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Abstract

The effects of aluminum oxide nanoparticles on the removal of asphaltenes from an Iranian crude oil (Soroush) using a ceramic membrane with pore size of 0.2 µm were investigated. In order to achieve superior asphaltene separation by ultrafiltration, it is essential to make some changes for destabilizing asphaltene in crude oil. The asphaltene destabilization was done using crude oil contact with an acid containing dissolved metal ions. Metal oxide nanoparticles adsorbed asphaltene molecules and increased their molecular size. The nanoparticle of aluminum oxide was applied to alter precipitation and peptization properties of asphaltenes. Dynamic Light Scattering (DLS) was used to measurement of the asphaltene molecular size dissolved in toluene. Raman spectroscopy and the Tuinstra equation were used to determine the aromatic sheet diameter (La) via the integrated intensities of the G and D1 modes. This revealed that the asphaltene particles react with nano aluminum oxide and the average molecular size of asphaltene was raised from 512.754 to 2949.557 nm and La from 5.482 to 13.787. The obtained results showed that using nano aluminum oxides, asphaltene separation increased from 60–85 wt% to 90–97 wt% based on the asphaltene content of crude oil.


Introduction
Natural bitumen and heavy-oil as alternative oils are commonly identified by their density, viscosity, heteroatom and asphaltenes loading, H/C ratio, and carbon residues. Different type of asphaltenes (according to polarity of oil and also interaction with other components in the oil) can be found in petroleum both in soluble form and in micelle and/ or steric-colloid forms. In overall, asphaltenes can be found like a molecular aggregate of petroleum which is soluble in benzene and xylene but cannot be dissolved in light hydrocarbon solvents like C5 to C8. Asphaltene typically is a combination of polar aromatic and naphthalenic molecules, containing nitrogen, sulfur and oxygen atmos. One of the significant issues that the oil industries are concerned is the precipitation of asphaltenes. The precipitation of asphaltenes makes various issues such as the blockage of crude oil extraction and the transport pipes and also the pollution of ecosystems. In addition, precipitated asphaltene increases the viscosity of crude oils, negatively impacting production (Ashtari et al., 2016a; Ashtari et al., 2016b; Goual et al., 2011; Kaminski et al., 2000).
Investigation of solving asphaltene precipitation and deposition problems can be categorized into four groups (Carlos da Silva Ramos et al., 2001; Mousavi-Dehghani et al., 2004; Vazquez and Mansoori, 2000): (a) the development of theoretical models; (b) the interfacial and colloidal performance of asphaltene in crude oils and their corresponding modeling systems; (c) the determination of chemical additives for the inhibition of asphaltene precipitation;(d) separating of asphaltene using additives, hydrocyclones and membranes.
Membrane separation has gained great popularity over the last 30 years and is going to be a promising technology (Baheri et al., 2015; Farno et al., 2014; Rezakazemi et al., 2017a; Rezakazemi et al., 2014; Rezakazemi et al., 2017b; Rezakazemi et al., 2017c; Rezakazemi et al., 2015a; Rezakazemi et al., 2015b, 2016; Shahverdi et al., 2013). The membrane based separation processes have numerous benefits such as stable effluent quality and small area requirement (Rezakazemi et al., 2013c; Rezakazemi and Mohammadi, 2013; Rostamizadeh et al., 2013). Moreover, no chemicals addition is required. Between membranes units, Ultrafiltration (UF) and Microfiltration (MF) are extensively used for separation purposes in the petroleum industry. Typically, polymeric membranes are employed and solvents are added to crude oil to reduce its viscosity (Rezakazemi et al., 2013b; Shirazian et al., 2012b; Shirazian et al., 2012c; Shirazian et al., 2012d). Solvent recovery following extraction, phase separation and metal removal are some examples of membrane separation in the petroleum industry. However, polymeric membranes cannot be used at high temperature and are not chemically stable in presence of heavy oil (Rezakazemi et al., 2012a, b; Rezakazemi et al., 2012c; Shirazian et al., 2012a). By contrast, the thermal and chemical stability of ceramic membranes makes it possible to apply UF processes at higher temperature to reduce viscosity of heavy hydrocarbon oils (Fasihi et al., 2012; Hashemi et al., 2012; Marjani et al., 2011; Marjani et al., 2012; Rezakazemi et al., 2011a; Rezakazemi et al., 2011b; Rezakazemi et al., 2011c).
