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ABSTRACT 

Sorption of sulfur onto activated carbons by batch reactor was investigated. Activated carbon was prepared 

from black liquor. Phosphoric acid and nitrogen were used as intercalating agents. Due to stirring, 

adsorption equilibrium was achieved within short period of time (60 min). It was found that intra-particle 

diffusion resistance has been overcome due to stirring. The experimental data obtained obeys Langmuir 

adsorption isotherm model. Activated carbon shows higher parameter values. Thermodynamics parameters 

like ∆G, ∆H and ∆S were calculated to understand the nature of adsorption. The surface morphology of the 

two activated carbons before and after sulfur sorption was verified using scanning electron microscope 

(SEM) and X-ray diffraction studies (XRD). 

KEYWORDS Desulfurization, Hydrocarbon Liquid fuels, Hexyl mercaptan, Adsorption, Activated 
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INTRODUCTION 

The topic of research deals with 

desulphurization of hydrocarbon liquid fuels 

concerned with removal of sulphur 

compounds present in crude petroleum and 

its product, manufactured from crude. 

Various agencies around the world like EPA 

of United States announced new regulations 

that require refineries to reduce sulfur levels 

in petroleum fuels to 30 ppm in gasoline and 

15 ppm in diesel by 2006.[1,2] Thus 

petroleum refineries  world  wide face 

challenges of producing very low sulfur 

fuels. Another area of important application 

of very low sulfur fuels is in fuel cells, 

because of their energy density the sulfur 

concentration, should be preferably below 

0.2 ppm.[3]  From Indian point of view this 

topic is important, since BIS specification 

for sulfur content in petroleum fuels is 0.1% 

earlier (2000) which has brought down to 

0.05% and is to be further reduced to 250 to 

150 ppm in near future. Sulfur levels in 

crude oils may range from 1000– 30000 

ppm [4], and this compound represents the 

major petroleum pollutants that contribute to 

air contamination, acid rain, equipment 

corrosion and catalyst poisoning. From the 

above discussion it is clear that the sulfur 

removal from petroleum and its products is 

of paramount importance, and adsorption 

plays an important role in desulfurization of 

petroleum. Although several authors 

employed adsorbents other than carbon in 

removal of sulfur from petroleum, activated 

carbon in some form or other is incorporated 

along with other adsorbents, or alternatively 

activated carbon was used as an adsorbent 

for removal of products of oxidation of 

sulfur compounds. In view of the above, a 

study was undertaken in the petrochemical 

laboratory of Laxminarayan Institute of 

Technology to remove harmful mercaptan 

sulfur compounds by adsorption using 

activated carbons prepared in the laboratory 

from black liquor. 
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Commercial carbons procured from different 

manufacturers were tested in the laboratory 

for their sulfur removal capacity, and these 

carbons were compared with activated 

carbon prepared in the laboratory from black 

liquor. Black liquor is a waste product 

obtained from nearby paper mill. The uptake 

capacity of laboratory prepared carbon was 

compared with uptake capacities of 

commercial carbons in removing sulfur from 

a solvent like benzene, heptanes and 

kerosene. Benzene and heptanes were 

chosen as model    compounds, since these 

compounds were  used by other authors.[5] 

Hexyl  mercaptan was selected as  an solute 

(adsorbate), since this mercaptan was  

present in substantial amount in a typical 

naphtha.[ 6] 

Recently Alptekin and coworkers developed 

a sorbent for natural gas and liquefied 

petroleum gas (LPG) desulfurization, where 

the sorbent effectively removed sulfur-

bearing odorants (e.g., thiophenes, 

mercaptans) with very high capacity. In the 

preliminary screening tests, n-heptane and 

benzene were used as model fuels to 

measure sorb .The removal rate and the 

overall sulfur uptake capacity of the sorbent 

were reduced when benzene was used as the 

model fuel instead of n-heptane. [7] 

An European patent claims, developed a 

process employing an adsorptive 

desulfurization agent based on a fibrous 

active carbon for removing sulfur 

compounds from gas oil and provided a 

washing step by an aromatic solvent to 

regenerate the adsorptive agent [8] 

A precursor (i.e., plastic waste, coal, and 

wood) as adsorbents for the desulfurization 

of liquid hydrocarbon fuels was evaluated 

by Conchi O. Ania and Teresa J. Bandosz. 

To understand the importance of structural 

and chemical heterogeneity of activated 

carbon surfaces, in the adsorption of DBT, 

carbons were prepared from different 

precursors [9]. 

