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Abstract 17 

Sulfur compound detection such as mercaptans in liquid fuels is undesirable because sulfur is the main 18 

sourcing emission of sulfur oxide (SOx) into the air. The use of activated carbon (AC) has proven to 19 

efficiently remove mercaptans. In the meantime, it is limited by the generation of the second pollution in 20 

oil, and the difficulties of recovery and regeneration. To address these issues, a core-shell structured AC 21 

with high mechanical strength and big intra-particles space were synthesized and demonstrated to 22 

efficiently remove organic pollutants from an aqueous solution without generation of the second pollution 23 

in our previous work. However, the performance, characteristics, and mechanism of mercaptans adsorption 24 

from gasoline oil by core-shell structured AC was still unclear. In this study, the mercaptans adsorption 25 

behaviors using core-shell powdered activated carbon (CSAC) and core-shell granulated activated carbon 26 

(CSGAC), along with raw PAC, PAC-core, raw GAC, and GAC-core were carried out. The results showed 27 

that both the CSAC and CSGAC adsorbents effectively removed sulfur-based pollutants and were provided 28 

with good recovery and recyclability without second pollution in gasoline oil. The CSGAC exhibited a 29 

higher mercaptans removal efficiency compared to those of CSAC as a result of the bigger intra-particles 30 

space. PAC-based adsorbents, presented the shrinking of removal efficiency after regeneration. The 31 

Pseudo-second-order kinetics and Langmuir isotherms models were dominated for mercaptans adsorption 32 

by both CSAC and CSGAC. Furthermore, the interactions between mercaptans and the composites were 33 

probably ascribed to the Van der Waals force, hydrophobic compatibility, pore texture, and π-π dispersion 34 

interaction. 35 

Keywords: Mercaptans removal, Gasoline oil, Adsorption, Intra-particles space, Core-shell activated 36 

carbon 37 

  38 
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1. Introduction 39 

The most common and biggest source of energy in the world is from fossil fuels and crude oil. The main 40 

parts of crude oil include gasoline, diesel, and jet fuel, which are used as transportation fuels (Srivastava, 2012). 41 

The use of liquid fuels (gasoline, diesel, kerosene, jet fuel, etc.) in industrial, transport, and domestic 42 

activities for energy production constitute an important source of air pollution (Fan et al., 2013; Shen et al., 43 

2009). However, when using these fuels, the release of persistent impurities, especially for small organic 44 

sulfur compounds (mercaptans, thioethers, disulfides, and others) is still an issue that is raising concern 45 

(Daraee et al., 2021; Mahmoudabadi, 2021; Sun et al., 2017).  Mercaptans (thiol) are featured by unbearable 46 

odor as a result of sulfur-contained compounds (Bashkova et al., 2002). They are the most harmful sulfur-47 

carry compounds in gasoline, not only due to their unpleasant-smell and corroding (Gao et al., 2009; Zhang 48 

et al., 2013) but also to the degrading gasoline quality by enhancing the production of gum (Wang et al., 49 

2014). The sulfur compounds in gasoline could generate pollution in the environment because their 50 

combustion emits sulfur dioxide in the atmosphere, which generates acid rain leading to environmental 51 

hazards (Daraee et al., 2021; Mguni et al., 2019; Mohebbi and Mohebbi, 2017). 52 

The removal of mercaptans from fuel has been a global challenge. Various technologies such as 53 

adsorption, extraction, bioprocesses, and oxidation for reducing the sulfur compound from fuel are 54 

introduced (Dehghan and Anbia, 2017; Rodríguez-Cabo et al., 2014; Wang et al., 2014). For example, the 55 

hydrodesulfurization technique could treat such pollutants, but it reduces the octane number of gasoline 56 

(Wang et al., 2014), leading to the degradation of the quality of the resultant gasoline product (Huang et al., 57 

2018). High temperature and pressure are also required in this technique (Farzin Nejad and Miran Beigi, 58 

2015). Catalytic oxidation is another limitation for other techniques due to the conversion of mercaptans 59 

disulfides in alkaline media through oxidation with air (Koncsag and Barbulescu, 2008; Rodríguez-Cabo et 60 

al., 2014; Shiraishi et al., 2002). It has been reported that the adsorption is effective for mercaptans removal 61 

from gasoline (Aguiar and Coelho, 2017; Mguni et al., 2019) resulting from its affordable operations and 62 

environmental-friendliness. Activated carbon (AC) is a popular adsorbent in removing the mercaptans 63 
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(Bashkova et al., 2002; Mguni et al., 2019), which is considered as a good adsorbent in pollutant control 64 

(Lee et al., 2010). However, the limitations such as difficulty to recovery from the liquid phase, causing the 65 

second pollution in the liquid phase, and low recyclability are the main challenges of using AC in the 66 

adsorption process. To address these issues, our group synthesized novel recyclable AC materials (core-67 

shell structured powdered and granulated AC, i.e., CSAC and CSGAC) recently. The results indicated that 68 

pharmaceuticals and personal care products (PPCPs) could be efficiently removed from an aqueous solution 69 

by these composites (Ndagijimana et al., 2020, 2019a, 2019b). In the meantime, the material further 70 

presented a good regeneration and recover-ability. Nonetheless, our previous studies focused on the organic 71 

pollutants in the aquatic phase rather than the mercaptans in organic solvents, which probably results in 72 

different adsorption behaviors and mechanisms. In addition, comparisons of mercaptans adsorption by 73 

CSAC and CSGAC were not carried out. Accordingly, to support the real implementations of core-shell 74 

