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Abstract 

In the present study, the combined oxidation–emulsification was used to desulfurize diesel fuel with a hydrogen 
peroxide–acetic acid oxidation system. A full 20 central composite design response surface method was employed 
to study the effect of 5-20% oxidant range, 40-100ᵒC temperature range and 20-90 min time. A 0.781% sulfur 
content was obtained at 12.5 wt% oxidant ratio, 65ᵒC temperature 60 min via the oxidation process. The effect of 
emulsification desulfurization on oxidized diesel fuel was investigated using five surfactants: 
cetyltrimethylammonium chloride (cationic), nonylphenol ethoxylates (nonionic), alkylbenzene sulfonate 
(anionic), tween 80 (nonionic), and 1-hyroxy-2-(trimethylammonio) ethane-1-sulfonate (Amphoteric). A 0.598% 
sulfur content was obtained using alkylbenzene sulfonate. The desulfurize diesel fuel was charactizied using GC-
MASS, IREX, and FTIR. The results indicated that the combined oxidation–emulsification process may be used to 
desulfurize diesel. 

Keywords: Oxidation; emulsification; desulfurization; diesel fuel; response surface; surfactant. 

1. Introduction 

Energy is a major driving force for progress, and 

diesel is widely used as a primary fuel source 

worldwide. However, the high sulfur concentration in 

this fuel produces a significant amount of hazardous 

emissions into the environment[1]. Controlling sulfur 

content in fuels is a major priority for governments in 

this regard, with numerous technologists and tight 

legislation helping to lower it to safe levels[2]. High 

concentrations of sulfur compounds cause significant 

health concerns in humans. For example, a human was 

carcinogenic after being exposed to a specified 

quantity of heavier thiophene[3]. Thiols with a foul 

odor induce respiratory issues such as breathing 

difficulties, throat and lung irritation, aggravation of 

the eyes, muscular spasms, and unconsciousness. 

Increases in the quantity of sulfur compounds in the 

environment contribute to atmospheric contamination 

and lower air quality[3]. Sulfur dioxide is a significant 

pollutant created when sulfur atoms combine with 

oxygen during burning, posing the organisms through 

acid rain and photochemical fog[4]. Authorities in 

developed nations use regulations to control the sulfur 

concentration in fossil fuels due to pollution and 

human health concerns during combustion. These 

rules become much tougher with time, particularly in 

the United States and the European Union[3]. This is 

a direct outcome of the stringent environmental 

regulations. It limits the sulfur amount in fuel to less 

than 15 µg/g since 2006 in the US, under 10 µg/g since 

2005 in Europe, and under 50 µg/g since 2008 in 

Beijing and Shanghai in China[5-7]. 

The most widely used method for sulfur removal is 

hydrogenation, which requires severe working 

conditions and an expensive catalyst[8]. 

Hydrodesulfurization (HDS) has been used in industry 

for a long time because it is extremely effective in 

removing thiols, sulfides, and disulfides from fuels[9]. 

However, due to refractory sulfur in diesel fuel, the 

hydrodesulfurization method is not very successful in 

removing 4,6-dimethyl dibenzothiophene (4,6-

DMDBT) and its derivatives[10, 11]. The primary 

disadvantages of the HDS process are the high 

pressure (20-60 bars) and temperature (593-673 K) 
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requirements, the considerable amount of H2 gas 

required, and the method’s inefficiency with refractory 

sulfur compounds[12]. 

Desulfurizations that have been explored recently 

include oxidation, extraction, biological techniques, 

and adsorption[13]. The literature on desulfurization 

processes shows that the nontraditional method of 

removing sulfur from oil fractions is oxidative 

desulfurization[14-21]. 

The oxidation of divalent sulfur to hexavalent 

sulfur in sulfones is much different than that of 

hydrocarbon molecules, resulting in molecules with 

radically distinct physical and chemical 

properties[11]. Hydrogen peroxide (H2O2) was an 

excellent option for oxidation due to its large mass unit 

(47 percent) of active oxygen. A catalyst is required to 

oxidize the sulfur compounds successfully. This 

commercial component produces water, widely 

utilized in the industry[22]. Recent investigations on 

desulfurization have identified numerous oxidation 

systems, including acetic acid/H2O2[23, 24], formic 

acid/H2O2[24, 25], heteropoly acid/H2O2 [26, 27], 

polyoxometalates/OO2 [28, 29], aldehyde/O2 [30, 31], 

and TS-1/H2O2[32, 33]. The oxidation of sulfur 

dioxide with H2O2 is a promising desulfurization 

process because it produces just water as a by-product 

and does not pollute the environment. Catalysts, such 

as organic solvents, and surfactants, are used in 

oxidation with H2O2 to boost the reactivity of 

desulfurization and prevent ODS processes from being 

inhibited, as they are always two- or three-phase 

processes[34, 35]. Some researchers are studying the 

phase transfer catalysts in ODS due to the 

immiscibility of the two reaction phases: the polar 

phase containing H2O2 and the nonpolar oil phase 

containing sulfur compound[36, 37].  