Yuhe Wang and Ralph T. Yang studied the 

desulfurization of Liquid Fuels by 

Adsorption on Carbon-based Sorbents and 

Ultrasound-Assisted Sorbent Regeneration 

[10] 

 Literature survey indicated that several 

authors used different adsorbents like 

activated carbon, carbon fibers, zeolite 

based adsorbents etc. to remove sulfur 

compounds present in petroleum-ranging 

from gases, naphta, kerosene, disel and fuel 

oils, Some authors used n-heptane and 

benzene as model fuels and mercaptans and 

thiophenes as sulphur compounds 

[11,12,13,]. 

Aim and  Objective  

The aim and objective of the present work is 

to study the carbons to be suitable for 

removal of mercaptan sulfur compound 

from hydrocarbon streams and hence to 

prepare an activated carbon of reasonable 

uptake capacity, for sulfur removal to be 

used commercially. 

1. EXPERIMENTAL DETAILS  

1.1 Materials and methods 

Black liquor was procured from Ballarpur 

paper mill (India). Activated carbon was 

procured from SD fine Chem. Mumbai, 

India. Hexyl mercaptan was procured from 

Sigma Aldrich.  
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1.2   Activated carbons prepared in the 

laboratory 

Activated carbon preparation involves two 

stages. In the first stage biomass was 

prepared from the black liquor by reacting 

with an acid, then the solution is filtered, 

and the precipitate is dried. In the second 

stage the dried precipitate is calcined at high 

temperature in a current of nitrogen. 

Activated carbons were prepared using 

phosphoric acid, and these carbons were 

designated B2. The details of preparation 

methods are described in the following 

paragraphs. 

In the present studies black liquor obtained 

from nearby integrated pulp and paper 

industry, uses eucalyptus and bamboo as 

raw materials and Kraft pulping process.  

The total solids content and other properties 

of black liquor, determined in the laboratory 

are given below.  

Properties of black liquor:  % solids:  33, %  

ash:  34.1, and pH : 13.17     

Composition of black liquor ( % basis) : 

Carbon  = 31.63, Hydrogen = 2.78,  

Nitrogen =  0.25, Sulfur = 2.01, 

Phosphorous =  0.09, Potassium =  0.04,  

Ash =  48.0, and Oxygen =  15.0. 

(a) Preparation of biomass from black 

liquor:  

Preparation of biomass from black liquor 

involves the following steps. 

• 100 ml of black liquor was taken in a 

500 ml borosilicate beaker. 

• Electronic PH meter was used to 

measure the PH of solution.  

• Acid was added slowly drop by drop 

with a graduated pipette, while 

continuously stirring with a glass rod to 

the contents of beaker, until the desired 

pH is attained.  The contents of beaker 

were stirred vigorously for 10 min and 

again pH was checked, if necessary the 

pH is adjusted by adding a further few 

drops of acid. It was observed that lot of 

foam is formed during addition of acid.        

• The precipitate so obtained was allowed 

to settle for overnight. The supernatant 

liquid was then separated from the 

precipitate by decantation or 

withdrawing the liquid through a 

pipette.  

• The precipitate was filtered using a 

Gouch crucible through a Whatman 

filter paper No. 41.  A mild vacuum is 

applied to the crucible to hasten the 

filtration process. The filtration under 

vacuum was carried out for about 1.5 to 

2 hrs, until the solid mass is fairly 

appeared to be dry.  

• The residue starts depositing on the 

filter paper and filtrate wais collected 

into the filtering flask. The filtration was 

continued till cracks developed on the 

solid surface. 

• The residue so obtained is re-suspended 

in the distilled water having same pH as 

that of precipitate. The PH of distilled 

water is maintained by adding few drops 

of same acid used for the precipitation,   

and again filtration was carried as in the 

step no. 6. 

• The residue or black liquor biomass so 

obtained was air dried for 24 hr. (room 

temperature 38-42 
0
C) and then oven 

dried for 6 hr. at 102 ±2 
0
C. After drying 

the biomass its moisture and ash content 
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was determined. It is then packed in air 

tight bags for further processing. 

(b)  Calcinations of biomass: 

Dried biomass was placed in a stainless tube 

of 1 inch diameter. Two small stainless steel 

pipes of about 5mm ID are fixed to the 

either side of 1 inch diameter tube to 

facilitate flow of nitrogen through the tube. 

The entire assembly was placed in a muffle 

furnace. The muffle furnace is fitted with an 

automatic temperature indicator cum 

controller. The temperature can be set at any 

desired value between 700 to 900 
0
C. 

Calcination is carried out for a period of 2 ½ 

hrs, in a current of nitrogen flow rate of 2.5 

lit/min. at atmospheric pressure. After 2 ½ 

hrs the heating is stopped, and the calcined 

material is allowed to cool under the 

nitrogen atmosphere.  