AC composites, it is indispensable to disclose the mercaptans adsorption behaviors from an organic solvent 75 

by CSAC and CSGAC, as well as to depict the influence of core-shell AC with AC core produced by AC 76 

in different particle size. It is equally important to evaluate the performance of regeneration and recover-77 

ability of CSAC and CSGAC in an organic solvent. 78 

Therefore, based on the previous studies (Ndagijimana et al., 2020, 2019a, 2019b), the objectives of 79 

this work were as follows: (i) to compare the performance of CSAC, CSGAC, PAC, PAC-core, GAC, and 80 

GAC-core in adsorbing mercaptans; (ii) to evaluate and compare the regeneration and recover-ability of 81 

CSAC, CSGAC, PAC, PAC-core, GAC, and GAC-core; (iii) to explore interaction mechanisms via 82 

investigating the adsorption kinetics, isotherms, and surface composition of adsorbents before and after 83 

adsorption; (ⅳ) to test effects of coexisting mercaptans on the adsorption performance. This work is 84 

expected to be in favor of providing an effective strategy for mercaptans' removal from fuel. 85 

 86 

 87 

 88 

 89 
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2. Materials and methods 90 

2.1. Chemicals and reagents 91 

The n-hexane was used as the solvent. The sulfur compounds were purchased from Aldrich, including 92 

ethyl-mercaptan, propanethiol, and 1-butanethiol with a purity of 98, 98, and 99%, respectively. Table 1 93 

presents the structure and physicochemical properties of mercaptans. 94 

2.2. Preparation and characterization 95 

As described in our recent works (Ndagijimana et al., 2020, 2019a, 2019b), the PAC-core and GAC-96 

core were prepared by mixing the PAC (100 mesh) and GAC (2 mm) with 8% and 15% of natural binder 97 

from cassava, respectively. As for the shell, coal fly ash with 100 mesh and kaolinite with 400 mesh were 98 

selected owing to the formation of CSAC with small intra-particles space in the shell to protect PAC from 99 

degeneration (Ndagijimana et al., 2019a, 2019b), whereas, the coal fly ash with 100 mesh and 100 mesh of 100 

kaolinite were selected to the synthesize CSGAC with large porous channels (Ndagijimana et al., 2020). 101 

The AC-core after drying was coated by the mixture of kaolinite and cola fly ash as the shell. The samples 102 

were dried and then sintered at 1250oC followed by cooling at room temperature. Thereafter, the samples 103 

were characterized by the ZL-8001 computer servo universal material testing machine (China). The 104 

materials with high mechanical strength (2.41 and 2.0 MPa) were selected and used to remove mercaptans. 105 

The morphology and the crystalline were analyzed by field emission scanning electron microscopy (SEM) 106 

and X-ray diffraction (XRD), respectively. The surface area, pore size, and pore volume were tested by 107 

Brunauer-Emmett-Teller (BET). The details of characterization techniques for AC-based adsorbents were 108 

described in a recent report (Ndagijimana et al., 2020, 2019a, 2019b). 109 

2.3. Batch adsorption 110 

The preparation of mercaptans solution was carried out as follows: Firstly, the standard hexane 111 

solution containing 1000 ppb mercaptans compound was prepared in the bottles of 100 mL by dissolving 112 

the accurate weight of sulfur compounds in n-hexane solvent. Then, the bottles with rubber caps and 113 

aluminum rings were used to avoid evaporation and surroundings. This solution prepared for each 114 

compound was used to prepare the desired concentration of each sulfur compound. 115 
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A batch adsorption study was carried out by using 0.24 g of CSAC, 0.28 g of CSGAC, 0.05 g of PAC-116 

based adsorbents (PAC and PAC-core), and 0.03 g of GAC-based adsorbents (GAC and GAC-core). Each 117 

adsorbent was taken into a bottle of 100 mL and then sealed with rubber caps. Then, 50 mL of each sulfide 118 

compound solution was introduced into the bottles which contain the adsorbents. The cellulose membrane 119 

with 0.45 μm pore size was used for filtration of the supernatant after shaking the bottle samples with a 120 

speed of 200 rpm at 25oC. Then the supernatant was analyzed by Gas Chromatograph (GC). The detection 121 

conditions of GC contain detector (Mass spectrometric detector), oven temperature (45-240oC), injector 122 

temperature (220oC), and detector temperature (230oC). The filtrate was proved with Gas Chromatography‐123 

Mass Spectrometry systems via an AOC‐20i autosampler (Agilent 7890B-Agilent 5977B, Agilent, USA) 124 

and with the help of GS-GASPRO capillary column (30m × 320 μm × 0 μm, J&W Scientific Inc, USA) 125 

(30m × 320 μm x0μm). Helium was utilized as the carrier gas and the mobile phase was hexane. The 126 

retention time of ethyl mercaptan, 1-propanethiol, and 1-butanethiol were 6, 7, and 9 min, respectively. 127 

Effect of adsorbent dosage: One, two, and three balls of core-shell ACs, 0.03, 0.05, and 0.10 g for both 128 

PAC and GAC-based adsorbents were used. The initial concentration of mercaptans was 2000 ppb and the 129 

adsorption time was 600 min.  130 

Effect of initial concentration: The initial concentration of 800, 900, 1000, 1200, 1500, and 2000 ppb 131 

for each sulfide compound were prepared. The samples were withdrawn at a certain adsorption time. 132 

Effect of contact time: The initial concentration of mercaptans was1000 ppb. The supernatants samples 133 

were withdrawn at a certain interval of time. 134 

Effect of temperature: The adsorption experiments were carried out at the temperature of 25, 30, 40, 135 