Microemulsions are optically clear, 

thermodynamically stable, low interfacial tension, low 

viscosity, homogeneous, and high capacity for 

pollutant solubilization[38]. This system results from 

the dispersion of two immiscible liquid phases using a 

high or low energy method, with or without the 

presence of a co-surfactant[39, 40]. The surfactants 

reduce the interfacial tension of these liquids. 

Surfactants are amphiphilic molecules formed of two 

parts: polar hydrophilic (head group) and nonpolar 

hydrophobic (tail group) groups[41]. Due to the 

dispersed droplet size, the emulsified fuel increases 

mass transfer between the two phases, resulting in a 

large interfacial area and a shorter equilibrium time. 

Emulsification is often accomplished using high-speed 

mechanical energy or through surfactants to reduce 

interfacial and surface tension[39, 42].  

This research presents a study of the desulfurization 

of diesel fuel by the combined oxidation–

emulsification technique. 

2. Experimental  

2.1. Materials  

Desulfurization was carried out using non-

hydrotreated diesel feedstock supplied by the Basra 

refinery with a total sulfur level of 0.945 wt%. The 

diesel fuel proprieties are listed in Table 1. Acetic acid 

95% and  Hydrogen peroxide 37% are obtained from 

the South Refineries Company lab. Table 2 lists the 

surfactants employed in the creation of emulsions, all 

the surfactants supplied from vegetable oils company-

Iraq. 

 

Table 1. Specifications of diesel oil. 

Propriety 
ASTM 

Method 
Result 

Aspect (visual) D4176 
Clear and free of 

impurities 

Colour D1500-64 Zero 

Total Sulfur (wt%) D4294 0.945 

Cetane number D4737 34.7 

Specific gravity at 

20oC (g/cm3) 
D4052 0.8214 

Ash (wt.%) D482 <0.0011 

Viscosity at 40°C 
(mm2.s-1) 

D445 1.8678 

Sediment and water (% 

volume) 
D2709 0.0096 

Flash point (oC) D93 72 

 

Table 2. Used surfactants for the emulsification 

process. 

Surfactant Type Source 

Cetyltrimethylammonium 

Chloride (CAC) Cationic 
Vegetable oils 

company-Iraq 

Nonylphenol ethoxylates 

(NPE) Nonionic 
Vegetable oils 

company-Iraq 

Alkyl benzene sulfonate 

(ABS) Anionic 
Vegetable oils 

company-Iraq 

Tween 80 (T80) Nonionic 
CDH 

company 

1-hyroxy-2-( 
trimethylammonio) ethane-1-

sulfonate (HES) 
Amphoteric 

Vegetable oils 

company-Iraq 
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2.2. Oxidation and emulsification of diesel fuel 

The oxidation of Basra diesel fuel was done in a 

500 ml conical flask with an electric stirrer. Hydrogen 

peroxide and acetic acid were mixed at a 2:1 ratio to 

prepare peracetic acid, added to diesel fuel. 

Eventually, the mixture was stirred at the desired 

conditions. Three factors of time, temperature, and 

%oxidant were optimized by the Design software 

process for discovering the optimum process 

conditions. 

A high-speed homogenizer conducted the 

emulsification of oxidized diesel at the optimum 

conditions in a test tube. The first addition of 10 wt% 

water, 2 wt% surfactants, and 18 wt% of 2-propanol 

on diesel fuel, then homogenizing the mixture at 

15000 rpm for 10 minutes. The water droplets in 

emulsified fuel were depicted by the NOVEL 

microscopy model (XSZ-N107), as shown in Figure 1. 

 

 
Figure 1. Emulsified diesel fuel. 

After centrifuging the mixture, it was allowed to 

cool to ambient temperature. Figure 2 illustrates the 

centrifuge separation of emulsified fuel. A sample of 

50 mL treated diesel fuel was taken to determine the 

total sulfur concentration. The desulfurization rate was 

determined using Eq. 1 using the initial and final sulfur 

concentration before and after treatment. 

𝑅𝑎𝑡𝑒 𝑜𝑓 𝑑𝑒𝑠𝑢𝑙𝑓𝑢𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛 =
𝑆𝑖𝑛𝑖𝑡𝑖𝑎𝑙−𝑆𝑓𝑖𝑛𝑎𝑙

𝑆𝑖𝑛𝑖𝑡𝑖𝑎𝑙
(100) (1) 

Where: Sinitial and Sfinal are the sulfur content in net 

diesel fuel and after the treatment. 

 

 
(a) Before centrifuge (b) After cetrifuge 

Figure 2. Emulsified diesel fuel Separation before 
and after centrifuge. 