Many studies have been reported on the UF of diluted waste oils, residua and bitumens using ceramic membranes. The goal of UF processes is to reduce the density and viscosity of the heavy oil and also remove some components like asphaltene. In previous work (Ashtari et al., 2012), asphaltenes removal from three kinds of Iranian crude oils with diverse asphaltene loadings were investigated using ceramic monolith membranes with 0.05 and 0.20 µm pore sizes. The experiments were conducted at a temperature of 120 °C and a differential pressure of 200 kPa in a batch filtration unit. The asphaltene rejection and permeate flux were investigated in terms of time. The decline in the permeate flux and increase in the asphaltene rejection have been reported as a result of fouling the membrane. The permeate flux did not show a robust relation with pore size and this demonstrated that fouling of the ceramic membrane was according to the formation of the gel layer.
It is believed that the interfacial activity of asphaltene is a result of the existence of functional groups in the asphaltene. Asphaltene, due to different functional groups such as ether, hydroxyl, ester, carboxylic, ketone, amine, aldehyde, and amide, forms a surface charge at the interface. These particles can aggregate at a certain temperature, pressure, concentration, and presence of some additives (Abdrabo and Husein, 2012; Abu Tarboush and Husein, 2012). The larger asphaltene can be removed easily by UF. Several attempts have been made to show important metal-hydrocarbon interactions, especially between sites contain N and S atoms in the asphaltene molecule. Therefore, asphaltenes interact strongly with metal ions which can change their properties related to precipitation and peptization tendency (Kaminski et al., 2000).
Furthermore, potential applications of nanotechnology have been studied in heavy oil recovery and upgrading which currently focused on nanoparticles. Interest on the application of nanoparticles in heavy oil recovery and upgrading results from their superior numerous factors, such as providing exceptionally high surface area/volume ratios and functionalizable surface areas. Also, nanoparticles are highly mobile in porous media because they are much smaller than the relevant pore spaces, leading to effective transport (Nassar, 2010).
In this work, separation of asphaltene from an Iranian crude oil (Soroush) using a ceramic membrane with the pore size of 0.2 µm and the effects of adding γ-alumina nanoparticles on increasing the molecular size of asphaltene and its separation by membrane were investigated. Raman spectrometry was employed as a method to characterize the average molecular dimension of asphaltene and DLS used to study the stages of size molecular alteration of the asphaltene dissolved in toluene. Iranian crude oils samples from the Khark Island field were used for testing this technique. In this paper, for the first time, the effects of aluminum oxide nanoparticles on the removal of asphaltenes from an Iranian crude oil using ceramic membrane were investigated. Aluminum oxide nanoparticle was applied to alter precipitation and peptization properties of asphaltenes. The asphaltene destabilization was done using crude oil contact with an acid containing dissolved metal ions.
1 Experimental
1.1 Materials and Apparatus
The Iranian crude oil sample (Soroush) was supplied from south reservoir Iranian petroleum field, Khark Island which is unstable with precipitation problem. The physical properties and metal contents of Soroush crude oil are demonstrated in Table 1. Commercially available aluminum oxide, γ-Al2O3, nanoparticles (TECNAN) were used. The reported particle size, purity, and specific surface area are <30 nm, 99.99% and 90–160 m2/g, respectively. The nanoparticles were used without further purifications. Merck toluene and n-heptane (All solvents were analytical reagent grade and used as received) were used for rinsing set up and determining amounts of asphaltene in each permeate of membrane output according to the most common and widely used method described in IP143/01 or D 6560-00 (ASTM, 2000). The procedure, defines asphaltene as a precipitated fraction of crude oil fluid formed by the incorporation of the extra ratio of n-heptane, therefore producing amorphous particles soluble in toluene. A schematic description of the experimental setup used in the present study is shown in Figure 1.
The crude oil from a feed tank enters the recycle loop using the feed pump by passing through the membrane cell. In membrane cell, 19-channels ceramic monolith membrane (length, 1016 mm; outside diameter, 30.32 mm; and inside diameter of each channel, 3.5 mm, cross-section area, 0.212 m2) is secured in the housing by two different O-rings. The feed was passed through the tube side, and permeate was collected from the shell side. A reflux condenser was used to prevent light end evaporation.
Table 1

Physical properties of Soroush oil.

	[image: thumbnail]	Fig. 1
Schematic of experimental setup.