60oC, respectively. The initial concentration of mercaptans was 1000 ppb.  136 

Regeneration of adsorbents: The spent adsorbents were regenerated at 600oC for further adsorption 137 

process.  138 

The amount of adsorption at equilibrium, at time t, and the percentage of mercaptans removal were 139 

calculated via equations (1), (2), and (3), respectively. 140 
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 qe = (co−ce)×VM    (1) 141 qt = (C0−Ct)×VM    (2) 142 

 R = (Co−Ce)×100Co    (3) 143 

where qe and qt (mgS g-1) are the adsorption capacity at equilibrium and time t, R (%) is the removal 144 

percentage, and C0 and Ce are the liquid-phase concentrations of mercaptans at initial time and equilibrium, 145 

respectively. V (L) is the volume of the solution and M (g) is the mass of the CSAC.  146 

2.4. Adsorption isotherms and kinetics  147 

The capacity of mercaptans adsorption and isotherms parameters were calculated in virtue of the 148 

adsorption isotherms model. The details for the calculation of the isotherm parameters were presented in 149 

studies (Barzamini et al., 2014).  150 

The Langmuir model and Freundlich isotherm are expressed as follows: equation (4) and (5): 151 Ceqe = 1KLqm + Ceqm    (4) 152 ln qe = ln kF + (1n) ln Ce               (5) 153 

The corresponding introductions of the parameters were found in lots of studies (Ndagijimana et al., 2019a). 154 

For further studying the adsorption characteristics, three kinetics models were applied, including pseudo-155 

first-order, pseudo-second-order, and intra-particle models. The equations (6), (7), and (8) below were 156 

applied to fit the kinetics data. 157 

Pseudo-first order model:          ln (qe − qt) = lnqt − k1t         (6) 158 

Pseudo-second order model:      
tqt = 1k2qe2 + tqe                           (7) 159 

Intraparticle diffusion:                qt = kdift1/2 + C                                     (8)   160 

Similarly, the introductions of the corresponding parameters were described in the study (Liu et al., 2019). 161 

3. Results and Discussion 162 

3.1. Characterizations 163 

The physical image, the morphological information of CSAC, and its core and shell are presented in 164 

Fig.1. Fig. 1a shows that the shell of the materials is porous, and favorable for adsorbate solution to diffuse 165 
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to the inner AC core. For Fig. 1b as explained in previous work (Ndagijimana et al., 2019b), after 166 

optimization of the shell particle size, the inter-particles space of the shell was small to prevent the PAC 167 

core from release of the part of PAC to the solution. In addition, Fig. 1c illustrates that the shell with larger 168 

inter-particles space is favorable for the protection of GAC and simultaneously facilitates the high rate of 169 

mass diffusion which is good evidence for increasing removal efficiency for CSGAC. Figs. 1d-g present 170 

the physical images of the CSAC, CSGAC, GAC-core, and PAC-core, respectively. As shown in the figure, 171 

the GAC-core presented the larger intra-particles space compared to that of PAC, which is owing to the 172 

larger size in GAC (2 mm). Figs. 1h and I show that the pore structure of the PAC core and GAC core after 173 

the sintering and the detail is illustrated in our recently reported work (Ndagijimana et al., 2020). The 174 

structure of the materials indicates the presence of pores which is beneficial for the adsorption of the 175 

aforementioned pollutants in gasoline oil. 176 

The textural structure such as specific surface area calculated by BET equation (SBET) and pore 177 

distribution of the samples was analyzed and presented in Table 2 and Fig. 2, respectively. As illustrated in 178 

Table 2, the CSAC presented a higher SBET compared to that of CSGAC. Moreover, SBET of the PAC-core 179 

and GAC-core detached from shell were higher than those of PAC and GAC, respectively, because of 180 

sintering of the sample at high temperature (1250oC). Fig. 2 illustrates the presence of pore distribution and 181 

pore size of AC-based adsorbents. It evidences the presence of micropores and mesopores for all AC-based 182 

adsorbents (Figs. 2a and b), and macropores especially for CSGAC (Figs. 2c and d). The macropores 183 

facilitate the penetration of the adsorbate molecular from the bulk solution to the shell and then to the inner 184 

core. 185 

3.2. Application for mercaptans removal  186 

3.2.1. Effect of adsorbent dosage  187 

One, two, and three balls of CSAC and CSGAC were used to investigate the influence of adsorbent 188 

dosage (Fig. 3a). As shown in the figure, the removal efficiency of mercaptans and the dosage of adsorbents 189 

were positively correlated. For instance, the removal efficiency was 33, 67, and 100% for ethanethiol and 190 

28, 54, and 81% for 1-Butanethiol by CSAC, respectively. Furthermore, 98, 100, and 100% of ethanethiol 191 
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and 41, 75, and 100% of 1-Butanethiol were removed by CSGAC, respectively. These results presented 192 

that both the removal efficiencies for ethanethiol and 1-butanethiol by CSGAC were higher than that of 193 

CSAC. This phenomenon is caused by the large intra-particles space in the shell and GAC-core for CSGAC. 194 

These intra-particles space could facilitate contact between mercaptans molecular and active sites of GAC-195 

core inside the shell. Despite a low removal mercaptans efficiency by CSAC, it should be noted that as-196 

synthesized protected AC materials showed a promising future for removing mercaptans from the gasoline 197 

oil. As illustrated in Figs. 3b and c, the dosages used in this experiment were 0.03, 0.05, and 0.10 g for 198 