2.3. Method of analysis 

Sulfur content 

The total sulfur concentration of the feedstock and 

treated samples was determined using the HORIBA 

sulfur analyzer “SLFA-2100, Japan,” which used the 

energy dispersive X-ray fluorescence technology to 

follow the “ASTM D-4294” standard. 

 

Gas Chromatography  

Sulfur compounds were detected by using Trace 

sulfur analyzer (Sulfur Gas Analyzer – Model 4629, 

USA) by sulfur chemiluminescence detector (SCD) 

according to the “ASTM D-5504 and ASTM D-5623” 

method. 

 

IREX analysis 

Concentrations of all relevant fuel components in 

diesel fuel before/after desulfurization were 

accomplished using a spectral fuel analyzer (eraspec, 

Austria) based on the ASTM D-5845, D-6277, D-

7777, D-7806, EN-238, EN-14078, ISO-15212, and 

IP559 standards. 

 

FTIR Test 

Chemical bonds within a molecule are identified by 

producing an infrared absorption spectrum for fuels 

prior to desulfurization using PerkinElmer Frontier 

IR/NIR systems, USA, based on Fourier Transform 

Infrared Spectroscopy (FTIR). 

2.4. Design of Experiments 

An experimental design can determine and assess 

the interaction and contribution of parameters to the 

attained goals. Models may also provide optimization 

of interacting parameters based on the desired results. 

The “Response Surface Methodology (RSM)” was 

used to evaluate the influences of chosen oxidation 

variables utilizing the Central Composite Design 

(CCD) approach. Experiments in this study are 

designed using the CCD approach on three levels (-1, 

0, and +1). The experimental limits and factor levels 

are summarized in Table 3. The oxidation process is 

optimized and modelled using Design-Expert software 

version 10.0.7 to get the desired output values. This 

procedure oxidizes sulfur compounds to sulfones in 

order to lower the sulfur content of diesel fuel. 
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Table 3. Parameters levels used in this work. 

Symbol Parameters Unit -1 0 +1 

A Time Minutes 20 55 90 

B Temperature Centigrade 40 70 100 

C Oxidant% wt% 5 12.5 20 

3. Results and discussion  

3.1. RSM statistical and analytical analysis 

Experiments and responses of three parameters 

(Temperature, time, and %oxidant) are tabulated in 

Table 1. All of the experiments were conducted on the 

same basis of weight equal to 100 gm. 

 

Table 4. CCD experiments and the response values. 

Run 
Time 
(min) 

Temperature(oC) Oxidant%(wt%) 
Sulfur 

Content(wt%) 

1 55 25 12.5 0.941 

2 55 70 12.5 0.895 
3 20 100 5 0.987 

4 55 70 12.5 0.91 

5 55 70 12.5 0.876 

6 20 100 20 0.941 

7 20 40 20 0.862 

8 55 70 12.5 0.905 

9 110 70 12.5 0.861 

10 55 70 12.5 0.914 

11 2.5 70 12.5 0.921 
12 55 70 12.5 0.898 

13 20 40 5 0.939 

14 55 70 1.25 0.901 

15 90 40 5 0.870 

16 55 70 25 0.781 

17 55 115 12.5 1.076 

18 90 100 20 0.925 

19 90 100 5 0.965 
20 90 40 20 0.796 

 

Based on the responses in Table 4, the minimum 

sulfur content (wt%) is obtained in run 16, equal to 

0.781. Analysis of variance (ANOVA) is illusstrated 

in Table 5. A quadratic model is adopted to evaluate 

the significance of the parameters and determine the 

model competency by polynomial analysis. A 

empirical relation between output (Responses) and 

input variables in terms (temperature(A), time(B) and 

oxidant %(C) is approved by polynomial second 

order-quadratic for oxidization sulfur compound in 

equation 2: 

 

sulfur content (wt%) =+0.90-0.021*A+0.044*B 

                            -0.031*C+0.012*AB+0.001125*AC 

                            +0.008125*BC-0.00647*A2 

                                          +0.045*B2-0.025*C2            (2) 

 

According to equation 2, the coefficient for time 

(A) registered (-0.021). The negativity of the 

parameter refers to attribution towards reducing the 

response wt% sulfur content. The positive coefficient 

of temperature (B) recorded (+0.044) shows that the 

temperature had a positive effect on wt% sulfur 

content. The coefficient recorded by % oxidant (C) is 

(-0.031) shows that the  % oxidant had a negative 

effect on wt% sulfur content. 

 

Table 5. ANOVA outcomes of the response surface 

quadratic model. 

