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Abstract - Oxidative desulfurization involves the removal of unwanted sulfur compounds in diesel oil through oxidation that 
forms sulfone compounds. This is complemented by an adsorption process. In this study, batch adsorption of oxidized diesel 
oil was studied testing parameters such as pH (1-5), adsorbent dose (1-5 mg), temperature (25-55 °C), agitation speed (50-
250 rpm) and mixing time (50-250 min). In order to statistically support and determine the level of significance of each 
parameter on the response of sulfone adsorption a definitive screening design was used. Results indicate that pH, adsorbent 
dose and temperature showed a significant effect (p-value<0.05) on the adsorption of sulfones in diesel oil while agitation 
speed and mixing time were insignificant (p-value>0.05). 
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I. INTRODUCTION 
 
Stringent rules pertaining to controlling sulfur 
emissions in diesel oil has been implemented in order 
to control environmental and human health hazards. 
United States Environmental Protection Agency and 
European Union follows sulfur concentration 
emission control standards in diesel oil that limits the 
use to 15 ppm and 10 ppm, respectively [1,2]. Due to 
worldwide population growth and recent 
technological advancement the demand for fossil fuel 
derived-oil increases through the years [3-6].  
 
Diesel oil is an example of a fossil fuel that is derived 
from petroleum. Untreated petroleum oil contains 
high content of organic sulfur compounds (OSCs) [7]. 
Diesel oil contains OSCs that are 85% aromatic sulfur 
compounds. OSCs in diesel leads to several problems 
such as acid rain, air pollution, catalyst poisoning, 
and corroding parts in engines [7-11].  
 
Oxidative desulfurization (ODS) is a promising 
technology that removes OSCs through oxidation 
followed by an adsorption step [12-18]. To date, 
efficient adsorbent used in order to remove oxidized 
sulfur compounds or sulfones is aluminum oxide [19-
21]. However, the main disadvantage of using 
aluminum oxide is its expensive costing as an 
adsorbent. There are also limited studies on the 
different process parameters that affect the adsorption 
process using actual diesel oil. In this study, activated 
clay as the adsorbent is examined with respect to 
different process parameters in the adsorption process 
to further understand the significance of each factor 
in the adsorption of oxidized sulfur compounds in 
diesel oil. 

 

 
II. DETAILS EXPERIMENTAL  
 
2.1. Materials  
Chemicals that used were of analytical grade without 
further purification. Activated clay was obtained from 
Xinxin Chemical Co., Ltd. (Tainan, Taiwan). 
Hydrochloric acid (37% fuming) was purchased from 
Merck (Darmstadt, Germany). Sodium hydroxide 
(98% purity) was acquired from Shimakyu’s Pure 
Chemicals (Osaka, Japan). Diesel oil with sulfur 
content of 2199.6 ppm was procured from Taichin 
Global Co. (Taoyuan, Taiwan). 

 
2.2. Experimental Method 
Batch adsorption experiments were carried out at 
varying agitation speed using a reciprocal shaker bath 
(BT-350, Yihder, Taiwan). Appropriate amount of 
adsorbent dose was mixed with 20 mL oxidized 
diesel oil in Erlenmeyer flasks at different 
temperature and mixing time. The adjustments of pH 
were done by adding 0.1 N HCl and 0.1 N NaOH. 
The samples were collected and filtered after 
treatment. Sulfur concentrations before and after 
adsorption was analyzed using a SLFA-2100 X-ray 
fluorescence sulfur-in-oil analyzer (Horiba). 
 
2.3. Statistical Analysis 
Screening analysis utilized definitive screening 
design (DSD) using JMP Pro 11.1 statistical software. 
DSD was built for the analysis of five factors and 
three levels of -1, 0 and +1 for low, middle and high 
values, respectively, as shown in Table 1. This 
identifies parameters of pH, adsorbent dose, 
temperature, agitation speed and mixing time causing 
a strong non-linear effect on the adsorption of 
sulfones in diesel oil. 
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Parameters Levels 
-1 0 1 

pH, X1 1 3 5 
adsorbent dose (mg), X2 1 3 5 

temperature (°C), X3 25 40 55 
agitation speed (rpm), X4 50 150 250 

mixing time (min), X5 50 150 250 
Table1: Factor Levels for the Screening Design in Batch 

Adsorption 
 
III. RESULTS AND DISCUSSION 
 
3.1. Definitive Screening Analysis 
In Table 2, a summary of fit is shown for the batch 
adsorption of oxidized diesel oil utilizing activated 
clay. The coefficient of correlation (R2) of 0.99 and 
adjusted R2 of 0.98 indicated a high correlation to the 
response of sulfone adsorption. High R2 value 
suggests the variation of the response is attributed to 
the formulated model than that of the random error. 
Standard deviation that is due to random error is also 
shown in the root mean square error (RMSE).  The 
RMSE showed a small value of 1.50% that signifies a 
small random error to the response. 

