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gh-performance toluene
adsorbents by sugarcane bagasse carbonization
combined with surface modification†

Yu Wang, a Wangsheng Chen,b Bo Zhao, *a Huaqin Wang,a Linbo Qin a

and Jun Han *ab

A series of activated carbons were prepared by carbonizing sugarcane bagasse combined with surface

modification, which showed an excellent performance of adsorbing toluene (522 mg g�1 at 30 �C). The
results demonstrated that the enhancement of the activated temperature was benefit to promote the

porosity and specific surface area (BET) of ACs. Thus, AC-800 showed optimal adsorption and its

toluene adsorption performance was better than that of most ACs in the literature. Five consecutive

adsorption–desorption cycles presented that AC-800's toluene adsorptive capacity was as high as 522

mg g�1 (30 �C), and toluene adsorptive capacity was only decreased by 4.5%. According to the fraction

of N-containing functional groups and the binding energy of toluene on N-containing functional groups,

pyridinic-N (N-6) was believed to contribute more to toluene adsorption. Moreover, the Bangham model

was considered as the best model of describing toluene adsorption on AC-800. Therefore, both surface

adsorption and pore diffusion were the two mechanisms of toluene adsorption, and the diffusion of

toluene molecules in the pores was considered as the key factor that affected the adsorption rate.
1. Introduction

Recently, increasing pollutants are being generated and emitted
into the atmosphere because of rapid industrialization and
urbanization in China, which has led to the deterioration of air
quality. Thus, smog-like weather is being frequently experi-
enced in most cities. In recent years, there have been many
efforts by Chinese government to reduce the emission of the
pollutants and improve air quality.1 In general, the emission of
the conventional pollutants such as SO2, NOx and dust were
signicantly decreased. For example, the emitted SO2, NOx and
dust in 2014 was 19.74, 20.78 and 17.40 million tons, which was
decreased to 8.75, 12.58 and 7.96 million tons in 2017. Unfor-
tunately, volatile organic compounds (VOCs) emission has still
increased. It has been reported that the anthropogenic VOC
emission in 2015 was 31.12million tons, and the estimated VOC
emission in 2020 will be 41.74 million tons.2 Moreover, parts of
VOCs are toxic and carcinogenic, which harm both human
health and deteriorate the ecological environment.3 VOCs are
also regarded as one of the precursors of ozone or secondary
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organic aerosols.4 The Chinese government required that VOC
emission in 2020 should be <28.00 million tons. Thus, the
reduction or elimination of VOC emission has been a hot wave.
Currently, VOC control technologies include adsorption,5 pho-
tocatalytic degradation,6 condensation,7 catalytic oxidation,8

membrane separation,9 combustion10 and biological degrada-
tion.11 Among the above VOCs treatment methods, adsorption
is considered as the most potential choice because of its low
operation cost, high selectivity and stability, and high removal
efficiency.3

In general, VOCs' adsorption efficiency or selectivity signi-
cantly depends on the specic surface area (BET), pore size
distribution, pore volume and surface functional groups.12

Activated carbon (AC) has been frequently used as an absorbent
due to its large BET, rich porosity and high adsorption perfor-
mance.13,14 In particular, the textural properties of AC could be
controlled through preparation parameters. The BET of AC
always increased with the enhancement of carbonization
temperature, and the high carbonization temperature
promoted the formation of micropores.15,16 The preparation
methods of AC are primarily divided into pyrolysis and hydro-
thermal methods. In recent years, researchers are focusing on
modied AC due to the requirement for the directional regu-
lation of pore structure. Yang et al. agreed that the adsorption
capacity of AC had a close relation with the porosity and BET
due to the capillary condensation of VOCs.17 Lillo-Ródenas et al.
considered that toluene and benzene were rst adsorbed in the
micropores.18 Moreover, the surface functional groups such as
RSC Adv., 2020, 10, 23749–23758 | 23749
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Table 1 The textural properties of ACs