PAC, PAC-core, GAC, and GAC-core, respectively. The results also showed that the removal efficiency 199 

increased with adding more adsorbents as a result of more active sites. In addition, the performance of 200 

mercaptans adsorption by PAC-core and GAC-core were better than those of their counterparts (PAC and 201 

GAC). This phenomenon is likely due to the higher SBET after sintering treatment at high temperatures. 202 

Accordingly, the large intra-particles space in shell and AC-core and high SBET are key factors enhancing 203 

the adsorption of mercaptans using CSGAC.  204 

3.2.2. Effect of contact time 205 

The effect of contact time on mercaptan adsorption is shown in Fig. 4. It is observed from Figs. 4a and 206 

b that the equilibrium of ethanethiol adsorption attained within 420-480 min and 600 min for CSGAC and 207 

CSAC, respectively. The results demonstrate a faster adsorption rate of ethanethiol on CSGAC compared 208 

to that of CSAC. Concerning the 1-butanethiol, the adsorption equilibrium reached 720 min for CSAC and 209 

around 540-600 min for CSGAC, respectively. This phenomenon similarly indicates a higher removal 210 

efficiency of mercaptans using CSGAC. These outcomes could be resulted from the large porous channels 211 

in a shell for CSGAC and in GAC-core. Furthermore, the removal rate of 1-butanethiol is slower than 212 

ethanethiol by both adsorbents, which is likely due to the short-chain of ethanethiol molecular.  This was 213 

evidenced by (Barzamini et al., 2014), that the adsorption of mercaptans with long-chain would take a 214 

longer time to enter into the pore of the adsorbent. Figs. 4b and c illustrate the ethanethiol and 1-butanethiol 215 

adsorption by PAC and PAC-core. As depicted in the figures, the equilibrium time for adsorption of these 216 

two kinds of mercaptans by PAC and PAC-core is shorter than adsorption by CSAC. Moreover, in 217 
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comparison to the adsorption rate of the ethanethiol and 1-butanethiol using PAC, the value by PAC-core 218 

is slower. Likewise, the descending order of the mercaptans adsorption rate was GAC, GAC-core, and 219 

CSGAC (Figs. 4e and f). This phenomenon could be explained by the mass transfer of ethanethiol and 1-220 

butanethiol molecular from the liquid phase to active sites of the AC-based adsorbents. With regards to the 221 

CSAC or CSGAC, the shell would obstacle the mass transfer of molecules from the bulk solution to the 222 

surface of adsorbents. Furthermore, the time for ethanethiol adsorption is shorter compared to that of the 1-223 

butanethiol. This outcome is attributed to the short-chain in ethanethiol as mentioned above, which is 224 

beneficial for effective mass transfer. Nonetheless, mechanical strength is still an important issue to 225 

guarantee real implementations of AC.  226 

The kinetic parameters are shown in Table 3 and Table S1. According to the data, both the pseudo-227 

first-order and pseudo-second-order models are dominated on adsorption of ethanethiol by CSAC. 228 

Nevertheless, the pseudo-second-order kinetic model describes better the sorption of ethanethiol by 229 

CSGAC. With regards to 1-butanethiol, the pseudo-second-order kinetic model is better fitted to adsorption 230 

processes by CSAC and CSGAC. According to the data of R2 in Table S1, the pseudo-second-order models 231 

are dominated on adsorption of the mercaptans by PAC, PAC-core, GAC, and GAC-core. The intra-particle 232 

diffusion is used to determine the diffusion process. According to the R2 values, the adsorption process is 233 

not controlled by intra-particle diffusion.  234 

3.2.3. Effect of initial concentration 235 

Fig. 5 and Fig. S1 illustrate the effect of the initial concentration on the mercaptans adsorption by the 236 

AC-based adsorbents. Figs. 5a and b show adsorption of the ethanethiol and 1-butanethiol by CSAC and 237 

CSGAC under different initial concentrations, respectively. It can be seen from the figures that the 238 

adsorption amount of the ethanethiol and 1-butanethiol increased as to increase the initial concentration. 239 

The figures also illustrated that the removal efficiency for CSGAC is still higher compared to that of CSAC. 240 

This phenomenon is attributed to the large intra-particles space in the shell and GAC-core for CSGAC. As 241 

shown in Fig. S1, the ethanethiol and 1-butanethiol adsorption by PAC, GAC, PAC-core, and GAC-core 242 

depicted similar trends with that of CSCA and CSGAC. This result is probably owing to the limited number 243 
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of active sites on a constant amount of the adsorbents. Furthermore, adsorption isotherms of the ethanethiol 244 

and 1-butanethiol by CSAC and CSGAC were better fitted to the Langmuir model (Fig. 5c). The qm and kL 245 

are calculated according to the slope and intercept of a linear plot of Ce/qe against Ce, where the slope is 246 

corresponding to 1/qm and intercept equals to 1/qmkL. The corresponding parameters were shown in Table 247 

4. Likewise, the ethanethiol and 1-butanethiol adsorption using PAC, GAC, PAC-core, and GAC-core were 248 

also better fitted to the Langmuir model (Table S1). This outcome indicates that the ethanethiol and 1-249 

butanethiol were removed by all of the AC-based adsorbents via monolayer adsorption. Accordingly, the 250 

ethanethiol and 1-butanethiol adsorption characteristics by CSAC and CSGAC were not changed after 251 

being protected by the shell. Furthermore, the adsorption capacities of ethanethiol and 1-butanethiol by 252 

