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Abstract 15 

Carbon-based materials with great adsorption performance are of importance to meet the 16 

needs of industrial gas adsorption. Being massive agricultural wastes of sugarcane bagasse, 17 

China could use this waste into wealth. However, the comprehensive utilization of sugarcane 18 

bagasse as precursors for biochar that can be used as adsorbent has not been extensively 19 

explored. In this study, a series of in-situ sulfuric acid modified biochar were prepared by 20 

hydrothermal carbonization process. The prepared biochar (SBAC-7) is combined of two main 21 

advantages that are high microporosity (micropore surface area = 1106 m2/g) and rich in S-22 

containing functional groups on the surface. In particular, SBAC-7 showed an excellent 23 

adsorption capacity of toluene (771.1 mg/g) at 30 oC, which is nearly 3 times as high as the 24 

commercial activated carbons. Meanwhile, it showed great stability and cyclic regeneration 25 

performance with five toluene adsorption-desorption test cycles. This study provides a high-26 

performance biochar for adsorption-desorption cycle in practical engineering applications, and 27 

would contribute to the sustainable “sugarcane production - bagasse utilization” circular 28 

economy. 29 

 30 
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1. Introduction 34 

Volatile organic compounds (VOCs) are widely used in industries including 35 

petrochemicals, printing, pharmaceuticals and painting. VOCs are typical precursors in the 36 

atmospheric chemistry, contributing to the production of ozone, secondary organic aerosols, 37 

and greenhouse gases (He et al. 2019). In recent decades, various technologies for VOCs 38 

removal have been investigated, such as adsorption, membrane separation, catalytic 39 

combustion and photocatalytic degradation (Huang et al. 2020b, Li et al. 2020, Shu et al. 2019, 40 

Wang et al. 2020c, Wang et al. 2021). Among them, adsorption method has been considered as 41 

one of the most practical and effective technologies because of its low cost, easy operation and 42 

high treatment effects. Activated carbon (AC) is commonly used as adsorbents of VOCs 43 

because of their developed surface area and large pore volumes. However, traditional raw 44 

material like coal for AC preparation is non-renewable resources. And the main disadvantages 45 

of using these commercial AC materials for the VOCs adsorption are high production costs and 46 

secondary pollution during the preparation process.  47 

Biochar derived from hydrothermal carbonization of carbohydrate-rich bio-resources was 48 

an ideal material for the purification of polluted water or air (Oliveira et al. 2019). 49 

Hydrothermal carbonization process could be directly applied to biomass with high moisture 50 

without predrying. Biochar has attracted many attention because of its potential in several 51 

crucial fields, such as catalysis, energy storage, CO2 utilization and air purification (Wang et 52 

al. 2018a). Among the bio-resources, sugarcane bagasse (SB) with high carbon content, natural 53 

fibrous structure and huge amount of production is considered as an ideal precursor (Huang et 54 

al. 2020a). Sugarcane is a perennial C4 crop cultivated in subtropical and tropical zones 55 



worldwide. The high yields of lignocellulosic SB are considered as an excellent source for 56 

substituting fossil fuel as precursors. China is ranked in the third position in the world in 57 

sugarcane production (Huang et al. 2020a), however, the utilization of SB as precursors of 58 

biochar has not been extensively studied. 59 

There is a growing consensus on modulating the functional group and internal textural 60 

structure, which play key factors in improving the adsorption performance of carbon-based 61 

material. The surface functional group can be modified by using various methods including 62 

acid/base treatment, chemical oxidation or impregnation with metal elements (Jin et al. 2020, 63 