Source 
Sum of 
Squares 

Df 
Mean 
square 

F 
value 

p-value 
Prob>F 

 

Model 0.076 9 0.0084 62.77 <0.0001 significant 

A-Time 0.0054 1 0.0054 40.34 <0.0001  

B-

Temperature 
0.025 1 0.025 182.67 <0.0001  

C-oxidant % 0.013 1 0.013 93.18 <0.0001  

AB 0.00117 1 0.00117 8.77 0.0143  

AC 0.00001 1 0.00001 0.075 0.7891  

BC 0.00053 1 0.00053 3.94 0.0754  

A2 0.00046 1 0.00046 3.45 0.0930  

B2 0.021 1 0.021 155.10 <0.0001  

C2 0.0078 1 0.0078 58.08 <0.0001  

Residual 0.0013 10 0.00013    

Lack of Fit 0.000416 5 0.000083 0.45 0.7993 
not 

significant 

Pure Error 0.00092 5 0.00018    

Cor Total 0.077 19     

 

The model had an F-value of 62.77, showing 

appropriately selected and significance in this 

procedure. The F-statistic is essentially a ratio of two 

variances, derived by dividing the “regression mean 

square” by the “error term mean square”. Variances 

measure dispersion or the degree to which data deviate 

from the mean. Higher values indicate greater 

dispersion, with F equal to (difference between sample 

means/difference within samples). 

The P-value indicates the likelihood that 

experiments may produce results as extreme as those 

seen by a statistical hypothesis test, given that the null 

hypothesis is accepted. When the P-value is less than 

0.05, it indicates that the factor significantly affected 

the process. This investigation approved the model 

since the P-value is less than 0.05, indicating a 

substantial effect on response. 

This model can use for optimization and prediction 

purposes because of lack of fit recorded 0.45 and 

obtained P-value 0.7933, which is not significant[43, 

44]. 
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The statistical parameters estimated using the 

proposed model are shown in Table 6. The coefficient 

of variation (C.V.) is 1.28%, indicating that the model 

is reliable and the data is repeatable.  

 

Table 6. ANOVA statistical parameters of the model. 

Parameter Value Parameter Value 

Std.Dev. 0.012 R-Squared 0.9826 

Mean 0.91 Adj R-Squared 0.9670 

C.V.% 1.28 Pred R-Squared 0.9451 

PRESS 0.0042 Adeq Precision 35.359 

-2Log Likelihood -135.43 BIC -105.48 

  AICc -90.99 

 

The coefficient of determination R2 is 98.26%, 

which is consistent with the adjusted coefficient of 

determination adj- R2 of 96.7%; both values are close 

to 1.0. These high values provide evidence for the link 

between expected and determined values. R2 is a ratio 

of the variance in the dependent variable (the 

response) to the variance in the independent variables 

(the predictors). It can be used to evaluate model 

performance, where adj- R2  reflects how well terms 

fit a curve or line but accounts for the number of terms 

in a model. We achieve a high value for R2 (0. 9826) 

and adj- R2 (0. 9670) reasonably consistent.  

 

 
 

(a) (b) 

  
(c) (d) 

Figure 3 depicts the diagnostic plots for the data. 

These graphs could be used to examine the errors and 

residuals.  

 
 

(a) (b) 

  
(c) (d) 

Figure 3a illustrates the normal plot of residuals. 

Although some data is dispersed, a straight line 

showing the normal residual distribution is followed. 

A graph depicting the quantities of actual and 

predicted response values is shown in  
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(a) (b) 

  
(c) (d) 

Figure 3b. It checks the constant variance 

assumption and may be used to find values that the 

prediction model predicts erroneously. The residual vs 

the ascending anticipated response values plot in  

 
 

(a) (b) 

  
(c) (d) 

Figure 3c validates the constant variance 

assumption. The points are distributed randomly 

between a range of + 1 to -2.  

 
 

(a) (b) 

  
(c) (d) 

Figure 3d illustrates the run number versus 

residuals findings, which wiggle randomly around the 

zero line. The residue appears to be distributed 

randomly around the zero line. This shows that there 

is no evidence that the mistake phrases are connected. 
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(a) (b) 

  
(c) (d) 

Figure 3. Oxidative desulfurization model diagnostic graphs; (a) normal plot of residuals (b) predicted versus 
actual (c) residuals versus predicted  and (d) residuals versus the run number 

3.2. Parameters effects 

Single effects analysis 

Model graphs make it possible to describe the 

outcomes of verified models. To analyze the link 

between parameters and the response, perturbation 

plots, all components’ effects plots, and three-

dimensional response surface plots may be employed. 

Figure 4 depicts the perturbation plot. The response 

is plotted by varying one factor above and below its 

considered values while maintaining the other 

variables constant. The graph shows how each 

parameter affects the degree of oxidation at a 

particular reference point. Consequently, variations in 

the temperature and oxidant content of diesel fuel 

significantly impact the reaction. 

 

 
Figure 4. Perturbation plot of the parameters time 

(A), temperature (B), and oxidant % (C) in the design 
space. 