CSAC were 139.28 and 125.63 μgS g-1, respectively. And adsorption capacities of ethanethiol and 1-253 

butanethiol by CSGAC were 190.48 and 151.52 μgS g-1, respectively. Additionally, 100 and 100%, and 254 

97.24 and 74.29% of ethanethiol and 1-butanethiol were removed by GAC-core and GAC, respectively. 255 

Hence, ethanethiol is more efficiently adsorbed compared to 1-butanethiol by the adsorbents. This is likely 256 

ascribed to the smaller resistance of mass transfer from shell to the surface of the AC core for short-chain 257 

ethanethiol. Furthermore, CSGAC exhibits a better adsorption performance to ethanethiol and 1-butanethiol 258 

than that of CSAC. This could have resulted from the larger intra-particles space of the shell and GAC core 259 

which is feasible for mercaptans molecular arriving at the GAC core and entrancing inner core. What’s 260 

more, despite a better performance of the mercaptans removal using non-protected AC, the protected AC 261 

(CSAC and CSGAC) presented future promising of a good adsorbent for mercaptans removal from gasoline 262 

oil due to their good recovering and recycling. 263 

3.2.4. Influence of temperature and thermodynamic study 264 

The adsorption of ethanethiol and 1-butanethiol in the case of temperatures of 25, 30, 40, and 60oC 265 

were further investigated (Fig. 6 and Fig. S2). It can be seen from the figures that the adsorption capacities 266 

of ethanethiol and 1-butanethiol by most of the AC-based adsorbents increased as temperature increased. 267 

This phenomenon is likely due to a decrease of the viscosity of the adsorbate solution as an increase in 268 

temperature, leading to the improvement of the diffusion rate of adsorbate molecular through the external 269 
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boundary layer to the internal pores of adsorbents (Meshkat et al., 2018a, 2018b). The results demonstrate 270 

that qm increases as temperature elevates (Table 5), suggesting that a higher temperature promotes the 271 

removal of mercaptans. 272 

To better understand the effects of temperature, the thermodynamic parameters (Meshkat et al., 2018a, 273 

2018b) were evaluated by Van’t Hoff equations: 274 ln (qeCe) = − ∆H°RT + ΔS°R    (9) 275 (∆G°) = ∆H° − T(∆S°)   (10) 276 

where and T are presenting the universal gas constant (8.314 J mol-1 K-1) and the absolute temperature. 277 

Plotting ln (qe/Ce) versus 1/T shows a linear line with slope and intercept similar to -ΔH°/R and ΔS°/R, 278 

respectively (Figs. 7a-d).  279 

The positive value of ΔH° in Table 6, Table S3, and Table S4 indicate that ethanethiol and 1-butanethiol 280 

adsorption by CSAC, CSGAC, PAC-core, GAC, and GAC-core are endothermic processes. The data for 281 

PAC, PAC-core, GAC, and GAC-core were presented in supporting information Table S3 and Table S4. 282 

The negative value of ΔH° (Table S3) for PAC indicates that the process is exothermic. The Gibb free 283 

energy of adsorption (∆G°)  is estimated via Eq. 10. This negative data shows evidence of a spontaneous 284 

adsorption reaction between adsorbents and ethanethiol and 1-butanethiol molecular. It is observed that the 285 

heat from the physical adsorption falls into a range of 2.10-20.9 kJ mol-1, while the heat of chemisorption 286 

locates at a range of 80-200 kJ mol-1. Both values are consistent with those of previous studies (Meshkat et 287 

al., 2018a, 2018b). 288 

3.3. Adsorption competition  289 

Except for the ethanethiol and 1-butanethiol, 1-propanethiol was used as a coexisting organics to 290 

investigate adsorption competence between these molecular by CSAC and CSGAC. In this study, the 291 

solution of ethanethiol, 1-propanethiol, and 1-butanethiol with a concentration of 1000 ppb in a bottle of 292 

100 mL was used to investigate the capability of the material in the competition of adsorption to different 293 

kinds of mercaptans. Fig. 8 depicts that the ethanethiol is highly adsorbed while the 1-butanethiol is weakly 294 
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removed by CSAC and CSGAC adsorbents, which is resulted from the short-chain of ethanethiol. The 295 

competition effect also was performed on PAC-based adsorbents and GAC-based adsorbents, the results 296 

showed that ethanethiol is still highly removed compare to others and slightly affected by the competition 297 

(Fig. 8). The reason is the same as mentioned above. For PAC-core and GAC-core presented high removal 298 

efficiency for all adsorbents during the competition. This is attributed to the high active site generated to 299 

the sintering of the sample at high temperatures. Conclusively, the increasing of the adsorption of 300 

mercaptans in multi pollutants environment will depend on the small molecular chain of mercaptans, the 301 

large intra-particles space of core-shell ACs, and high SBET. 302 

3.4. The regeneration of CSGAC 303 

The regeneration process after the removal of mercaptans from gasoline oil was evaluated to confirm 304 

its re-usage and recyclability after the adsorption. As shown in Fig. 9a, the regenerated adsorbents still 305 

illustrate almost the same adsorption performance after regeneration of exhausted adsorbents six times. 306 