Sample SBET
a, m2 g�1 Smic

b, m2 g�1 V0
c, cm3 g�1 Vt

b, cm3 g�1 Dp
d, nm

N content,
%

AC-500 568 508 0.295 0.260 0.520 2.75
AC-600 1123 1120 0.574 0.528 0.547 1.98
AC-700 1269 1128 0.658 0.581 0.565 1.08
AC-800 1381 1205 0.722 0.581 0.573 0.58

a Surface area was calculated using the BET method at P/P0 ¼ 0.05–0.30. b Micropore volume evaluated by the t-plot method. c Total pore volume at
P/P0 ¼ 0.995. d Calculated by the BJH method.
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carbonyl, amino and N-functionalities in the AC surface may
promote the adsorption capacity of benzene and toluene17,19

while the oxygen-containing functional groups had a negative
effect on benzene and toluene adsorption.20

In this work, sugarcane bagasse, as a sustainable
carbohydrate-rich biomass, has been selected for producing AC
as the raw material. In recent years, people have used biomass
materials to prepare ACs, including rice straw, walnut hulls, and
corn cobs. Compared with other raw materials, the carbon
content in bagasse is as high as >80%, and it has a porous
brous structure; therefore, it is more suitable to prepare AC
with a richer pore structure.21–23 In addition, due to the rapid
development of the sugar industry, the annual output of
bagasse is huge without effective use. To be prepared as AC, it
can both make full use of the biomass energy inside and reduce
the environmental pressure. In N-doped activated carbon, N is
introduced to make the prepared sample surface carry N-
containing functional groups, which could change the interac-
tion between surface electrons and toluene and thereby
promote adsorption ability. Certain studies reported that
nitrogen-doped activated carbon can change its surface func-
tional groups and promote electronic interaction between
activated carbon and toluene. Commonly, N-doping materials
include diethylenetriamine (DEA), triethylenetetramine (TETA),
tetraethylenepentamine (TEPA), melamine and pyrrole.

In this paper, a series of N-doped AC derived from sugarcane
bagasse (SB) were prepared. Moreover, toluene was used as
a typical VOC, and its adsorption performance and mechanism
in our AC were discussed in detail.
2. Experimental
2.1 AC preparation procedure

Waste agricultural biomass (sugarcane bagasse) was carbonized
to prepare AC, which was purchased from Sugarcane Industry
Research Institute (Guangxi, China). The obtained raw material
was rst pre-treated by washing, drying, and cutting. Thus, the
sample of 0.6 � 0.8 mm was prepared. Other chemicals such as
commercial activated carbon (named AC-commercial), urea,
potassium hydroxide, toluene and hydrochloric acid were
provided by Sinopharm Chemical Reagent Co., Ltd.

First, the pre-treated sugarcane bagasse (SB) sample was
mixed with urea at a urea/SB weight ratio of 15 wt%. Then, the
distilled water was added to dissolve urea into the solution.
23750 | RSC Adv., 2020, 10, 23749–23758
Aer agitation for 12 h, the solution was dried 105 �C until water
was removed. Thereaer, the dried sample was carbonized
under 600 �C with nitrogen protection. Aer carbonization for
30min, heating was stopped and sample was cooled by nitrogen
gas to 30 �C. The carbonized SB was then collected and washed
through distilled water until pH was 7.0. Finally, N-doped
sample was activated with KOH (KOH/sample weight ratio was
2.0), and the activated temperature was 500, 600, 700 and
800 �C. The prepared ACs was named as AC-x, where x meant
the activation temperature (�C).
2.2 Adsorption test

The adsorption tests were carried out in a quartz tube reactor,
and the inner diameter and the length of the reactor were 6 mm
and 35 cm, respectively. The scheme of the experimental setup
is shown in Fig. S1.† The reactor was heated by electricity.
Moreover, the temperatures were recorded and controlled using
a thermocouple. The carrying gas was the mixture of O2 and N2,
and O2/N2 ratio was maintained at 1/4 using a owmeter.
During the adsorption test, the ow rate of carrying gas was
�100 ml min�1, and the reaction temperature was 30 �C.
Toluene was used as a VOC in the tests and feed by a syringe
pump. The initial concentration of toluene was maintained at
1000 ppm. Before the experiment, 50 mg of AC was loaded into
the reactor whose height was �2 cm. Toluene concentrations at
both inlet and outlet were on-line recorded using a gas chro-
matograph (GC-7820, Agilent). The breakthrough curves were
plotted by the toluene concentration in the effluent gas versus
the reaction time, and the breakthrough time was dened as the
time that the toluene concentration in the effluent gas was 10%
of the initial toluene concentration. Moreover, the adsorption
capacity was estimated using eqn (1).24

