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H I G H L I G H T S  
 

A B S T R A C T  

  Nanoporous silica MCM -41 was very 

successful in removing sulfur. 

  All of the MCM-41 Characteristic 

properties were highly improved.  

  At 180 min, 70 C° and 0.4 gm of MCM -
41demonstrated efficiency in removing 

sulfur at 29.72%. 

 In the current work, sulfur was removed from actual diesel fuel containing 1.2 

wt.% sulfur from the Al-Dura Oil Refinery (Iraq), which was studied using 
adsorption desulfurization with the spherical mesoporous silica MCM -41. This 

study investigated the effects of different operating conditions, including the 

dose of MCM-41 (0.04-0.2 gm), time (60-180 min), and temperature (30-70°C). 

The optimal working conditions were determined to be 0.4 gm MCM -41, 180 

min, and 70°C. After exploring the isotherm models of Langmuir, Freundlich, 
and Temkin, Temkin models with a correlation coefficient (R2 = 0.9996) were 

selected to best represent the stable data. The kinetics of sulfur components on 

MCM-41 were studied using pseudo-first-order and pseudo-second-order kinetic 

models and intra-particle diffusion. A pseudo-first-order adsorption kinetic 

model with a correlation coefficient (R2) of 0.9867 can accurately represent the 
adsorption process. Gibbs free energy (ΔGo), enthalpy (ΔHo), and entropy (ΔSo) 

were calculated as thermodynamic parameters. The adsorption of total sulfur-

containing compounds onto mesoporous silica was spontaneous, endothermic, 

and increased the irregularity of the sulfur compounds on the surface of the 

adsorbent. The total sulfur content of actual diesel fuel was reduced from 1.2% to 
0.84%, corresponding to a desulfurization efficiency of 29.72%. Consequently, 

the findings of this study might be used as a starting point for future research. 
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1. Introduction 

The desulfurization of transportation fuels (e.g., diesel) has grown more critical because most industrialized governments 

have passed stronger rules to limit the sulfur content of these fuels to prevent health and environmental risks  [1,2]. According 

to the U.S. Environmental Protection Agency (EPA), sulfur levels in diesel oil should not exceed 15 mg/L [3]. The same 

regulations allow no more than 15% of aromatic compounds in diesel fuel [4]. The removal of organosulfur compounds from 

diesel fuel is a prevalent problem in the petroleum sector, and it has been researched by [5,6]. Hydrodesulfurization (HDS) is 

now employed to decrease sulfur levels in liquid fuels [7]. This technique requires high pressure (3-6 MPa), high temperatures 

(300-400°C), and a large amount of hydrogen [8]. Furthermore, this method cannot reduce thiophene sulfur compounds, such 

as dibenzothiophene (DBT), benzothiophene (BT), alkylated DBTs, and 4,6-dimethyl dibenzothiophene (DMDBT). All of 

which are found in fuels [9,01]. Desulfurization using solvent extraction [00], adsorption [12,13], photo-oxidation [14], and 

ionic liquid desulfurization was developed as an alternative to hydrodesulfurization to decrease the sulfur content of petroleum 

products [15]. Adsorption desulfurization is considered one of the most promising methods for many reasons, such as requiring 

mild operating conditions, producing a good desulfurization effect, and providing high selectivity to thiophene compounds 

[06-08]. This technique has been used to achieve ultra-clean fuels [19]. Adsorption is a mass transfer process in which free-

radical molecules get bound to a surface via intermolecular forces.  
It is frequently used to remove trace impurities, such as eliminating t race amounts of aromatics from aliphatic compounds 

