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Abstract 

Burning fuel oil presents a significant problem due to the harmful release of sulfur dioxide, which contribute 
to acid rain and environmental damage. Fuel oil contains a sulfur-rich asphaltene component, but the issues 
associated with burning this fuel oil can be mitigated through solvent deasphalting. This method isolates a 
portion of the asphaltene, thereby reducing the problems related to fuel oil combustion. In this study, the 
introduction of nano-Fe2O3 into the fuel oil improved the efficiency of the solvent deasphalting process by up 
to 51% under optimal conditions (with a solvent-to-fuel oil ratio of 10 and 5 wt % nano-Fe2O3). As a result, 
the sulfur content in fuel oil decreased from 3.5% to 2.71% by weight, reflecting a 22.5% reduction. Various 
analyses, including XRD, BET, FESEM, and FTIR, were used to examine the nano-Fe2O3. Additionally, the 
response surface method from Design Expert software was employed for statistical analysis and optimization. 
The experimental design included two numerical variables: the percentage of nano-Fe2O3 (ranging from 1 wt 
% to 5 wt %) and the solvent-to-fuel oil ratio (ranging from 5 to 10). The remaining sulfur in fuel oil and the 
efficiency of the asphaltene separation process were the dependent variables. Mathematical models were 
introduced to analyze these output variables, showing a high level of significance in predicting their behavior 
based on the independent variables, with predicted R2 values of 0.8218 and 0.9843, respectively. 
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1. Introduction 

Fuel oil is a heavy fuel used mostly in ocean-going vessels and power plants. It is a residual fuel that 
remains after the refining process of crude oil. It includes a high sulfur content that, when burning, 
releases sulfur dioxide that is a very harmful gas and causes environmental problems and acid rain. It 
can also react with other pollutants in the atmosphere and form fine particles that can have negative and 
destructive impacts on human health and the environment and damage power plant equipment. The 
presence of a high concentration of asphaltenes with high molecular weight is one of the major problems 
of fuel oil (Wan et al., 2019; Simon et al., 2020; R’Mili et al., 2022; Buzanello et al., 2014). It has a 
very complex and very polar compound with a large content of hetero atoms of S, N, and O and metals 
such as V, Fe, and Ni (Farooq et al., 2021). Generally, asphaltene is an insoluble part of crude oil in 
normal alkanes with low molecular weight. It is soluble in solvents including toluene, benzene, and 
carbon disulfide, and its constituent particles are amorphous solids, dark brown, and non-crystalline 
powder (Yu et al., 2023; Sjöblom et al., 2015). Asphaltene has an electron charge, which is mostly 
negative, and its structure is not uniform and includes a group of molecules.  

The high concentration of asphaltene in heavy fuel oil, which contains a high concentration of sulfur 
with C−S and C=S bonds, increases its viscosity significantly and makes it heavier (Wang et al., 2023). 
There is a significant percentage of sulfur in asphaltene compounds, so the sulfur content of the fuel oil 
decreases by deasphalting the compounds (Malek et al., 2024). Solvent deasphalting has received 
attention due to its easy industrial application, no need for hydrogen, and process conditions. The 
mixing tank operates at a temperature and pressure close to ambient temperature. Thus, this fuel process 
does not involve chemical conversions, and this process can practically be considered a physical 
extraction process (Chen et al., 2021; Malek et al., 2024). One technique that has drawn the interest of 
scientists lately is the separation and removal of asphaltene using a nanoscale absorbent during the 
deasphalting process. The ultimate fuel, deasphalted oil (DAO), is produced with greater efficiency and 
quality as a result of this process. Metal nano-oxides have a very significant surface-to-volume ratio, 
creating active sites on their surfaces, which are very suitable places for removing asphaltene cloud 
particles (Guzmán et al., 2017; Malek et al., 2024; Shakir et al., 2023; Ovalles et al., 2022; Guzmán 
Calle, Lu et al., 2022). 

In reference to the use of nano-Fe2O3, Ansari et al. (2023) provided the asphaltene absorption model for 
nano-Fe2O3 and lime nanoparticles. Following experimentation, the researchers discovered that 
asphaltene particles could be more easily absorbed from the surface of nano-Fe2O3 than from the surface 
of lime nano-absorbents (Ansari et al., 2023). The same research team conducted a thorough 
investigation and discovered that adding Fe2O3 particles enhanced the functional groups of multi-walled 
carbon nanotubes. This results in a considerable boost in the nanostructure’s ability to absorb asphaltene 
particles when compared to pure carbon nanotubes. It indicates the creation of hydrogen and acidic 
interactions of nano-Fe2O3 with the surface of the asphaltene molecules, significantly increasing its 
absorption capability. It ultimately improves the deasphalting process (Malek et al., 2024).  