qe ¼
Ð t
0
V � ðC0 � CtÞ � dt

m
(1)

where qe (mg g�1) is toluene adsorption capacity at equilibrium,C0 is
the initial toluene concentration (mg L�1), Ct is the toluene concen-
tration of the effluent gas at the timeof t (mgL�1),V is theow rate of
the carrying gas (L min�1), and m is the adsorbent mass (g).
2.3 Characterization

The texture properties (pore size distribution, BET and pore
volume) of the sample were characterized using a ASAP 2020
This journal is © The Royal Society of Chemistry 2020
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surface analyzer (Micromeritics ASAP 2020). The crystal phase
was identied by an X-ray diffraction analyzer (XRD; Rigaku
RINT2000), and the morphology of the samples was discovered
by scanning electron microscopy (SEM; ZEISS Merlin) and
transmission electron microscopy (TEM; FEI Tecnai G2 F30). X-
ray photoelectron spectroscopy (XPS, Thermo Scientic Escalab
250Xi) and diffuse reectance infrared Fourier transform
spectroscopy (FT-IR, BRUKER TENSOR II) spectra were obtained
to identify the surface functionalities. Moreover, the ultimate
Fig. 1 N 1s XPS spectra of ACs. (a) AC-500; (b) AC-600; (c) AC-800.

This journal is © The Royal Society of Chemistry 2020
analysis was analyzed by an Elementar instrument (Elementar
vario MICRO).
3. Results and discussion
3.1 Texture properties

N2 isothermal adsorption and pore size distribution are pre-
sented in Fig. S2† and Table 1. It was demonstrated that the
nitrogen adsorption–desorption isotherm for all ACs was type I,
RSC Adv., 2020, 10, 23749–23758 | 23751
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and no obvious hysteresis loop was observed. Hence, it can be
said that micropores are predominant. Note that AC-500
establishes its adsorption constancy at a very low relative pres-
sure (<0.1); however, for the other samples up to P/P0 z 0.6,
which indicates that in the heat-treated samples there exist
some larger pores such as supermicropores or small mesopores.
Table 1 also provided detailed information of the textural
properties. The BET of AC shown in Fig. S2a† sharply increased
from 568 to 1123 m2 g�1 when the activated temperature
increased from 500 to 600 �C. The further increase of the acti-
vated temperature had a slight promotion for BET, and the BET
of AC-700 and AC-800 was 1269 and 1381 m2 g�1, respectively.
These results may be explained by the treatment temperature
being far higher to the activation temperature of KOH; there-
fore, the porous structure does not signicantly change aer
heat post-treatment at higher temperatures. Due to the high
energy consumption and safety risk of activation process,
although further increase of activation temperature may slightly
increase the specic surface area and pore volume, it is not
necessary to investigate from the perspective of economy and
safety in practical applications. On the basis of N2 sorption, it
can be inferred that heat treatment at different temperatures
can control the porous structure of as-prepared ACs under
study.

Moreover, the high activated temperature was benecial for
the total pore volume and micropore volume. In particular, the
ratio of micropore volume to the total pore volume decreased
from 0.88 to 0.80 when the activated temperature increased
from 500 to 800 �C. The pore size distributions (PSDs) had
similar tendency, as shown in Fig. S2b.† The PSDs focused on
a narrow micropore diameter of <1 nm, especially 0.5–0.7 nm.
Gil et al. believed that the micropore played a predominant role
in toluene adsorption when toluene concentration was low.25

Moreover, the presence of mesopores was in a favor of the
diffusion of VOC molecules and promoted adsorption
capacity.26
Fig. 2 (a) C 1s and (b) O 1s XPS spectra of AC-800.
3.2 Surface functional groups

