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n derived from the residue
obtained after recovery of essential oil from the
leaves of Cinnamomum longepaniculatum using
Brønsted acid ionic liquid, and its use in the
preparation of ellagic acid and gallic acid

Zaizhi Liu, *ac Yanlong Qi, b Mengling Gui,a Chunte Feng,c Xun Wangc

and Yang Lei*c

A Brønsted acid ionic liquid, 3-methyl-1-(4-sulfonylbutyl) imidazolium hydrogensulfate ([HO3S(CH2)4mim]

HSO4), was used for the first time for the preparation of a sulfonated carbon catalyst. The catalyst was

prepared from the residue obtained after recovery of the essential oil from the leaves of Cinnamomum

longepaniculatum. The sulfonated carbon catalyst with an amorphous structure attained high acidic

efficiency at a sulfonation temperature of 200 �C for 2 h of sulfonation time, and was characterised. SEM

morphologies revealed that the carbon catalyst consisted of uniform carbon microspores. FTIR analysis,

elemental analysis, and X-ray photoelectron spectroscopy revealed that the sulfonic acid group was

successfully introduced on the surface of the sulfonated carbon catalyst. The result of TG analysis

showed that the obtained sulfonated carbon catalyst has high thermal stability. Good acid and catalytic

activity of the obtained sulfonated carbon catalyst were observed for the preparation of ellagic acid and

gallic acid, which is comparable to those of diluted sulfuric acid and a sulfonated carbon catalyst that

had been prepared with concentrated sulfuric acid. The excellent reusability of the sulfonated carbon

catalyst was also confirmed by repeated experimental trials. In summary, the sulfonated catalyst derived

from the residue obtained after recovery of essential oil from the leaves of C. longepaniculatum is an

economic, eco-benign and promising substitute for traditional mineral acid catalysts for acidic catalysis

in industrial applications.
1. Introduction

With diminishing fossil reserves and increasingly prominent
environment problems, the comprehensive utilization of
renewable resources and the production of platform chemicals
have attracted great interest.1,2 As an important renewable
resource for human survival and development, biomass
accounts for a large proportion in nature and thus has
a considerable potential to be used in the preparation of high
value-added products through a series of varying bio-renery
procedures.3 So far, the use of biomass as raw materials to
produce ne chemical products (e.g., catalytic materials) is
becoming increasingly attractive for both academic research
and practical purposes owing to their multiple advantages.4,5 In
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light of “green chemistry”, carbonaceous catalysts are versatile
and have emerged as promising solid catalysts for chemical
reactions.6,7 Cinnamomum longepaniculatum, belonging to the
Lauraceae family, is rich in essential oil (main source of euca-
lyptol). For this reason, C. longepaniculatum has been widely
cultivated and distributed in southwestern China as an economic
crop, especially in the Yibin region (Sichuan province).8,9 Each
year, a large amount of residues aer the extraction of essential
oil are produced and discarded as byproducts; hence, a study
focusing on the biorening of this valuable plant biomass to aid
the industrial chemistry is urgently needed to achieve an inte-
grated exploitation of C. longepaniculatum as a source of natural
products. Therefore, the residue obtained aer the recovery of
essential oil from the leaves of C. longepaniculatum would be an
ideal raw material for post-processing of carbonaceous catalysts.

Ellagic acid and gallic acid are two important natural poly-
phenols with many bioactivities, which include antioxidant,10

preservative effects,11 antimycobacterial activity,12 anti-
inammatory and antitumor effects,13 and hence, they are
widely used in food, pharmaceutical and cosmetic industries.
Ellagic acid and gallic acid are present in the natural world in
This journal is © The Royal Society of Chemistry 2019
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their free forms or as derivatives, and vary based on tree
species;14 they are generally found as their derivatives (e.g.,
gallotannins and ellagitannins) in plant extracts.15 Conven-
tionally, these two compounds are obtained mainly through
several extraction methods involving heating or consumption
of volatile organic solvents as well as acid hydrolysis of their
derivatives with mineral acids as catalysts.16 Apart from the
limitations of these methods,17 the use of homogeneous
inorganic acid as catalysts in the hydrolysis procedures still
has many disadvantages, such as the naturally corrosive threat
on equipments, the high production of undesirable byprod-
ucts, sensitivity to water, tedious isolation process and the
large input on the treatment of the acid-containing
residues.18–21