Further, another study by Abbas et al. (2021) confirmed that using γ-Fe2O3 as a nano-absorbent was 
very effective in removing asphaltene particles in toluene solution and oil composition and provided 
high efficiency (Abbas et al., 2021). A review study on the effect of different nano-absorbents on 
asphaltene reported that the presence of iron in nano-mineral compounds could significantly affect their 
surface absorption capacity. For example, thuringite, an iron-containing chlorite, absorbs asphaltenes 
3.7 times more than a non-iron chlorite. Iron has a different surface absorption isotherm, compared to 
other minerals and clay minerals. Thus, it shows a relatively large surface absorption capacity (Adams, 
2014). Iron oxides are particularly significant among the metal oxides because they are often linked to 
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asphaltene and may accumulate as a result of corrosion in pipelines or other polished surfaces. The 
polarity of asphaltenes is greatly altered by the addition of different iron compounds, which may also 
promote sludge development and asphaltene deposition (Pernyeszi et al., 1998; Kharrat, 2009; Marchal 
et al., 2010). 

The present study investigates the effect of adding nano-Fe2O3 to heavy fuel oil to increase the 
efficiency of the deasphalting process so as to achieve the optimal operating conditions and the 
appropriate mathematical model. The primary goal of this study is to evaluate the effect of nano-Fe2O3 
on reducing sulfur through solvent deasphalting. 

2. Nano-Fe2O3 synthesis 

The nano-Fe2O3 synthesis in this study included preparation and purification steps. The synthesis 
method was considered a simple co-precipitation method. This approach included dissolving a certain 
amount of FeCl3.6H2O in 200 mL of clean water and thoroughly mixing the mixture using a magnetic 
stirrer. Under these circumstances, NH4OH solution was added to the mixture dropwise. During this 
stage, the pH value remained unchanged. The mixing procedure was carried out at room temperature 
for 60 min. The water was then removed from the solution by heating it to 80 °C for 2 h. The resultant 
powder was dried in the oven after being baked at 500 °C for 4 h, after which it was repeatedly cleaned 
with deionized water to remove any remaining impurities. 

3. Analysis techniques  

The resulting nano-oxides were assessed and examined using BET, Fourier transform infrared 
spectroscopy (FTIR), FESEM, and X-ray diffraction (XRD) methods. One popular method for 
determining the phases and compounds in materials is XRD examination (Yun et al., 2015). An XRD 
1730pw from Philips was employed for the XRD analysis in this work. Fourier transform infrared 
spectroscopy is a commonly used analytical technique for detecting molecules and bonds in both 
organic and inorganic materials (He et al., 2019). In this investigation, FTIR analysis was carried out 
using FTIR Tensor II equipment. A physical examination technique called BET analysis is used to look 
into the porosity and specific surface area of nanomaterials (Osterrieth et al., 2022). In this work, BET 
analysis was carried out using the BELSORP Mini ii instrument. One kind of scanning electron 
microscope is FESEM analysis, and its superior resolution over SEM analysis is its main benefit. This 
examination looks at the morphology and surface properties (Oprea et al., 2023). The analysis in this 
research was conducted using the FESEM-ZEISS Sigma 300 equipment.  

4. Feed samples 

Heavy fuel oil served as the feedstock in this work, and the characteristics of this feedstock are presented 
in Table 1. The SARA test was used to determine the weight percentage of saturate compounds, 
asphaltenes, resin, and aromatic compounds, as presented in Table 1. 

Table 1 
Specifications of the fuel oil feed 

Test Method Specification Unit Test 
D-1298 990 kg/m3 Density @50 °C 

D-1298 12.5 ---  API 

D-1552 3.5 wt % Sulfur Total 
SARA analysis 



M. Malek et al. / Investigating the Effect of Adding Nano-Fe2O3 to Heavy Fuel Oil… 37 

 

 