Fig. S3† and 1 show the surface functional groups identied by
FTIR and XPS. In Fig. S3,† there was a broad peak at 3419 cm�1

assigned to C–H; its intensity increased with the enhancement
of activated temperature. However, the high activated temper-
ature had a negative effect on C–C and C–O groups located at
1560 and 1092 cm�1. Yang et al. reported that the removal of
surface oxygen-containing functional groups could promote the
adsorption capacity of VOCs. The existence of oxygen groups
decreased the free electron density at the carbon basal plane
and suppressed the interaction between toluene and p-electron
adsorbents.27

Moreover, the peaks of N 1s spectra at 398.1, 400.3, and 401.6
were regarded as pyridinic-N (N-6), pyrrolic-/pyridonic-N (N-5),
and quaternary-N (N-Q). Fig. 1 and Table 1 reported that the
increase of the activated temperature could accelerate the
decomposition of N-containing functional groups and the
formation of N-6 (Fig. 1b and c). The fraction of N-6 was not
observed in Fig. 1a, and N-6 was the main component of N-
23752 | RSC Adv., 2020, 10, 23749–23758
containing functional groups in AC-800. Tehrani et al. re-
ported there was an interaction between the p electron density
of AC and N-containing functional groups; moreover, N-
containing functional groups had an affinity for toluene,
which was favorable for toluene adsorption.34 According to the
fraction of N-containing functional groups and the binding
energy of toluene on N-containing functional groups,13

pyridinic-N (N-6) contributed more to toluene adsorption for
AC-800. Moreover, XPS spectra proved that there were O]C–
OH, C–O, C]O, C–OH, O–C]O, and C–O–C oxygen containing
functionalities on the AC-800 surface (Fig. 2).
3.3 Adsorption test

Fig. 3 shows the breakthrough curve of toluene. It shows that
the breakthrough time of AC-x increased from 38 to 75 min
when the activated temperature increased from 500 to 800 �C.
Moreover, the adsorption capacity of toluene for AC-500, AC-
This journal is © The Royal Society of Chemistry 2020
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Table 2 Toluene adsorption capacity by ACs reported in the literature

Sorbent Parameters
SBET,
m2 g�1

Adsorption
capacity,
mg g�1

Breakthrough
time, min Reference

1 Commercial AC 10.0 g m�3, 50 ml min�1, 298 K 934 41 100 29
2 AC/MgO 10.0 g m�3, 50 ml min�1, 298 K 794 56 110 29
3 AC/ZnO 10.0 g m�3, 50 ml min�1, 298 K 847 68 130 29
4 AC/CuO 10.0 g m�3, 50 ml min�1, 298 K 769 46 130 29
5 AC/ZrO2 10.0 g m�3, 50 ml min�1, 298 K 837 127 120 29
6 AC derived from vegetable-tanned

leather
100 ppm, 250 ml min�1, 293 � 2 K 2719 700 2500 25

7 AC derived from sewage sludge 100 ppm, 250 ml min�1, 293 � 2 K 990 350 1250 30
8 Activated biochar derived

from rice husk
300 ppm, 30 ml min�1, 293 K 1818 264 2784 24

9 Biochar 50 ml min�1, 293 K 388 5.58–91.2 31
10 AC derived from anthracite 200 ppm, 90 ml min�1, 298 K 2746 640 630 18
11 Commercial AC 150 ppm, 6 L min�1, room temperature 1067 104 204 32
12 Commercial AC by acid treated 150 ppm, 6 L min�1, room temperature 840 123 240 32
13 Carbon derived from coconut shell 80 ppm, 2 L min�1, 303 K 1137 44 97 33
14 Commercial AC 80 ppm, 2 L min�1, 303 K 1011 32 91 33
15 AC derived from corncob 3000 mg m�3, 500 ml min�1, 298 K 1501 414 70 26
16 AC modied with Cu 33 803 mg m�3, 20 ml min�1, 293 K 985.2 701.8 94 28
17 AC derived from petroleum waste 10%, 120 ml min�1, 298 K 2692 659.9 65 34
18 Activated coke 190 ppm, 1000 ml min�1, 298 K 534 254 25 35
19 AC derived from lignocellulosic waste 0.2 ml cm�3, batch reactor, 298 K 1668 417 36
20 AC derived from lignin 400 ppm, 30 ml min�1, 298 K 1513 263.4 2195 37
21 AC derived from coconut shell 250 mg L�1, batch reactor, 303 K 361 357 300 38
22 AC derived from sugarcane bagasse 1000 ppm, 100 ml min�1, 303 K 1381 522 86 This work

Fig. 3 Adsorption breakthrough curves of different samples.