Recently, sulfonated carbonaceous catalysts appeared as
promising “green solid catalysts” for the application in acidic
catalysis22,23 because of their remarkable and stable solid acid
characteristics, low cost, and easy availability through simple
treatments.24–26 Nonetheless, a previous preparation process of
sulfonated carbonaceous catalysts involves the post-processing of
a carbon material for activation with concentrated sulfuric acid
or other sulfonation compounds.27,28 Brønsted acid ionic liquids
were rst synthesized in 2002 by Cole et al.29 and then researches
conducted using them rapidly caught attention, mainly because
Brønsted acid ionic liquids (especially functionalized with –SO3H
group) not only exhibit strong Brønsted acidity, but also possess
other remarkable characteristics just as other ionic liquids.30 To
date, no attempt has been reported on the use of a Brønsted acid
ionic liquid to substitute the traditional –SO3H group donors
(e.g., sulfuric acid) to prepare sulfonated carbonaceous catalysts
for acidic hydrolysis purposes.

In our previous study, a Brønsted acid ionic liquid 3-methyl-
1-(4-sulfonylbutyl) imidazolium hydrogensulfate ([HO3S(CH2)4-
mim]HSO4) was used as the dual extractant and catalyst for
obtaining ellagic acid and gallic acid from crude extracts of
Eucalyptus globulus leaves. However, the requirement for the
purchase of [HO3S(CH2)4mim]HSO4 and recycling it from crude
extracts in the industrial processes were the main concerns. In
the present study, the residue obtained aer recovery of the
essential oil from the leaves of C. longepaniculatum was used as
the raw material and [HO3S(CH2)4mim]HSO4 was rst intro-
duced in the preparation process of the sulfonated carbona-
ceous catalyst to replace the traditionally used concentrated
sulfuric acid or other sulfonation compounds.

The synthesized sulfonated carbonaceous catalyst was
successively characterized by X-ray Diffraction (XRD), Scanning
Electron Microscopy (SEM), N2 adsorption–desorption
isotherms, Fourier Transform Infrared Spectroscopy (FTIR),
Thermogravimetric (TG) analysis, Elemental Analysis (EA), and
X-ray Photoelectron Spectroscopy (XPS). The synthesized
sulfonated carbonaceous catalyst was used to replace the liquid
acidic catalysts in the preparation of ellagic acid and gallic acid
by hydrolysis of their derivatives from E. globulus leaves. The
performance of the prepared sulfonated carbonaceous catalyst
was compared to that of the diluted sulfuric acid. Catalyst
ability of the recycled sulfonated carbonaceous catalyst was also
investigated to study its reusability.
This journal is © The Royal Society of Chemistry 2019
2. Materials and methods
2.1. Chemicals and materials

Chromatographically pure (purity $ 95%) ellagic acid (CAS no.
476-66-4) and gallic acid (CAS no. 149-91-7) were obtained from
National Institute for the Control of Pharmaceutical and Bio-
logical Products (Beijing, China) as standards. [HO3S(CH2)4-
mim]HSO4 was provided from Chengjie Chemical Co. Ltd.,
(Shanghai, China) and used without further purication.
Chromatographic grade methanol and acetic acid for the HPLC
analysis, and spectral grade potassium bromide used for FTIR
analysis were bought from Aladdin Reagent Co. Ltd., (Shanghai,
China). Other chemicals used were of analytical grade and were
purchased from Beijing Chemical Reagents Co. Ltd., (Beijing,
China). A Milli-Q Water Purication system (Millipore, Wal-
tham, MA, USA) was used for the depurated distilled water.
Sample solutions were ltered using a 0.45 mm nylon
membrane before subjecting to HPLC analysis.