Tang et al. 2020, Wang et al. 2020a). Notably, acid modification can change the surface 64 

alkalinity and oxygen-containing functional groups, which thus enhance the VOC selectivity 65 

and adsorption capacity (Kim et al. 2006, Tham et al. 2011, Vega et al. 2013b). Pak et al. 66 

reported that the AC treated by 10 vol% sulfuric acid showed a 47% increase in toluene 67 

adsorption capacity (Pak et al. 2016). Although these methods are effective to increase the 68 

oxygen-containing functional groups on the surface of AC, the specific surface area often 69 

decreases during the treatment process due to the block of internal textural structure. On the 70 

other hand, there are many other methods to modify activated carbon on internal textural 71 

structure, such as microwave modification, heat treatment modification, and hot steam 72 

treatment modification (Alslaibi et al. 2013). Based on the above studies, it is recognized that 73 

the adsorption capacity of biochar can be greatly enhanced by modulating the surface 74 

functional group and internal textural structure simultaneously. 75 

Herein, we prepared a series of biochar by developing an in-situ acid-treated process using 76 

SB as bio-resources. Toluene, one of the typical VOCs, was chosen as the probe molecule to 77 



evaluate the adsorptive properties of the as-prepared samples by the dynamic breakthrough 78 

experiments. The desorption property of in situ acid-treated biochar was also studied. This 79 

work is expected to expand the utilization of agricultural waste for air pollutant removal, plus 80 

a simple, low-cost, and efficient in-situ modification method.  81 

2. Experimental 82 

2.1 Raw materials 83 

The original sugarcane bagasse (SB) was purchased form Guangxi Sugarcane Industry 84 

Research Institute (China), which was firstly pretreated by washing, drying and crushing into 85 

0.6-0.8 mm. Sulfuric acid (H2SO4, 98 wt.%), potassium hydroxide (KOH, 85 wt.%), 86 

hydrochloric acid (HCl, 38 wt.%) and toluene (C7H8, 99.5 wt.%) were provided by Sinopharm 87 

Chemical Reagent Co., Ltd. 88 

2.2 Sample preparation 89 

Hydrothermal method was used to prepare activated carbon with deionized water or 90 

different concentrations of sulfuric acid solution (the concentration of sulfuric acid = 3, 5, 7, 9 91 

wt.%). Typically, 3.0 g of the pretreated SB and 60 mL of deionized water or sulfuric acid 92 

solution were mixed into the reaction kettle and hydrothermal carbonization for 10 h at 240 °C. 93 

After cooling down naturally, the black samples were washed thoroughly with deionized water 94 

to neutral and dried at 105 °C overnight. And the carbonized product was obtained. Then, the 95 

carbonized product was impregnated with KOH solution (KOH/carbonized product weight 96 

ratio was 1.0) for 12 h. After drying at 105 °C for 12h, the impregnated samples were activated 97 

at 800 °C for 1 hour under N2 flow, with a heating rate of 10 °C/min. After cooling down 98 

naturally, the samples were washed with HCl (10 wt.%) and deionized water until pH = 7 ± 99 



0.05. Finally, the samples were dried at 105 °C for 12 h. The final products were denoted as 100 

SBAC-x (x = 0, 3, 5, 7, 9), x means the concentration of sulfuric acid solution. 101 

2.3 Characterization 102 

The crystalline phase of the samples was determined by X-ray diffraction (XRD, 103 

Rigaku/SmartLab SE), which was referred to International Centre for Diffraction Data (ICDD). 104 

The morphology was detected by scanning electron microscopy (SEM, ThermoFisher/Apreo S 105 

HiVac). The specific surface area, pore volume and pore diameter distribution were measured 106 

by N2 adsorption-desorption isotherms at -196 °C using Micromeritics Tristar 3020. The 107 

specific surface area was calculated by using BET method according to nitrogen adsorption 108 

data in the relative pressure (P/P0) range of 0.05-0.30. Sulfur, carbon and oxygen species in the 109 

samples were determined by X-ray photoelectron spectroscopy (XPS, AXIS SUPRA+) and 110 

Fourier transform infrared (FT-IR) spectra on a Bruker Tensor II spectrometer. 111 

2.4 Toluene adsorption-desorption test 112 

The toluene adsorption performance of SBAC-x was carried out by dynamic adsorption 113 

experiments at room temperature. The simulated exhaust gas consisted of 1,000 ppm toluene, 114 