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 23749–23758 | 23753
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Fig. 5 (a–d) SEM images of AC-800.

Fig. 4 The consecutive toluene adsorption–desorption cycles of AC-800.

23754 | RSC Adv., 2020, 10, 23749–23758 This journal is © The Royal Society of Chemistry 2020
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Fig. 6 (a–d) TEM images of AC-800.
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600, AC-700, and AC-800 and a commercial AC derived from
coconut shell was 205, 362, 462, 522, and 282 mg g�1, respec-
tively. The above results agreed with the textural properties and
surface functionalities. As described in Fig. S2† and Table 1, the
enhancement of the activated temperature would increase the
BET and total pore volume. Moreover, the ratio of micropore
volume to the total pore volume decreased. In addition, the
oxygen-containing functional groups easily decomposed under
the high activated temperature. Thus, the above phenomena
favored toluene adsorption. Table 2 compares the toluene
Table 3 The kinetic parameters of different model

Sample

Pseudo-rst order model Pseudo-second order model Elov

k1/min�1 R2 qe/mg g�1 k2/g mg�1 min�1 R2 qe/mg g�1
a/m
g�1

AC-500 0.1343 0.948 207.1 9.89 � 10�5 0.916 269.5 25.5
AC-600 0.0874 0.881 368.7 5.99 � 10�6 0.723 398.4 26.8
AC-700 0.0737 0.869 468.9 2.69 � 10�6 0.665 516.4 27.9
AC-800 0.0695 0.838 530.6 1.06 � 10�6 0.555 557.1 28.5

This journal is © The Royal Society of Chemistry 2020
adsorptive capacity of our prepared AC-800 with that of other
ACs in the literature. Though AC prepared by Gil,25 Lillo-
Ródenas,18 and Lei28 had higher toluene adsorptive capacity, the
preparation of AC from the vegetable-tanned leather and
petroleum waste would produce additional pollutants or
increase the cost due to the addition of Cu. Moreover, the
toluene adsorptive capacity of other ACs in Table 2 was lower
than that of AC-800 prepared in our work.

The desorption test was carried out to understand the regen-
eration temperature. In this experiment, the heating rate was
ich Bangham

g
min�1 b/mg g�1 R2 qe/mg g�1 k/min�1 z R2 qe/mg g�1

35 3.97 � 10�3 0.967 206.6 7.57 � 10�3 1.743 0.998 208.36
71 1.10 � 10�3 0.966 368.4 3.47 � 10�4 2.347 0.994 364.4
18 7.34 � 10�4 0.953 470.5 1.31 � 10�4 2.477 0.994 468.8
85 6.01 � 10�4 0.939 535.8 3.41 � 10�5 2.760 0.991 525.3

RSC Adv., 2020, 10, 23749–23758 | 23755
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5 �C min�1. Moreover, toluene concentration of the effluent gas
was analyzed by GC-7820 every 10 min. During the regeneration
process, 100 ml min�1 nitrogen gas was fed to carry the released
toluene. Fig. S4† reported that the peak of toluene concentration
occurred at 130 �C. The boiling temperature of toluene was
110.6 �C. Moreover, toluene was adsorbed in the micropores,
which would not vaporize unless the regeneration temperature
was far higher than its boiling point. Hence, the regeneration
temperature was determined as 130 �C in the cycle test. Fig. 4
shows the ve consecutive toluene adsorption–desorption cycles
of AC-800. The adsorption capacity of the ve cycles was 522, 511,
508, 502 and 498 mg g�1, which decreased by 4.5% aer ve
cycles. The primary reduction of the adsorption capacity occurred
at the rst cycle. Zhang et al. supposed that micropore blockage
and incomplete desorption was attributed to the reduction of
adsorption capacity.31 Moreover, the breakthrough time was not
obviously reduced in the cycle test.
3.4 Morphology

Fig. 5 shows the SEM images of AC-800. It was observed that there
were three types of structures presented in AC-800, as shown in
Fig. 5a. First, there was the vascular bundle structure along the
stems of SB, which meant that the texture of SB was well
preserved (Fig. 5b). Second, there was a porous structure
resembling a skeleton as shown in the high magnication in
Fig. 5c. Furthermore, a considerable amount of worm-like
micropores were found in the vascular bundle due to the acti-
vation process. These worm-like micropores can be the active
sites in adsorption of VOCs, as shown in the high-magnication
images (Fig. 5d).

