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Abstract 

One of the critical issues in the oil industry is related to asphaltene precipitation during different 

stages, and using nanoparticles is known as a standard method for solving this problem. Although 

nickel oxide and zeolite have been addressed in previous research to solve the asphaltene 

precipitation problem, using NiO/Na-ZSm-5 (the primary goal of this study) has not been developed 

to solve relevant asphaltene precipitation problems. The crystalline structure and morphology of the 

synthesized nanoparticles were analyzed with the help of X-ray diffraction spectrometry (XRD), 

scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), and energy-

dispersive X-ray spectroscopy (EDXS). The results show that the nanoparticles were well 

synthesized and preserved their crystalline structure with a diameter of 13.6 nm after synthesis. The 

EDXS analyses also proved that the sorbent adsorbed an amount of asphaltene. In the next step, 

asphaltene adsorption experiments were carried out at various concentrations of asphaltene and 

temperatures, and the effect of different variables, including the initial concentration of asphaltene, 

temperature, and the ratio of heptane to toluene, on the asphaltene adsorption rate was evaluated. The 

results indicate that with an increase in the initial asphaltene concentration from 25 to 2000 ppm, the 

asphaltene adsorption rate in zeolite increases. At concentrations less than 500 ppm, a rise in the 

temperature reduces the asphaltene adsorption, while at concentrations higher than 500 ppm, raising 

the temperature from 25 to 55 °C increases asphaltene adsorption capacity on zeolite. Further, more 

significant adsorption is observed at a heptane-to-toluene ratio of 0.4 with q = 25.17 mg/g. Evaluating 

the effects of kinetic adsorption molecules of asphaltene on these nanoparticles shows that the 

adsorption process reaches equilibrium in less than 2 h. The experimental data were adapted 

according to Lagrangian pseudo-first-order and pseudo-second-order models to determine the kinetic 
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mechanism of this process. The Langmuir and Freundlich adsorption isotherms were evaluated, and 

the isotherms resulting from the Langmuir isotherm model were of good conformity, indicating that 

adsorption at the homogenous level occurred with a single-layered coating. In the final step, after 

evaluating the thermodynamic conditions, the spontaneity of the asphaltene adsorption process was 

proved. 

Keywords: Adsorption Kinetics; Asphaltene; Nanoparticles; Nickel oxide; Zeolite 

 

1. Introduction  

Nowadays, the hydrocarbon industry encompasses a significant part of the world economy and is the 

primary energy source. Therefore, optimizing processes and solving problems related to the oil industry 

have been of interest to researchers [Kinitisch et al. 2007]. The fraction of asphaltene available in crude 

oil has resulted in numerous problems in oil industries such as mining, transportation, reserves, and 

refinement [Novaki et al. 2016]. Flocculation and precipitation of asphaltene have resulted in reduced 

extraction capacity from crude oil sectors, and this reduced efficiency is due to the obstruction of 

pipelines and various equipment parts [Novaki et al. 2016, Zhang et al. 2007, Belal et al. 2012].  

Asphaltene is defined based on the solubility  model; while they are insoluble in paraffin solutions such 

as heptane and normal pentane, they are soluble in aromatic solutions such as benzene and toluene 

[Bouhadda et al. 2007]. In addition to hydrogen and carbon, asphaltene molecules have heteroatoms 

such as nitrogen, oxygen, sulfur, and a small number of other metals such as vanadium, iron, and nickel, 

which result in sedimentation of asphaltene [Groenzin et al. 2000, Kralova et al. 2011, Hemmati-

Sarapardeh et al. 2013, Rudyk et al. 2014]. Numerous studies have confirmed that metal and polar 

asphaltene (especially vanadium) cause the most significant solubility problems [Nassar et al. 2015].   

Due to thermodynamic instability, asphaltene is initially  found as suspended nuclei of sediments, and 

then with further instability and passage of time, it will  experience a growth and adhesion phenomenon. 

Finally, as the particles grow, whereas the liquid environment will  not have the ability to suspend them, 

precipitation occurs in the asphaltene particles [Escobedo et al. 2010, Ferworn et al. 2010, Mullins et 

al. 2007, Khoshandam et al. 2010]. The thermodynamic instability factors for asphaltene precipitation 

can be changes in pressure, temperature, or a combination of crude oil, resulting in asphaltene 

precipitation as a solid phase [Östlund et al. 2004].   

One of the effective methods for controlling asphaltene precipitation is using chemical additives such 

as surfactants [Raj et al. 2019] and nano-adsorbents. During the past few years, nanotechnology has 

played an essential role in the oil industry, significantly enhancing oil recovery [Bahraminejad et al. 

2019, Eslahati. 2020, Mehrabianfar. 2021, Nowrouzi. 2020, Nazarahari et al. 2020] and catalytic 

behavior [Medina et al. 2019, Marei et al. 2019], making it an excellent choice for adsorption and 

decomposition of asphaltene.  

Among the nano-adsorbents, zeolites are considered the most reliable adsorbers due to their particular 

pores, cage-like structure, and appropriate thermal stability. Zeolites are alumina silicate hydrated 

minerals with a very fine structure [Kosinov et al. 2018]. Due to the stability, large surface area, and 
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orderliness of the pore structure, zeolites have numerous applications in catalyst processes [He et al. 