20% O2 and N2 as balance gas. 40 mg sample was weighed and put into a quartz tube, with 115 

quartz wool blocked on both sides. Before adsorption experiments, the sample was firstly 116 

degassed in 110 °C under N2 flow to remove those adsorbed impurities. After cooling down to 117 

room temperature, the simulated exhaust gas was introduced to flow through the sample at a 118 

rate of 100 mL/min at a GHSV of 150,000 mL/(g·h). The tail gas from the reaction tube was 119 

led to the Gas Chromatograph (GC), and the concentration of toluene was noted every four 120 

minutes. The adsorption capacity was calculated through the integrals of the breakthrough 121 



curve by using Eq. (1) 122 qe = FMC022.4∗m ∫ （1 − 𝐶𝑡𝐶0）dt𝑡0                    (1) 123 

where qe (mg/g) is the calculated adsorption capacity, F (mL/min) is the gas flow rate, M 124 

(g/mol) is the relative molecular mass of adsorbate, C0 (mg/mL) is the initial toluene 125 

concentration, Ct (mg/mL) is outlet toluene concentration at time t (min), m (g) is the mass of 126 

adsorbent used in the absorption experiment, and t (min) is the adsorption time. 127 

In toluene desorption experiment, the temperature of the tested samples was elevated from 128 

30 to 450 °C with a heating rate of 2.5 °C/min under 100 mL/min N2. The toluene concentration 129 

of the effluent gas was measured by GC. Carbon balance (Bc) is calculated based on the peak 130 

areas of toluene desorption ( desorption

tolueneq ). 131 

desorption

toluene
c (%) 100%

e

B
q

q
                              (2) 132 

3. Results and discussion 133 

3.1 Textural properties 134 

XRD was carried out to investigate the crystallinity of SBAC-x as shown in Fig. 1. The  135 

as-prepared biochar showed broad peaks, indicating the amorphous structure (Gao et al. 2015). 136 

The broad peak in the range of 20-30o could be assigned to (002) plane of amorphous carbon. 137 

And the broad hump in the range of 40-50o was related to (100) plane, which were caused by 138 

diffusion scattering of the amorphous carbon (Chen et al. 2012, Cheng et al. 2020).  139 

N2 sorption isotherms and pore size distributions of the samples were depicted in Fig. 2 140 

and the textural properties were shown in Table 1. According to Fig. 2a, the sorption isotherm 141 

of SBAC-0 presented a hysteresis loop when the relative pressure P/P0 > 0.4, which was 142 

associated with the capillary condensation of N2. This phenomenon revealed that the untreated 143 



SBAC-0 was rich in mesoporous channels (Wang et al. 2020b), and the surface area (SBET) and 144 

total pore volume (Vt) of SBAC-0 was 1137 m2/g and 0.76 cm3/g, respectively. Notably, after 145 

the in situ sulfuric acid treatment, the SBET and Vt of SBAC-x (x = 3, 5, 7, 9) were significantly 146 

enhanced. Specifically, the SBET of SBAC-3, 5, 7 sharply increased to 2154, 2215 and 2455 147 

m2/g, while the Vt values increased to 1.24~1.26 cm3/g, respectively (Table 1). These results 148 

may be attributed to the in-situ interaction between sulfuric acid and the fibers of sugarcane 149 

during the hydrothermal carbonization, which could provide more adsorption site for the 150 

adsorbate. The fibers of the sugarcane are composed of three major components (cellulose, 151 

hemicellulose and lignin), and it was reported that the hemicellulose can be removed by acid 152 

through etching effect (Huang et al. 2020a). Thus, both of the micropore surface area (1106 153 

m2/g) and the mesoporous surface area (1349 m2/g) enlarged over the SBAC-7 sample than 154 

those of SBAC-0 under an appropriate concentration of sulfuric acid. When further increasing 155 

the sulfuric acid concentration to 9 wt.%, however, the micropore surface area of SBAC-9 156 

decreased precipitously to 196 m2/g, accompanied by the surge of mesoporous surface area 157 