The carbon mass is then taken out of the 

reactor tube and is crushed in a ball mill and 

then sieved to the required mesh size. The 

sieved carbon is stored in plastic bags 

securely stapled, to avoid contact with 

atmospheric moisture.      

1.3 Adsorption experiments in batch 

reactor 

1.3.1. Apparatus and procedure: 

Experiments were carried out in a batch 

vessel. The vessel consist of a baffled glass 

beaker of 500 ml capacity. Four baffles were 

fixed inside the beaker at right angles 

extending full length of beaker, the height 

and diameter of the beaker are 110 mm and 

80 mm respectively, which was similar to 

the one used by Pal and Sharma [14]. A 

glass stirrer was used. Dimension of the 

batch vessel is shown in Fig. 1. The entire 

vessel is immersed in a constant temperature 

water bath. The temperature was regulated 

by a digital temperature indicator cum 

regulator arrangement. The temperature was 

controlled with in ± 0.5 
0
C from the set 

temperature. The temperature of the contents 

of the vessel is found to be 0.5 
0
C less than 

the water bath temperature.  

Stock solutions were prepared of 0.5 N 

concentration sulfur compound and these 

solutions were diluted suitably with 

respective solvents to get the desirable feed 

solutions. The stock solution was sealed 

with wax and stored in refrigerator.  

All the experiments were started in the 

following manner. 

• Initially 200 ml benzene containing hexyl 

mecaptan was charged to the vessel. 

• After ensuring the vessel contents reach 

the desired (constant) set temperature, one 

gram of activated carbon (processed) is 

added, then the stirrer was started slowly 

to reach the required speed and this is 

taken to be zero time. 

• The stirrer was fitted to a stirring motor 

and its speed is measured by a digital 

tachometer. A stabilizer was used along 

with diammerstat to ensure constant 

stirring. It was observed that stirring speed 

fluctuates between ± 10 from the set value 

in the range of 1800-3000 rpm. 

• The hexyl mercaptan in the liquid phase is 

estimated by silver nitrate method.   

Suitable sample size (usually 5 ml) was 

pippetted out at different intervals of time 

for analysis.  

1.3.2 Operating conditions: The parameters 

studied were, Temperature, feed conc., 

stirring speed, particle size of adsorbent 

carbon. 



                                           Journal of Engineering Research and Studies                      E-ISSN 0976-7916 

 

JERS/Vol.II/ Issue I/January-March 2011/81-98 

 

 

 
Figure 1 : Experimental set up 

  

 

 

 
 

 

Figure 2(a) : Before treatment for B2    Figure 2(b) : After treatment for B2 
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Figure 3(a) : Before treatment for SdC    Figure 3(b) : After treatment for SdC 

 

 
 

Figure 4(a) & 4(b) : XRD Before & after treatment for B2 respectively     
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Figure 5(a) & 5(b) : XRD Before & after treatment for SdC respectively 

 

Temperature  

Most of the runs were carried in the 

temperature range 35 ± 0.5 
0
C. For studying 

the effect of varying temperature few runs 

were carried out at  two more temperatures 

namely 21 
0
C, 35 

0
C and 45 

0
C. Industrially 

mercaptan oxidation reactions are carried 

out in the temperature range 20 – 50 0C. 

Hence in this work also, similar temperature 

range was chosen. Jaiswal and Maheshwari 

and Mazgarov etc also studied adsorption of 

mercaptans in the temperature range 30 to 

80
0
C. High temperatures are avoided 

because of the rise in the colour body 

formation and stability loss. Most of the runs 

were carried out at 35 ± 0.5
0
C. 

1.3.3. Mercaptan concentration 

The range of concentration of sulfur 

compounds present as mercaptans in various 

petroleum fractions ranges from 0.002 to 
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0.00644 wt%. The concentration of 

mercaptan chosen for the study is 0.0064 to 

0.05 g, mol / lit. Hexyl mercaptan was 

chosen for study since this mercaptan 

present is substantial quantity in a typical 

petroleum fraction.  Many authors chosen 

butyl mercaptan for their study for removal 

of mercaptan by oxidation, but very meager 

data was available on hexyl mercaptan and 

hence hexyl mercaptan was chosen for this 

study. 

1.3.4. Stirring speed 

Pal and M.M.Sharma have studied 

mercaptan oxidation in stirring vessels 

where stirring speed was varied from 1400-

2800 rpm.[14] Other authors were studied at 

different stirring speeds. In this work the 

stirring speed is varied from 1800-3000 rpm. 