[01]. The active separation procedures involve low sorbate concentrations, which can potentially remove the sulfur compounds 

in transportation fuels [00]. The many solids used as adsorbents to remove impurities from liquids can be classified into two 
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forms: natural and industrial. Natural adsorbents include zeolites, charcoal, clays, and clay minerals. Industrial adsorbents  

include activated carbon, silica gel, alumina, and molecular sieves [00,03]. Mesoporous silica has attracted significant 

attention because of its large surface area, structural stability, and many ordered pores [24]. Mesoporous silica compounds a re 

helpful for adsorption, catalysis, and waste treatment. The compound is a superb host for t he adsorption of a wide range of 

shapes, sizes, and distinctive guest molecules, such as sulfur [25]. Researchers have discovered that transition metal-

functionalized adsorbents might capture aromatic sulfur compounds resistant to the HDS processes via complexation [26].  Al-

Zubaidi et al. [27] studied the sulfur component’s adsorption from diesel fuel on granular activated charcoal (GAC). Their 

results showed that the sulfur content decreased by 20.9% compared to the original sample. The kinetic study demo nstrated 

that the Langmuir isotherm was the closest fit. Ibrahim [38] investigated the desulfurization of commercial diesel fuel using  

activated carbon. He found that the residual sulfur level of diesel fuel was reduced from 580 to 247 ppm, resulting in a 

desulfurization efficiency of 57%. The kinetic analysis revealed that the pseudo -first-order model was the optimal fit, and the 

Freundlich isotherm exhibited the best fit. In the current study, the mesoporous silica MCM-41 was utilized as an effective 

adsorbent in a batch reactor (autoclave) to remove the organosulfur compounds of real diesel fuel containing a total sulfur 

concentration of 1.2 wt.% from the Al-Dura Oil Refinery (Baghdad, Iraq). This paper also investigated the effects of operating 

factors (e.g., a dose of MCM-41, time, and temperature) on the dynamics of the batch reactor. Also, this study sought insights 

into the mechanism of adsorption, including characterization, thermodynamic parameters, and batch adsorption with kinetic 

and isotherm model fitting. The findings of this study might serve as a springboard for ongoing investigations into the removal 

of sulfur. 

2. Experimental Work 

2.1  Chemicals 

Real diesel fuel was obtained for testing from AL-Dura Refinery Oil. The chemicals that were used included Bromide of 

cetyltrimethylammonium (CTAB, 99% purity) from Sigma-Aldrich Germany, tetraethylorthosilicate (TEOS,98% purity) from 

Sigma-Aldrich Germany, sodium hydroxide (NaOH) from BDH England, deionized distilled water (H2O), without additional 

purification. All of the compounds were utilized. 

2.2 Preparation of Mesoporous MCM-41 

The nanoporous MCM-41 molecular sieves were prepared by using the sol-gel process. The most common silica source 

for the synthesis of MCM-41 is tetraethyl orthosilicate (TEOS), and CTAB is a structural directing agent, as described in the 

literature [29,30]. First, make a mixture containing NaOH with a weight of 0.35 g and 30 mL of distillate water, and dissolve 

1.01 g of CTAB in solution. Then, 5.78 g of TOES was added to the mixture drop by drop, under 1h of stirring at room 

temperature. The homogenous mixture output in the 96-hour autoclave apparatus  crystallized at a constant hydrothermal 

temperature of 110°C. Filtration utilizing distill water removed the micro-surface agent from the solid product. The solid 

material produced at 40°C was dried overnight before removing the surface agent. MCM -41 was obtained after 6 hours of 

calcination at 550 °C, as shown in Figure1 [31].  

2.3 Characterization of Mesoporous MCM-41 

The structural character and crystal structure of the generated MCM-41 were studied with X-ray diffraction (XRD) 

(Shimadzu-6000, Japan). The scanning electron microscopy (SEM) images acquired using Zeiss equipment (Germany) 

analyzed the sorbents' morphology. The Fourier-transform infrared (FT-IR) spectra of the solid materials were diluted in 1 

wt.% in a transmission spectrum of 4000 - 400 cm-1 at 4 cm-1 resolution regions. A desorption analyzer [Type: ASAP2020 600, 

Origin: USA] measured nitrogen adsorption-desorption at 77°K. 