(1926 m2/g). This implies that the skeleton structure of sugarcane began to collapse under 9 158 

wt.% sulfuric acid, resulting to the vanishment and blocking of micropores (Yang et al. 2020). 159 

The pore size distribution of the samples has a similar tendency with SBET (Fig. 2b). It was 160 

recognized that the micropore played a decisive role in VOCs adsorption, especially when the 161 

VOCs concentration is low (Guo et al. 2020). Besides, the diffusion of VOC molecule is well 162 

situated to benefit from the presence of mesopores. Therefore, the SBAC-7 sample treated with 163 

the optimized acid concentration is better at keeping micropores and considerable amount of 164 

mesopores, which will own more excellent adsorption property. 165 



The morphology of the as-prepared biochar was characterized by SEM as shown in Fig. 166 

3. As shown in Fig. 3a and b, the SBAC-0 was in the shape of a fiber block with rough surface 167 

and few pores on the surface. After the hydrothermal carbonation in certain concentrations of 168 

sulfuric acid solution (i.e., 3~7 wt.%), the biochar could maintain the vascular bundle structure 169 

(Fig. 3c to h), which proved that the cage construction of SB precursor has a good corrosion 170 

resistance. However, when further increase the acid concentration to 9 wt.% (Fig. 3i and j), the 171 

pore diameter of SBAC-9 began to increase and the carbon skeleton was found to dilapidated 172 

and hollowed, which finally led to a decrease in micropore surface area (Wang et al. 2018b). 173 

This result is highly consistent with the N2 sorption isotherms. In addition, the acid-treated 174 

SBAC-x have more smooth surface, which could be due to the cleaning effect of sulfuric acid 175 

solution for the surface impurities (Tang et al. 2016). Note that the etching between sulfuric 176 

acid and hemicellulose produced a lot of tiny pores on the surface, thus creating many 177 

interconnected channels perpendicular to the stems of SB. With elevating the sulfuric acid 178 

concentration, more external pores appeared (Jain et al. 2016), which was consistent with the 179 

increase of specific surface area of SBAC-x (Table 1). 180 

3.2 Surface chemical properties 181 

It had been reported that the type and number of chemical functional groups on the surface 182 

had great influence on adsorption performance. In order to explore the surface chemical 183 

functional group of as-prepared samples, FT-IR analysis was applied and presented in Fig. 4. 184 

The weak absorption peaks observed in the 3917-3539 cm-1 range and 672 cm-1 were assigned 185 

to the stretching vibration of dissociative O-H group. The spectra showed strong absorption 186 

peak at 3435 cm-1 represented the O-H stretching vibration in carboxyl and phenol (Pezoti et 187 



al. 2016). The band located at 2362 cm-1 was attributed to the C=O stretching vibration, which 188 

was due to carbon dioxide in the air. The peak located at 1721 cm-1 was related to the C=O 189 

stretching vibration in aliphatic ketone, which appeared after the addition of sulfuric acid. The 190 

band at 1630 and 1400 cm-1 correspond to the antisymmetric and symmetric stretching 191 

vibrations of -COO- group. The bands located at 1120 cm-1 and 830 cm-1 were connected with 192 

sulfur-containing functional groups, which was symmetrical stretching vibration of O=S=O 193 

and C-O-S, respectively. And with the increase of sulfuric acid concentration, these two peaks 194 

became more obvious. The peaks at 1581 and 1123 cm-1 were -SO2- and S=O stretching 195 

vibration, which appeared while sulfuric acid concentration reached 7 wt.%. It could be easily 196 

observed that the number of sulfur-containing functional groups increased with the increase of 197 

sulfuric acid concentration. At the same time, the types and number of oxygen-containing 198 

functional groups also increased, which might change the surface charge, hydrophilicity, 199 

polarity and other surface chemical properties of the as-prepared biochar. 200 

In order to further study the existing state of surface elements of activated carbons, XPS 201 

analysis method was adopted and the results were shown in Fig. 5 and Table 2. The survey 202 

spectra of all the as-prepared activated carbons contain C 1s, O 1s and S 2p spectra. The sulfur 203 

content of SBAC-0 was only 0.25%, which was due to the biological uptake by sugarcane 204 

growth. After sulfuric acid treatment, the surface S content increased to some extent, which 205 

indicated that the sulfur element had loaded on the surface of biochar during preparation. 206 