2018, Fakeeha et al. 2013]. Another advantage of zeolites is their ability to separate metal atoms and 

prevent the closure of metal atoms. Among various zeolites, ZSM-5 is a high adsorption potential due 

to its physical features and unique shape [de Oliveira et al. 2018]. Research shows that oxygen and 

nitrogen are essential factors in asphaltene adsorption in nanoparticles, whereas higher nitrogen 

increases asphaltene adsorption. This is while sulfur has a negative effect on asphaltene adsorption 

[Nassar et al. 2011, Camilo et al. 2013, Gonzalez, 2007, Nassar, 2012]. In addition, it has been specified 

that other factors such as the amount of water and the H/C ratio or aromatic rings affect the asphaltene 

adsorption capacity [Nassar et al. 2011, Camilo et al. 2013]. Asphaltene adsorption also depends on the 

asphaltene structure, amount of resin, the polarity of solvents, temperature, and contact time [McLean. 

1997, Simo. 2007]. Some sources have considered temperature a facilitator in forming asphaltene 

precipitation, while others consider temperature an inhibitor in forming the asphaltene solid phase 

[Hasanvand et al. 2015, Tavakkoli. 2014, Leontaritis et al. 1987]. In this research, the effects of different 

temperatures and variables such as the initial concentration of asphaltene and the ratio of heptane to 

toluene (H/T) were thoroughly addressed in the presence of prepared nanoparticles. 

Nanoparticles with a unique average surface have higher adsorption. It is observed that the adsorption 

process is not uniform and occurs at a specific level. Recently, nanoparticle synthesis of nickel oxide 

and the use of these particles for asphaltene adsorption from asphalteneïtoluene solution has been the 

focus of attention in experimental studies [Tu et al. 2006]. The results indicate that increasing nickel 

nanoparticles in the alumina nano adsorption structure increases asphaltene adsorption of the toluene 

solution [Camilo et al. 2013]. Among the nickel features as adsorbent, the effect of temperature on 

adsorption can be referred to, whereas a higher temperature will  result in a considerable increase in 

asphaltene adsorption. In addition, nickel promotes the formation of multiple layers, which justifies the 

more significant adsorption of asphaltene [Ma et al. 2005]. In the research conducted by Franco et al. 

on alumina nanoparticles, it was specified that increasing the amount of nickel in the nanoparticle from 

5% to 15% has a significant effect on asphaltene adsorption [Ma et al. 2005]. Moreover, in another 

experiment, asphaltene adsorption on the silica gel nanoparticle with 5% and 15% nickel oxide was 

evaluated, which showed that higher nickel amounts improved asphaltene adsorption on the 

nanoparticle [Cortés et al. 2012].  

Many researchers use NiO and other nanoparticles. It was specified that in the presence of nanoparticles, 

the asphaltene agglomeration became smaller. Furthermore, these nanoparticles had high potential in 

the aspect of asphaltene adsorption on their surface, as listed in Table 1. In this research, using NiO/Na-

ZSm-5 is developed for the possible investigation of solving asphaltene precipitation which is not 

developed among researchers according to our knowledge.  

Table 1 

Using NiO and other nanoparticles for asphaltene adsorption. 

Results Material  Year Reference 

The nanoparticle synthesis method and their  final  

properties affect asphaltene adsorption, demonstrating that 

synthetic nano nickel oxide has 15% less adsorption than 

commercial nano oxide.  

NiO 2012 
[Belal et al. 

2012] 

Oxide nanoparticles have a higher adsorption capacity, and 

nanoparticles prepared on the spot have an adsorption 

capacity of 2.8 g asphaltene per gram of nanoparticle. 

NiO 2012 
[Belal et al. 

2012] 

An increase in nickel nanoparticles results in increased 

asphaltene adsorption. 
NiO 2013 

[Camilo et 

al,. 2013] 
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Results Material  Year Reference 

An increase in the amount of nickel in the nanoparticle has 

a considerable effect on asphaltene adsorption. 

Al 2O3 and 

NiO 
2013 

[Camilo et 

al,. 2013] 

A more significant amount of nickel results in enhanced 

asphaltene adsorption on the nanoparticle. 

SiO2 and 

NiO 
2012 

[Cortés et al. 

2012] 

In  the presence of nanoparticles, the size of asphaltene 

aggregates becomes smaller while their  number increases. 

NiO, SiO2, 

and Fe3O4 
2018 

[Li  et al. 

2018] 

An increase in the amount of heptane in the solvent 

containing nanoparticles results in increased adsorption. 

NiO, SiO2, 

and Fe3O4 
2015 

[Kazemzadeh 

et al. 2015] 

Metal oxide nanoparticles have a significant effect on the 

thermal decomposition of heavyweight hydrocarbons such 

as asphaltene, and among the nanoparticles evaluated, 

nickel oxide has the highest adsorption capacity. 

NiO, CO3O4, 

and Fe3O4 
2011 

[Nassar et al. 

2011] 

Among the nanoparticles evaluated for  asphaltene 

adsorption, nickel oxide has a higher adsorption capacity 

compared to the other adsorbents. 

NiO, Fe2O3, 

WO3, 

Mn2O3, CuO, 

silica, and 

Co3O4 

2014 
[Hosseinpour 

et al. 2014] 

In  the evaluation of uncoated nanoparticles, it  was found 

that nickel oxide has the highest adsorption capacity.  

NiO, Fe2O3, 

WO3, ZrO2, 

fumed silica, 

CaO, CeO2, 

MgO, and 

CaCO3 

2013 
[Hosseinpour 

et al. 2013] 

All  adsorbents follow the Langmuir  isotherm and have 

single-layer adsorption. Nickel oxide also has higher 

adsorption than the other two adsorbents at all 

temperatures. 