This result reveals a good regeneration performance and high stability of the CSGAC for mercaptans 307 

removal. Fig. 9b shows that the removal efficiency of PAC highly decreases after the regeneration at the 308 

fourth time compared to that of PAC-core. This is likely due to the more difficult recovering process 309 

compared to that of PAC-core. GAC-based adsorbents (GAC and GAC-core) showed a slightly shrinking 310 

of mercaptans removal (Fig. 9c) compared to the PAC-based adsorbents. GAC-based adsorbents are easily 311 

recovered and also the small amount lost during recovering and recycling. In all, the original AC-based 312 

adsorbents and AC-core (PAC-core and GAC-core) presented a shrinking removal efficiency, whereas, the 313 

protected activated carbon-based adsorbents (CSAC and CSGAC) presented the constant removal 314 

efficiency after six times of regeneration. This outcome evidences a promising application of protected 315 

activated carbon-based adsorbents for mercaptans removal from the gasoline oil. 316 

3.5. The possible mechanisms of mercaptans adsorption by CSACs 317 

As illustrated in the previous study, the pore structure is a crucial factor to determine the mechanisms 318 

of adsorption of organic matter. As can be seen from Fig. 1, it is obvious that the material is provided with 319 

an apparent porous structure. Owing to this property, mercaptan molecular from bulk solution goes across 320 
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the shell to the external surface of the AC core and then continues to the inner core. As for CSGAC, features 321 

such as the large intra-particles space between shell particles (Fig. 1c), broken pore structure (Fig. 1I), an 322 

increasing of SBET, micropore, and mesopores volumes of AC core after sintering at 1250oC (Table 2), are 323 

advantageous for the removal of mercaptans into the pores of the GAC core.  324 

Fig. 10 shows the TGA diagrams on saturated CSAC with mercaptans. Generally, the curves show an 325 

initial weight loss in the temperature range of 40-200oC, which is the degradation of adsorbed mercaptans 326 

and impurities. This phenomenon indicates clearly that mercaptans are fixed in the adsorbents. The mass 327 

loss of the adsorbent is very insignificant because the adsorbents are sintered at high temperatures (Meshkat 328 

et al., 2018a, 2018b).  329 

Besides, the adsorption of ethanethiol and 1-butanethiol on CSAC or CSGAC was further confirmed 330 

by elemental analysis (Table 7). As shown in the table, the number of sulfur increased after the adsorption 331 

of sulfide compounds on core-shell AC adsorbents. These results further prove the existence of mercaptan 332 

molecular on the surface of adsorbents surface. 333 

Furthermore, the FTIR analysis (Fig. 11) was performed to detect the adsorption of mercaptans by 334 

CSACs. According to the previous work (Cheng et al., 2020; Meshkat et al., 2018b; Pham et al., 2013), the 335 

new peaks between 1155 to 600 cm-1 could be corresponding to the bond between C and S. Although no 336 

new peak appeared after adsorption of ethanethiol on CSGAC, the result indicates the appearance of the 337 

new peaks after adsorption of 1-butanethiol and ethanethiol by CSAC and CSGAC. 338 

Conclusively, the results provided by TG, elemental analysis, and FTIR after adsorption, consistently 339 

state clear that the mercaptans molecular are adsorbed on the core-shell structured AC composites. The Van 340 

der Waals forces, electron donor-acceptor interactions, and chemical affinity are responsible for the 341 

adsorption of the mercaptans (Dehghan and Anbia, 2017). The high mercaptan removal efficiency of 342 

adsorbent requires a large size and high dipole moment of mercaptan, which is attracted to adsorbent with 343 

strong Van der Waals (Meshkat et al., 2018b). The electron donor-acceptor interactions between the S 344 

atoms and the basic adsorbent, the dispersion effect between the mercaptans molecular and the π-electrons 345 

of the carbon adsorbent are two important factors. The energetic heterogeneity is caused by the connectivity, 346 
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shape, and number of structures (Meshkat et al., 2018b).  In virtue of the optimal pore texture and forces 347 

such as the Van der Waals force, π-π dispersion interaction, and hydrophobic compatibility of mercaptans 348 

molecular with the surface of the adsorbent, mercaptans molecular could be efficiently removed from the 349 

fuel.  350 

4. Conclusions 351 

The mercaptans from the gasoline oil are efficiently removed by core-shell AC-based Adsorbents 352 

(CSAC and CSGAC). The protected ACs are future good adsorbent as presented the good recovering and 353 

recycling after adsorption of mercaptans. The large intra-particles space in both the shell and AC are 354 

advantageous of good adsorption performance of CSGAC compared to that of CSAC. Although the PAC, 355 

PAC-core, and GAC-core presented high performance compared to their protected forms, their adsorption 356 

capacity was shrunk after the regeneration due to their low recovering and recycling after adsorption. The 357 

mercaptan adsorption by core-shell AC adsorbents was more precisely fitted to Langmuir isotherm than the 358 

Freundlich model. The capacity of Ethanethiol and 1-Butanethiol by CSGAC adsorption are 190.48 and 359 

151.52 μgS g-1, respectively. The mercaptan adsorption by core-shell AC adsorbents is proven to be an 360 

endothermic and spontaneous process. The core-shell AC materials are also proved with good recyclability 361 

and regeneration at 600oC. The possible mechanisms of the adsorption on CSGAC simultaneously depend 362 

on Vander Waal’s force, pore texture, π-π dispersion interaction, and hydrophobic properties of mercaptan 363 

molecules. 364 
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Table 1. Physicochemical properties of mercaptans 

Pollutants Formula Structure Water solubility log Kow pKa 

Ethanethiol C2H6S  8.86 g/L at 20oC 1.50 10.60 

1-Butanethiol C4H10S 
 

0.06% 2.28 -10.78 
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Table. 2. Surface area, pore-volume, and pore size of used carbon-based adsorbents 513 

Sample Surface area (m2 g-1) Pore volume (cm3 g-1) Pore size (nm) 