2.4 Desulfurization procedures 

Batch adsorption studies were performed by mixing the appropriate amounts of MCM -41 to 50 mL of real diesel fuel with 

a sulfur concentration of 12000 ppm. Then, the mixture was settled in an electronic shaker (Model: BS-21, Heidolph). Origin: 

Germany) with a speed of 500 rpm and a temperature range of 30°C-70°C, with a 60-180 min contact time. After each run, the 

waste MCM-41 was centrifuged and filtered, and the filtrate was collected to determine the residual sulfur content. The content 

of sulfur was measured by energy-dispersive X-ray spectroscopy (Horiba Ltd., Japan) by ASTM D-4294. The percentage of 

removal of sulfur components was obtained using the equation [32]:                           

                 %Removal =
C0−Ce

C0
× 100    (1) 

 Where C0 represents the starting sulfur content (mg L-1), and Ce represents real diesel fuel's highest sulfur concentration 

(mg L-1).    
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Figure 1: Scheme of synthesis of the MCM -41 

3. Results and Discussions 

3.1 X-RAY Diffraction (XRD) 

The XRD pattern of the MCM-41synthesized Sample is shown in Figure 2. For crystalline materials, the lattice planes are 

usually ordered by a couple of A°, resulting in a scattering angle of 0o to 10o with a scan rate of 2 (deg/min) and Cu-k = 1.541 

for atomic structure investigation. Even though amorphous materials such as mesoporous silica lack periodic atomic planes, 

the technique may be employed to define the ordered pore structure. The small-angle XRD pattern shows the characteristic 

diffraction peaks for MCM-41 of 4° and 4.4°, corresponding to planes (110) and (200). A strong diffraction peak for 100 

planes at 2.4 indicates the mesoporous and existence of the channel's periodic hexagonal long -range order [33]. The position of 

the first peak, (1 0 0), allows a direct determination of the center-center distance between adjacent tubes using a0 = 

(2*d100/√3) [34]. The calculated d100 and ao values are given in Table 1. The obtained results agree fairly well with Sayari et 

al. [35] and Zakaria et al. [36]. 

3.2 Scanning Electron Microscopy (SEM) 

The SEM apparatus examined the MCM-41, as shown in Figure 3a. The well-ordered hexagonal array structure of MCM-

41 is seen in the SEM picture. A closer inspection of the MCM-41's surface revealed mesoporous uniform-size channels with 

puffy or inflated structures in a spherical shape [37]. The final result corresponded to the report's conclusions. In additio n, for a 

sample with a mean particle size of 382.5 nm, Figure 3b displays the particle size histograms , demonstrating that the particles 

range in size from 50 to 50000 nm. The particle size revealed by the particle size analyzer research matched the particle size 

disclosed by the SEM picture. 

3.3 FT.IR Spectra 

To analyze the chemical compositions of MCM-41 (FT-IR, infrared Spectra) was used, as shown in Figure 4. The 

asymmetric stretching of Si-O-Si groups is responsible for the peaks of about 1378-1034 cm-1. Furthermore, broad and weak 

bands at 824 and 693cm-1 correlate with the symmetric stretching vibration of HO-iS moieties in the pore channels. Si-OH has 

a broad peak between 3000 and 3900 cm1; O-H bending peaks are found at 3551 and 3402 cm-1. The absorption band at 1599 

cm-1 and 1629 cm-1 was ascribed to the alkyl group's C-H stretching vibration, which was observed in the spectrum of MCM-

41[38]. The bands were also observed in Broyer et al. [39] and Grecco et al. [40]. 

3.4 BET Surface Area and Nitrogen adsorption-desorption Isotherms 

The N2 adsorption/desorption isotherm and pore size distribution investigations for MCM-41 are depicted in Figures 5 (a 

and b). The pore size distribution was calculated using Barrett, Joyner, and Halenda (BJH). Table 1 shows the BET surface 

area, average diameter, pore volume, and micropore volume of MCM-41. MCM-41 showed a substantial increase in nitrogen 

adsorption at P/Po= 0.2-0.3, indicating capillary condensation of nitrogen inside the primary mesoporous structure and a 

narrow pore-size distribution and uniform structure. According to IUPAC categorization, the sample showed typical type IV 

isotherms, with hysteresis loops suggesting the representative of mesoporous materials, as shown in Figure 5a [41,42]. Figure 

5b shows the pore size distribution curves, which show a single peak for the Sample. The maxima for MCM -41 were located at 

2.35 nm (diameter). 