NiO, MgO, 

and Fe3O4 
2019 

[Kashefi et 

al. 2018] 

Due to its low cost, availability, and physical and chemical characteristics, nickel oxide is an acceptable 

option for catalytic processes. In this study, the NiO/Na-ZSm-5 catalyst was used to remove asphaltene 

for the first time. Therefore, due to the high adsorption of nickel oxide, this catalyst was evaluated as a 

new adsorbent for asphaltene precipitation, enhancing the extraction efficiency. Asphaltene adsorption 

on solid surfaces is usually proposed by Langmuir and Freundlich models, expressing single-layer and 

multilayer adsorption, respectively [Mirzayi et al. 2014, Acevedo et al. 2003]. The results of studies 

show that single-layer and multilayer adsorption behaviors depend on the asphaltene source used in the 

laboratory [Acevedo et al. 2003, González et al. 1993, Marczewski et al. 2002, Balabin et al. 2010, 

Jouault et al. 2009]. Franco et al. studied the kinetic and thermodynamic asphaltene adsorption on stone 

powder surface tanks at various temperatures and times. According to the results obtained, the Langmuir 

isotherm model was in good accordance with asphaltene surface adsorption [Acevedo et al. 2000]. 

Kashefi et al. evaluated NiO, MgO, and Fe3O4 adsorbents for asphaltene adsorption in their study. All  

the adsorbents followed the Langmuir isotherm and had single-layered adsorption. In addition, nickel 

oxide had higher adsorption compared to the two other adsorbents [Kashefi et al. 2018].  

In order to evaluate the kinetic adsorption of asphaltene, two pseudo-first-order and pseudo-second-

order models were presented. The study results by Acevedo et al. indicate that asphaltene adsorption on 

one type of silica gel follows the first-order kinetic model. In such conditions, it can be stated that the 

adsorption process is better controlled by permeation into the adsorbent surface, permeation to the joint 

surface, and permeation inside the cavities of porous surfaces [Acevedo et al. 2000]. This study aims to 
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evaluate the nano-adsorption of Na-ZSM-5 nickel oxide at different temperatures and concentrations 

and various heptane-to-toluene ratios. The results were evaluated using different adsorption isotherms 

and kinetic and thermodynamic parameters. Further, the physical and chemical features of the adsorbent 

were evaluated using X-ray diffraction spectrometry (XRD), scanning electron microscopy (SEM), 

Fourier transform infrared spectroscopy (FTIR), and energy-dispersive X-ray spectroscopy (EDXS).  

2. Experimental procedures  

2.1. Materials 

Normal heptane obtained from Merck Co. was used with 99% purity for precipitating asphaltene, and 

toluene with a purity of 96% was obtained from Iran Chemistry Co. for solving it. The nickel oxide 

catalyst was used as the precipitated asphaltene adsorbent. For catalyst synthesis, nickel nitrate and 

sodium hydroxide were obtained from Merck and Ghatran Chemical Co., respectively. Table 2 provides 

the characteristics of the material used in this work. 

Table 2 

The materials used in this work with their relevant function. 

Material  Application  

Toluene Solubilization 

N Heptane Extraction 

Zeolite Na-ZSM-5 Sorbent 

Nickel Nitrate Catalyst synthesis 

Sodium Hydroxide Catalyst synthesis 

Also, asphaltene filtration paper grade 42" with a pore size of 0.22 µm was used. 

2.2. Catalyst synthesis  

The co-precipitation method was used to build the nickel oxideïzeolite (Na-ZSM-5) catalyst, for which 

20% nickel and 80% zeolite (Na-ZSM-5) were used. For the catalyst synthesis, 10 g of a nickel nitrate 

salt was initially  poured into 100 cc water and stirred for 20 to 30 min. Then, 8 g of ZSM-5 was added 

and mixed for another 20 min. For preparing ZSM-5, the gel was first prepared by combining the molar 

percentage of Al 2O3:46, SiO2: 2.7, TPA: 5, Na2O: 1.3, Trien: 2500H2O and pouring them into a Teflon 

autoclave chamber so that it fills  70% of its volume. After complete closure and sealing, the autoclave 

was placed in a temperature-controlled chamber for 72 h. After completing the heat treatment, the 

autoclave was cooled, and the products were removed. After passing through the strainer, these products 

were washed with water so that the pH of the solution passing through the strainer was 7.0. 

Triethylene tetraamine also acts as a chelating agent in this work. After drying at 100 °C for 12 h, the 

resulting powder was calcined for 8 h to remove the mold so as to obtain ZSM-5 zeolite powder. The 

mixer should be at 70 °C and 700 rpm during the entire experiment. Sodium hydroxide was used for 

catalyst synthesis because it was the least expensive and most widely used alkaline material. Due to its 

high alkaline quality and economic features, it has been given more significant consideration. Sodium 

hydroxide (NaOH) was poured into containers and added drop-wise to the solution until reaching a pH 

of 8.0. After reaching the considered pH, the system was kept in this condition for a maximum of 1 to 

2 h until precipitation occurs. The next phase was washing the obtained precipitation with distilled 

water. After collecting the washed precipitation, it was placed in an oven for 16 h at 120 °C. The dried 

precipitation was removed from the oven, weighed, placed in a crucible, and then put in a furnace at 
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500 °C for 5ï6 h to obtain calcination [Mishra et al. 2012, Rahdar et al. 2015]. Figure 1 shows the 

simple flowchart of making the nickel oxideïzeolite (Na-ZSM-5) nanoparticles. 

2.3. Extracting asphaltene from bitumen using the IP143 method 

It is noteworthy that normal paraffin (normal pentane and normal hexane) is a precipitator of asphaltene, 

and it should be considered that aromatic solvents (toluene, benzene, and hexane) are asphaltene 

solvents. The method for conducting IP143 is given below [59]. 

1. Crude oil with a ratio of 40 to 1 is mixed with normal paraffin for precipitating the existing 

asphaltene, and then the initial reflex is carried out for 1.5 h (for a complete mixture of crude 

oil and normal paraffin). All the steps mentioned above are carried out for precipitating all the 

asphaltene in crude oil, even though a small number of other elements in crude oil might 

precipitate along with asphaltene.  