Both TEM and HR-TEM images in Fig. 6 demonstrated the
micropores were disordered and distributed. From Fig. 6a, the
AC-800 existed in the form of bulky nanoparticles with diame-
ters of �5 mm. Because of the etching of KOH during the acti-
vation process, many cracks appeared on the block and the
mesoporous structure was nally generated (Fig. 6b). Notably,
the nanorod-like bers of SB were retained aer activation,
which can be clearly observed in Fig. 6c. In addition to TEM
images, the microstructure of AC-800 was further examined by
HR-TEM in higher magnication (Fig. 6d). The gray substrate
was considered as the characteristics of graphitic carbon, and
the disordered fringe pattern in the sample was attributed to
the amorphous carbon.39 The XRD pattern in Fig. S5† proved
that there was a broad peak at 23�, corresponding to the
amorphous carbon (002), and a broad and weak peak at 43�

assigned to the (100) plane of the graphitic carbon.29,40
3.5 Adsorption kinetics

The adsorption behavior was usually described using the
kinetic model, and the adsorption mechanism was revealed
through kinetic studies.28 In this work, quasi-rst-order, quasi-
second-order, Elovich and Bangham kinetic models were used
to t toluene adsorption data, and the models are detail
described as follows.41,42

(1) Pseudo-rst order model
23756 | RSC Adv., 2020, 10, 23749–23758
qt ¼ qe(1 � e�k1t) (2)

where qt and qe was the amount of toluene adsorption at time t
and equilibrium (mg g�1), and k1 was the quasi-second-order
rate constant (min�1).

(2) Pseudo-second order model

qt ¼ k2qe
2t

1þ k2qet
(3)

where k2 is the quasi-second-order rate constant (min�1).
(3) Elovich model

qt ¼ lnðabÞ þ ln t

b
(4)

where a is the initial adsorption rate constant (mg g�1 min�1)
and b is the desorption rate constant (g mg�1).

(4) Bangham model

qt ¼ qe � qe

ektz
(5)

where k is the Bangham constant (min�1) and z is a constant.
The parameters of the four models were summarized in

Table 3. It was displayed that the correlation coefficients (R2)
were <0.99 for all the models except for the Bangham model.
Moreover, the theoretical adsorption capacity of the Bangham
model was closer to the experimental adsorption capacity.
Hence, it can be said that the Bangham model was the best
model for describing toluene adsorption in AC-800. Moreover,
toluene adsorption had two mechanisms: toluene adsorption at
the surface of AC and toluene diffusion in the pores;28 moreover,
toluene diffusion in the pores was the key factor affecting the
adsorption rate.43
4. Conclusions

In this work, a series of N-doped activated carbons (AC) were
prepared by carbonizing sugarcane bagasse modied with urea.
Moreover, the adsorption mechanism was discussed on the
basis of the experimental results and kinetic study. It was re-
ported that BET and total pore volume increased when the
activated temperature varied from 500 to 800 �C; moreover, the
ratio of micropore volume to the total pore volume decreased
from 0.88 to 0.80. The above results reported that the dynamic
toluene adsorption capacity increased from 205 to 522 mg g�1,
which was better than that of ACs in the literature. The ve
consecutive toluene adsorption–desorption cycles proved that
AC-800 was an excellent adsorbent due to its high toluene
stability and well regeneration. Moreover, the Bangham model
was regarded as the best model of describing toluene adsorp-
tion on AC-800. Therefore, it was deduced that the toluene
adsorption had two mechanisms: surface adsorption and
diffusion in the pore; furthermore, the toluene diffusion in the
pores was the key factor of affecting adsorption rate.
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