Table 1: Structure properties of MCM -41 

Sample d100 (nm) a0 (nm) SBET (m2/g) Vp (cm3/g) DBJH (nm)  μp (cm3/g)  

MCM-41 3.35        3.868         0317      0.867       2.35 0.63 

Where, d100: d (100) spacing, a0: center-center distance a0 = (2* d /√3), SBET: BET surface area, VP: pore volume, 

DBJH: pore diameter, and μp: micropore volume. 
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Figure 2: The produced MCM -41 adsorbent's XRD pattern 

  

Figure 3: (a) SEM picture of MCM -41, (b) particle size distribution 

                                                                           histogram cm−1 

 

 

Figure 4: FT-IR spectra of MCM -41 before and after sulfur adsorption 

 

3.5 Effect of variables 

3.5.1 Effect of dose 

The removal of the sulfur content increased gradually in a linear relationship to the increment of change in the sorbent 

dose from 0.04 to 0.2 gm, while the removal efficiency increased from 11.2 to 23.22%, as shown in Figure 6. In comparison, 

the removal was almost constant when raising the sorbent dose from 0.4 to 0.6 gm. The change in the adsorption of sulfur 

components with the rising adsorbent dose may be ascribed to the rising obtainability and availability of the surface area an d 

the sites of adsorption to the sulfur from the diesel fuel [43]. The greater adsorption rate at the start might be due to more 

accessible empty spots on the adsorbent’s surface. Over time, the concentration of the DBT decreased because molecules 

clustered into active areas, thereby reducing the accessible surface area of the MCM-41. As a result, the adsorption rate 

slowed. Sulfur compounds are thought to be converted to SO4-2 and removed in the aqueous phase [44]. The findings suggest 

that increasing the duration of MCM-41 use can increase the adsorption capability, confirmed in the works of Rosas et al.  

[45].   

a 

 

b 
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Figure 5: (a) The N2 adsorption/desorption isotherm and (b) (BJH) pore 

sizes distribution 

 

3.5.2 Effect of reaction time 

Preliminary experiments were conducted to determine the effect of the contact time on the sulfur concentration. This study 

used 50 ml of diesel fuel of 1.2 wt.% sulfur content mixed with 2. gm MCM-41 (382.5 mm particle size) at 511 rpm at 40°C. 

The increase in the reaction time enabled more reduction of the sulfur components, so the removal efficiency reached 25.53%  

after 180 min, as shown in Figure 7. Also, the amount of time spent in blending increased the contact between the phases 

(sulfur compounds in diesel fuel and adsorbents) when using a speed of 511 rpm. The results indicated that the residual sulfur 

compounds in the real diesel fuel decreased sharply during the first 60 min of treatment. With an increase in the contact time 

from 60 to 150 min, the residual sulfur concentration decreased gradually. However, when the contact time was increased 

beyond 150 min, the decrease in the residual sulfur concentration became insignificant. Equilibrium was almost attained at 

times greater than 150 min, which was  long enough to obtain adequate sulfur removal [46]. At the start of the experiment, the 

adsorption rate was relatively high, which may be attributed to the availability of active sites for sulfur adsorption [47]. 