Graphs of the one-factor effect are illustrated in 

Figure 5. The response indicates the linear impact of 

altering the level of each analyzed parameter as a 

result of the one-factor contribution analysis. The solid 

dots in the diagrams represent the experimental design 
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points. According to Figure 5a, as the oxidation time 

increased, the sulfur removal increased. When the time 

is altered from 20 to 90 minutes at 70oC temperature 

and 12.5wt% oxidant, the sulfur content is reduced 

from 0.91wt% to 0.87wt%. The shift is due to 

enhanced contact between the two immiscible phases, 

which allows the oxidation process to occur and the 

transfer of polar oxidized sulfur compounds to the 

aqueous phase to be facilitated[45]. 

Figure 5b shows the influence of temperature on 

oxidative desulfurization at 55 minutes oxidation time 

and 12.5wt% oxidant. Sulfur content% reduced from 

0.905 wt% to 0.890 wt% when the temperature is 

raised to 65°C. The response is quite sensitive in this 

region, and continuing to raise the temperature has a 

negative impact on desulfurization. Because the 

unsaturated hydrocarbons and nitrogen/oxygen-

containing molecules are oxidized, potentially 

destroying oil quality and weakening oxidation 

selectivity. As a result, 65oC is the ideal oxidation 

temperature. 

A single impact study of acid to oxidant percent on 

oxidative desulfurization is displayed in Figure 5c. 

The oxidation time and temperature were fixed at 55 

minutes, and 70 oC respectively. The favorable impact 

of the acid to oxidant ratio on peracetic acid synthesis 

and activity is first seen to attain an optimum. The 

addition of acetic acid as a catalyst aids to the 

extraction of the oxidized sulfur compound from a 

polar media by promoting the synthesis of radical 

hydroperoxyl during the oxidation stage. According to 

the above results, electron cloud density and space 

steric hindrance significantly impact oxidative 

desulfurization. The constant rate K of the oxidation 

process rises as the density of the electron cloud of 

sulfur atoms increases. As a result, the oxidative 

desulfurization impact in dibenzothiophene must be 

substantially greater than in benzothiophene and 

thiophene[46]. Hydrogen peroxide represents the 

restrictive regent in oxidative desulfurization. 

Increases in its percentage lead to the formation of 

proxy-acid, then decomposition to active radicals in 

stoichiometry ratio[47]. Because of an adsorbital 

electron in the sulfur atom, peracetic acid’s higher 

polarity selectively oxidizes sulfides to sulfoxide or 

sulfones. The sulfur atom bonds with oxygen atoms 

after oxidation, and the dipole moments of sulfur 

compounds increase, significantly improving their 

dissolving capacity in polar chemicals 

Interactive effects analysis 

Figure 6 shows graphical visualizations of the 

response surface plots. Each of these is sketched with 

a fixed value for one parameter at the center point and 

variations in two additional elements in the 

experimental inquiry ranges[44]. 

The interaction between oxidation time and 

temperature at the 12.5wt% oxidant in sulfuer 

removal% of the diesel fuel can be assessed using 

Figure 6a. Up to the optimum value, the beneficial 

effect is produced by parallel incrementing both 

parameters. The slow oxidation of sulfur compounds 

in diesel fuel to sulfoxide or sulfonic acid could be 

sped up by raising the temperature of the reaction. 

High temperatures enhance the kinetic energy of the 

reaction and increase the contact area for contributing 

moles. Because of peracetic acid breakdown, 

increasing the temperature of the reaction over 65ᵒC 

had a negative impact on the oxidation process[38]. So 

this treatment should be carried out at a cool 

temperature 

Figure 6b depicts the interactive effect of oxidant 

percent and reaction duration at a constant temperature 

of 70ᵒC. The plots suggest that raising the oxidant 

percent with a longer reaction time has a less 

significant effect than increasing it with a shorter 

reaction time. Yet, the effect is still good for 

elimination. Time expedites the biphasic reaction and 

enhances elimination. Maximal sulfur oxidation 

occurred at 20 wt%  oxidant . 

At a fixed oxidation time of 55 minutes, Figure 6c 

demonstrates the mutual influence of temperature and 

oxidant concentration on sulfur content (wt%). As a 

result, the response is restricted to oxidant changes at 

lower temperatures. According to statistical modeling 

findings and parameter optimization, the best setting 

for oxidative desulfurization is a 12.5wt% oxidant at 

65 oC for 60 min of oxidation time 
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(a) 
(b) 

 

 
(c) 

 

Figure 5. Influence of factors on the amount of desulfurization as a single factor; time(a), temperature(b), and 
oxidant%(c). 

  
(a) 
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(b) 

  
(c) 

Figure 6. The interaction impact of reaction time (a), temperature (b), and oxidant percent (c) on desulfurization 
on a response surface 3-D graph.. 