PAC 823.00 0.44 2.15 

PAC-core 1095.00 0.59 2.16 

CSAC 199.00 0.11 2.50 

GAC 509.78 0.28 2.20 

GAC-core 978.95 0.54 2.60 

CSGAC 141.79 0.06 3.00 
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 528 

Table 3. Kinetics study of Mercaptans adsorption by CSAC and CSGAC 

  Pseudo-first-order Pseudo-second-order Intraparticle diffusion 

Sorbent Mercaptans 
qe

exp 

(mg g-1) 

qe
cal 

(mg g-1) 
K1 R2 

qe
exp 

(mg g-1) 

qe
cal 

(mg g-1) 
K2 R2 C Kdiff R2 

CSAC 
Ethanethiol 131.87 94.14 92×10-3 0.99 131.87 137.36 24×10-4 0.99 51.90 3.30 0.83 

1-Butanethiol 116.00 142.68 77×10-3 0.89 116.00 129.00 14×10-4 0.99 4.00 17.86 0.96 

CSGAC 
Ethanethiol 176.69 138.27 10×10-2 0.98 176.69 184.16 8×10-5 0.99 69.25 4.40 0.84 

1-Butanethiol 135.58 197.44 12×10-3 0.90 135.58 146.41 12×10-4 0.99 31.55 4.20 0.89 
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 531 
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 536 

 537 

Table 4. The isotherm parameters of mercaptans adsorption by CSAC and 

CSGAC 

Sorbents Sorbates Langmuir isotherm 

  qm (μgS g-1) kL (L mg-1) R2 

CSAC 
Ethanethiol 139.28 1.8×10-3 0.999 

1-Butanethiol 125.63 79×10-3 0.998 

CSGAC 
Ethanethiol 190.48 10×10-3 0.999 

1-Butanethiol 151.52 66×10-3 0.999 
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Table 5. Langmuir parameters as functions of mercaptan molecule and temperature on core-shell ACs 

Adsorbents Mercaptans Temperature (oC) qm (mgS g-1) b (mgS L-1) R2 

CSAC Ethanethiol 25 139.28 18×10-3 0.999 

CSAC Ethanethiol 30 139.86 17 ×10-3 0.999 

CSAC Ethanethiol 40 141.84 15 ×10-3 0.999 

CSAC Ethanethiol 60 142.86 13 ×10-3 0.999 

CSAC 1-Butanethiol 25 125.60 37 ×10-3 0.998 

CSAC 1-Butanethiol 30 128.87 39 ×10-3 0.999 

CSAC 1-Butanethiol 40 132.45 37 ×10-3 0.999 

CSAC 1-Butanethiol 60 135.67 33 ×10-3 0.999 

CSGAC Ethanethiol 25 190.48 10 ×10-3 0.999 

CSGAC Ethanethiol 30 196.08 11 ×10-4 0.999 

CSGAC Ethanethiol 40 202.83 10 ×10-4 0.999 

CSGAC Ethanethiol 60 206.00 49 ×10-5 0.999 

CSGAC 1-Butanethiol 25 151.5 18 ×10-3 0.999 

CSGAC 1-Butanethiol 30 155.8 19 ×10-3 0.999 

CSGAC 1-Butanethiol 40 157.73 16 ×10-3 0.999 

CSGAC 1-Butanethiol 60 169.21 87×10-4 0.999 
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Table 6. Thermodynamic study of core-shell ACs 561 

Adsorbents Adsorbate 
C0 

(mg S L-1) 

∆H 

(kJ mol-1) 

∆S 

(J mol-1 K-1) 
∆G (kJ mol-1) 

     298K 303K 313K 333K 

CSAC Ethanethiol 800 2.37 1.98 1.79 1.78 1.71 1.73 

CSAC Ethanethiol 900 1.44 -2.03 2.04 2.43 2.82 2.11 

CSAC Ethanethiol 1000 3.23 2.04 2.68 2.58 2.51 2.59 

CSAC Ethanethiol 1200 3.92 0.85 3.67 3.65 3.66 3.63 

CSAC Ethanethiol 1500 2.73 -6.35 4.59 4.67 4.76 4.83 

CSAC Ethanethiol 2000 2.99 -9.18 5.69 5.79 5.91 6.03 

CSAC 
1- 

Butanethiol 
800 3.33 1.41 2.89 2.93 2.91 2.85 

CSAC 
1- 

Butanethiol 
900 4.05 2.81 3.21 3.24 3.21 3.12 

CSAC 
1- 

Butanethiol 
1000 3.71 1.32 3.32 3.27 3.35 3.25 

CSAC 
1- 

Butanethiol 
1200 2.69 -4.78 4.16 4.14 4.13 4.33 

CSAC 
1- 

Butanethiol 
1500 2.52 -8.52 5.17 5.17 5.13 5.38 

CSAC 1-Butanethiol 2000 2.49 -12.16 6.13 6.16 6.28 6.55 

CSGAC Ethanethiol 800 - - - - - - 

CSGAC Ethanethiol 900 515.67 1779 -14.4 -23.3 - - 

CSGAC Ethanethiol 1000 35.27 137.76 -5.4 -7.0 -7.7 - 

CSGAC Ethanethiol 1200 12.93 43.38 0.079 -0.24 -0.73 -1.5 

CSGAC Ethanethiol 1500 8.05 19.41 2.27 2.19 1.93 1.61 

CSGAC Ethanethiol 2000 3.87 0.059 3.93 383 3.76 3.91 

CSGAC 1-Butanethiol 800 12.72 39.14 0.91 0.91 0.68 -0.42 

CSGAC 1-Butanethiol 900 13.20 39.89 1.14 1.14 1.02 -0.23 

CSGAC 1-Butanethiol 1000 12.11 35.41 1.43 1.38 1.27 0.21 

CSGAC 1-Butanethiol 1200 12.76 33.09 2.74 2.69 2.50 1.61 

CSGAC 1-Butanethiol 1500 8.23 14.09 3.99 3.97 3.86 3.51 

CSGAC 1-Butanethiol 2000 4.75 -1.62 5.17 5.16 5.28 5.21 
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Table 7. The elemental analysis of pristine and treated CSAC and CSGAC 