2. The reflux mixture is placed in a dark environment for 24 h so that asphaltene can adequately 

precipitate (in balloon 1). 

3. The mixture is placed inside a funnel and filtered in balloon 2 using filter paper to separate the 

precipitated asphaltene. Solid asphaltene aggregates onto the filter paper and maltin (aromatic, 

saturated, and resin) pass through the filter paper and aggregates inside balloon 2. However, 

some maltin also aggregates onto the paper. Normal paraffin (40 cc) is added to balloon 2, and 

the secondary reflux is conducted until the filter paper contains only asphaltene (black).  

4. At this step, filter paper is situated inside the small part of the bubble column and carries out 

reflux with balloon 2. This reflux continues until the filter paper has only black-colored particles 

related to asphaltene.  

 

Figure1 

The flowchart for the simple chemical route synthesis process of Na-ZSM-5 nanoparticles. 

Separating asphaltene adsorbed on filter paper has to be done using a strong solvent. To this end, the 

filter paper is kept at the small detached part of the bubble column, and 100 cc of toluene is added to 

balloon 1 with precipitated asphaltene; this balloon is connected to the bubble column reactor, and the 
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third reflux is continued until the filter paper returns to its original color. Now balloon 1 includes toluene 

and asphaltene. Due to the volatility of toluene, the material inside balloon 1 is transferred to the beaker, 

which is placed under the hood for 24 h, and then the mass of the beaker is measured. At time intervals 

of 6 h, the beaker mass is measured again, and the toluene vaporization process continues under airflow 

until changes in mass are observed at less than 0.002 g. During this process, toluene evaporates, and 

dry asphaltene remains at the bottom of the container [Jia et al. 2011]. After the extraction process, an 

asphaltene reference solution with a concentration of 2000 mg/L is provided inside toluene. This 

solution is used in the following steps to provide solutions with specific concentrations, plot calibration 

curves, and conduct adsorption experiments.  

2.4. Removing asphaltene with  adsorbent 

A 200 cc tank of 2000 ppm asphaltene and the solutions including 25, 50, 250, 350, 500, 1000, and 

2000 ppm are provided. Experiments began with 42 cc, for which in the UV analysis of 0, prior to 

pouring the catalyst inside the container, 2 cc of toluene asphaltene solution should be separated, and 8 

cc pure toluene should be added. Then, the solution should be poured through a filter and placed in a 

UV device.  

It is noteworthy that for analyzing with the UV device, 2 cc of asphaltene solution should always be 

used along with 8 cc pure toluene. Now, we have 40 cc of the solution, including asphaltene and toluene. 

The catalyst (0.4 g) is added to the solution, and this amount of catalyst is equal to 10 g/L, for which 

sampling is done at 30, 60, 90, 120, and 150 min. Experiments begin when the catalyst is added to a 40 

cc solution and is placed at a specific distance and temperature. All  the experiments are carried out at 

400 rpm, and the samples are analyzed at ambient temperature and a temperature of 40 and 50 °C.   

The time intervals are reduced for lower concentrations because the solution reaches equilibrium 

sooner. The concentration that has reached equilibrium is considered the most significant amount. 

Hence, the concentration of solutions is measured using a UVïVis device. Therefore, the equilibrium 

concentration value (C) of asphaltene can be obtained after adding the catalyst. Equation (1) calculates 

the asphaltene adsorption capacity over the adsorbent (zeolite Na-ZSM-5 nickel oxide): 

q= ὠ   (1)                                                                          

where C0 (mg/L) is the initial concentration of the asphaltene solution, Ct (mg/L) indicates the 

asphaltene solution concentration at any time, m (g) denotes the weight of nanoparticle used, V (L) is 

the asphaltene solution volume, and q (mg/g) represents the adsorbent capacity in milligrams of 

asphaltene over grams of adsorbent [Yudin et al. 1998]. All  the experimental conditions are repeated 

for temperatures of 40 and 55 °C.  

3. Results and discussion 

3.1. Plotting the calibration  curve 

Figure 2 shows the UV calibration curve at 25, 40, and 55 . To this end, solutions are provided with 

concentrations of 25ï2000 ppm of asphaltene in toluene adsorbent at ambient temperature, 40, and 55 

°C, diluted from the more concentrated solution. The asphaltene solution was analyzed using the UVï

Vis spectrophotometer to determine the maximum wavelength with different concentrations. A 

wavelength of 620 nm was determined as the maximum wavelength. After determining the maximum 

wavelength, solution adsorption rates were obtained for concentrations of 25ï2000 ppm using the UVï

Vis spectrophotometer at maximum wavelengths, and the curve of adsorption rate was plotted based on 

concentration. As shown in Figure 2, the calibration curve related to asphaltene solution at ambient 
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temperature is linear, with a correlation coefficient of 0.998. These conditions are also repeated for a 

temperature of 40 and 55 °C. A linear diagram and acceptable R2 are obtained at different temperatures.  

 

Figure 2 

The calibration curves at 25, 40, and 55 . 

3.2. Analysis of X-ray diffraction  

The XRD pattern of Na-ZSM-5 zeolite is shown in Figure 3, and the mixture with zeolite nickel oxide 

is shown in Figure 4 from 1° to 80°. In addition to determining the crystalline structure of materials, the 

XRD method can evaluate any structural changes resulting from chemical and physical effects on the 

material. The peaks in Figure 3 are compatible with previous research [Charchi Aghdam et al. 2019, 

Ziebro et al. 2010]. The peaks at a 2ɗ of 7.5°, 8.5°, 23°, and 24° confirm Na-ZSM-5 zeolite while 

preserving the crystalline structure of zeolite after synthesis [Sedighi et al. 2018]. Moreover, the 

intensity of peaks shows the high crystallinity of zeolite [Shams-Ghahfarokhi et al. 2015, Qiao et al. 