1.3.5. Particle size 

Two particle sizes were chosen namely 100 

and 200 mesh size (150µ and 75µ) in this 

work. 

1.3.6 Analysis of products 

The analysis of products were done by 

determining the conc. of mercaptan by silver 

nitrate method recommended by ASTM.[15] 

1.3.7 Presentation of data.   

Table 

No.   

Name 

of  

carbon 

Conc.  

range,   

mol/lit 

Particle 

 size 

Temp 
0
C 

   1  Sd fine 0.0064  

– 

0.0504 

        

100 

       

35 

   2  Black 

liquor 

0.0064  

– 

0.0504 

        

100 

       

35 

  3  Sd fine 0.0064 

– 

0.0504 

        

200 

       

35 

  4  Black 

liquor 

0.0064  

– 

0.0504 

        

200 

       

35 

 

2. Results and discussion 

2.1 Parameters effecting adsorption 

The parameters chosen for study and their 

variation with time on fractional adsorption 

depicted in Fig 6 and Fig 7. The parameters 

were (1) Mercaptan feed conc. (2) Stirring 

speed (3)  Particle size (4) temperature, and 

(5) effect of solvent.  

Mercaptan feed concentration: 

In this work the conc. was varied from 

0.0064 to 0.0504 mol/lit stirring speed was 

varied in the range 1800 to 3000 rpm, for all 

the carbons chosen for this study. Sd carbon 

was chosen for study at different 

temperatures and effect of solvent, since this 

carbon gave highest uptake capacity other 

than laboratory prepared carbon B2. It can 

be seen from the data in the Tables, that 

increasing the feed conc. increases the 

adsorption capacity of carbon up to 0.012 

mol/lit, further increase in conc. has 

practically no effect on capacity of carbon. 

This is observed for all carbons. 

Fig.8 and Fig.9 shows the effect of different 

initial concentrations of sulfur, ranging from 

0.0064g,mol/lit to 0.05 g,mol/lit.It  was 

found that with increase in sulfur 

concentration there is increase in adsorbed 

quantity of sulfur. Initially, up to 0.025 

g,mol/lit all two activated carbons show the 

same adsorption. Further with increase in 

sulfur concentration adsorption increase in 

case of two carbons, but it clearly shows that 

B2 carbon is more effective in adsorption of 

higher range of sulfur concentration. 

Stirring speed:  

It can be seen from the data in the Tables, 

that increasing stirring speed increase the 

capacity of carbon for adsorption from 1800 

rpm to 2600 rpm, and further increase to 

3000 rpm has no effect on carbon capacity. 

This shows that data at higher speeds are not 
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influenced by mass transfer. This is 

observed for all carbons studied in this 

work.  

Particle size:  

Two particle sizes were chosen for study, 

namely 100 and 200 mesh size.  Increasing 

the particle size, adsorption capacity of 

carbon was observed to decrease, because of 

greater surface area of small size particles. 

This increase in capacity is substantial for 

carbons like B2, Sd fine, This might be due 

to internal pore diffusion, although the 

surface area was increased, due to small 

pores, internal pore diffusion may be a 

limiting factor. This requires further study 

on pore size distribution and surface area of 

the particles. 

Temperature:  

Experiments were carried out at three 

different temperatures, namely at 25 0C, 35 
0
C and 45 

0
C. It was observed that increase 

in temperature, decreases the adsorption 

capacity of carbon. This study was confined 

to Sd fine carbon only, as this carbon gave 

highest capacity.  

Effect of solvent:   

Again this study was confined to Sd fine 

carbon only, 0C for the reason mentioned 

above, and the conc. chosen was 0.012 

mol/lit. The data are presented in the Table 5 

and it can be seen that Sd carbon has higher 

capacity in presence of benzene than in 

heptane. In presence of kerosene Sd carbon 

gave still, slightly, higher capacity than in 

benzene.  

2.2 Uptake capacity of various carbons: 

Experimental data on uptake capacity of 

various carbons are presented in Tables 1 to 

4 for different conc. (0.0064 to 0.0504 

mol/lit) and at different stirring speeds (800 

to 3000 rpm) at each conc. The following 

points may be inferred from this data. 

The uptake capacities of laboratory prepared 

carbons were compared with the uptake 

capacities of commercial carbons in 

removing sulfur from benzene. At the lowest 

conc. studied in this work, the uptake 

capacity of various carbons increases with 

stirring speed up to 2600 rpm, and further 

increasing in stirring speed, there was no 

increase in the uptake capacity. All carbons 

show higher capacity with particle size of 

200 mesh, than with 100 mesh. The carbons 

may be arranged in increasing order of 

capacity as 

                     B2 > Sd fine  

At the highest conc. studied in this work, 

with increasing stirring speed the uptake 

capacity of all carbons were found to 

increase, with B2 carbon giving highest 

value  with100 and 200 mesh particle size. 