4. Characterization of emulsified fuel 

After oxidation of diesel fuel under the optimum 

condition in the previous step, several surfactants were 

used for emulsion preparation at the same quantity (2 

wt% surfactants and 18 wt % 2-propanol) and terms 

(30 min, 25oC, and 5000 rpm). Results of 

desulfurization by surfactants are shown in Table 7. As 

shown in Table 7, the Alkylbenzene sulfonate 

recorded less sulfur content (wt%). 

 

4.1. Effect of homogenizing time 

The time of the homogenization process has a 

significant impact on the desulfurization process. 

Table 7 depicts the influence of homogenizing time on 

desulfurization efficiency. These experiments were 

conducted under the same conditions of 10000 rpm, 

18% wt 2- propanol, 2% surfactant, and 30oC.  

 

Table 7. Desulfurization by different surfactants. 

Surfactant Symbol 
Sulfur Content 

(wt%) 

Cetyltrimethylammonium 

Chloride 
CAC 0.666 

Nonylphenol ethoxylates NPE 0.644 

Alkyl benzene sulfonate ABS 0.598 

Tween 80 T80 0.697 

1-hyroxy-2-

(trimethylammonio) 

ethane-1-sulfonate 

HES 0.630 

 

During the first 10 minutes, it is evident that the 

emulsification efficiency on sulfur removal was low. 

The sulfur content (wt%)  was lowered using ABS, 

CAC, and HES due to the variation in the 

homogenization time from 10 to 20 minutes. After 10 

minutes of homogenization, T80 surfactants had an 

unfavorable effect, reduced after 30 minutes. The 

desulfurization rate of the NPE emulsifier was higher 

in the first 10 minutes; extra homogenizing time did 

not affect the desulfurization process. It may be 

determined using an NPE surfactant. Mass transfer 

equilibrium can be attained in under 10 minutes. The 

sulfur content of the CAC emulsifier was minimized 

until 30 minutes after homogenization. The emulsion 

deteriorated with time, increasing sulfur 

concentration. After 30 minutes of homogenizing, the 

emulsifier observes the least effect of time until a 30-
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minute satisfactory result is attained, with a little 

increase in sulfur content content (wt%). 

 

 
Figure 7. Impact of homogenization time on 

desulfurization efficiency. 

4.2. Effect of homogenizing speed 

Mainly, better mixing will obtain by high-speed 

homogenizing due to the formation of small droplets 

that allow increment of contact of the interfacial area, 

which enhances mixing quality[44, 48, 49]. The 

homogenising speed was changed from 5000 to 25000 

rpm to investigate the influence of agitation on 

emulsification and the desulfurization process’s 

performance. Figure 8 depicts the influence of 

surfactant homogenizing speed. In this step, 

experiments are done at 10 min, 18% wt% 2- propanol, 

2% wt% surfactant, and 30oC.  

The sulfur content (wt%) was decreased when mild 

speed homogenizing was used. Surfactants T80, NPE, 

and HES showed an approximate reduction in sulfur 

content until 5000 rpm; however, the increase in speed 

significantly affected the desulfurization rate. The 

formation of two separated phases at high speed and 

the separation of the formed emulsion at high speed. 

The optimum homogenizing speed for ABS and CAC 

surfactants was 15000 rpm because emulsified fuel 

recorded lower sulfur content (wt%) at this speed. 

More speed had the opposite effect on the 

desulfurization rate. 

 

 
Figure 8. Effect of homogenizing speed on 

desulfurization rate. 

4.3. Effect of reaction temperature 

Many physical features, such as viscosities, 

interfacial tension, emulsifier adsorption, and the 

interfacial film structure between two liquids, are 

known to alter with temperature. Increasing the 

temperature reduces the stability of emulsions. When 

the temperature is raised, emulsion stability 

diminishes[44]. Figure 9 illustrates the impact of 

temperature on the desulfurization efficacy of the 

sulfur content. Under identical experimental operating 

conditions, the temperature ranged from 30 to 70 

degrees Celsius. It’s worth noting that better 

emulsification efficiencies can be attained at 

temperatures close to room temperature, which is 

more cost-effective. Except for the emulsifiers HES 

and CAC, the remainder of the surfactants (ABS, NPE, 

and T80) exhibited greater sulfur content when 

measured at temperatures over 40ᵒC. 

 
Figure 9. Impact of temperature on desulfurization 

rate. 
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4.4. Effect of co-surfactant concentration  

In an attempt to further improve the sulfur removal, 

co-surfactants were introduced to the emulsified 

mixture. In this study ethanol was used as a co-

surfactant with  2-propanol. Fig. 10 shows the sulfur 

removal  performance due to the addition of ethanol. 

It seen that the adding ethanol to 2-propanol  enhance 

the desulfurization performance. This may be due to 

the different chain lengths and the amount of hydrogen 

bonding functional moieties within the additives 

structure. [44] 

Under optimal oxidation conditions, the sulfur 

content was reduced from 0.945 wt% to 0.781 wt%. It 

was evident from Figure 10 that ethanol reduced sulfur 

content by increasing its percent from 5% wt% to 30% 

wt% in emulsified diesel. However, 2-propanol 

showed higher activity toward desulfurization in 

emulsified fuels. 