Meanwhile, carbon content decreased and oxygen content increased with sulfuric acid 207 

concentration increased. The XPS C 1s spectra of the samples shows three peaks at the binding 208 

energies of 284.7, 286.3 and 289.3 eV, which were related to C-C, C-O and O=C-OH, 209 



respectively (Cheng et al. 2020, Wang et al. 2019). The deconvoluted XPS S 2p signals at 210 

binding energies of 160.0, 164.3, 165.3 and 168.9 eV corresponded to functional groups such 211 

as S2-, disulfide (C-S-S-C), sulfinyl group (C2S=O), sulfone (C2S(=O2)) reported in previous 212 

studies (Grzybek et al. 2004, Ting et al. 2018). The XPS O 1s spectra，which were shown in 213 

Fig. 5c, can be disassembled into three peaks. The peak at the binding energies of 531.5 eV 214 

was ascribed to O=C of ketone, carbonyl and/or lactone groups. The band observed at 532.3 215 

eV was assigned to C-O in ether and/or alcohol. And the peak located at 533.3 eV was 216 

corresponded to O=C-OH (Goel et al. 2015, Guo et al. 2020). It is believed that O=C and C-O 217 

were responsible for surface basicity and O=C-OH reflected the surface acidity (Tiwari et al. 218 

2018). The surface adsorption active sites of biochar were related to the surface functional 219 

group as mentioned above (Vega et al. 2013a). The amount and proportion of surface basicity 220 

increased with the rose of sulfuric acid concentration, which lead to a rise in pHpzc of zero 221 

potential point on the surface, thus enhancing the non-polarity of the activated carbon. 222 

Additionally, toluene was a weak or non-polar molecule. The increased surface basicity can 223 

promote the adsorption capacity of toluene by increasing the π-π electron diffusion capability 224 

on the biochar. 225 

3.3 Adsorption capacity of the biochar 226 

The dynamic adsorption behaviors of toluene on different samples were considered and the 227 

breakthrough curves were presented in Fig. 6. The corresponding saturated adsorption capacity 228 

was 387.6, 641.4, 695.0, 771.7 and 711.8 mg/g from 0 to 9 wt.% of sulfuric acid, respectively. 229 

Apparently, above results agreed with the textural properties (specific surface area and pore 230 

properties) and surface functionalities (amount and proportion of surface groups). Besides, 231 



breakthrough time was defined as the time when outlet toluene concentration reached 1% of 232 

feed concentration, which was more commonly used in practical applications. For the SBAC-233 

x samples, the breakthrough time was 16, 44, 60, 68 and 60 min, respectively. As is known, the 234 

adsorption capacity of commercial activated carbon is usually at 200 to 300 mg/g, which is 235 

only one third of our best sample (SBAC-7). Table 3 compared the toluene adsorption capacity 236 

of the as-prepared SBAC-7 with those of other carbon-based adsorbent reported in the literature, 237 

which also indicate the excellent adsorption capacity of SBAC-7 in this work. As described in 238 

Fig. 2 and Table 1, the specific surface area and ratio of micropore reaches the maximum value 239 

when sulfuric acid was added at 7 wt.%. Meanwhile, the carbon skeleton and surface structure 240 

were the most abundant. In addition, as shown in Fig. 5 and Table 2, the addition of sulfuric 241 

acid enhanced the surface basicity. These suggest that the pore structure and surface functional 242 

groups are the core factors to improve the adsorption capacity of biochar for toluene.  243 

