Taguchi technique.  
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corresponding S/N ratio estimated to be 37.44. 

3.3.1. Analysis of variance for dehydration of xylose over EAC-3H-2T 
catalyst 

In a bid to ascertain the significance of each of dehydration process 
variables, analysis of variance (ANOVA) was used as a statistical tool to 
achieve it. Table SM1 illustrates the ANOVA results for the furfural yield, 
which include p-value, F-value and contribution factor (CF). According 
to the results, the parameter with high CF value (estimated by Eq.4) has 
significant influence on process output variable. In this case, catalyst 
loading had most significant influence on xylose conversion, followed by 
dehydration temperature and solvent/substrate ratio. However, time 
had the least influence on furfural production from xylose. This finding 
was corroborated by Table SM2 which presents the S/N ratio ranges for 
the independent parameters considered. The range suggests the rank of 
the parameter, and the obtained values of range indicated that catalyst 
loading (with 1st rank) had the significant impact on sulfonated carbon 
catalyzed dehydration reaction, followed by temperature, solvent/sub-
strate ratio, while the dehydration time had the least impact on furfural 
synthesis from xylose. 

CF =

[
SSi

∑
SSi

]

x100%(i ∕= 0) (4)  

where SSi – sum of squares of a particular variable and 
∑

SSi − total sum 
of squares of all variables. 

3.4. Investigation on EAC-3H-2T stability 

The spent EAC-3H-2T catalyst was reused for the dehydration of 
xylose in order to evaluate its stability, and the dehydration reaction 
over the reused catalyst was run under the optimum conditions. As 
displayed in Fig. 7, the furfural yield reduced from 51.6% to 42.3% as 
the cycle number increased which signified reduction in the amount of 
catalyst active sites as a result of insoluble byproducts deposition on 
catalyst surface and in the pores during dehydration process (Xu et al., 
2021). It could also be that –SO3H functional groups reacted with 
byproducts to generate insoluble residues or leached during reaction, 
thereby resulting in acid concentration reduction on the catalyst surface. 
This observation was corroborated by the results of FTIR analysis con-
ducted on spent EAC-3H-2T catalyst (see Fig. 8), which revealed low 
intensity of peaks associated with –SO3H as well as disappearance of 

O=S=O stretching in sulfonic acid group earlier seen in fresh catalyst, 
thus affirming the acid sites loss. This is one of the numerous factors that 
caused a decline in furfural yield (Xu et al., 2023). To investigate the 
reason why the furfural yield declined after the catalyst was reused, 
leaching test was conducted as explained in section 2.7. The dehydration 
of xylose with used GVL without catalyst gave 3.08% furfural yield, 
suggesting the leaching of active ingredient in the solid acid catalyst 
during reaction. However, no dehydration of xylose occurred when pure 
GVL was used without catalyst, which was affirmation of active sites 
leaching. Therefore, the decrease in furfural yield noticed during suc-
cessive reaction cycles was attributed to the loss of active centers during 
dehydration process or catalyst recovery operation. The observed trend 
was also supported by the values of total acid density for fresh EAC-3H- 
2T, reused EAC-3H-2T for the first cycle and reused EAC-3H-2T for the 
sixth cycle obtained to be 0.79 ± 0.08, 0.63 ± 1.06 and 0.38 ± 0.21 
mmol/g, respectively. This observed trend is in excellent agreement 
with results reported by Xu et al. (2023) who observed a reduction in 
acid density of S-800-CG (carbon-based acid catalyst) from 1.29 to 0.98 
mmol/g after the fourth time reuse for furfural synthesis. Nevertheless, 
the EAC-3H-2T catalyst showed a great potential to be employed to 
catalyze furfural production as it exhibited good stability and recycla-
bility for xylose dehydration with less than 10% loss of its activity during 
the catalytic reaction. 