D-2007 21.51 wt % Saturates 

D-2007 33.14 wt % Aromatics 

D-2007 27.33 wt % Resins 

D-2007 18.02 wt % Asphaltenes 

5. Experiment description  

The IP-143 standard was used for the complete extraction and separation of asphaltene from fuel oil, as 
described below. Asphaltene (asphaltene insoluble in normal heptane) was made from fuel oil in 
accordance with the IP-143 standard. In each run of the test, about 10 g of fuel oil was poured into a 
500 mL balloon, and a certain value of nano-Fe2O3 and normal heptane solvent was added in a certain 
volume ratio. The mixture inside the container was stirred for 60 min using a magnetic magnet and 
boiled under reflux at temperatures according to the test design table. Then, the balloon was removed 
and placed in a dark and motionless place for 90 to 150 min. The mixture container was placed under a 
centrifuge at high speed for 15 min. In this step, two light phases (deasphalted fuel oil and solvent), 
separated asphaltene, and nano-Fe2O3 were formed. Then, the separated asphaltene was placed in the 
reflux extractor connected to the balloon. Heating the mixture in the reflux extraction system was 
continued for 60 min until clear droplets were discharged from the separator into the heptane-containing 
container. During this time, the heptane vapors passed through the filter paper and carried the substances 
soluble in heptane into the balloon. Drops of normal heptane and substances dissolved in it were poured 
into the balloon with a distillation rate of about 2–4 drops per second. Then, the residual value of 
asphaltene was dried on filter paper and weighed. The efficiency of the deasphalting process (named it 
pitch yield) was obtained by dividing the obtained weight by the weight of the primary fuel oil. 
Additionally, a distillation system extracted the solvent from the deasphalted fuel oil at each stage and 
saved it in a container for later use. The sulfur content of the solvent-free deasphalted fuel was 
determined using standard D-1552. For further research, XRD, FTIR, and FESEM analyses were 
performed on the extracted asphaltene. 

6. Experimental design 

The experimental design of the important factors affecting the asphaltene precipitation with nano-Fe2O3 
included the weight percentage of nano-absorbent and the numerical ratio of the content of solvent to 
fuel oil feed. Our goal in this study was to investigate these changes as input variables in the process of 
asphaltene precipitation from fuel oil. We used the experimental design using Design Expert software 
during the experimental stages since examining these variables and their impact and interaction was 
very time-consuming and expensive. Statistical laboratory design optimizes the process, saves time, 
considerably lowers the number of trials, and produces more dependable findings.  

The surface response approach of the software was utilized since our objective was to improve the 
procedure and produce a mathematical model. The CCD approach offers a greater number of tests 
compared to the BBD method, which enhances confidence in obtaining more trustworthy findings while 
conducting tests and repeating certain test procedures. In the CCD method, each factor is divided into 
five levels. Three levels are within the specified range, while two levels are outside the range. Each 
factor has three different levels, and no levels outside the determined range are included. However, the 
accuracy of the starting and end points may be lower compared to other points. Therefore, the CCD 
approach was used for this investigation (Asghar et al., 2014; Popoola and Fadayini, 2023). When 
determining the variables for this research, we used an alpha value of 1.5 to ensure that any physical or 
conceptual limits outside the intended range did not pose any issues in our design process. This design 
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used two numerical parameters, X1 and X2, with values ranging from 1 to 5 wt % for the nano-Fe2O3 
and from 5 to 10 for the ratio of the solvent to fuel oil. These factors were tested at five different levels. 
The output variables of the design were designated as Y1 and Y2, representing the weight percentage of 
residual sulfur and the pitch yield in the deasphalted fuel oil, respectively. Table 2 displays the 
quantitative independent variables used. 

Table 2 
Independent numerical variables used in the experiment design 

Coded Variable Levels 
Symbol Variables 

+α 1 0 –1 –α 
6 5 3 1 0 X1 wt % of Nano-Fe2O3 

11.25 10 7.5 5 3.75 X2 Solvent to fuel oil Ratio 

7. Analysis of nano-Fe2O3 

7.1. X-ray diffraction of nano-Fe2O3 and pure asphaltene  

In this analysis, the wavelength of radiation used in XRD was 1.54056 angstroms (copper anode). The 
data were in the form of a graph of 2θ plotted against intensity (u.a.). The crystallite size was calculated 
based on the crystal plane with the highest intensity obtained from the XRD graph. The obtained data 
were used to calculate the crystallite size using the Debye-Scherer formula (Shobha et al., 2019) based 
on Equation 1: 

Crystallite size = kλ/b cosθ (1) 

where λ is the wavelength, k indicates Scherer’s constant (0.94), b denotes the peak width at half of the 
maximum peak height (FWHM), and θ represents the peak position of the half of 2θ diffraction pattern. 
Figure 1 shows the X-ray diffraction pattern of the nano-Fe2O3 sample. As seen in Figure 1(the right 
figure), the crystal structure of the compound was investigated. The diffraction peaks (2θ) at 24°, 33°, 
35°, 40°, 49°, 54°, 57°, 62°, 63°, 71°, and 75° with crystal plates and Miller index (2 1 0), (1 0 4), (1 1 
0), (1 1 3), (0 2 4), (1 1 6), (0 8 1), (2 1 4), (3 0 0), (1 0 10), and (2 2 0) of the standard sample of Fe2O3 
correspond to the standard card number (01-089-0688). Using computer calculations, the mean size of 
nano-Fe2O3 particles according to the two peaks of Sharpe and Scherer’s equation was calculated at 
30.2 nm for this sample.  