2009]. The peak at a 2ɗ of 30° is related to the crystalline phase of quartz with a cubic structure [65]. 

In addition, the peaks at a 2ɗ of 29.12°, 39°, 42°, and 63° demonstrate nickel oxide (NiO) in a catalyst 

structure [Qiao et al. 2009, Dong et al. 2019, Hashem et al. 2016, Milovanoviĺ et al. 2016, Londoño-

Calderón et al. 2020].  
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Figure 3 

The XRD pattern of the Na-ZSM-5 zeolite. 

 

Figure 4 

The XRD pattern of the NiO-Na-ZSM-5 zeolite. 

3.3. Infrared  spectroscopy 

FTIR tests are depicted in Figure 5 for nickel oxide zeolite Na-ZSM-5. Peaks at 540, 790, 1085, 1634, 

and 3361 cmï1 have good conformity to zeolite adsorption [Ziebro et al. 2013]. All  zeolites have a high 

peak near the wavelength of 3445 cmï1, which is the siloxane or hydroxyl groups of water adsorbed by 

the surface [Londoño-Calderón et al. 2020]. The peak at 2856 cmï1 is related to CH2 aliphatic 

hydrocarbons, and the peak at 2924 cmï1 shows CH3 aliphatic hydrocarbons [71]. The peak at 1634 cmï

1 denotes C=C aromatic [Weigel et al. 2017, Marei et al. 2017], and the one at 1385 cmï1 represents Cï

H from the methyl group [4]. The peak at 1225 cmï1 shows the asymmetric tensile vibration of siloxane 

groups, according to zeolite Na-ZSM-5 data [Weigel et al. 2017]. The peak at 1085 cmï1 also indicates 
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the asymmetric tension of siloxane groups or S=O sulfoxides [Weigel et al. 2017], while that at 790 

cmï1 shows poly-aromatic [Marei et al. 2017] and symmetric tension of the siloxane group. Peaks at 

674, 540, and 468 cmï1 imply NiO [Essam et al. 2019, Haider et al. 2019], and the one at 1792 cmï1 is 

related to the carbonyl group C=O [Weigel et al. 2017, Marei et al. 2017].  

 

Figure 5 

The FTIR spectrum of nickel oxide zeolite Na-ZSM-5. 

Considering the nickel peaks, it can be concluded that the catalyst is adequately synthesized. Figure 6 

shows the FTIR spectrum of NiO-Na-ZSM-5 zeolite. In addition, comparing Figures 5 with 6 shows 

that an amount of asphaltene is adsorbed by the catalyst.  

 

Figure 6 

The FTIR spectrum of NiO-Na-ZSM-5 zeolite. 

3.4. Morphology of nanoparticles 

Figure 7 indicates the SEM images obtained from zeolite Na-ZSM-5 nickel oxide. The catalyst is 

adequately synthesized, and the nickel particles are observable on the zeolite. Concerning morphology, 

the zeolite sample comprises numerous coffin-shaped units, which show its crystalline structure. The 

images show that the synthesized porous combination has an uneven, rough, and riveted surface, which 
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improves the performance of the catalyst with an approximate size of 13.6 nm. Images are shown from 

10 µm to 200 nm. A particle size distribution histogram determined from the SEM images shows a 

slight variation in the particle size, and the particles are in the range of 4ï24 nm, with an average 

diameter size of 13.6 nm. 

3.5. EDXS analysis 

The EDXS analysis is carried out to identify existing elements in the catalyst, and the obtained results 

before and after asphaltene adsorption are presented in Figures 8 and 9. 

 

Figure 7 

The SEM images of Na-ZSM-5 nickel oxide on 10 µm, 1 µm, and 20 nm scales and its particle size distribution. 
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Figure 8 

The EDXS analysis of Na-ZSM-5 nickel oxide before asphaltene adsorption. 

 

Figure 9 

The EDXS analysis of Na-ZSM-5 nickel oxide after asphaltene adsorption.  

The observed peaks are related to Si, Al, Ni, O, and Na, which indicate the absence of impurities in the 

catalyst. It is observed that the weight of nickel existing in the synthesized catalyst is equal to 4.99%, 

which differs from the 20% stoichiometry. In addition, the rate of adsorbed asphaltene is shown with 

the following elements: S = 0.78%, N = 2.63%, and C = 4.62%; this finding indicates the low adsorption 

rate of asphaltene.  

3.6. Evaluating the effect of different  parameters on asphaltene adsorption  

a. The effect of initial  asphaltene concentration  

Experiments were carried out (Figures 10ï12) with the initial asphaltene concentration of 25ï2000 

mg/L at a contact time of 2ï3 h and a temperature of 25 °C to evaluate the effect of the initial 

concentration of asphaltene. Then, the same conditions were repeated at a temperature of 40 and 50 °C.  
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Figure 10 

The adsorption graph at different concentrations of asphaltene and 25 °C. 

 

Figure 11 

The adsorption graph at different concentrations of asphaltene and 40 °C. 
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Figure 12 

The adsorption graph at different concentrations of asphaltene and 55 °C. 

The results indicate that the asphaltene adsorption rate in zeolite increases with an increase in the initial 

asphaltene concentration from 25 to 2000 ppm. It can be concluded that the initial asphaltene 

concentration has a considerable effect on the asphaltene adsorption rate. In addition, it is observed 

from the diagrams that the adsorbent is saturated in less than 2 h and reaches its equilibrium adsorption 

capacity [Nassar et al. 2010]. From the fact that the adsorbent is saturated in a short period, it can be 

concluded that surface adsorption is significant, and the permeation phase does not exist in this 

adsorbent [Nassar et al. 2010].  