Because the adsorption rate decreases over time, the equilibrium state was reached after 150 min, followed by steady behavior 

until the experiment concluded. Although many devoid surface sites were initially available for sorption, filling the remaining 

devoid surface sites over time was difficult due to the repulsive interactions between the solute molecules in the solid and bulk 

phases. These results are consistent with Al-Zubaidy et al. (2013), who obtained acceptable sulfur reduction ranging from 410 

to 251 ppm following a 2-h contact period [27]. 
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Figure 6: Sulfur content versus sorbent dose at blending speed 050 

                                                                           rpm, 40°C, and 150 min 

3.5.3 Influence of reaction temperature  

The effect of temperature on the desulfurization efficiency (%) was investigated at a 180 min contact time, with 50 ml of 

diesel fuel, and MCM-41 particle size of 382.5 mm, a mixing speed of 511 rpm, and an initial sulfur concentration of 1.2 

wt.%, as shown in Figure 8. When the adsorption temperature rose, the desulfurization efficiency also increased. The sharp 

decrease in desulfurization efficiency (20.4 to 26.8%) occurred by increasing the reaction temperature from 30 to 50°C. 

However, by increasing the adsorption temperature from 50 to 70°C, only a slight improvement in the desulfurization 

efficiency (26.8 to 29.7%) was obtained. It is a well-known fact that after hydrodesulfurization and having less than 1.2 wt.% 

sulfur, diesel fuel contains mainly refractory sulfur compounds. The increase in the number of sulfur compounds (mostly DBT) 

adsorbed as the temperature can be attributed to the adsorbate molecules’ increased mobility in solution and within the porou s 

sorbent structure, which allowed them to overcome the activation energy barrier [48, 49]. Music et al. (2009) discovered a 

similar temperature relationship based on the residual sulfur content . The batch adsorptive desulfurization of diesel oil on 

activated carbon was explored and improved [50].  
 

  

Figure 7: Sulfur content versus time at 500 rpm mixing speed, 

40°C, 

            and 0.2 gm sorbent dose. 

Figure 8: Sulfur content versus Temperature at 500 rpm mixing 

                  speed, 180 min and 0.4gm sorbent dose 

 

3.6 Adsorption Isotherm Model 

3.6.1 Langmuir isotherm 

The Langmuir isotherm model is the monolayer adsorption on the surface of the adsorbent with a restricted no. of the 

adsorption sites. The model assumes that there's no adsorbate transmigration in the surface plane and that there are 

homogenous adsorption energies upon the surface. There is no lateral interaction among the adsorbed molecules [51]. The 

nonlinear Langmuir model is given in eq. (2). 

Ce

qe
=

1

qmax
Ce +

1

qmax  b
   (2) 

Where, qma x : Langmuir constant relates to adsorption capacity (mg/g), b: constant refers to adsorption energy (L/mg), and  

Ce is the concentration of adsorbate at the equilibrium (mg/L). The above constants (qmax  and b) can be calculated from eq. (2) 

by plotting Ce/qe versus Ce. are given in Table 2 and Figure 9a. Furthermore, the dimensionless equilibrium parameter RL 
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presents the isotherm as favorable (RL<1), unfavorable (RL>1), irreversible (RL=0), or linear (RL=1). It is represented by eq. 

(3). 

RL =
1

1+bC0
    (3) 

C1   in (mg/L) is the initial concentration of the sulfur. 

3.6.2 Freundlich isotherm 

It describes the heterogeneous (not homogeneous) process or multilayer adsorption [52], with a non -homogeneous 

distribution for the heat and the adsorption affinity. More robust binding sites are  assumed to be initially occupied, and 

adsorption energy reduces with the increase in site occupancy [53]. The linear form is expressed by eq. (4): 

ln qe = ln Kf +
1

n
ln Ce   (4) 

Where, qe  is the number of analyses upon the surface of absorbent (mg/g), Kf is the constant related to the adsorption 

capacity of the sorbent (mg/g), and 1/n is the value that gives the favorability indication of the process of adsorption. It' s a 

measure of adsorption intensity and surface heterogeneity that refers to the value of 1/n (0.1-1), representing favorable 

sorption. Figure 9b depicts the Freundlich isotherm plot, and the Freundlich constants are given in Table 2.  1/n and Kf can be 

determined from the slope and the intercept of the plot of ln qe  against ln Ce. The comparatively high values of (R2) remark the 

experimental data fitness with the model of Freundlich isotherms.  