The temperature has a significant impact on the 

stability of emulsion. Higher temperatures boost the 

thermal an energy of the emulsion, resulting in more 

frequent drop collisions and larger drops, decreasing 

the total contact surface area between the fuel and the 

solvent and lowering mass transfer. 

 
Figure 10. Influence of co-surfactant conc on 

desulfurization rate. 

The influence of surfactant concentration on 

emulsification desulfurization is investigated in this 

study. After emulsification, the centrifuge method was 

used for separation the diesel fuel. However, 

amphoteric surfactant HES didn’t separate by 

centrifuge in the absence of 2-propanol. The 

surfactants were added in different weight percentages 

(1% to 10%) to diesel fuel to study the effect of 

surfactant weight concentration on the sulfur removal 

ability. Figure 11 shows the influence of surfactant 

weight concentration on desulfurization process , as 

the surfactant concentration increased the sulfur 

content (wt%) decreased. This is due to  the drop size 

and its dispersion significantly impact emulsion 

stability[36, 42, 43]. It was known that raising the 

surfactant concentration causes more surfactants to be 

absorbed in the interface and causes the emulsion to 

become stable. T80 and NPE surfactants performed 

similarl behaviour in the absence of co-surfactant, 

indicating the role of co-surfactant in the 

desulfurization process. Using a CAC emulsifier 

decreased the sulfur content (wt%) ,while increasing 

the concentration of ABS surfactant, resulting a slight 

decreased the sulfur content (wt%). 

 
Figure 11. Influence of surfactant concentration on 

desulfurization rate. 

It is widely understood that drop size and drops size 

dispersion significantly impact emulsion stability[44, 

50, 51]. It was discovered that raising the surfactant 

concentration causes more surfactants to be absorbed 

in the interface and causes the emulsion to become 

stable. T80 and NPE surfactants performed similarly 

in the absence of co-surfactant, indicating the role of 

co-surfactant in the desulfurization rate. Using a CAC 

emulsifier increased the rate of desulfurization while 

increasing the concentration of ABS surfactant, 

resulting in a slight increase in sulfur content. 

4.5. GC–MS analysis  

GC–MS analysis was used to analyze the diesel 

fuel. Table 8 summarizes the outcomes. Mercaptan 

belongs to weak acid and thus can be oxidized easily 

to a disulfide. Peracetic acid is greatly affected by 

diesel fuel oxidization. After the oxidation process 1-

propanethiol percent reduced 0.0624 to 0.020, both 2-

Butanethiol and 2-Methyl-1-propaneth are 

disappeared in oxidized diesel fuel. After oxidation, 

the greatest sulfur compound in diesel fuel, 1-

Butanethiol, is reduced by 97 percent, the largest 

decrease among other sulfur compounds. The 
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conversion of thiols to sulfides, which is removed by 

the emulsification process, creates hydrogen sulfides 

0.2228 following oxidation. Due to the oxidation of 

other hydrocarbon compounds and the breaking of 

sulfur bonds from sulfur compounds in diesel fuel that 

did not convert to sulfides, total sulfur increased from 

45.4426 to 47.0418. Table 7 shows that Alkylbenzene 

sulfonate has higher activity in reducing sulfur content 

and has the advantage of being inexpensive; hence it 

was chosen for the emulsification procedure. In the 

oxidation stage, hydrogen sulfides develop, easily 

eliminated by emulsion fuel. In the emulsion process, 

the trace of the remaining sulfur compound from the 

oxidation step is reduced. Total sulfur is decreased 

significantly in the emulsification stage, which 

pertains to the reactivity of produced sulfides and 

emulsified fuel trend sulfur component. 

 

Table 8. Sulfur compounds and diesel fuel 

desulfurization rate. 

No. Compounds 

Sulfur content / ppmw Desulfurization 

rate% Diesel 
After 

oxidation 

After 

emulsification 

1 1-Propanethiol 0.0624 0.0280 0.0201 %67.78 

2 2-Butanethiol 0.0383 0.0000 0.0000 %100  

3 
2-Methyl-1-
propaneth 

0.2308 
0.0000 0.0000 %100  

4 1-Butanethiol 2.9868 0.0885 0.0409 %98.63 

5 H2S 0.0000 0.2228 0.0000 %100 

 Total 45.4426 47.0418 33.7720 %25.68 

4.6. FT-IR analysis  

After oxidation and desulfurization in the 

emulsification process, the FTIR spectrum of the 

diesel sample was obtained. As illustrated in Figure 

12, it gives a better insight into the sorts of functional 

groups present in the samples. As demonstrated in 

Figure 12a, diesel fuel exhibited peaks of different 

intensities centered around 722.8–2955.37 cm-1. The 

significant alkyl C–H stretch was responsible for the 

peaks that occurred at 2854.30–3000 cm-1. The peak 

at 1459.14 cm-1 was assigned to aromatic compounds 

with a medium-strong ring C = C stretch, whereas the 

peak at 1377 cm-1 was attributed to alkanes and alkyls 

with a medium CH3C–H bend. Alkynes’ strong wide 

C–H bend was credited with peaking at 722.8. 