With an increase in asphaltene concentration, the probability of molecules occupying the adsorbent 

surface will  increase, and thus the adsorption rate will  intensify. However, this increase in adsorption 

rate will  continue to a certain extent because at a high asphaltene concentration, almost all adsorption 

positions are occupied; hence, increasing the initial concentration of asphaltene will  not affect the 

adsorption rate.  

The results of asphaltene surface adsorption experiments on the adsorbent at various temperatures are 

evaluated in the following tables. This evaluation shows that at different temperatures, increasing 

asphaltene concentration results in increased adsorption on the adsorbent. It can be inferred from these 

diagrams that the adsorbent is saturated after 2 h and reaches its equilibrium adsorption capacity [30, 

40, 75]. For example, 25 ppm of the experimental equilibrium adsorption rate (qe) equals 2.083333 

mg/g. When the concentration increases to 2000 ppm, this amount reaches 15.38462 mg/g.  

b. The effect of temperature 

The effect of temperature on asphaltene adsorption by zeolite ZSM-5 was studied at 25, 40, and 55 °C with an 

initial asphaltene concentration of 25ï2000 mg/L, an adsorbent dose of 10 g/L, and a contact time of 3 h, as 

depicted in Figure 13.  
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Figure 13 

The effect of temperature on the asphaltene adsorption by zeolite ZSM-5. 

Numerous studies indicate that increasing temperature in adsorbents such as silica, alumina, and 

alumina silicate (in which Na-ZSM-5 has a silica-to-alumina ratio of 40 to 1) results in increased 

asphaltene adsorption on the adsorbent [Gorbaty et al. 2001]. According to Figure 14, the results 

indicate that at concentrations less than 500 ppm, a rise in the temperature results in reduced asphaltene 

adsorption, while at concentrations higher than 500 ppm, with a rise in the temperature from 25 to 55 

°C, asphaltene adsorption capacity on zeolite increases. Moreover, viscosity decreases, and the 

dispersion rate increases with an increase in the temperature. At concentrations higher than 500 ppm, 

increasing temperature can enhance adsorption by breaking the bond between accumulated asphaltenes. 

Therefore, active surfaces that have been covered inside the entire structure will  become visible, and 

this disintegration of asphaltene aggregation will  cause asphaltene agglomeration to become smaller, 

having higher dispersion rates and enhancing adsorption [Adams et al. 2014]. Thus, it can be concluded 

that higher temperatures at higher concentrations result in facilitated asphaltene adsorption in the 

zeolite.  

c. The ratio  of n-heptane to toluene 

n-heptane is an adequate precipitator for asphaltene that has been chosen as the type of solvent effective 

in asphaltene adsorption. This experiment was evaluated with changes in the H/T from 0 to 0.5, as 

shown in Figure 14.  
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Figure 14 

The asphaltene adsorption at different heptane-to-toluene ratios. 

An H/T of 0.50 did not improve asphaltene adsorption because increasing H/T to above 0.50 results in 

asphaltene deposition when the other variables are constant; thus, the adsorption rate is reduced. As 

shown, with an increase in H/T, the asphaltene adsorption increases, which can be attributed to a 

reduction in asphaltene solubility, resulting in increased asphaltene aggregation and hence increased 

adsorption [Alboudwarej et al. 2005]. All  the experiments were conducted at a concentration of 1000 

ppm and at ambient temperature, and the most significant adsorption was observed for an H/T of 0.4 

with q = 25.17 mg/g. 

d. Reusability behavior of NiO/Na-ZSm-5 for  asphaltene adsorption 

Figure 15 shows the reusability tests of NiO/Na-ZSm-5 adsorbent in the asphaltene adsorption during 

four-cycle experiments under the following conditions: asphaltene concentration of 1000 ppm, an H/T 

of 0.4, and ambient temperature. The adsorbent was washed with distilled toluene and then dried at 60 

°C for 5 h. Afterward, it was used in a new experiment after each adsorption assay. As shown in Figure 

15, the asphaltene adsorption capacity (q) for the four successive cycles of NiO/Na-ZSm-5 is 25.17, 

24.72, 23.91, and 23.36 mg/g. The slight decrease in the asphaltene adsorption activity after four cycles 

is due to the loss of the adsorbent through washing. The results show that NiO/Na-ZSm-5 is a reusable 

adsorbent for asphaltene adsorption. 

 

Figure 15 

The reusability behavior of NiO/Na-ZSm-5 for asphaltene adsorption. 
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f. Adsorption isotherm 

Studying the equilibrium behavior of the adsorbent is necessary for the design and optimization of 

adsorption systems. In this study, adsorption of isotherms for all samples was carried out using the 

Langmuir and Freundlich models. The Langmuir adsorption isotherm assumes monolayer adsorption 

(the adsorbed asphaltene layer is one molecule in thickness); adsorption only occurs at a finite (fixed) 

number of definite localized sites that are identical with no lateral interaction between the adsorbed 

molecules. In its derivation, the Langmuir isotherm refers to homogeneous adsorption, in which each 

molecule possesses constant enthalpies and sorption activation energy; all sites on NiO/ZSM-5 

nanocomposites possess an equal affinity for the adsorbate. Graphically, it is characterized by a plateau, 

an equilibrium saturation point where no further adsorption can occur once a molecule occupies a site. 