2.3 Adsorption isotherms and kinetics: 

Adsorption isotherm data tabulated in Table 

1 to 4 and further figure no.10 to 12 are 

meant for two activated carbons under study 

in this work. The experimental data fits well 

in Langmuir’s model as indicated by the 

regression coefficient values ranging from 

0.9500 to 0.9999.  

Kinetic runs were carried out at different 

conc., and at different stirring speeds for 

each conc. Kinetic runs undertaken with 

laboratory prepared B2 carbon and Sd fine 

carbon at two different concentrations for 

comparison purpose, and the corresponding 

data is tabulated in Table 6 to 7 with relative 

figures 13 to 14. It can be predicted from the 

data that the adsorption constant Kd values, 

decrease with increasing stirring speed from 

1800 to 2200 rpm, but increase with further 

increase in stirring speed to 2600 rpm, at 

low concentration. But at higher 

concentration at 0.012 mol/lit, the Kd values 

were almost same, and similar trend was 
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observed at conc. of 0.025 mol/lit. Rate of 

adsorption with laboratory prepared, B2 

carbon was found to be highest, as can be 

seen by high values of Kd, which were in the 

range of 13.244 to 17.7611. The rate of 

desorption can be ignored under the 

conditions of experiment as can be seen by 

the values of adsorption equilibrium 

constant K, which was found to be in the 

range of 220 to 888. 

 

Table 1. Adsorption isotherm data for various carbons, particle size = 100 mesh, 

temperature = 35 
0
C 
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Figure: 6.Time Vs carbon phase concentration curves for batch operations for B2 at Co = 

0.0064 g,mol/lit. (Particle Size = 100 Mesh, Temp. = 35ºC) 

Sd Fine Carbon 

 

Y = m X + c 

S.No RPM  

Co 

mol/lit Ce 

mol/lit 

Qe 

gm/gm 

Ce/Qe 

m c 

1 1800 0.0064 0.0028 0.0805 0.0348 

2 1800 0.0120 0.0056 0.1609 0.0348 

5.3023 0.0198 

3 1800 0.0250 0.0204 0.1349 0.1512 

4 1800 0.0504 0.0460 0.1802 0.2553 

R2 = 0.9755 

5 2200 0.0064 0.0020 0.0979 0.0204 

6 2200 0.0120 0.0048 0.1784 0.0269 

4.7832 0.0113 

7 2200 0.0250 0.0192 0.1660 0.1157 

8 2200 0.0504 0.0452 0.2026 0.2231 

R
2
 = 0.9914 

9 2600 0.0064 0.0012 0.1154 0.0104 

10 2600 0.0120 0.0032 0.2133 0.0150 

4.5077 0.0074 

11 2600 0.0250 0.0188 0.1747 0.1076 

12 2600 0.0504 0.0444 0.2201 0.2017 

R
2
 = 0.9868 

13 3000 0.0064 0.0012 0.1154 0.0104 

14 3000 0.0120 0.0032 0.2135 0.0149 

4.4749 0.00525 

15 3000 0.0250 0.0180 0.1922 0.0937 

16 3000 0.0504 0.0424 0.2208 0.1920 

R
2
 = 0.9957 
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Table 2.  Adsorption isotherm data for various carbons, particle size = 200 mesh, 

temperature = 35 
0
C 
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Figure: 7.Time Vs carbon phase concentration curves for batch operations for Sdc at Co = 

0.0064 g,mol/lit. (Particle Size = 100 Mesh, Temp. = 35ºC) 

 

 

 

Sd Fine 

 

Y = m X + c 

 

S.No 

 

RPM 

 

Co 

mol/lit Ce 

mol/lit 

Qe 

gm/gm 

Ce/Qe 

m c 

1 1800 0.0064 0.0024 0.0892 0.0269 

2 1800 0.0120 0.0044 0.1871 0.0235 

3.6053 0.0194 

3 1800 0.0250 0.0188 0.1747 0.1076 

4 1800 0.0504 0.0452 0.2582 0.1751 

R
2
 = 0.9614 

 

5 2200 0.0064 0.0012 0.1184 0.0101 

6 2200 0.0120 0.0028 0.2220 0.0126 

4.1485 0.0085 

7 2200 0.0250 0.0176 0.2009 0.0876 

8 2200 0.0504 0.0436 0.2376 0.1835 

R
2
 = 0.9945 

9 2600 0.0064 0.0008 0.1042 0.0077 

10 2600 0.0120 0.0016 0.2482 0.0065. 