3.5. Characterization of reused EAC-3H-2T catalyst 

In order to gain insight into transformation experienced by the EAC- 
3H-2T catalyst after it was reused for dehydration reaction, various 
spectroscopic analyses were conducted. Firstly, FTIR analysis was car-
ried out on the reused EAC-3H-2T sample, and the obtained data were 
presented in form of a spectrum in Fig. 8. By comparing the spectra of 
fresh and reused EAC-3H-2T samples, it appeared that there were 
disappearance and shifting of some peaks earlier observed in the fresh 
sample as well as reduction in the intensity of peaks that are associated 
with acid sites (− SO3H) functional groups. For instance, the peak at 889 
cm− 1 that is associated with symmetric stretching of O = S = O in –SO3H 
disappeared after reusability, while the absorption bands at the range of 
1069–1215 cm− 1 in the spectrum of fresh EAC-3H-2T sample demon-
strated asymmetric stretching of O = S = O in –SO3H groups, and that 
after reusability, the bands shifted to 1122–1219 cm− 1 and their in-
tensity reduced due to the formation of strong bond between the 
carbonyl ions in furfural molecules and sulfonic group in the solid acid 
catalyst sample (Xu et al., 2023; Laohapornchaiphan et al., 2017). These 
observations implied that the sulfonic groups, which acted as active 
centers on the catalyst surface, actively participated in the xylose 

Fig. 7. Reusability effect of EAC-3H-2T catalyst on dehydration of xylose at 
180 ◦C for 3 h with 1.5 wt% EAC-3H-2T loading and 3:1 mL/g GVL/ 
xylose ratio. 

Fig. 8. FTIR spectra of fresh and reused EAC-3H-2T samples.  
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dehydration to produce furfural and maintained their activity after 
being reused. The SEM micrographs of the fresh and reused EAC-3H-2T 
samples are displayed in Fig. 9. It appears that there was a change in the 
morphological framework of the fresh sulfonated carbon catalyst as 
flake-like, rough surface and irregular morphology was observed after it 
was reused (see Fig. 9b). Thus, furfural yield declined as the number of 
reusability cycle increased. Nonetheless, the reused catalyst still 
appeared to be porous as numbers of pores were observed on its surface, 
thereby suggesting good possibility for reactant adsorption onto catalyst 
surface and hence substantial amount of furfural is expected to be 
formed. This was corroborated by the results obtained through BET 
surface area analysis conducted on spent EAC-3H-2T sample (see 
Table 2), where its specific surface area and pore volume were found to 
be 518.4 m2/g and 0.38 cm3/g, respectively, compared to fresh EAC-3H- 
2T sample whose surface area and pore volume were 711.9 m2/g and 
0.43 cm3/g respectively, pointing to the blockage of the pores on the 
catalyst surface by the molecules of xylose or furfural (Silva et al., 2023). 
Nevertheless, the spent catalyst still exhibited better textural attributes 
as its surface area and pore volume were higher which confirmed the 
presence of active sites on its surface, and it could eliminate the mass 
transfer limitation and provide better flow channel (Tan et al., 2015). 
These results were in line with CHNS analysis results for spent EAC-3H- 
2T sample (see Table 2) in which the sulfur content in the sample was 
4.91% as compared to that of fresh catalyst sample (9.77%), affirming 
the reduction in number of active sites on the surface of the sulfonated 
carbon catalyst due to the active participation of the –SO3H groups in 
the dehydration reaction, similar to findings reported by Xu et al. 
(2023). 

3.6. Analysis of furfural obtained under optimum conditions 

The chemical composition of the dehydration reaction product ob-
tained under the optimum conditions was examined by 1H NMR and 13C 
NMR analyses, and the results are illustrated in Fig. SM1. Based on the 
1H NMR spectrum (Fig. SM1a), the signal relative to a proton associating 
with carbon atom bearing the aldehyde (–COH) group appeared at 
chemical shift, δ = 9.67 ppm, similar to value (= 9.633 ppm) reported 
for furfural made from water hyacinth (Ismiyarto et al., 2017). 
Furthermore, three groups of signals for ring protons in the furan 
structure appeared between δ = 6.61 and 7.71 ppm, and their 

appearance was attributed to asymmetry (Sadasivuni et al., 2023). For 
the spectrum of 13C NMR illustrated in Fig. SM1b, the carbons associated 
with furan structure appeared at δ = 112.61, 148.11 and 152.99 ppm. 
Meanwhile, the signal relative to a carbon for aldehyde group was 
noticed at δ = 177.94 ppm. These findings revealed that the signal re-
sponses for the obtained product corresponded to furan (C4H4O) ring 
and aldehyde side (–COH) group and were in excellent agreement with 
the results reported elsewhere (Ismiyarto et al., 2017; Jaster et al., 2023; 
Cioc et al., 2021), suggesting that the synthesized product is the target 
furfural. 