3.6.3 Temkin isotherm 

  Temkin isotherm assumes that the adsorption heat in the layer decreases linearly with the coverage of all adsorbate 

molecules because of the interactions of adsorbent and adsorbate. The absorption is eminent by a uniform energy distribution 

[54]. Such a model differs from Langmuir's, which includes a specific factor for the sorbent species and  interactions [55]. This 

model is given in eq. (5): 

qe  =  B ln Kt  +  B ln Ce    (5) 

Where, Kt is the equilibrium binding constant (L/g) corresponding to the maximum binding energy, B is the constant of 

Tempkin (J/kJ) and can be expressed by Eq. (6): 

B =
RT

bt
    (6) 

Where R is the universal gas constant (8.314 J/mol. K), T is the absolute temperature (K), and b t is the heat of adsorption 

(kJ/mol).  

The Temkin isotherm model best fitted the experimental data and the higher correlation coefficient (R2 = 0.9996). Kt and 

bt were determined from the intercept and the slope of the linear plot of qe versus ln Ce, as shown in Figure 9c. The bt negative 

value indicates that the process is endothermic [56]. The value of (RL = 0.4 < 1) indicates that the isotherm is favorable, and 

the R2 value (0.9996) suggests that the model of Temkin to characterize the sulfur components adsorption on the MCM -41 

adsorbent is better than Langmuir and Freundlich isotherm models. The Temkin constants are given in Table 2.   

Table 2: Parameters of isotherm models for the desulfurization by MCM -41 

Langmuir Freundlich Temkin 

qmax 

(mg/g) 

RL b 

(L/mg) 

R2 Kf 

(mg/g) 

1/n R2 bt 

(KJ/mol) 

Kt 

(L/mg) 

R2 

40.485 0.4 1.2*10-3 0.9556 

 

9.7*1021 0.21 0.9838 

 

-0.001 8.178*10-5 0.9996 

 

3.7 Adsorption kinetics 

3.7.1 First-order kinetic  

The kinetic data were treated with the pseudo-first-order kinetic model. The linear form of the model is given in eq. (7) 

[53]. 

log(qe − qt ) = logqe  − (
K1 

2.303
 t)    (7) 

Where qe: The sulfur adsorbed amount at the equilibrium (mg/g), qt : The sulfur absorbed amount at the time (mg/g), and 

K1: The constant equilibrium rate of the pseudo-first model (min-1). The rate constant K1, the adsorbed amount at the 

equilibrium (qe), and the values of R2 can be obtained from the slope and the intercept of the linear plot manifested in Table 3 

and Fig 10a. The value of R2 was equal to (0.9867), which is higher than the other kinetics. Therefore, this means that the 

process of adsorption was a pseudo-first-order model. Table 3 indicates that the MCM-41 simultaneous adsorption 

performance was comparable to some of the initial findings from other investigators [57]. 
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Figure 9: (a) Langmuir, (b) Freundlich and (c) Temkin isotherms 

3.7.2 Second-order kinetic 

The kinetic interaction of the pseudo-second-order is represented in eq. (8) [58,59]. 

t

qt
=

1

K2 qe
2

 +
1

qe
 t     (8)   

Where K2 is the rate constant of pseudo-second-order for sorption (g/mg. min).  

Figure 10b, (t/qt) was plotted against the time to obtain K2 and qe for the pseudo-second-order kinetic model. The 

summary of the computed values for the pseudo-second-order kinetics is given in Table 3. The values of R2 were less than the 

pseudo-first-order kinetic that it was equal to (0.9649). 

3.7.3 Intra-Particle diffusion  

The possibility of intra-particle diffusion is  represented by this model, as shown in the eq. (9) [60]: 

qt = KP  t0.5 + I     (9) 

Where KP  is the constant intra-particle diffusion rate of 0.5 mg/g.min, and (I) is the constant intra-particle diffusion. Figure 

10c evinces that the regression lines do not pass through the origin (all points do not apply to the regression line). This 

indicates that the intra-particle diffusion cannot be the mere rate-determining step; thus, other processes might be involved. 