Although the adsorption capacity of adsorbent is important, the desorption capacity which 244 

determine the regeneration effect is also noteworthy. The common method of desorption is 245 

treatment in high temperature with N2 or water vapour, which means that the lower temperature 246 

and higher desorption efficiency could reduce energy consumption as much as possible. In 247 

order to understand the regeneration process, desorption test of SBAC-0 and SBAC-7 was 248 

compared and the result was shown in Fig. 7. On both samples the desorption peak appeared 249 

at 90 °C, which was much lower than the previously reported 110 °C (Zhu et al. 2020). 250 

Moreover, the carbon balance of SBAC-7 (ca. 98.7%) was much higher than SBAC-0 (ca. 251 

73.6%). This may be explained by the existence of mesopores which promoted toluene transfer 252 

and suitable adsorption strength due to the huge amount of S-containing functional groups.  253 



Considering the stability of the SBAC-7 sample, adsorption-desorption cycle test was 254 

performed as shown in Fig. 8. The regeneration temperature in each cycle was set at 90 °C 255 

according to the desorption test. It was found that the breakthrough time of SBAC-7 did not 256 

change remarkably during the five cycles. The saturation adsorption capacity was 771.7, 759.7, 257 

753.3, 748.8 and 742.3 mg/g, respectively. The last adsorption capacity only decreased by 3.8% 258 

compare that to the first time. Analysis of the reactor effluent at the desorption steps during the 259 

five cycles confirmed that the toluene was desorbed completely. This is proved by the excellent 260 

carbon balances obtained during cycling (>96%). These results imply that SBAC-7 was 261 

renewable, reusable and recyclable during the adsorption-desorption cycle. 262 

3.4 Adsorption kinetics model 263 

   To further understand the adsorption mechanism of toluene on as-prepared samples, four 264 

common models including quasi-first-order, quasi-second-order, Elovich and Bangham kinetic 265 

models were used to fit the experimental data (Tang et al. 2016, Zhang et al. 2019). The models 266 

were detail described as follows.  267 

(1) Pseudo-first order model 268 

                         𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡)                         (3) 269 

where qt and qe was the amount of toluene adsorption at time t and equilibrium (mg/g), and k1 270 

was the quasi-second-order rate constant (min-1). 271 

(2) Pseudo-second order model 272 𝑞𝑡 = 𝑘2𝑞𝑒2𝑡1+𝑘2𝑞𝑒𝑡                               (4) 273 

where k2 is the quasi-second-order rate constant (min-1). 274 

(3) Elovich model 275 



𝑞𝑡 = ln(𝛼𝛽)+𝑙𝑛𝑡𝛽                               (5) 276 

Where 𝛼 is the initial adsorption rate constant (mg g-1 min-1) and 𝛽 is the desorption rate 277 

constant (g/mg). 278 

(4) Bangham model 279 𝑞𝑡 = 𝑞𝑒 − 𝑞𝑒𝑒𝑘𝑡𝑧                              (6) 280 

where k is the Bangham constant (min-1) and z is a constant. 281 

The fitting curve and estimated parameters are shown in Fig. 9 and Table 4. It can be easily 282 

found that only the Bangham model was well fitting and the correlation coefficients (R2) were 283 

<0.99. Meanwhile, the adsorption capacity predicted by this model was closer to the actual 284 

measured value, from which we can conclude that the Bangham model was the best model for 285 

toluene adsorption in as-prepared samples. It revealed that toluene adsorption involved two 286 

parts: toluene adsorption at the surface and diffusion in the pores (Lei et al. 2020). Moreover, 287 

the intraparticle diffusion played a major role, which could affect the adsorption rate (Gong et 288 

al. 2019). 289 

4. Conclusions 290 

In short, we presented a facile in-situ modification method for biochar with excellent 291 

performance. The as-prepared biochar owned high specific surface areas, great pore volumes 292 

and abundant surface chemical group. SBAC-7 exhibited the best toluene adsorption capacity 293 

of 771.7 mg/g, which was about 3 times higher than that of commercial ACs, while retaining 294 

mild flexibility. Meanwhile, it showed considerable stability and cyclic regeneration 295 

performance with five toluene adsorption-desorption test cycles. The outstanding performance 296 

was associated with its superior physicochemical properties. On one hand, etching effect of 297 



sulfuric acid were conducive to higher specific surface area (2245 m2/g) and formation of more 298 

micropores. Others, the surface S-containing functional groups surged by adding sulfuric acid, 299 

which enhancing the surface basicity and non-polarity of the biochar. These factors 300 

simultaneously promoted the adsorption and internal diffusion of toluene molecule. This work 301 

provided a valuable guide to produce applicable adsorbents with agricultural wastes for the 302 

adsorption of toluene in the practical implications. 303 
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Figure captions 463 