3.9554 0.0009 

11 2600 0.0250 0.0164 0.2271 0.0722 

12 2600 0.0504 0.0428 0.2550 0.1678 

R
2
 = 0.9968 

13 3000 0.0064 0.0008 0.1242 0.0064 

14 3000 0.0120 0.0008 0.2482 0.0032 

3.88285 0.003171 

15 3000 0.0250 0.0148 0.0652 0.0816 

16 3000 0.0504 0.0408 0.2550 0.1600 

R
2
 = 0.9979 
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Table 3. Adsorption isotherm data for various carbons, particle size = 100mesh, 

temperature = 35 
0
C 
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Figure8.Effect of initial concentration on different adsorbents at stirring speed 1800RPM, 

particle size 100 mesh. 

 

 

 

 

B2 

Y = m X + c 

S.No  

RPM 

 

Co 

mol/lit 
Ce 

mol/lit 

Qe 

gm/gm 

Ce/Qe 

m c 

1 1800 0.0064 0.0805 0.1161 0.0348 

2 1800 0.0120 0.1748 0.1202 0.0275 

6.98457 -0.00318 

3 1800 0.0250 0.1804 0.1825 0.1131 

4 1800 0.0504 0.1400 0.1660 0.3343 

R2 = 0.9813 

5 2200 0.0064 0.0970 0.1242 0.0206 

6 2200 0.0120 0.1857 0.1220 0.0194 

4.2357 0.0117 

7 2200 0.0250 0.2058 0.2271 0.0933 

8 2200 0.0504 0.2220 0.2282 0.1982 

R
2
 = 1 

9 2600 0.0064 0.1242 0.1242 0.0145 

10 2600 0.0120 0.1901 0.1482 0.0189 

4.3283 0.0075 

11 2600 0.0250 0.2208 0.2621 0.0815 

12 2600 0.0504 0.2212 0.2376 0.2102 

R
2
 = 0.9990 

13 3000 0.0064 0.1242 0.1261 0.0145 

14 3000 0.0120 0.1901 0.1497 0.0168 

4.41676 0.004021 

15 3000 0.0250 0.2206 0.2621 0.0816 

16 3000 0.0504 0.2212 0.2376 0.2075 

R
2
 = 0.9995 
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Table 4. Adsorption isotherm data for various carbons, particle size = 200mesh, 

temperature = 35 
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Figure 9.Effect of initial concentration on different adsorbents at stirring speed 1800RPM, 

particle size 200 mesh. 

B2 

Y = m X + c 

 

S.No 

 

RPM 

 

Co 

mol/lit 
Ce 

mol/lit 

Qe 

gm/gm 

Ce/Qe 

m c 

1 1800 0.0064 0.0016 0.1161 0.0138 

2 1800 0.0120 0.0036 0.1202 0.0299 

5.87709 0.001376 

3 1800 0.0250 0.0180 0.1825 0.0986 

4 1800 0.0504 0.0460 0.1660 0.2771 

R
2
 = 0.99649 

5 2200 0.0064 0.0018 0.1242 0.0145 

6 2200 0.0120 0.0036 0.1220 0.0295 

4.5106 0.009045 

7 2200 0.0250 0.0164 0.2271 0.0722 

8 2200 0.0504 0.0452 0.2282 0.1981 

R
2
 = 0.99709 

9 2600 0.0064 0.0018 0.1242 0.0145 

10 2600 0.0120 0.0036 0.1482 0.0243 

3.9554 0.0009 

11 2600 0.0250 0.0212 0.2621 0.0809 

12 2600 0.0504 0.0436 0.2376 0.1835 

R2 = 0.9968 

13 3000 0.0064 0.0016 0.1261 0.0127 

14 3000 0.0120 0.0032 0.1497 0.0214 

3.99420 0.005075 

15 3000 0.0250 0.0212 0.2621 0.0809 

16 3000 0.0504 0.0428 0.2376 0.1801 

R
2
 = 0.99388 
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Table 5  Batch  Adsorption  data  for  SdC  in  different  solvents  at  Co = 0.012 g,mol/lit. 