 
RSquare 0.989677 

RSquareAdj 0.982303 
Root Mean Square Error 1.500479 

Mean of Response 77.65385 
Observations 13 

Table 2: Summary of Fit in Batch Adsorption 
 

Source DF Sum of 
Square 

Mean 
Square F Ratio 

Model 5 1510.9196 302.184 134.2183 

Error 7 15.7601 2.251 Prob>F 

C. 
Total 12 1526.6797  <0.0001 

Table 3: Analysis of Variance in Batch Adsorption 
 
In Table 3, an analysis of variance (ANOVA) is 
shown for the adsorption process of sulfones in diesel 
oil. The ANOVA testing indicates the calculated 
values in order to compare the fitted model to that of 
the model of predicted values equivalent to the mean 
response. Results shows a highly significant (p-
value<0.0001) formulated model. Models that are 
highly significant indicate a good fit of the factors to 
the response. 

 
In Table 4, a parameter estimates report is shown for 
the batch adsorption process. The report shows the 

estimates each factor in the model parameters for the 
adsorption process. The p-value of <0.05 indicates 
the factors to be statistically significant and p-value 
of >0.05 indicates a statistically insignificant factor to 
the response [22]. Results show factors of pH, 
adsorbent dose and temperature to be statistically 
significant factor while agitation speed and mixing 
time were not included due to being statistically 
insignificant factors. The statistically significant 
interaction for sulfone adsorption in diesel oil 
includes pH together with adsorbent dose and 
adsorbent dose together with temperature. 

 
Term Std Error T Ratio Prob> |t| 

Intercept 0.416158 186.6 <0.0001 
X1 0.474493 -3.67 0.0080 
X2 0.474493 24.53 <0.0001 
X3 0.474493 5.51 0.0009 

X1X2 0.547897 2.81 0.0263 
X2X3 0.547897 -4.76 0.0021 

Table 4: Parameter Estimates in Batch Adsorption 
 
3.2. Effect of pH 

 
Fig.1. Effect of pH on sulfone adsorption 

 
The effect of pH from pH 1 to 5 with respect to the 
efficiency of adsorption in diesel oil is shown in 
Fig.1. Results show that the decrease in pH increases 
the adsorption of sulfur compounds. This is due to 
nature of the oxidized sulfur compounds to be anionic 
in form. Lower pH values promote anionic adsorption 
due to the activated clay adsorbent being more 
positively charged. This adsorption is therefore 
favorable a lower pH due to introducing an anion 
exchange reactions. 
 
3.3. Effect of Adsorbent Dose 
Figure 2 shows the effect of the amount of adsorbent 
from 1 to 5g with respect to the efficiency of 
adsorption process. Results indicate that increasing 
adsorbent dose increases also the efficiency of 
adsorption. This is due to an increase in the adsorbent 
dosage promotes an increase in the availability of the 
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active sites on the adsorbents [23].  This makes an 
easier penetration of the adsorbates in the sorption 
sites 

 
Fig.2. Effect of adsorbent dose on sulfone adsorption. 

 
3.4. Effect of Temperature 
Adsorption of oxidized sulfur compounds in diesel oil 
is favorable at higher temperatures as can be seen in 
Fig. 3. This indicates that the adsorption is 
endothermic due to high temperature effectively 
promote the extent of adsorption. Higher 
temperatures can the activation of the activated clay 
adsorbent surface which gives better adsorption of the 
sulfone adsorbates in diesel oil [24]. 
 

 
Fig.3. Effect of temperature on sulfone adsorption. 

 
CONCLUSIONS 
 
The parameters for the adsorption of sulfones in 
diesel oil showed statistically significant effect in the 
factors of pH, adsorbent dose and temperature while 
agitation speed and mixing time were insignificant to 
the adsorption process in diesel oil. Decreasing the 
factor of pH affected the adsorption of diesel oil 
inversely due to attraction of anionic compounds at 
lower pH levels. Increasing the factors of adsorbent 
dose and temperature showed a proportional rate of 
adsorption due to the promotion of more active sites 
that is favorable for adsorbing sulfones in diesel oil. 
The utilization of activated clay adsorbent in batch 

adsorption showed good adsorption performance in 
actual diesel oil. 
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