Figure 1(the left figure) shows the X-ray diffraction pattern of asphaltene powder particles extracted 
from the heavy fuel oil. By comparing the diffraction intensity curves of the asphaltene with those of 
polyethylene (saturated aliphatic chain), carbon black (complex aromatic layers), and a mixture of these 
two compounds, researchers concluded that the diffraction intensity curve of the asphaltene was very 
similar to that of these two chemical compounds. The first peak of the diffraction intensity curve of the 
asphaltene occurs almost at the same angle as the maximum diffraction of polyethylene. The second 
peak is around the angle where the carbon black peak is located. Hence, it can be concluded that the 
first peak is related to the saturated aliphatic part of the asphaltene, and the second peak is related to its 
aromatic part. The first peak in the graph is about 2θ = 19°–20°, and it is called the gamma peak; the 
second peak is observed at an angle between 24° and 25°, and this peak is called the graphene peak. By 
comparing the diffraction pattern obtained for the asphaltene with the standard pattern of asphaltene 
given in the relevant works, we found that the graphs matched each other. Thus, the standard 
implementation of the asphaltene separation method herein is correctly formed, and the separated 
asphaltene is completely extracted (Figure 1).  
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Figure 1  

The X-ray diffraction pattern of Nano-Fe2O3 used in this study (the right figure) and the diffraction pattern of 
asphaltene separated from fuel oil (the left figure) 

7.2. FTIR of nano-Fe2O3 

Four main peaks can be seen in the interpretation of the FTIR diagram of nano-Fe2O3 sample (see Figure 
2). As a result of the synthesis process, the stretching vibrations of the carbonyl group in the sample 
structure are represented by the peak at 1628 cm–1, whereas the O–H group is represented by the peak 
at 3420 cm–1. According to Figure 2, the peak in the region 529–444 cm–1 corresponds to the stretching 
and bending vibrations of the Fe–O group in the sample structure, respectively (Sobhanardakani et al., 
2018). 

 

Figure 2 

The Fourier transform spectrum of the nano-Fe2O3 used in this study 
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7.3. FESEM of nano-Fe2O3 

The size and morphology of the nano-Fe2O3 were analyzed by the FESEM technique (see Figure 3). 
This figure shows the correct center method of nano-Fe2O3. The size of nano-Fe2O3 was measured using 
FESEM images and Digimizer software. The particle size distribution curve showed that the largest 
size distribution was in the range of 20–40 nm, consistent with the results of the XRD test. Moreover, 
the particle size showed a proper distribution (see Figure 3).  

 

Figure 3 

The FESEM image of the synthesized nano-Fe2O3 along with the particle size distribution  

7.4. BET of nano-Fe2O3 

Table 3 summarizes the surface characteristics of the nano-Fe2O3 obtained from N2 absorption tests: the 
specific surface area of this nano-oxide according to the BET model was 70.458 m2/g. Asphaltene 
molecules may be absorbed by the resulting surface because it is high enough. The mean diameter of 
the nano-absorbent, as determined by the BET (dBET) and BJH (dBJH) models, is displayed in Table 
3. The mean diameter of the nano-absorbent was calculated using formula 4𝑉/𝑆, where V and S denote 
the pore volume and specific surface area of the nano-Fe2O3, respectively (Mahmoudi Alemi et al., 
2021). The principal pore size of the nanoparticles was between 2 and 20 nm, according to the 
distribution of pore sizes. The synthesized nano-Fe2O3 may be categorized and regarded as essential 
materials for asphaltene absorption due to its particle size relative to asphaltene (see Table 3).  

Table 3 
The surface characteristics of the nanoparticles synthesized through N2 absorption tests 

Nano-Fe2O3 Specification 

70.458 BET specific surface area (#
$

%
) 

16.64 Average pore diameter 𝑑'() (nm) 
11.41 Average pore diameter 𝑑'*+ (nm) 

0.2931 Total pore volume (,#
-

%
) 

0.2994 BJH cumulative pore volume (,#
-

%
) 