Dried C. longepaniculatum and E. globulus leaves were picked
in autumn from Yibin city (Sichuan, China) and authorized by
Professor Kailin Mo (Sichuan Academy of Forestry, China). All
the samples were mashed and sieved into a proper size (#0.425
mm) and kept in a desiccator at ambient temperature before
use. E. globulus crude extracts were extracted as described by
Shin et al.31 The residue obtained aer recovery of the essential
oil from the leaves of C. longepaniculatum was pre-extracted of
essential oil and then dried prior to the usage as raw materials
for the preparation of sulfonated carbonaceous catalyst.

2.2. Preparation of the sulfonated carbon catalyst

The starting materials (20 g) of the residue obtained aer
recovery of the essential oil from the leaves of Cinnamomum
longepaniculatum was initially carbonized with a heating speed
of 30 �Cmin�1 to 400 �C for 6 h under N2 ow to prepare a black
solid, namely, carbonaceous materials. The above black powder
(2 g) was separately mixed with pure [HO3S(CH2)4mim]HSO4 or
concentrated sulfuric acid and subsequently heated under a set
temperature for a pre-set sulfonation time to introduce the
–SO3H group onto the carbonaceous materials' surface, and
then cooled to atmospheric temperature. The sulfonation
reaction was performed in a Teon autoclave under pure N2

atmosphere and a hot air oven was used for heating to the pre-
set sulfonation temperature.32 The reaction mixtures were then
washed three times by adding 100 mL of hot distilled water (80
�C), followed by the separation of black precipitates from the
suspension by centrifugation. The washing processes were
repeated until no impurities (e.g., sulfate ions) were determined
in the washing water. The black solid was then placed in an
oven and dried for 12 h at 80 �C. The parameters of [HO3-
S(CH2)4mim]HSO4 amount, sulfonation temperature and time
were investigated by single factor experiments during the
preparation process of the sulfonated carbon catalyst.

2.3. Catalytic tests

The heat reux method was carried out to test the catalytic
capacity of the prepared sulfonated carbon catalysts using
RSC Adv., 2019, 9, 5142–5150 | 5143
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[HO3S(CH2)4mim]HSO4 or concentrated sulfuric acid and was
compared to that of the diluted sulfuric acid for the hydrolysis
of E. globulus crude extracts. Briey, E. globulus leaves crude
extracts solution was mixed with 5% of the prepared
sulfonated carbon catalyst or the same acidity (pH 1.0) of
diluted sulfuric acid to make a comparison and then treated
for 4 h by an electric jacket at 1000 W. Aer the treatment was
completed, the solutions (1 mL) were ltered and then
analyzed by HPLC analysis to measure the yields of the two
target compounds; their yields were expressed as milligram of
ellagic acid and gallic acid per gram E. globulus leaf powder.
The experiments were carried out in triplicate, and the yields
of the two target compounds were denoted as mean � SD. The
HPLC analysis program for the analysis of the obtained ellagic
acid and gallic acid was based on our previous study.14 The
remaining reaction mixtures were isolated by centrifugation,
and the precipitates were recovered through ethanol washing
and drying at 80 �C before using for the reusability test.
Fig. 1 Single factor experiments. Effect of [HO3S(CH2)4mim]HSO4

amount (a), sulfonation temperature (b), and sulfonation time (c) on
the preparation of sulfonated carbon catalyst from C. longepanicula-
tum leaves for the preparation of ellagic acid and gallic acid.
2.4. Physical measurement