Moreover, Langmuirôs theory has related the rapid decrease of the attractive intermolecular forces to 

the rise of distance. The following equation represents the Langmuir isotherm model:  

 

  

(2) 

where qe is the amount of asphaltene adsorbed on nanoparticles (mg/g), K indicates Langmuir 

equilibrium adsorption constant (L/mg), Ce is the equilibrium concentration of asphaltene, and qm 

denotes the maximum amount of asphaltene adsorbed on nanoparticles (mg/g). 

Freundlich isotherm is the earliest known equation describing the nonideal and reversible adsorption, 

not restricted to monolayer formation. This empirical model can be applied to multilayer adsorption, 

with nonuniform distribution of adsorption heat and affinities over the heterogeneous surface. 

Freundlich isotherm is widely applied in heterogeneous processes, especially for organic compounds or 

highly interactive species on polar porous media. The following equation represents the Freundlich 

isotherm model:  

 

 (3) 

where Kf is the Freundlich constant ((mg/g)(L/mg)1/n), and 1/n indicates the adsorption intensity factor 

(the strength of adsorption or the adsorption aff inity). The constants of isotherm can be calculated by 

plotting ln(qe) versus Ce. To this end, several experiments were conducted with different initial 

concentrations, an adsorption dose of 10 g/L, a contact time of 3 h, and a temperature of 25 °C, as shown 

in Figures 16 and 17. 1/n reveals a heterogeneous level that shows relative energy distribution and 

heterogeneity of adsorption sites. When 1/n is higher than zero (0 < 1/n < 1), the adsorption rate is 

adequate, and when 1/n is greater than 1.0, the adsorption process is inadequate. As listed in Table 3, 

1/n for all the experiments are smaller than 1.0, which shows that the adsorption process is adequate 

[81].  

Table 3 

Langmuir and Freundlich parameters constant. 

Isotherm Parameters 25 °C 40 °C 55 °C 

Langmuir 

Ce/qe=1/K qm + Ce/qm 

qm 

K 

R2 

15.77 

0.017 

0.99 

17.76 

0.014 

0.99 

18.38 

0.013 

0.99 
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Freundlich 

Ln(qe) = ln(Kf) + 1/n ln(Ce) 

Kf 

1/n 

R2 

1.51 

0.35 

0.91 

1.27 

0.39 

0.95 

0.970931 

0.4352 

0.92 

In addition, comparing the results obtained from the R2 demonstrates that the Langmuir model provides 

a more desirable output than the Freundlich model, implying that asphaltene adsorption by nickel oxide 

zeolite Na-ZSM-5 occurs at a homogeneous level with a single-layered coating (nature), with uniform 

distribution from adsorption sites [Ayawei et al. 2017].  

 

Figure 16 

The linear Langmuir constant at different temperatures. 

 

Figure 17 

The linear Freundlich constant at different temperatures. 

3.7. Evaluating kinetic adsorption models 

Synthetic adsorption can be predicted by measuring the rate of asphaltene adsorption by surface 

nanoparticles of nickel oxide zeolite Na-ZSM-5 at a constant time and temperature. Fitting of the data 

is conducted with pseudo-first-order and pseudo-second-order linear kinetic equations (Figures 18 and 

19). The proof of the pseudo-first-order and pseudo-second-order kinetic equations is calculated and 

listed in Table 4 using the slope and lineôs intercept.  
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Figure 18 

The pseudo-second-order linear kinetic equations for nickel oxide zeolite Na-ZSM-5. 

 

Figure 19 

The pseudo-first-order linear kinetic equations for nickel oxide zeolite Na-ZSM-5. 

Table 4 

The pseudo-first-order and pseudo-second-order linear kinetic parameters for nickel oxide zeolite Na-ZSM-5. 

Initial  

concentrat

ion (mg/L 

qe 

(Experimen

tal) (mg/g) 

Pseudo-first -order 

tKqLnqqLn ete 1)()( -=-  

Pseudo-second-order 

eet q

t

qKq

t
+=

2
2

1
 

K1 R2 qe (mg/g) K2 R2 
qe 

(mg/g) 

25 2.083 0.572 0.837 4.319 0.413 0.999 2.119 

50 3.5 0.305 0.903 5.887 0.169 0.999 3.582 

250 12.43 0.089 0.997 11.735 0.021 0.999 12.771 

350 12.194 0.032 0.931 9.571 0.005 0.996 13.755 

500 11.716 0.02 0.911 9.337 0.003 0.991 13.532 

1000 14.803 0.011 0.988 14.132 0.0002 0.782 29.851 

2000 15.384 0.004 0.999 15.415 0.0005 0.566 9.615 

The correlation coefficient of fit  of data with kinetic equations (R2) at concentrations of 25 to 500 ppm 

for the pseudo-second-order kinetic adsorption of asphaltene is exceptionally close to one. It is close to 

the pseudo-first-order kinetic adsorption at concentrations of 1000 and 2000 ppm. With an increase in 

the initial concentration of asphaltene, the correlation of the experimental data with the pseudo-second-

order kinetic model is reduced, while it matches the pseudo-first-order model. The results show that 

when the initial concentration is low, the pseudo-second-order model is adequate for adsorption kinetic 
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analysis, while when the initial concentration of asphaltene is high, the pseudo-first-order model is 

desirable [Azizian et al. 2004, Ezzati et al. 2020].  

When asphaltene adsorption by surface nanoparticles of nickel oxide zeolite Na-ZSM-5 follows the 

pseudo-second-order adsorption kinetic, there is a reaction between the adsorbent and the adsorbent 

surface, the rate of which controls the asphaltene surface adsorption process. This can be a reason for 

eliminating the infiltration step at low adsorption concentrations, resulting in reduced equilibrium time. 

When the concentration increases, it is compatible with the pseudo-first-order adsorption kinetics, 

which shows that the infiltration step exists during adsorption at higher concentrations [Azizian et al. 