1.2 Experimental Procedures
The Taguchi method can reduce the overall experimental time and costs. Therefore, this systematic method was adopted to optimize the operating parameters (Rezakazemi et al., 2013a). Using the orthogonal array specially designed for the Taguchi method, the optimum experimental conditions such as various quantities of aluminum oxide nanoparticles (0.005, 0.01, and 0.05 wt.%), membrane pore sizes (0.05, 0.2 and 0.5 µm) can be easily determined. These results showed that the optimum condition for separating asphaltene by the membrane is (0.05 wt.% aluminum oxide nanoparticles and 0.2 µ pore size).
5 L of Soroush oil with 0.05 wt.% of aluminum oxide nanoparticles is charged to the feed vessel and heaters are turned on. At the beginning of the experimental run, in order to reduce the viscosity of crude oil, heavy oil is pre-heated in the feed tank. Then, the feed pump is started. The feed initially is routed in the loop line. It took approximately four hours to reach a stable temperature of feed tank. After that, the V-2 valve is closed and V-3 and V-4 valves are opened in order to allow the fluid to circulate. Lighter smaller size particles separate from the main feed by passing through the membrane. The light hydrocarbon vapors are collected after condensation in a condenser. The cooling fluid in the condenser is chilled water at a temperature of 5 °C. The experiments were performed at temperatures between 140 and 150 °C. This range is determined as the optimum temperature for separating asphaltene Soroush oil by this set up based on the different examined temperatures from 100 to 160 °C with 10 °C increasing step. Nitrogen is purged into the system to prevent a probable explosion of volatile hydrocarbon during heating. It is also used to make required constant feed tank pressure. Nitrogen can also avoid oxidation of the crude oil.
The permeate stream was sampled periodically and weighed to determine the mass flux. During the experiments, temperature and pressure measurements were obtained from thermocouple and pressure gages. The data were collected every five minutes for up to five hours running time. In each hour, the asphaltene content of permeate sample was determined by IP143/01.
1.3 Raman Experiments
Asphaltene samples that were collected from membrane output by IP143/01 were categorized into two groups: (a) not including nano particles and (b) in presence of 0.05 wt% aluminum oxide nanoparticles. For Raman measurements, each sample was milled in a mortar to reduce the particle sizes before being used. The Raman experiments were conducted on an Almega Thermo Nicolet Dispersive Raman Spectrometer equipped with a Charged Coupled Device camera as the detector. The laser wavelength for excitation was 532 nm and Laser power is 100 mW but usually, it is used to the power of 30 mW in order to keep the samples safe. Also, 32 scans measurement were used which took something around 3 min. All spectra were logged in the micro-confocal retro-diffusion configuration for the wave number ranging from 1000 to 1800 cm−1 at room temperature. This range relates to the whole first-order region (1000–1800 cm−1). In order to improve the statistical analysis, several spectra were collected from different points of the flat area.
1.4 Dynamic Light Scattering (DLS)
In an attempt to estimate the colloidal asphaltene particle size in the existence and absence of nanoparticles in crude oil matrix, DLS was employed. DLS measurements are performed on a Zetasizer Nano (Malvern Instruments NS) with a scattering angle α = 173, at a wavelength λ = 633 nm. For DLS measurements, around 0.001 gr of solid asphaltene particles were diluted with 5 mL of toluene, and mixed for 10 min using ultrasonic, before DLS measurements. Samples were prepared in centrifuge tubes for the sedimentation measurements. DLS analysis was performed at 25 °C. The refractive index of asphaltene in toluene solution was 1.49.
2 Theory
2.1 Membrane Separation
The permeate flux and asphaltene rejection were used to investigate membrane separation performance. In the ultrafiltration process, the true rejection coefficient, R, at any time T can be determined from the wall solute concentration, Cw, and the permeate solute concentration, Cp, as follows:
[image: equation](1)
The “permeate mass flux” was calculated by dividing the mass of the permeate sample to the time interval.
2.2 Theory of Raman
From the early seventies, Raman spectroscopy has been commonly used for the characterization of carbon-based materials. The overall Raman spectrum from 100 to 4000 cm−1 for asphaltene of Soroush oil is displayed in Figure 2, showing the relative intensity and the position of each Raman bands. Two modes are more important in the Raman spectrum of carbon-based material in the first-order region, (1100–1800 cm−1). The band at 1570 cm−1 is the G mode corresponding to the movement in the opposite direction of two neighbor carbon atoms in a graphitic sheet. This mode in the aromatic hexagonal sheet corresponds to the stretching vibration of the sp2 related to the carbon atom and the chains. Another mode is 1344 cm−1 mode and it is referred to as the D1 mode, commonly called the defect band. For the carbon-based materials, this mode happens particularly when they are spatially poorly organized. However, D1 originates from the heteroatoms and the in-plane defects. The Raman spectrum in the 100–4000 cm−1 and 900–1800 cm−1 region are shown in Figures 2 and 3, respectively (Bouhadda et al., 2007).
Since one of the aims of this work is to follow up changing asphaltene's molecule in presence of aluminum oxide nanoparticles, the aggregate structure of asphaltene should be considered. Consequently, microcrystalline planar crystal size La was determined. La is obtained by integrated intensities (areas) of the D1 and G bands (ID and IG, respectively) (Bouhadda et al., 2007):
[image: equation](2)
Detailed examination of asphaltene characterization by Raman spectroscopy (Bouhadda et al., 2007) suggested that G mode peak is much similar to the one seen in commercial carbon black. This similarity does not systematically indicate that molecules are accumulated like a graphite crystal structure but it allows us to use similar analysis, especially about the Tuinstra and Koenig equation as long as the G mode is within the correct range. Since G mode observed is near 1600 cm−1 the Tuinstra and Koenig equation is applicable here (Bouhadda et al., 2007).
	[image: thumbnail]	Fig. 2
Raman spectra of asphaltene's Soroush oil over the 100–4000 cm−1 range (sample A).