 

1. Carbon = SdC                                                                  2. Particle Size = 200 Mesh 

2. Feed Conc. = 0.012 g,mol/lit                                           3. Temperature = 35
o
C   

 

Liquid 

Phase 

Conc. 

g,mol/lit 

Solid 

Phase 

Conc. 

gm/gm 

Liquid 

Phase 

Conc. 

g,mol/lit 

Solid 

Phase 

Conc. 

gm/gm 

 

Liquid 

Phase Conc. 

g,mol/lit 

Solid Phase 

Conc. 

gm/gm 

 

RPM 

 

Time 

(min) 

Benzene Benzene Heptane Heptane Kerosene Kerosene 

0 0.0120 - 0.0120  0.0120 - 

20 0.0088 0.0991 0.0112 0.0443 0.0108 0.0535 

40 0.0056 0.1609 0.0104 0.0689 0.0092 0.0958 

60 0.0044 0.1871 0.0100 0.0837 0.0072 0.1449 

80 0.0044 0.1871 0.0088 0.0837 0.0072 0.1449 

 

 

1800 

100 0.0044 0.1871 0.0088 0.0837 0.0072 0.1449 

0 0.0120 - 0.0120  0.0120 - 

20 0.0084 0.0998 0.0108  0.0100 0.0675 

40 0.0060 0.1522 0.0100 0.0535 0.0088 0.0719 

60 0.0028 0.2220 0.0080 0.0778 0.0060 0.1047 

80 0.0028 0.2220 0.0080 0.1274 0.0060 0.1711 

 

 

2200 

100 0.0028 0.2220 0.0080 0.1274 0.0060 0.1711 

0 0.0120 - 0.0120  0.0120 - 

20 0.0072 0.1260 0.0108 0.0536 0.0096 0.0832 

40 0.0052 0.1697 0.0092 0.0958 0.0084 0.1137 

60 0.0016 0.2482 0.0076 0.1360 0.0052 0.1880 

80 0.0016 0.2482 0.0076 0.1360 0.0052 0.1880 

 

 

2600 

100 0.0016 0.2482 0.0076 0.1360 0.0052 0.1880 

0 0.0120 - 0.012  0.0120 - 

20 0.0064 0.1522 0.010 0.0719 0.0096 0.0811 

40 0.0024 0.2308 0.0088 0.1048 0.0076 0.1324 

 

3000 

60 0.0008 0.2482 0.0068 0.1537 0.0040 0.2154 

 

        

Carbon = B-2, 

 Conc.= 0.0064,0.012,0.025,0.0504 g,mol/lit,

Particle Size = 100 Mesh,Temp.= 35oc

y = 4.2357x + 0.0117

R2 = 1
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Figure 10:  Langmuir Adsorption Isotherm Curve for B2 Carbon at stirring speed 2200 

RPM 
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Table 6. Kinetics of Adsorption  

 
Carbon = B2,                                          Feed Conc.= 0.0064 g,mol/lit, 

 Particle Size = 100 Mesh,                       RPM = 2600                  Temp. = 35
o
c 

 

S.No t, 

min 

Ct 

mol/lit 

Ct/Co Ct – Ce Ct + α ln(Ct – Ce) / (Ct +  α) 

1 0 0.0064 1.0000 0.0046 0.0097 -0.7461 

2 10 0.0050 0.7812 0.0032 0.0083 -0.9532 

3 20 0.0036 0.5625 0.0018 0.0069 -1.3436 

4 30 0.0031 0.4843 0.0013 0.0064 -1.5941 

5 40 0.0026 0.4062 0.0008 0.0059 -1.9981 

6 60 0.0022 0.3437 0.0004 0.0055 -2.6214 

7 80 0.0018 0.2812 0.0000 0.0051  

 

y = 0.0398x+1.9078,    R
2
 = 0.9848,  α = 0.00982,  ka = 22.11,Kd=17,K=220 

 

Table 7. Kinetics of Adsorption  

Carbon = SdC                                          Feed Conc.= 0.0064 g,mol/lit, 

 Particle Size = 200 Mesh,                       RPM = 2600                  Temp. = 35
o
c 

 

S.No t, min Ct 

mol/lit 

Ct/Co Ct – Ce Ct + α ln(Ct – Ce) / (Ct +  α) 

1 0 0.0064 1.0000 0.0058 0.00692 -0.2116 

2 10 0.0050 0.8750 0.0048 0.00612 -0.2420 

3 20 0.0036 0.7500 0.0040 0.00532 -0.2850 

4 30 0.0031 0.5930 0.0030 0.00432 -0.3640 

5 40 0.0026 0.4375 0.0010 0.00332 -1.1900 

6 60 0.0025 0.2812 0.0000 0.00232 - 

7 80 0.0019 0.1250 0.0000 0.00132 - 

y = 0.0208x+0.0424,    R
2
 = 0.6341, α = 0.00052, ka = 26.00,Kd=16,K=228 

 

            