The values of R2 were less than the pseudo-first-order kinetic that it was equal to (0.9844). The Intra-particle diffusion 

constants are given in Table 3.  

Table 3: Parameters of kinetic models for the desulfurization by MCM -41 

Pseudo-first order Pseudo-second order Intra-particle diffusion 

qe 

(mg/g) 

K1 

(min-1) 

R2 qe 

(mg/g) 

K2 

(gmg1 min-1) 

R2 I Kp 

(mg/g.min0.5) 

R2 

585.19 0.0035 0.9867 
 

588.23 1.58*10-5 0.9649 
 

3.847 
 

27.649 0.9844 

a 
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Figure 10: (a) First order, (b) Second order and (c) Intra-Particle 

                                                                           diffusion kinetics 
 

4. Adsorption Thermodynamics 

The thermodynamics study is based on the temperature change because it is an essential factor affecting adsorption 

capacity. The change in the enthalpy (ΔHº), entropy (ΔSº), and Gibbs free energy (ΔGº) are the parameters of thermodynamics 

that can calculate the process's naturalness and viability. These parameters can be computed from the equation of Can't Hoff by 

using eq. (10, 11, and 12) [61]: 

ΔGº = −RTlnKC      (10)     

KC =
qe

Ce
     (11)   

lnKC =
ΔS°

R
−

ΔH°

RT
      (12)                          

 
Where ΔSº and ΔHº (J/mol) were obtained from the slope and intercept of Van't Hoff scheme of ln KC versus 1/T, in eq. 

(12). (ΔHº) and (ΔSº) were determined from the intercepts and the slopes of ln KC versus 1/T, as revealed in Table 4 and 

Figure 11.  

The positive values of ΔHº display that the adsorptive desulphurization process is endothermic. The positive value of ΔSº 

confirms the raised randomness of the sulfur molecules upon the solid surface than in the solution [62]. The sulfur component s' 

adsorption from the treated diesel fuel was spontaneous at the investigated temperatures, as pointed out from the ΔGº negative 

values. The enthalpy change (ΔHo) indicates that a physisorption or chemisorption, if less than 20 KJ/mol, is physical. If it was 

more than 40 KJ/mol, it is chemisorption. As illustrated in Table 4, it is physisorption based on the interaction of the forces of 

Vander Waals.  

Table 4: Thermodynamic parameters for the desulfurization by MCM -41 

Temperature (Ko) ΔHo (kJ/mol) ΔGo (J/mol) ΔS o (J/mol.K) 

303 2.675 -4925.53 25.42 

313 -5035.11 

323 -5133.12 

333 -5184.98 
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Figure 11: Thermodynamics for the desulfurization of MCM-41 

 

5. Mechanism of Adsorption 

In general, the mechanism for sulfur removal by adsorption on a sorbent material (MCM -41) is thought to entail four 

stages [63]: (1) movement of sulfur compounds from the bulk of the solution to the adsorbent surface (bulk diffusion); (2) 

movement of sulfur compounds through the boundary layer to the adsorbent surface (film diffusion); (3) movement of sulfur 

compounds from the particle's surface to its internal pores (intra-particle diffusion or pore diffusion); and (4) adsorption of 

sulfur compounds at an active spot on the material's surface (Physical adsorption via van der Waals forces). The kinetic and 

isotherms data were created to understand the mechanism of sulfur compounds. Given the Langmuir coefficient correlation (R2 

=0.9556), it is assumed that: (1) Adsorption is not a monolayer process (the adsorbed layer is not one molecule thick); (2) 