Figure 1. XRD patterns of the as-prepared samples. 464 

Figure 2. (a) N2 sorption isotherms and (b) pore-size distributions of the as-prepared samples.  465 

Figure 3. SEM images of as-prepared activated carbon samples SBAC-0 (a, b), SBAC-3 (c, d), 466 

SBAC-5 (e, f), SBAC-7 (g, h), and SBAC-9 (i, j). 467 

Figure 4. FT-IR spectra of the as-prepared samples. 468 

Figure 5. (a) C 1s, (b) S 2p and (c) O 1s XPS spectra of the as-prepared samples. 469 

Figure 6. Adsorption breakthrough curves of as-prepared samples. 470 

Figure 7. Desorption curves of SBAC-0 (a) and SBAC-7 (b). 471 

Figure 8. The consecutive toluene adsorption-desorption cycles of SBAC-7. 472 

Figure 9. Adsorption kinetics model fit adsorption curve: (a) Pseudo-first-order model, (b) 473 

Pseudo-second-order model, (c) Elovich model, (d) Bangham model. 474 

  475 



Tables 476 

Table 1. BET surface areas and pore volumes of the as-prepared samples. 477 

Samples SBET
a  

(m2/g) 

Smic
b  

(m2/g) 

Smes 

(m2/g) 

Vt
c 

(cm3/g) 

Vmic
b 

(cm3/g) 

Vmes 

(cm3/g) 

SBAC-0 1137 929 208 0.76 0.48 0.28 

SBAC-3 2154 768 1386 1.24 0.43 0.81 

SBAC-5 2215 636 1579 1.24 0.36 0.88 

SBAC-7 2455 1106 1349 1.26 0.53 0.73 

SBAC-9 2122 196 1926 1.28 0.12 1.16 

a Specific surface area calculated by BET method at P/P0=0.05-0.30.  478 

b Micropore evaluated by t-plot method. 479 

c Total pore volume obtained from the single point adsorption volume at P/P0=0.995. 480 

 481 

 482 

 483 

  484 



Table 2. Quantitative characterization of the surface compositions of the as-prepared samples. 485 

Samples Surface atomic (%) Peak area ratio (%) 

C 1s S 2p O 1s C=O/O1s C-O/O1s COOH/O1s 

SBAC-0 95.33 0.25 4.42 12.47 28.27 59.26 

SBAC-3 94.96 0.42 4.62 3.12 42.91 53.97 

SBAC-5 94.61 1.18 4.21 5.42 43.06 51.52 

SBAC-7 90.25 2.71 7.04 33.04 25.76 41.20 

SBAC-9 86.23 2.56 11.21 26.51 37.12 36.37 

486 



Table 3. Toluene adsorption capacity reported in the literature. 

Materials Experiment conditions SBET 

(m2/g) 

Adsorption 

capacity (mg/g)  

Breakthrough time 

(min) 

Reference 

10S-AC 150 ppm, 6 L min-1, room temperature 840 123 240 (Pak et al. 2016) 

Commercial AC 10.0 g m-3, 50 mL min-1, 298 K 934 41 100 (Zhou et al. 2019) 

AC/MgO 10.0 g m-3, 50 mL min-1, 298 K 794 56 110 (Zhou et al. 2019) 

AC/ZnO 10.0 g m-3, 50 mL min-1, 298 K 847 68 130 (Zhou et al. 2019) 

AC/CuO 10.0 g m-3, 50 mL min-1, 298 K 769 46 130 (Zhou et al. 2019) 