XRD patterns of the carbonaceous materials before and aer
the sulfonation treatment were collected using an X-ray
diffractometer with Cu-Ka radiation (30 mA, 40 kV) at a step
length of 0.02� over 2q with a range from 5� to 60�. SEM
morphologies were recorded on an S-3400N scanning electron
microscope (HITACHI, Japan). The sulfonated carbon catalysts
prepared using concentrated sulfuric acid and [HO3S(CH2)4-
mim]HSO4 were characterized by N2 adsorption–desorption
isotherms using a Quantachrome Autosorb-iQ apparatus. The
samples were prepared as KBr discs and the spectra were
recorded using a Magna-IR 560 (Nicolet, USA), and the wave-
number range of the IR spectrometer was 4000–500 cm�1. TG
analyses of carbonaceous materials and sulfonated carbon
catalysts were performed on a STA 409PC thermo-gravimetrical
analyzer (NETZSCH, Germany) and the heating program was
conducted with the temperature increasing from 26 �C to 750 �C
at a rate of 20 �C min�1 with the total run time of 36.20 min. EA
of the carbon materials before and aer the sulfonation treat-
ment was studied using a VARIO ELcube Elemental Analyzer
(Elementar, Germany) with the oxygen percentage calculated by
content difference. XPS analysis was performed by an Axis
THERMO X-ray photoelectron spectroscopy (Thermo Electron
American) to detect the surface structures of the carbonaceous
materials and sulfonated carbon materials. The acidic site
contents of the sulfonated carbon catalysts that were prepared
by [HO3S(CH2)4mim]HSO4 was determined by acid–base titra-
tion method as described by Xu et al.33
3. Results and discussion
3.1. Single factor experiment

3.1.1. Effect of [HO3S(CH2)4mim]HSO4 amount. Fig. 1a
shows the inuence of the amount of [HO3S(CH2)4mim]HSO4

on the preparation of sulfonated carbon catalyst with the
sulfonation temperature and sulfonation time xed at 200 �C
and 2 h. The yields of ellagic acid and gallic acid were
5144 | RSC Adv., 2019, 9, 5142–5150
signicantly low for a small amount of [HO3S(CH2)4mim]HSO4,
and increased with the increase in the amount to 0.09 M; when
the amount exceeded 0.09 M, there was only a slight increase in
the yield of the acids. When a small amount of [HO3S(CH2)4-
mim]HSO4 was used, the carbonaceous material surface could
not be adequately occupied by –SO3H groups, hence there is an
insufficient number of active acid sites and the catalytic
capacity is low. Nonetheless, a large amount of [HO3S(CH2)4-
mim]HSO4 would make no distinct change in increasing the
yields of the target compounds if the carbonaceous material
surface occupied by the –SO3H group approaches a saturated
state, based on the literature.34 Therefore, 0.09 M as the
concentration for [HO3S(CH2)4mim]HSO4 was chosen for the
preparation of the sulfonated carbon catalyst.
This journal is © The Royal Society of Chemistry 2019
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3.1.2. Effect of sulfonation temperature. Fig. 1b displays
the effect of the sulfonation temperature on the sulfonated
carbon catalyst preparation process with xed [HO3S(CH2)4mim]
HSO4 amount and sulfonation time of 0.09 M and 2 h, respec-
tively. With an increase in the sulfonation temperature from
100 �C to 200 �C, the yields of the two compounds increased from
0.62� 0.02mg g�1 to 0.90� 0.03mg g�1 for ellagic acid and from
0.82 � 0.02 mg g�1 to 1.03 � 0.02 mg g�1 for gallic acid. No
further improvement in the ellagic acid and gallic acid yields
were observed with an increase in the sulfonation temperature
from 200 �C to 300 �C. This phenomenon is likely because the low
sulfonation temperature does not facilitate the formation of
chemical linkages between the –SO3H group and the carbona-
ceous materials, and, therefore, the number of acidic sites on the
prepared sulfonated carbon catalyst was inadequate. Likewise,
the catalytic capacity of the prepared sulfonated carbon catalyst
was low as expected with a shortage of acidic sites. An increase in
the sulfonation temperature could accelerate the mass transfer
between the –SO3H group donor and the carbonaceous materials
to strengthen the sulfonation process,35 but the excessively high
sulfonation temperature may trigger the degradation of some
components and negatively affect the acid density.36 Herein,
a sulfonation temperature of 200 �C was chosen for the subse-
quent preparation procedure.