	[image: thumbnail]	Fig. 3
Raman spectra of asphaltene's Soroush oil over the 900–1800 cm−1 range (sample A).



3 Results and Discussion
3.1 Analysis of Raman Data
Interfacial activity of asphaltene, due to the existence of functional groups in the asphaltene molecule, is so high. Therefore, aluminum oxide nanoparticles were added to facilitate superior asphaltene separation by ultrafiltration. Figure 4 presents the Raman spectrum of asphaltene sample B (in presence of 0.05 wt% aluminum oxide nanoparticles). It can be seen that G mode has been shifted upward slightly to 1575 cm−1, compared to 1570 cm−1. Also, the 1344 cm−1 band corresponded to the D mode, has been shifted backward to 1336 cm−1. Rigolio et al. discussed that a large aromatic sheet with multiple rings may have a high aromaticity (Rigolio et al., 2001). This itself shows in Raman spectroscopy as a reduction in D1 intensity and a shift of G band to low frequencies, also it is reported that the position of the D band and the ratio of G/D band intensity alters with covalent modification of the graphite sheet (Bouhadda et al., 2007). Table 2 compares the fitting parameters derived from equation (2) for samples A and B. La values increase considerably in the presence of nano-alumina because of linking asphaltene particles to nano-alumina particles.
	[image: thumbnail]	Fig. 4
Raman spectra of asphaltene with 0.05 wt.% aluminum oxide over the 900–1800 cm−1 range (sample B).



Table 2

Results of the spectral analysis of the Raman spectroscopy on asphaltene samples.

3.2 Analysis of DLS Data
DLS results for samples A and B are shown in Figures 5 and 6. The size of the entities was sensed by DLS, ranging from 90 nm to 1 µm. The particle size was measured by the autocorrelation function of the intensity fluctuation of the scattered light. By comparing Figures 5 and 6, it can be realized that there is a significant difference in DLS peaks in presence of nanoparticle, three peaks of asphaltene's molecule were changed to approximately single pick, and also it was shifted in a max boundary of size. According to DLS data, the average of asphaltene molecular size increased from 512.75 to 2949.55 nm due to the presence of nano aluminum oxide. These results confirmed that asphaltene was linked by aluminum oxide nanoparticle, and hence the molecular sizes were grown up. DLS analysis of asphaltene particles size distribution in terms of intensity in the presence of 0.05% aluminum oxide is shown in Figure 7. The results showed that in the presence of 0.05% aluminum oxide nanoparticle, the size of the asphaltene molecule, 4.75% is higher than the unloaded nanoparticle sample.
	[image: thumbnail]	Fig. 5
DLS analysis of asphaltene particles size distribution in terms of intensity (sample A).



	[image: thumbnail]	Fig. 6
DLS analysis of asphaltene particles size distribution in terms of intensity (sample B).