8. Analysis of ANOVA results and presentation of a mathematical model 

Our primary goal in designing the experiment was to obtain a mathematical model that can predict 
dependent variables as a function of independent variables. In this study, the final equation is presented 
based on real factors in Equations 2 and 3. 
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The mathematical model for estimating the residual sulfur content of the deasphalted fuel oil is 
presented in Equation 2, and the model for estimating the pitch yield value is given by Equation 3. 
Positive or negative impacts on the system’s output variable are indicated by the positive and negative 
signs of the coefficients in both quadratic models. The first model displays negative coefficients for 
both the X1 and X2 variables, as well as negative interaction effects between them. These findings 
suggest that the variables should have an adverse impact on the residual sulfur content. Otherwise, the 
weight percentage of nano-Fe2O3 and the solvent-to-fuel oil ratio, when combined, have a negative 
impact on the sulfur residual content of the final fuel oil. By augmenting the weight percentage of nano-
Fe2O3 and the solvent-to-fuel oil ratio, the residual sulfur content diminishes, which is much desired. 
Conversely, the coefficients of the X1 and X2 variables are exclusively positive for the pitch yield value 
when using nano-Fe2O3 absorbent, implying that these factors have a positive impact on the pitch yield 
value. Increasing the weight percentage of nano-Fe2O3 and adjusting the ratio of the solvent to fuel oil 
have a positive impact on the pitch yield value. By increasing the weight percentage of nano-Fe2O3 and 
the ratio of the solvent to fuel oil, the pitch yield value rises, while the residual sulfur content of the 
final deasphalted fuel oil declines. This significant result confirms that increasing the pitch yield value 
means reducing the residual sulfur content of the fuel, which is expected due to the removal of 
asphaltene particles from the fuel oil. 

𝑌/ = 3.26732 − 0.018595𝑋/ − 0.083448𝑋> − 0.0075𝑋/𝑋> + 0.008896𝑋/>

+ 0.0055338𝑋>> 
(2) 

𝑌> = 17.81131 + 3.7261𝑋/ + 5.45085𝑋> + 0.016𝑋/𝑋> − 0.499643𝑋/> − 0.28272794𝑋>> (3) 

The ANOVA was used to examine the adequacy of the model. The ANOVA results of these models 
are listed in Tables 4 and 5 for the responses 𝑌1 and 𝑌2, respectively. 

Design Expert software uses the p-value scale to remove influential parameters. The value assigned to 
each parameter in the program denotes the impact of the parameter on the system’s reaction. A scale 
value below 0.05 for each element demonstrates the significant impact of these factors on the system’s 
response. The importance of the model conditions is shown by p-values less than 0.05, as seen in Tables 
4 and 5. 

Both developed models have p-values below 0.05, suggesting the statistical significance of the models 
(Mahmoudabadi et al., 2021). Based on the p-values in Table 4 related to the first response, variables 
X1 and X2 alone, the interaction effects of X1 and X2, and the second-degree effects of variables 𝑋/> and 
𝑋>> have p-values less than 0.05, and their effects on the residual sulfur content of fuel oil cannot be 
ignored and are significant. However, in the second model, the variable X1X2 is not significant, and the 
interaction effect of these two independent variables can be ignored in this model. The F-values in the 
resulting models were 45.58 and 472.24, respectively, indicating the statistical significance of the 
regression model. Both generated models also revealed that the ratio of the solvent to fuel oil, in relation 
to the weight percentage of nano-Fe2O3, had a more significant impact on the behavior of two output 
variables (X1<X2). The fitting results demonstrated that the predicted R² coefficient (0.8218 and 0.9843 
for the first and second models, respectively) had a very high percentage for predicting the numerical 
values of the independent variables inside and outside the defined range in both models. Precision 
adequate number compares the predicted range using the model and the average prediction error. This 
number was 20.3436 for the first model and 55.939 for the second model. Both are greater than 4.0, 
indicating another reason for the presented model.  
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Table 4 