The existence of the C = O stretch, also known as 

the carboxylic group of peracetic acid, is responsible 

for the peaks of Figure 12b. in oxidized diesel fuel 

centered at 1716.13 cm-1. The disappearance of this 

peak following emulsification (Figure 12c) indicates a 

reaction of residual peracetic acid. 

The strong, wide C– H bend of alkynes was 

ascribed to the peak centered at 699.02 cm-1, whereas 

modest cis C—H out-of-plane bending was assigned 

to the final two peaks at 785 and 766.26 cm-1. 

4.7. IREX analysis 

Table 9 shows the results of the IREX analysis for 

diesel fuel after oxidation and emulsification. Because 

of the presence of peracetic acid, the cetane number 

for net diesel fuel was higher than that of oxidized 

diesel fuel (23.2). The cetane number of emulsified 

fuel increased by 23.8. Diesel fuel oxidation was 

reduced from 13.5 to 3.3 aromatics, while emulsified 

fuel oxidation was reduced to 0.0. 

 

Table 9. IREX analysis of diesel fuel. 

NO. Parameters 
Diesel 

fuel 

(Vol%) 

After 
oxidation 

(Vol%) 

After 

emulsification 

(Vol%) 

1 . 
Cetane 

Number 
34.7 23.2 23.8 

2 . Aromatics 13.5 3.3 0 

3 . PNA 4 4.3 5.4 

4 . FAME 0 3.07 0.11 

5 . IBP 162 288.8 172.8 

6 . T50 248.7 232.5 288.3 

7. FBP 358.7 261 478.7 

 

The increments in polynuclear aromatic 

compounds (PNA) in emulsified and oxidized diesel 

fuel were recorded at 5.4 and 4.3, respectively. These 

increments were due to the presence of non-linear 

hydrocarbons compared to the net diesel fuel PNA 4. 

After oxidation of the diesel fuel, fatty acid methyl 

ester (FAME) exhibited the highest value of 3.07 due 

to the presence of ester bonds. It is formed by the 

reaction of the hydroxyl group (O-H) in hydrogen 

peroxide with the carbonyl group (C=O) in acetic acid 

that has a hydroxyl group (O-H) attached to the carbon 

atom. 

FAME in net diesel fuel was 0.0, but after 

emulsification, it was reduced to 0.11 due to the 

removal of excess peracetic acid and water. The path 

of diesel fuel boiling has changed due to changes in 

fuel components. An increment in IBP was noticed 

after oxidation from 162 oC to 288.8 oC. This increase 

in IBP was traced back to the presence of a carboxylic 

group (C(=O) OH) in peracetic acid, which contains 

hydrogen bonding and sulfur compound oxidation. 

Emulsified fuel reduced IBP to 172.8 oC by removing 

oxidized sulfur compounds, whereas a centrifuge 

separates the remaining unreacted peracetic acid. 
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(a) Diesel sample 

 
(b) After oxidation 

 
(c) After emulsification 

Figure 12. FT-IR spectrum for diesel fuel desulfurization. 

 

5. Conclusion 

In the current study, the desulfurization of diesel 

with an initial sulfur content of 0.945 wt.% was 

investigated utilizing a mix of oxidation-

emulsification processes. This technique is a viable 

desulfurization alternative with a lot of potential and 

low cost for industrial applications. For the oxidation 

of sulfur compounds in diesel fuel, a 2:1 mixture of 

H2O2 and acetic acid was utilized as an oxidizing 

agent. The input variables were optimized using the 

“Response Surface Methodology (RSM)” depending 

on the efficiency of the output results. According to 

the results of CCD design, oxidation at a 12.5 wt % 

oxidant ratio and 65 ᵒC for 60 minutes resulted in an 

optimal desulfurization rate of 17.35 wt percent. The 

sulfur content increased when the oxidation process 

temperature was raised above 70ᵒC, the sulfur content 

increased. The presence of surfactants aids the rate of 

desulfurization. The effect of homogenizing time may 

be restricted to 10–30 minutes, while surfactants used 

for longer than 30 minutes had no adverse effects. To 

remove sulfur from emulsified fuel, a low reaction 

temperature was chosen. The desulfurization rate was 

greatly boosted when alcohol was used as a co-

surfactant. 2-propanol was more effective than ethanol 

at desulfurization. 
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