Carbon = B-2, 

 Conc.= 0.0064,0.012,0.025,0.0504 g,mol/lit,

Particle Size = 100 Mesh,Temp.= 35oc

y = 4.3283x + 0.0075

R2 = 0.999
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Figure 11: Langmuir Adsorption Isotherm Curve for B2 Carbon at stirring speed 2600 

RPM 
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2.4 Thermodynamics:  

Thermodynamic parameters were calculated 

and are shown in Table 8. Adsorption is 

accompanied by the decrease in free energy 

∆G of the system. The adsorption will 

continue to such an extent that ∆G 

continuous to be negative and eventually the 

magnitude of ∆G decreases to zero. When 

∆G after further adsorption reaches a value 

of zero, adsorption equilibrium is said to be 

reached. The high negative value of free 

energy ranging from 15.366 to 17.076 

kj.mol
-1 
  shows the adsorption process is 

spontaneous, and the free energy decreases 

with increase in temperature, indicating 

adsorption is more favorable at low 

temperatures than at high. As the process of 

adsorption involves loss of degree of 

freedom of the solute in passing from bulk 

to the adsorbed film there is a decrease in 

the entropy of the system The higher 

negative values of entropy ∆S ( - 69.5 kj.K
-

1mol-1 ) shows that the degree of orderliness 

of the system increases with adsorption. The 

negative values ∆G indicates that the 

adsorption process was spontaneous, with 

high affinity of the adsorbate to the surface 

of adsorbent. The negative value of   

enthalpy change ∆H = -37.6 kj.mol
-1 

explains the exothermic nature of the 

adsorption process.   

2.5 Instrumental analysis 

SEM images of the activated carbons before 

and after adsorption of mercaptan sulfur are 

shown in fig. 2(a), 2(b), 3(a), 3(b). 

Comparison of theses micro graphs before 

and after adsorption mercaptan sulfur shows 

that the adsorption of mercaptan sulfur 

occurs on the surface of the activated 

carbon. XRD patterns of the treated 

adsorbents showed significant changes. The 

XRD data of the treated activated carbon 

provides evidence of decrease in the peak 

intensity which shows that adsorption of 

mercapten sulfur on the surface of the 

adsorbent.  Figures 4 (a), 4(b) and 5(a), 5(b) 

indicate the decrease in the peak intensity 

values of B2 and Sd fine carbon 

respectively. 

 

Table 8. Thermodynamic parameters for the adsorption of hexyl mercaptan in presence of 

benzene on activated carbon 
 Carbon: Sd fine Carbon  

 Plot of 1/T, K
-1 
against ln (b) yields a straight line,    

 y (1/T) = 4520.9 x(ln b) – 8.3591 

 Regression coefficient for this data is found to be, R
2
 = 0.98588   

 

 

 

 

Temp, 

   
O
K 

  1 /T, K
-1
 Langmuir 

constant, b 

      ln (b)    ∆G, 

kj.mol
-1
 

 ∆H, 

kj.mol
-1
 

 ∆S,  

kj.K
-1 
mol

-1
 

    294    0.003401     1080     6.9847      -17,076 

    308    0.003247      602     6.4003      -16,392 

    318    0.003145      334     5.8111      -15,366 

 

-37.6 

 

 

       -69.5  
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Carbon = SdC 

 Conc.= 0.0064,0.012,0.025,0.0504 g,mol/lit,

Particle Size = 200 Mesh,Temp.= 35oc

y = 3.9554x + 0.0009

R2 = 0.9968
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Figure 12. Langmuir Adsorption Isotherm Curve for  Sd Carbon at stirring speed 2600 

RPM 

 

             
Figure 13 Kinetic Curve for B2Carbon at stirring  speed 2600 RPM 

 

             

Carbon = SdC,Conc.=0.0064g,mol/lit,

Particle Size = 200 Mesh,Temp.=35oc

y = 0.0208x + 0.0424

R2 = 0.6341
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Figure 14  Kinetic Curve for Sd Carbon at stirring  speed 2600 RPM. 
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3. CONCLUSIONS:    

Adsorptive desulfurization of the model 

fuel, over 2 activated carbons was conducted 

in a batch system. Activated carbon was 

found to have highest adsorption capacity. 

The high capacities of the activated carbon 

for sulfur compounds indicate the activated 

carbon is a promising adsorbent for 

desulfurization of liquid hydrocarbons. 

Quite different adsorption performances of 

different activated carbon imply that the 

activated carbons can be further designated 

and modified to improve their adsorption 

performance. The present study provides 

some new insight into the fundamental 

understanding of adsorption of sulfur 

compounds on carbon surface, which 

benefits the design and preparation of better 

activated carbon based adsorbent for the 

adsorptive desulfurization. 
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