3.1.3. Effect of sulfonation time. A suitable sulfonation
time is essential for the linkage of –SO3H groups and carbon
materials during the sulfonated carbon catalyst preparation
process. Nevertheless, [HO3S(CH2)4mim]HSO4 is continuously
consumed during the sulfonation reaction and reaction equi-
librium is gradually reached. As presented in Fig. 1c, prolonging
the sulfonation time from 1 h to 2 h resulted in a gradual
increase in the yields of ellagic acid and gallic acid. The longer
sulfonation time did not result in the enhancement of the
corresponding yields, which basically displayed a plateau up to
3 h of sulfonation time. This similar phenomenon was also
observed by Niu et al.36 during the preparation of sulfonated
activated carbon from bamboo. Based on these results, a sulfo-
nation time of 2 h was used for the preparation of C. longepa-
niculatum sulfonated carbon catalyst.

Based on these results, the parameters for the preparation of
C. longepaniculatum sulfonated carbon catalyst using [HO3-
S(CH2)4mim]HSO4 were as follows: 0.09 M of [HO3S(CH2)4mim]
HSO4, 200 �C as the sulfonation temperature, and 2 h as the
sulfonation time. Under these conditions, the prepared
sulfonated carbon catalyst possessed high acidic capacity with
yields of 0.90 � 0.03 mg g�1 for ellagic acid and 1.03 � 0.02 mg
g�1 for gallic acid, which is considerably higher than those
prepared with diluted sulfuric acid (0.98 � 0.03 mg g�1 for
ellagic acid and 1.16 � 0.04 mg g�1 for gallic acid) and
concentrated sulfuric acid (0.94 � 0.02 mg g�1 for ellagic acid
and 1.10 � 0.03 mg g�1 for gallic acid).
Fig. 2 XRD patterns of the carbonaceous materials from the residue
obtained after recovery of essential oil from the leaves of C. longe-
paniculatum before (a) and after sulfonation by [HO3S(CH2)4mim]
HSO4 (b).
3.2. Structural characterization of the obtained
C. longepaniculatum sulfonated carbon catalysts

3.2.1. XRD results. The XRD pattern reects that the
structure is an intermediate between graphite and amorphous
This journal is © The Royal Society of Chemistry 2019
carbon, i.e., it has a disorderly layer or random layer lattice
structure.37 Fig. 2 presents the XRD patterns of the carbona-
ceous materials before (a) and aer sulfonation by [HO3-
S(CH2)4mim]HSO4 (b). The strong and broad diffraction peaks
of two samples observed in the gure at 2q from 15� to 30�

suggest an amorphous carbon structure that consists of the
random orientation of aromatic sheets with a C(002) plane,
where the broad peak reects a strong disordered degree and
the relatively narrow peak indicates the weakened random
carbon structure aer sulfonation treatment.37

3.2.2. SEM morphologies. The SEM morphologies of
carbonaceous materials (a), the carbon catalysts sulfonated by
concentrated sulfuric acid (b) and [HO3S(CH2)4mim]HSO4 (c)
are presented in Fig. 3. The raw carbonaceous materials without
further sulfonation (a) consisted mainly of uniform carbon
microspores. Aer chemical treatment by concentrated sulfuric
acid (b) and by [HO3S(CH2)4mim]HSO4 (c), the raw carbona-
ceous materials were broken into aggregates to a certain extent
with relatively less microspores, especially in the sulfonated
carbon catalyst using concentrated sulfuric acid.

3.2.3. The N2 adsorption/desorption results of the ob-
tained materials. Fig. 4 shows the nitrogen adsorption/
desorption isotherms of the carbon catalysts sulfonated by
concentrated sulfuric acid (a) and [HO3S(CH2)4mim]HSO4 (b).
Both the obtained sulfonated carbon catalysts exhibit an
isotherm of type III, which indicates that they are a typical of
multilayer untypical porous materials. Meanwhile, the presence
of hysteresis loops in the two prepared sulfonated carbon
catalysts indicates the presence of mesopores. Mesopore size
distribution of the carbon catalysts that were sulfonated by
concentrated sulfuric acid and [HO3S(CH2)4mim]HSO4 are
shown in Fig. 4c and d, from which it can be concluded that the
pore size distribution is wide and micropores and mesopores
under 15 nm are present in both the obtained sulfonated
carbon catalysts. In addition, the specic surface area of the
carbon catalysts sulfonated by concentrated sulfuric acid and
[HO3S(CH2)4mim]HSO4 computed using the BET equation were
5.62 and 24.92 m2 g�1, respectively.
RSC Adv., 2019, 9, 5142–5150 | 5145