The results of the ANOVA mathematical model for the response 𝑌1 

Source Sum of Squares df Mean Square F-value p-value  

Model 0.0736 5 0.0147 45.58 < 0.0001 Significant 

A-Wt.% of Nano-Fe2O3 0.0157 1 0.0157 48.55 0.0002  

B-Solvent to fuel oil Ratio 0.0356 1 0.0356 110.24 < 0.0001  

AB 0.0056 1 0.0056 17.42 0.0042  

A² 0.0105 1 0.0105 32.49 0.0007  

B² 0.0092 1 0.0092 28.56 0.0011  

Residual 0.0023 7 0.0003    

Lack of Fit 0.0018 3 0.0006 4.94 0.0783 not significant 

Pure Error 0.0005 4 0.0001    

Cor Total 0.0758 12     

Table 5 
The results of the ANOVA mathematical model for the response 𝑌2 

Source Sum of Squares df Mean Square F-value p-value 
 

Model 158.40 5 31.68 472.24 < 0.0001 Significant 

A-Wt.% of Nano-Fe2O3 24.46 1 24.46 364.66 < 0.0001 
 

B-Solvent to fuel oil Ratio 83.93 1 83.93 1251.13 < 0.0001 
 

AB 0.0256 1 0.0256 0.3816 0.5563 
 

A² 33.09 1 33.09 493.24 < 0.0001 
 

B² 25.88 1 25.88 385.76 < 0.0001 
 

Residual 0.4696 7 0.0671 
   

Lack of Fit 0.3167 3 0.1056 2.76 0.1757 not significant 

Pure Error 0.1529 4 0.0382 
   

Cor Total 158.87 12 
    

8.1. Statistical tests 

In order to validate the provided model, we conducted several statistical tests to assess and scrutinize 
the precision of the fitted model using the laboratory data. The first assessment involved examining the 
residual plot, which served to assess the precision and validity of the model fitted to the laboratory data. 
Residuals refer to the discrepancies between predicted and actual values, and they are anticipated to 
conform to a normal distribution if the experimental errors are random (Feng et al., 2020). The normal 
plot of the residuals for the first model in the two states is shown on the right side in Figure 4, while the 
normal plot of the residuals for the second model is displayed on the left side. From the findings 
obtained, it can be concluded that there are no aberrant errors in the system and that the data in both 
models adhere to a normal distribution.  

Figure 5 shows the graph of the error value based on the predicted values in both the first model (the 
right side) and the second model (the left side). The predicted values are sorted in ascending order, and 
the points should follow a random dispersion pattern. A specific trend in the graph indicates that a time-
related factor affects the response. Experiments can be performed randomly or block them to resolve 
this problem. Based on the results, there was no problem in the data, and most data did not exceed the 
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standard deviation limit (upper and lower limit lines in red color); no systematic error occurred in the 
experiments. Figure 6 shows the same error graph curve for both the first and second models according 
to the steps of the experiments. In this state, no specific trend (either ascending or descending or 
following a specific pattern) was shown, indicating that there was no significant error in both final 
models (see Figure 4).  

The model’s anticipated points are displayed in this test using laboratory data (Jain et al., 2023). The 
data points derived from this graph are positioned in close proximity to the diagonal 45° line (x=y) in 
an appropriate model. This indicates a strong correlation between the model and the data. Based on this 
graph, the selected models in two states predict the data very well since most of the data are located 
around the x=y line (see Figure 7). 

 

Figure 4 

The normal plot of the residuals curve in the two states of the first model (right) and the second model (left) 

 

Figure 5 

The curve of the error value graph based on the predicted values in the first model (right) and the second model 
(left) 
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Figure 6 

The curve of the error value graph based on the predicted values in the first model (right) and the second model 
(left) using steps 

 

Figure 7 

The accuracy of the models compares the actual outcomes to the models’ numerically statistically projected value: 
pitch output (left) and the amount of sulfur in fuel oil (right) 

9. Behavioral analysis of deasphalted fuel oil  

In order to investigate the factors that influence the deasphalting process of fuel oil and achieve a 
reduced sulfur level, we conducted a series of tests using the response surface method. The tests focused 
on two variables: the weight percentage of nano-Fe2O3 added to the fuel (X1) and the volume ratio of 
the solvent to fuel oil (X2). The result variables were the weight percentage of the residual sulfur in the 
fuel after deasphalting the fuel oil (Y1) and the yield of pitch (Y2) based on the experimental design 
consisting of 13 runs, as listed in Table 6. 

A three-dimensional graph of the surface response was used to describe the behavior of the output 
variables. Figure 8 shows the surface response graph for the first model (the right side) and for the 
second model (the left side). In the response graph of the first model, in the upper and lower ranges of 
the weight percentage of nano-Fe2O3, the residual sulfur is significantly reduced by increasing the 
solvent-to-fuel oil ratio. Additionally, owing to a stronger and more thorough absorption of asphaltene 
particles by nano-Fe2O3, the deasphalting process effectiveness (see the figure on the right side) is 
significantly improved, demonstrating the removal of heavy sulfur compounds from fuel oil. On the 
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active surfaces of nano-Fe2O3, the solvent ratio leads to a greater absorption of asphaltene particles and 
increases the solubility of non-asphaltenic particles. Nano-Fe2O3 and asphaltene molecules produce 
strong molecular connections and interactions, such as hydrogen bonds and acidic interactions, when 
the element Fe is present. There is a strong attraction between the asphaltene molecules and the nano-
Fe2O3, indicating the absorption capacity compared to the state of not using the nano-absorbent (Figures 
5–7 and Table 6).  