Elements N C S 

CSACa 0.083 12.00 0.041 

CSGACa 0.018 11.11 0.042 

CSACb 0.055 35.51 0.41 

CSGACb 0.044 29.93 0.65 

aBefore adsorption 564 

bAfter adsorption  565 
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 580 

Figures captions  581 

 Fig. 1. SEM images of shell (a), intra-particle space or void in shell of CSAC (b), CSGAC (c), physical images 582 

of CSAC (d), CSGAC (e), GAC-core (f), PAC-core (g), SEM images of PAC-core (h), and GAC-core (i). 583 

Fig. 2. The pore distribution of PAC-based adsorbent (a), GAC-based adsorbent (b), and core-shell ACs (c, d). 584 

Fig. 3. Effect of adsorbent dosage on the mercaptans removal by CSAC and CSGAC (a), PAC-based adsorbents 585 

(b), and GAC-based adsorbents(c). (Conditions: C0 = 2000 ppm, V = 50 mL, mass = 0.24 g (CSAC), 0.28 g 586 

(CSGAC), 0.05 g (PAC-core and PAC), and 0.03 g (GAC-core and GAC)). 587 

Fig. 4. Effect of contact time for CSAC and CSGAC (a, b) and for PAC, PAC-core, GAC, GAC–core (c-f). 588 

(Conditions: C0 = 1000 ppm, V = 50 mL, mass = 0.24 g (CSAC), 0.28 g (CSGAC), 0.05 g (PAC-core and PAC) 589 

and 0.03 g (GAC-core and GAC). 590 

Fig. 5. Effect of initial concentration on mercaptans removal (a, b), and Langmuir fitting model (c) 591 

Fig. 6. Temperature effect: Ethanethiol adsorbed on CSAC and CSGAC (a, b), 1-Butanethiol adsorbed on CSAC 592 

and CSGAC (c, d). 593 

Fig. 7. The plot of KC versus 1/T for determination of mercaptans removal reaction enthalpy.  594 

Fig. 8. Adsorption competition of mercaptans by core- shell ACs, PAC-based adsorbents and GAC-based 595 

adsorbents. (Conditions: C0= 1000 ppm, V= 50 mL, mass= 0.24 g (CSAC), 0.28 g (CSGAC), 0.05 g (PAC-core 596 

and PAC) and 0.03 g (GAC-core and GAC). 597 

Fig. 9. Thermal regeneration of mercaptans by core-shell AC (a) and PAC and GAC based adsorbents (b, c). 598 

Fig. 10. TG and DTG curves of treated CSAC and CSGAC. 599 

Fig. 11. FTIR spectra of pristine and treated CSAC and CSGAC. 600 
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Fig. 2.  628 
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Figures

Figure 1

SEM images of shell (a), intra-particle space or void in shell of CSAC (b), CSGAC (c), physical images of
CSAC (d), CSGAC (e), GAC-core (f), PAC-core (g), SEM images of PAC-core (h), and GAC-core (i).



Figure 2

The pore distribution of PAC-based adsorbent (a), GAC-based adsorbent (b), and core-shell ACs (c, d).



Figure 3

Effect of adsorbent dosage on the mercaptans removal by CSAC and CSGAC (a), PAC-based adsorbents
(b), and GAC-based adsorbents(c). (Conditions: C0 = 2000 ppm, V = 50 mL, mass = 0.24 g (CSAC), 0.28 g
(CSGAC), 0.05 g (PAC-core and PAC), and 0.03 g (GAC-core and GAC)).



Figure 4

Effect of contact time for CSAC and CSGAC (a, b) and for PAC, PAC-core, GAC, GAC–core (c-f).
(Conditions: C0 = 1000 ppm, V = 50 mL, mass = 0.24 g (CSAC), 0.28 g (CSGAC), 0.05 g (PAC-core and
PAC) and 0.03 g (GAC-core and GAC).



Figure 5

Effect of initial concentration on mercaptans removal (a, b), and Langmuir �tting model (c)



Figure 6

Temperature effect: Ethanethiol adsorbed on CSAC and CSGAC (a, b), 1-Butanethiol adsorbed on CSAC
and CSGAC (c, d).



Figure 7

The plot of KC versus 1/T for determination of mercaptans removal reaction enthalpy.



Figure 8

Adsorption competition of mercaptans by core- shell ACs, PAC-based adsorbents and GAC-based
adsorbents. (Conditions: C0= 1000 ppm, V= 50 mL, mass= 0.24 g (CSAC), 0.28 g (CSGAC), 0.05 g (PAC-
core and PAC) and 0.03 g (GAC-core and GAC).



Figure 9

Thermal regeneration of mercaptans by core-shell AC (a) and PAC and GAC based adsorbents (b, c).



Figure 10

TG and DTG curves of treated CSAC and CSGAC.



Figure 11

FTIR spectra of pristine and treated CSAC and CSGAC.
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