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra08685k


Fig. 3 SEM morphologies of carbonaceous materials (a), the carbon
catalysts sulfonated by concentrated sulfuric acid (b) and [HO3-
S(CH2)4mim]HSO4 (c).
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3.2.4. FTIR analysis results. FTIR spectra of the raw mate-
rials (a), carbonaceous materials (b), and the sulfonated carbon
catalyst prepared by [HO3S(CH2)4mim]HSO4 (c) in the wave-
length range of 4000–500 cm�1 are shown in Fig. 5. The peak at
3400 cm�1 was attributed to the hydroxyl group (–OH) stretch-
ing and bending vibrations based on the study of Boo-
namnuayvitaya et al.38 Compared to the spectrum of raw
materials, no evident peaks were observed in the spectra of
carbonaceous materials and the sulfonated carbon catalyst,
which suggested that the carbonizing process led to water loss.
The band at 1700 cm�1 in the FTIR spectrum of the sulfonated
carbon catalyst prepared by [HO3S(CH2)4mim]HSO4 is attrib-
uted to the carbonyl group (C]O) of carboxyl (–COOH), while
the band at 1600 cm�1 can be assigned to the carbon–carbon
double bond (C]C) of the poly-aromatic rings in the carbona-
ceous materials and sulfonated carbon catalyst.39 The peak
around 634 cm�1 was attributed to S]O stretching vibration,
and the vibration bands at 1155 cm�1 and 1032 cm�1 were
assigned to symmetrical stretching vibration bands in O]S]O
5146 | RSC Adv., 2019, 9, 5142–5150
and SO32� stretching vibrations, which clearly indicated that
the prepared sulfonated carbon catalyst surface was function-
alized by the use of [HO3S(CH2)4mim]HSO4.40–43 The signicant
peak at around 1450 cm�1 illustrated the presence of CH2

bending mode, and the aliphatic areas (CH2–CH2 chains) were
sufficiently abundant, as conrmed in the infrared spectrum.44

Therefore, the FTIR spectrum clearly suggests that aer the
sulfonation process using [HO3S(CH2)4mim]HSO4, –SO3H
groups have been successfully introduced into the C. longepa-
niculatum leaves-derived catalyst.

3.2.5. TG results. TG and DTG curves of [HO3S(CH2)4mim]
HSO4 (A), carbonaceous samples (B), sulfonated carbon cata-
lysts prepared by [HO3S(CH2)4mim]HSO4 (C) and concentrated
sulfuric acid (D) were plotted as shown in Fig. 6a and (b). For
[HO3S(CH2)4mim]HSO4, it can be observed that the thermal
decomposition temperature was much higher than those of
carbonaceous samples and sulfonated carbon catalysts as its
onset temperature was around 300 �C and the nal temperature
was 392 �C. As for the carbonaceous samples (B), the sulfonated
carbon catalysts prepared by [HO3S(CH2)4mim]HSO4 (C) and
concentrated sulfuric acid (D), both the sulfonated carbon
catalysts showed a similar tendency in weight loss, which were
obviously different from that of [HO3S(CH2)4mim]HSO4. It was
seen that the rst weight loss below 100 �C was due to water
desorption.45 Compared to the carbonized samples (B),
sulfonated carbon catalysts prepared by [HO3S(CH2)4mim]HSO4

(C) and concentrated sulfuric acid (D) presented more apparent
decreasing tendencies, which assumes that the prepared
sulfonated carbon catalysts possessed hydrophilic properties;
a similar phenomenon was also observed in a previous study.46

The second weight loss of the sulfonated carbon catalysts
prepared by [HO3S(CH2)4mim]HSO4 and concentrated sulfuric
acid is found in the temperature range from 190 �C to 750 �C,
which is likely due to the decomposition of functional groups
(e.g., sulfonic, carboxylic, carbonyl, and phenolic and groups)
and a small mass of carbon support.3,7