3.7. Comparison between EAC-3H-2T and other sulfonated catalysts for 
furfural synthesis from xylose 

This present research study was compared with the previously re-
ported studies on xylose conversion to furfural over solid acid catalyst as 
illustrated in Table 4. The furfural yield obtained herein (74.61 ± 0.05 
%) was relatively high, indicating that EAC-3H-2T was a promising 
material for converting C5 hydrocarbon to fine chemical like furfural, 
particularly when compared with solid acid materials derived from 
sugarcane (48.63%) (Silva et al., 2023), ZSM-5 (34.1%) (Sato et al., 
2019); Acacia mangium wood sawdust (42%) (Thanh et al., 2019) and 
water hyacinth leaves (64%) (Laohapornchaiphan et al., 2017). It is 
worthy of note that the obtained yield of furfural from xylose in the 
current study was higher than the furfural yield reported by He et al. 
(2017). In their work, furfural yield of 44% was obtained at 170 ◦C for 
20 min with catalyst (SO2−

4 /SnO2-attapulgite) loading of 3.6 wt%. 
However, the yield obtained in the present study was 8% less than the 
furfural yield (82.6%) reported by Gong et al. (2022), the solid acid 
catalyst used by them was also from biomass but the furfural was syn-
thesized using eutectic solvent/organic solvent system, xylose-rich hy-
drolysate as starting material, high reaction temperature and catalyst 
dosage and metal oxide (SnO2) incorporated sulfonated biomass-derived 
catalyst in their study. Nevertheless, the solid acid catalyst used herein 
was easily prepared and handled, avoiding the use of expensive acid 
metal oxides or corrosive mineral acids in furfural synthesis, easily 
separated from reaction medium and was reused at least six times. It 
should be noted that optimization study on catalyst preparation condi-
tions is required to establish optimum values of parameters such as 
sulfonation temperature, sulfonation time and impregnation ratio of 

Fig. 9. SEM micrographs of (a) fresh and (b) reused EAC-3H-2T samples.  
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sulfonating agent to structured support. 

4. Conclusions 

In this study, the catalytic activity of sulfonated eucalyptus activated 
carbon as solid acid catalyst for furfural synthesis from xylose was 
examined. Both pristine and mixed sulfonating agents (H2SO4, TsOH 
and H2SO4-TsOH) can be used for the synthesis of carbon-based solid 
acid catalysts with large amount of acid sites. However, based on cata-
lytic performance in the dehydration of xylose with GVL, the sulfonated 
carbon (EAC-3H-2T) prepared via doping of EAC with mixture of H2SO4 
and TsOH at molar ratio of 3:2 gave the highest furfural yield. The 
catalytic activity of the sulfonated carbon catalysts solely relied on their 
textural properties (specific surface area and pore diameter) and acidic 
strength. The surface area and pore diameter of EAC-3H-2T were 711.9 
m2/g and 27.7 Å, respectively, which promoted easy diffusion of xylose 
in GVL into the pores of the catalyst and dehydrate at the catalytically 
active centers. Optimization results revealed that catalyst loading had 
most significant influence on xylose conversion, followed by dehydra-
tion temperature and solvent/substrate ratio. However, reaction time 
had the least influence on furfural production from xylose. The EAC-3H- 
2T material showed sustained catalytic activity and was relatively stable 
after being recycled and reused for six times, demonstrating that it could 
be considered a promising catalyst for hemicellulose conversion to 
furfural with better reusability to minimize production cost. 
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