Table 6 
The experimental design used in this research 

 Factor 1 Factor 2 Response 1 Response 2 

Run A: wt % of Nano-Fe2O3 B: Solvent to fuel oil Ratio wt % of sulfur in fuel oil Pitch Yield 
 Wt.% --- wt.% % 

1 3 7.5 2.79 49.97 

2 0 7.5 2.95 43 

3 3 7.5 2.81 49.89 

4 6 7.5 2.82 48 

5 3 11.25 2.8 50.63 

6 3 7.5 2.79 49.5 

7 5 10 2.7 50.9 

8 3 7.5 2.81 49.96 

9 3 3.75 2.96 41.41 

10 1 5 2.94 41 

11 1 10 2.86 47.28 

12 5 5 2.93 44.3 

13 3 7.5 2.79 49.9 

 

 

Figure 8 

Three-dimensional graph of surface response: the first model (right) and the second model (left side) 

At the end of this section, we consider it necessary to compare the results obtained in this study with 
those achieved in our previous study (Malek et al., 2024). In the case, using hybrid nano-iron oxide 
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particles compared to pure iron oxide nanoparticles, we found that the amount of sulfur remaining in 
the final fuel oil and the efficiency of the deasphalting process were numerically better. This indicates 
that in the case of using nano-hybrid particles, the presence of iron particles next to carbon particles 
increases the stronger chemical adsorption between asphaltene molecules and nano-hybrid particles 
compared to the sample of pure nano-Fe2O3. This case indicates the formation of stronger covalent 
bonds between asphaltene molecules and nano-hybrid particles compared to pure nano-Fe2O3 particles 
and asphaltene. Furthermore, due to the increase of surface charge in the case of using nano-hybrid 
particles, the electrostatic adsorption of nano-hybrid particles and asphaltene molecules created better 
conditions compared to the adsorption of asphaltene and pure nano-Fe2O3 particles. 

10. Pitch phase analysis 

Figure 9 depicts the FTIR diagram of asphaltene in its pure form and the asphaltene that has been 
absorbed by nano-Fe2O3. The existence of the OH hydroxyl group in the asphaltene structure is 
confirmed by the peak at 3430 cm–1 in pure asphaltene. This peak appears wider over 3000 cm–1 owing 
to the presence of hydrogen bonds. The main stretching vibrations of the sp2 C–H group in the 
unsaturated alkene and aromatic system, as well as the stretching vibrations of the sp3 C–H group in the 
saturated system (CH2 and CH3), are the primary cause of the high intensity peak observed in the range 
of 2850–2920 cm–1 of the asphaltene structure. The presence of the stretching vibrations of the aromatic 
and C=C alkene groups in the asphaltene structure is indicated by the fairly strong signal detected at 
1599 cm–1. The peak at 1458 cm–1 corresponds to the scissor-like bending vibrations of the CH2 group 
inside the asphaltene structure, with a moderate intensity. The peak at about 1375 cm–1, with moderate 
intensity, corresponds to the symmetric and asymmetric bending vibrations of the CH3 group in the 
compound structure. The peak seen at around 1031 cm–1, which has a lower intensity, corresponds to 
the stretching vibrations of the C–O group and the S=O sulfoxide group in the asphaltene structure (see 
Figure 9). 

 

Figure 9 

The Fourier transform spectrum: black) pure asphaltene and red) asphaltene absorbed by Nano-Fe2O3 

The peak seen in the wavenumber range of 720–859 cm–1 corresponds to the bending vibrations of C–
H bonds in aromatic and alkene groups (Faraji Chanzab et al., 2024; Malek et al., 2024; Mahmoudi 
Alemi et al., 2021). The strength of this peak is rather low. From comparing the absorption peak of the 
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asphaltene sample with the nano-Fe2O3 particles, it is evident that the frequency in the range of 3433 
cm–1 has increased in comparison to the pure spectrum. The rise proves the hydrogen bonding between 
the OH group in the asphaltene structure and the oxygen in the nano-Fe2O3 structure. Additionally, it is 
evident that the highest point at 1638 cm–1, which corresponds to the carbonyl group in this area, 
exhibits a slight rise in comparison to the natural spectrum. This rise serves as confirmation of the 
dipole-dipole bonding between the oxygen of the carbonyl group in the asphaltene structure and the 
iron atom in the nanostructure. The substance in question is nano-Fe2O3. The addition of nano-Fe2O3 to 
the composition has substantially raised the frequency of the index peak at 1089 cm–1, which 
corresponds to the stretching vibrations of the C–O group in asphaltene compounds. This increase is 
attributed to the electrostatic attraction between asphaltene supermolecules and iron atoms. The 
mentioned cases confirm the strong interaction resulting from the adsorption of asphaltene on nano-
Fe2O3. 