AC/ZrO2 10.0 g m-3, 50 mL min-1, 298 K 837 127 120 (Zhou et al. 2019) 

AC (rice husk) 300 ppm, 30 mL min-1, 293 K 1818 264 2784 (Shen &Zhang 2019) 

CBAC-1.0-1.0-550 3000 mg m-3, 500 ml min-1, 298 K 1501 414.6 72 (Zhu et al. 2018) 

AC (petroleum waste) 10%, 125 mL min-1, 298 K 2692 659.9 65 (Hossein Tehrani et al. 2020) 

CAC 80 ppm, 2 L min-1, 303 K 1011 189 348 (Zhao et al. 2018) 

CDC 80 ppm, 2 L min-1, 303 K 1137 255 544 (Zhao et al. 2018) 

UiO-66-NH2 1000 ppm, 50 mL min-1, 298K 568 162 148 (Shi et al. 2020) 

C-U-N-0.5 1000 ppm, 50 mL min-1, 298K 795 228 228 (Shi et al. 2020) 

BP (350/120/2) 600 ppmv, 120 mL min-1, 303K 762.9 352.7 282 (Jin et al. 2020) 

KP-AC-2 190 ppmv, 250 mL min−1, 298K 1283.6 300.3 200 (Qie et al. 2020) 

AC-P 1000 ppm, 150 mL min-1, 298K 1256 328 300 (Hu et al. 2017) 

AC-Z 1000 ppm, 150 mL min-1, 298K 795 258 300 (Hu et al. 2017) 

NHPC-900 600 ppm, 200 mL min-1, 303K 778 272 54 (Tang et al. 2020) 

HPC-900 600 ppm, 200 mL min-1, 303K 578 182 36 (Tang et al. 2020) 

SBAC-7 1000 ppm, 100 mL min-1, 303K 2455 771.7 80 This work 

  



 

Table 4. Adsorption kinetics fitting parameters of toluene adsorption on as-prepared samples. 

Samples Pseudo-first order 

model 

Pseudo-second order 

model 

Elovich model Bangham model qe  

(mg/g) 

k1 R2 k2 R2 𝛼 𝛽 R2 k z R2 

SBAC-0 0.0945 0.911 5.32*10-5 0.939 37.196 7.96*10-3 0.948 1.16*10-2 1.397 0.999 387.6 

SBAC-3 0.0766 0.867 4.39*10-6 0.754 38.191 4.21*10-3 0.939 4.19*10-3 1.484 0.996 641.4 

SBAC-5 0.0753 0.881 1.87*10-6 0.635 38.960 3.81*10-3 0.921 3.13*10-3 1.529 0.993 695.0 

SBAC-7 0.0741 0.763 1.85*10-6 0.620 39.527 3.46*10-3 0.905 3.3*10-3 1.442 0.993 771.7 

SBAC-9 0.0773 0.851 4.44*10-7 0.523 39.051 3.73*10-3 0.919 3.22*10-3 1.505 0.993 711.8 
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Figures

Figure 1

XRD patterns of the as-prepared samples.



Figure 2

(a) N2 sorption isotherms and (b) pore-size distributions of the as-prepared samples.



Figure 3

SEM images of as-prepared activated carbon samples SBAC-0 (a, b), SBAC-3 (c, d), SBAC-5 (e, f), SBAC-7
(g, h), and SBAC-9 (i, j).



Figure 4

FT-IR spectra of the as-prepared samples.



Figure 5

(a) C 1s, (b) S 2p and (c) O 1s XPS spectra of the as-prepared samples.



Figure 6

Adsorption breakthrough curves of as-prepared samples.

Figure 7

Desorption curves of SBAC-0 (a) and SBAC-7 (b).



Figure 8

The consecutive toluene adsorption-desorption cycles of SBAC-7.



Figure 9

Adsorption kinetics model �t adsorption curve: (a) Pseudo-�rst-order model, (b) Pseudo-second-order
model, (c) Elovich model, (d) Bangham model.