3.2.6. EA results. The elemental composition of carbona-
ceous materials and the sulfonated carbon catalyst prepared by
[HO3S(CH2)4mim]HSO4 was analyzed in Table 1. It is notable
that the sulfur percentage (3.27% � 0.06%) and oxygen
percentage (26.95%� 0.60%) of the obtained sulfonated carbon
catalyst were observed to be drastically increased aer sulfo-
nation treatment with [HO3S(CH2)4mim]HSO4 as compared to
the carbonaceous materials (0.27% � 0.01% for sulfur and
21.61% � 0.54% for oxygen), which conrmed the presence of
large amounts of sulfur- and oxygen-containing groups
compounds in the sulfonated carbon catalyst prepared by
[HO3S(CH2)4mim]HSO4. Hence, it can be concluded that the
sulfonic groups were successfully functionalized via sulfonation
on the surface of C. longepaniculatum leaves-derived carbona-
ceous materials, which also corresponds well with the FTIR
analysis results. The C/O ratio was found to be 2.47 for the
obtained sulfonated carbon catalyst. In a previous study, which
was performed by Zaman et al.,44 it was found that, based on the
EA analysis, the sulfur content was 4.98 � 0.73% with a C/O
ratio of 4.43. This is very close to the determined values in the
present study. It is understandable that some differences
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 FTIR spectra of rawmaterials after recovery of essential oil from
the leaves of Cinnamomum longepaniculatum (a), carbonized mate-
rials (b), and sulfonated carbon catalyst prepared by [HO3S(CH2)4mim]
HSO4 (c).

Fig. 4 Nitrogen adsorption/desorption isotherms of the sulfonated carbon catalysts prepared by concentrated sulfuric acid (a) and [HO3-
S(CH2)4mim]HSO4 (b) and the pore size distribution for the sulfonated carbon catalysts prepared by concentrated sulfuric acid (c) and [HO3-
S(CH2)4mim]HSO4 (d).
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existed in the different raw materials used as well as the reac-
tion parameters (such as temperature and time) applied
between the two researches.

3.2.7. XPS results. Fig. 7 shows the XPS spectra of the
sulfonated carbon catalyst prepared by [HO3S(CH2)4mim]
This journal is © The Royal Society of Chemistry 2019
HSO4. Three characteristic peaks that can be assigned to
oxygen, sulfur, and carbon in the obtained sulfonated carbon
catalyst were observed with binding energies at 532 eV,
284.5 eV and 168 eV, respectively. Fig. 7b shows the high
resolution spectra of O 1s. The two peaks with binding ener-
gies at 533 eV and 531.6 eV belong to C–OH and C]O,
respectively. Fig. 7c shows the high resolution spectra of S 2p.
The two sulfur peaks with binding energies at 164.0 and
165.2 eV can be ascribed to the S 2p3/2 and S 2p1/2 of thiophenic
sulphur (–C–S–C–), respectively.47 Fig. 7d displays the high
resolution spectra of C 1s. The main characteristic peak at
284.5 eV can be assigned to carbon atoms with sp2 hybrid-
ization. Based on the literature,48 the peaks at 288.6 eV and
284.6 eV belong to C–C and C–O, respectively.

3.2.8. Total acidic content of the sulfonated carbon catalyst
prepared by [HO3S(CH2)4mim]HSO4. As is commonly known,
acidic capacity is a crucial factor for the acidic catalysis
process. The total acidic contents were determined at different
sulfonation temperatures as presented in Fig. 8 based on the
results of the acid–base titration experiments. The total acidic
contents of the sulfonated carbon catalyst prepared by [HO3-
S(CH2)4mim]HSO4 apparently varied with different sulfona-
tion temperatures. The maximum total acidic capacity (1.18 �
0.02 mM g�1) was obtained at 200 �C sulfonation treatment for
2 h. It suggests that the increase in the sulfonation tempera-
ture to 200 �C resulted in the maximum acidic capacity, and
a further increase of the sulfonation temperature did not
RSC Adv., 2019, 9, 5142–5150 | 5147
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Fig. 6 TG (a) and DTG (b) curves of [HO3S(CH2)4mim]HSO4 (A), carbonaceous samples (B), and sulfonated carbon catalysts prepared by
[HO3S(CH2)4mim]HSO4 (C) and concentrated sulfuric acid (D).