2004].  

3.8. Thermodynamic parameters 

Thermodynamic features have a significant effect on determining the spontaneity of the adsorption 

process. Thermodynamic parameter values such as enthalpy changes (ȹHads) and entropy changes 

(ȹSads) should be considered for determining changes in Gibbs free energy (ȹGads). If  the value of ȹG 

at a definite temperature is negative, the reaction will  occur spontaneously [Saha et al. 2011]. 

The enthalpy value of the adsorption process is calculated using the Equations (4)ï(6): 

(4) 
ȹὋ0 = ȹὌ0 ï ὝȹὛ0 

(5) 
)(0 KLnTRG

ads
-=D  

(6) R

S

TR

H
KLn adsads

00

)(
D
+

D
-=  

where T is the temperature in Kelvin, R indicates the universal gas constant equal to 8.314 J/mol·K, and 

K is equilibrium balance adsorption (without dimension). The thermodynamic proof can be estimated 

based on the Langmuir isotherm model. We can use Equation (2) to directly calculate ȹG by linearly 

plotting ln(K) versus Tï1 in Equation (3); by using the slope and width from intercept, ȹS and ȹH values 

can be calculated, respectively [Adelodun et al. 2016]. The K value can be shown as KLCS in which KL 

is the Langmuir adsorption isotherm constant (L/mmol), and CS is the toluene solvent molar 

concentration in (mmol/L). While KL is calculated based on liter per milligram, it is necessary to know 

the molecular weight of asphaltene to convert it to a liter per millimoles. Even though the exact 

molecular weight of asphaltene is still under investigation, the average molecular weight of asphaltene 

at 5000 g/mol and 750 reported from various sources are used for the calculations [30, 75]. The 

thermodynamic parameter values for asphaltene adsorption on zeolite Na-ZSM-5 are presented in 

Figure 20. For both molecular weights of asphaltene at all temperatures, ȹHads values were negative, 

indicating that the adsorption process is an exothermic reaction.  
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Figure 20 

Changes in Ln(K) versus 1/T for asphaltene adsorption on zeolite Na-ZSM-5 nickel oxide. 

The dependence of the adsorbent on the adsorbed material is expressed as a positive value of ȹS, which 

shows the increase in random collisions [Saha et al. 2011]. In addition, the positive values of changes 

in entropy indicate that random collisions increase with asphaltene adsorption on the nickel oxide Na-

ZSM-5 adsorbent [47].  

Table 5 lists calculated thermodynamic values for asphaltene adsorption in the presence of nickel oxide 

Na-ZSM-5. Changes in Gibbs free energy (ȹGads) for the adsorbent were negative for all the 

temperatures [84]. An increase in the negative value of Gibbs free energy along with an increase in the 

temperature shows that the process is more efficient at higher temperatures [Tan et al. 2014]. 

Furthermore, it indicates that the degree of spontaneity at higher temperatures is enhanced 

[Vijayakumar et al. 2012].  

Table 5 

Thermodynamic values for asphaltene adsorption in the presence of nickel oxide Na-ZSM-5. 

Asphaltene 

molecular weight 

(g/mol) 

T (K)  
ïȹGads 

(kJ/mol) 

ïȹHads 

(kJ/mol) 

ȹSads 

(J/mol.K) 
R2 

750 

298 28.934 

8.419 68.809 0.998 
313 29.935 

328 31.001 

  

5000 

298 33.634 

8.419 84.578 0.998 313 34.872 

328 36.174 

4. Conclusions 

This research employed zeoliteïnickel oxide nanoparticles as asphaltene absorbers and confirmed their 

ability to adsorb asphaltene molecules using EDXS and UV tests. Based on the kinetic adsorption 

models in the presence of nanoparticles, when the initial concentration of asphaltene is low, the pseudo-

second-order model is appropriate for the kinetic analysis of adsorption. The pseudo-first-order model 

is adequate when the initial asphaltene concentration is high. Raising the initial concentration of 

asphaltene increases adsorption due to the higher concentration gradient between the asphaltene solvent 
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and adsorbent. Moreover, when the temperature increases from 25 to 55 °C, the asphaltene adsorption 

capacity on the sorbent rises. The Langmuir model has a more suitable outcome than the Freundlich 

model, which indicates that asphaltene adsorption by the adsorbent has a single-layer essence with 

uniform distribution from adsorption sites. Based on surveying thermodynamic properties at the last 

steps, it was concluded that for all the samples at different temperatures, the ȹH values were negative, 

demonstrating that the adsorption process is pyrogenic. Furthermore, changes in Gibbs free energy for 

the adsorbent at all temperatures were negative, which implies the spontaneity of the asphaltene 

adsorption process. 

Nomenclature 

Ce Equilibrium sorption of asphaltene (mg/g) 

EDXS Energy-dispersive X-ray spectroscopy 

FTIR Fourier-transform infrared spectroscopy 

H/T Heptane-to-toluene ratio 

K1 First-order kinetic constant (1/min) 

K2 Second-order kinetic constant (g/mg.min) 

Kf Asphaltene adsorption capacity factor ((mg/g) (L/mg) )1/n) 

KL The Langmuir equilibrium (L/mg) 

qe Asphaltene absorption in equilibrium time (mg/g) 

qm Maximum adsorption capacity of the activated carbon (mg/g) 

qt Asphaltene absorption in equilibrium time t (mg/g) 

SARA Saturates, aromatics, resins, and asphaltenes 

SEM Scanning electron microscopy 

XRD X-ray diffraction 

ȹHads Enthalpy changes  

ȹSads Entropy changes  

ȹG ads Gibbs free energy change 
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