Comparing the FESEM images of pure asphaltene and asphaltene absorbed on nano-Fe2O3 
demonstrated that the surface morphology of asphaltene particles changed, confirming the strong 
bonding and involvement at the intermolecular level with the active surfaces of nano-Fe2O3 (see Figure 
10). It indicates the absorption of nano-Fe2O3 to asphaltene particles, which increases the asphaltene 
deposition and consequently leads to a final fuel with a lower sulfur content (see Figures 9 and 10). 

 

Figure 10 

The FESEM images of pure asphaltene (right) and asphaltene absorbed on Nano-Fe2O3 (left) 

11. Optimization  

The optimization part of the Design Expert software was used to determine the optimum point. In this 
state, all operating variables within the test space range were selected, and the goal was to reach the 
minimum Y1 value and to maximize the Y2 value in the previous tests. In this state, the software derived 
the mathematical relations of the obtained models to find the optimal operating conditions. Then, it 
considered an initial value for the parameters, and it presented the optimal values of the parameters as 
a starting point of the numerical solution of the equation. This solution was not unique, and the software 
had various solutions for the mentioned equations. However, it suggested one of them to the user. Table 
7 presents the optimized values. These results revealed that when nano-Fe2O3 was used in the 
deasphalting process of fuel oil, the sulfur content of the final upgraded fuel declined to 2.72%, 
indicating a reduction of 22%. In these optimal conditions, the efficiency of the process reached about 
51%, which is a significant increase compared to the conventional process (see Table 7).  

Table 7 
The optimized values of the obtained model 

wt % of Nano-Fe2O3 Solvent to fuel oil Ratio wt % of sulfur in fuel oil Pitch Yield 
5.000 10.000 2.721 50.980 
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12. Investigating temperature effect 

In order to investigate the effect of increasing temperature on the amount of remaining sulfur in the fuel 
oil, we selected the temperature range from 25 °C (in the laboratory temperature range) to 65 °C (the 
temperature close to the boiling point of the solvent) with steps of 10 °C and set the operating parameters 
of the optimal mode (Table 7); the numerical results can be seen in Figure 11. The obtained results 
showed that the amount of sulfur residue in the fuel oil decreased with an increase in temperature, which 
indicated a higher-quality fuel. The thermal movement increased with a rise in temperature, which 
improved the random movement and collision of asphaltene molecules with the surface of nano-Fe2O3 
particles, thereby leading to higher absorption and separation of asphaltene in the fuel. From another 
point of view, this thermal movement overcame the energy barriers in the solution, which led to the 
easier adsorption of asphaltene molecules on nano-Fe2O3 particles. In addition, in these conditions, the 
energy needed to overcome the activation energy required for repulsion was also provided, and it 
actually increased the repulsion energy barrier and made it difficult to separate asphaltene molecules 
absorbed on the surface of the nano-Fe2O3 particles, which caused a higher adsorption of the asphaltene 
molecules on nanoparticles. 

 
Figure 11 

Investigating the effect of increasing temperature on the amount of sulfur remaining in the final fuel oil in the 
presence of Nano-Fe2O3. 

13. Conclusions 

The study examined how incorporating nano-Fe2O3 into heavy fuel oil could enhance fuel quality. The 
results showed that adding these nanoparticles led to a notable improvement in the efficiency of the 
solvent deasphalting process compared to the conventional method. The deasphalted fuel oil analyzed 
in this research contained less sulfur compared to the original fuel, resulting in a notable decrease in 
environmental risks. This outcome was attributed to the enhanced ability of nano-Fe2O3 to adsorb 
asphaltene particles during the solvent deasphalting process. These findings showed that utilizing nano-
Fe2O3 during the deasphalting of fuel oil led to a decrease in the sulfur content of the resulting upgraded 
fuel to 2.72%, marking a 22% reduction. Under these ideal conditions, the process efficiency was 
boosted to approximately 51%, a substantial improvement compared to the traditional method. Two 
mathematical equations were developed to forecast the residual sulfur content of the fuel and the 
efficiency of the solvent deasphalting process. New mathematical models were also presented to 
examine the output variables, demonstrating a strong ability to forecast their behavior using the 
independent variables, with estimated R2 values of 0.8218 and 0.9843, correspondingly. The impacts of 
the ratio of the solvent to fuel oil and the weight percentage of nano-Fe2O3 were analyzed accurately 
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and effectively. The response surface method was employed to find the best values for these 
mathematical variables, and numerical optimization was achieved with a solvent-to-fuel oil ratio of 10 
and a weight percentage of nano-Fe2O3 of 5%. 

Nomenclature 

BET Brunauer–Emmett–Teller 
CCD Central composite design 
DAO Deasphalted oil 
FTIR Fourier Transform Infrared Spectroscopy 
RSM Response surface method 
SDA Solvent Deasphalting 
XRD X-Ray diffraction 
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