Table 1 Elemental analysis of carbonaceous materials before and after sulfonation by [HO3S(CH2)4mim]HSO4

Samples C% H% O% S%

Carbonaceous materials 74.52 � 2.32 3.60 � 0.12 21.61 � 0.54 0.27 � 0.01
Sulfonated carbon catalyst prepared by [HO3S(CH2)4mim]HSO4 66.46 � 1.86 3.32 � 0.08 26.95 � 0.60 3.27 � 0.06

Fig. 7 XPS spectra of the sulfonated carbon catalysts prepared by [HO3S(CH2)4mim]HSO4 (a). High-resolution of O 1s (b), S 2p (c), and C 1s (d).

5148 | RSC Adv., 2019, 9, 5142–5150 This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Total acidic content of the sulfonated carbon catalysts
prepared by [HO3S(CH2)4mim]HSO4 versus sulfonation temperature.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Fe

br
ua

ry
 2

01
9.

 D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 6
:1

6:
01

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
improve the total acid contents of the obtained sulfonated
carbon catalyst. This phenomenon was due to the fact that an
increase in the sulfonation temperature could trigger more
–SO3H group to attach with the carbonaceous materials layer,
thus resulting in a relatively higher acidic ability. Further
increases in the temperature did not increase the acidity of the
prepared sulfonated carbon catalyst, which was likely due to
the attainment of the adsorption–desorption equilibrium of
–SO3H groups on the carbonaceous material surface.

3.2.9. Reusability of the sulfonated carbon catalyst
prepared by [HO3S(CH2)4mim]HSO4. The reusability study of
the sulfonated carbon catalyst prepared by [HO3S(CH2)4mim]
HSO4 was performed up to ve consecutive catalytic trials for
the preparation of ellagic acid and gallic acid (Fig. 9). The yields
of the two target compounds were found to be slightly
decreased, but the catalytic ability still remained around 80%
compared to that of the freshly sulfonated carbon catalyst aer
each catalytic trial. This is probably due to the adsorption of
reaction complexes on the surface of the sulfonated carbon
catalyst prepared by [HO3S(CH2)4mim]HSO4, therefore resulting
in the poisoning of the acid sites or the loss of functional sites
from the obtained sulfonated carbon catalyst surface over the
period of the catalytic trials. A similar tendency of reduction in
Fig. 9 The reusability study of the sulfonated carbon catalyst prepared
by [HO3S(CH2)4mim]HSO4.

This journal is © The Royal Society of Chemistry 2019
the catalytic ability was observed in the case of similar
sulfonated carbon catalysts.37
4. Conclusions

An attempt was carried out towards the utilization of the residue
obtained aer the recovery of essential oil from the C. longe-
paniculatum leaves for the preparation of sulfonated carbon
catalyst by using [HO3S(CH2)4mim]HSO4. The sulfonation
conditions for the preparation of the C. longepaniculatum
sulfonated carbon catalyst were as follows: 0.09 M of [HO3-
S(CH2)4mim]HSO4, 200 �C as the sulfonation temperature, and
2 h as the sulfonation time. XRD results revealed that the
prepared sulfonated carbon catalyst has an amorphous carbon
structure. The –SO3H functionalization on the obtained
sulfonated carbon catalyst surface was characterized by XRD,
SEM, N2 adsorption–desorption isotherms, FTIR spectroscopy,
XPS and EA analysis. TG analysis indicated that the obtained
sulfonated carbon catalyst has a high thermal stability. The
obtained sulfonated carbon catalyst was used in the catalysis of
hydrolysable tannins contained in Eucalyptus globulus leaves to
prepare ellagic acid and gallic acid. The results revealed that the
obtained sulfonated carbon catalyst from the residue obtained
aer the recovery of essential oil from the leaves of Cinnamo-
mum longepaniculatum possesses high catalytic activity and high
reuse capacity.
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