Adsorption cannot take place at a finite number of identical and equivalent definite localized places; and (3) Adsorbed 

molecules may form a lateral contact and produce steric hindrance even on nearby sites. Consequently, the Freundlich isotherm 

with 0.21< n <1 validates intra-particle diffusion and the heterogeneous surface, as does the Temkin isotherm. According to the 

kinetics of the Intra-particle diffusion model and the role of contact time, the adsorption of sulfur compounds by MCM -41 

involves two phases, which are as follows:(1) From 0 to 90 minutes. Sulfur compounds are adsorbing on the MCM-41's 

exterior surface, which is the immediate adsorption stage (film diffusion); (2) From 90 to 180 minutes, sulfur compounds are 

contained within the MCM-41 pores (particle diffusion). Table 3 shows that, in addition to diffusion, various adsorption 

processes play a role in the interactions between sulfur compounds and MCM -41 particles. According to BET, SEM, and FTIR 

investigations, multilayer adsorption on MCM-41 is governed by surface contact (particularly with a low specific area) and by 

creating an intra-bond between MCM-41 and sulfur compounds, which explains the Temkin isotherm's high adsorption 

capacity. The adsorption mechanism is complicated in general, and it may be influenced by other parameters such as dispersive  

force [64], temperature [65], and ion-exchange interactions [64]. 

6. Batch Regeneration System     

The MCM-41 sorbents' performance was evaluated with reuse testing. Following the sorption procedure, the saturated 

sorbent in the following run under optimal conditions. The sulfur removal percentage declined by roughly 10% in the first 

reuse of MCM- 41 and decreased marginally in the next three recycles, as shown in Figure 12. This might be because some 

surfactant templates were separated by filtering and regenerated by shaking in 0.1 M NaOH solution, centrifugation, washing, 

and drying at 70oC. The regenerated adsorbent employed was lost from the MCM-41 surface during the initial regeneration 

phase, and then the loss of surfactant template decreased. As a result, the MCM-41adsorbent could be recycled several times . 

7. Comparative study  

This research focuses on removing sulfur compounds from actual diesel fuel using MCM-41 in a batch adsorption 

technique. Mesoporous silica-based materials have become important in the adsorption and treatment of real diesel fuel from 

sulfur compounds due to their unique properties such as medium pore size, homogeneity, and an ordered tunnel structure. 

Table.5 compares our work to others and shows that MCM-41 is a promising adsorbent for removing sulfur compounds in a 

batch system for the first time, with MCM-41 adsorption effectiveness of 29.72 percent for sulfur compounds. 

Table 5: Comparison between this study and other studies 

No Sample Adsorbent System sulfur Co (ppm) % Sulfur Removal Ref 

1 Diesel fuel Ni/MCM-41 Batch 250 58% 66 

2 Diesel fuel Ni/MCM-41 Fixed bed 450 88.8% 67 

3 Diesel fuel MCM-41 Batch 250 96.5 % 68 

4 Diesel fuel Ag/MCM-41 Batch 1234.9 95.6% 69 

6 Real diesel   MCM-41 Batch 12000 29.72% This 

study 
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Figure 12: The reusability of MCM -41 in the batch experiment 

8. Conclusion 

Pure silica MCM-41 samples were successfully synthesized from silica gel, demonstrating that MCM -41 is a viable 

alternative adsorbent for removing sulfur-containing compounds from petroleum distillates such as real diesel fuel. Based on 

the present experimental study and the results obtained from adsorption desulfurization, the desulfurization efficiency 

improved when the time, temperature, and adsorbent dose were increased. The adsorption isotherms for the treated oil have 

confirmed that the desulfurization had the best fit with the Temkin isotherm model and the highest correlation coefficient 

(0.9996). The kinetic study also demonstrated that the optimal fit for a straight line of experimental data was achieved for the 

pseudo-first-order model for the adsorption desulfurization with the highest correlation coefficient (0.9867). Thermodynamic 

parameters, including ΔGo, ΔHo, and ΔSo, were obtained in this study. They showed that the sulfur components’ adsorption on 

the MCM-41 was spontaneous and endothermic and increased the randomness of the sulfur compounds on the adsorbent 

surface. The sulfur content was reduced to 0.84 wt.% under the best -operating conditions of 180 min, 70°C, 510 rpm, and 0.4 

gm of MCM-41. The results revealed that MCM-41 adsorbents composed of pure silica have a high adsorption ability, where 

sulfur removal efficiency reached 29.72% for desulfurizing real diesel fuel. 
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