	[image: thumbnail]	Fig. 7
DLS analysis of asphaltene particles size distribution in terms of intensity in presence of 0.05 wt.% aluminum oxide.



3.3 Effects of Aluminum Oxide Nanoparticles on Membrane Separation
Experiments were conducted to investigate the effect of the nanoparticles on asphaltene separation of Soroush oil over a range of operating conditions using asymmetric ceramic monolith membrane with pore size of 0.2 µm. Since Soroush oil is extremely viscous (1222 cP at 20 °C; determined by bubble viscometer, according to standard D445-06), the experiments were done at an elevated and optimum temperature (145–150 °C) to reduce viscosity to a suitable level for ultrafiltration. The transmembrane pressure in all experiments was between 300–400 kPa. The experiment was continued for about 4 h. The effect of various parameters on filtration characteristics like flux reduction, membrane fouling during constant temperature cross flow UF of Soroush oil was studied.
The results of the asphaltene rejection for samples A and B as a function of time during constant temperature are shown in Figure 8. As can be seen, asphaltene rejection is close to 91 wt.% in the absence of nano alumina and improves to a maximum of about 97 wt.% if nano alumina is added. This behavior for the UF membrane is as result of linking alumina nanoparticle to the aromatic sheets of asphaltene molecules and growing the size of molecular asphaltene up to 2949.55 nm according to DLS analysis. On the other hand, asphaltene retention was enhanced by the formation of a cake on the membrane inside surface.
Figure 9 compares experimental data for the filtrate flux in terms of time for samples A and B. According to this figure, permeate flux reduces with time as a result of significant fouling in heavy oil UF. Also, there was a steep decline in the flux at the start of the filtration because of initial rapid cake formation on ceramic membrane like other membrane separations. According to previous work (Ashtari et al., 2012) on light and medium Iranian crude oils, a dominant mechanism in asphaltene separation is the formation of a gel layer on the surface of the membrane.
Also, it can be seen from this figure, the permeate flux decreased significantly in presence of nano alumina as a result of growing asphaltene's molecules and developing cake filtration.
	[image: thumbnail]	Fig. 8
Asphaltene rejection versus time, (sample A and B, pore size = 0.2 µm, T = 140–150 °C, ΔP = 300 kPa).



	[image: thumbnail]	Fig. 9
Permeate flux versus time (sample A and B, pore size = 0.2 µm, T = 145–150 °C, ΔP = 300 kPa).



Conclusion
The DLS and Raman spectroscopy successfully illustrate the effects of aluminum oxide nanoparticles of Soroush asphaltene during the penetration through the monolith membrane with pore size of 0.2 µm. Aluminum oxide nanoparticle was applied to alter precipitation and peptization properties of asphaltenes. The asphaltene destabilization was done using crude oil contact with an acid containing dissolved metal ions. The results of Raman spectroscopy showed that the estimated asphaltene molecular sheet dimension, (La), was increased dramatically from 5.4818 to 13.7866 Å, also according to DLS data, the asphaltene molecular size increased from 512.75 nm to 2949.55 nm due to the presence of nano aluminum oxide. Asphaltene rejection, as a result of linking alumina nanoparticles by aromatic sheets in asphaltene molecules and growing the size of molecular asphaltene, was improved significantly. On the other hand, cake on the membrane surface was developed by increasing the molecular size of asphaltene and consequently asphaltene rejection was increased.
Nomenclature
UF: 
Ultrafiltration
MF: 
Microfiltration
T: 
Temperature (°C)
ΔP: 
Transmembrane pressure (kPa)
D1: 
Defect band
G: 
Graphitic band
ID: 
Intensities (areas) of the D1 band
IG: 
Intensities (areas) of the G band
La: 
Microcrystalline planar crystal size (nm)
DLS: 
Dynamic light scattering
R: 
Asphaltene rejection (wt.%)
J: 
Permeate flux (kg/m2 hr)
Cw: 
Asphaltene contents in the feed (wt.%)
Cp: 
Asphaltene contents in the permeate (wt.%)
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    Table 1 

Physical properties of Soroush oil.



	Crude oil
	Asphaltene content (wt.%)
	Density (g/cm3)
	Viscosity at 10 °C (cP)
	Viscosity at 20 °C (cP)
	Viscosity at 40 °C (cP)
	Nickel (ppm)
	Vanadium (ppm)
	Iron (ppm)
	Sodium (ppm)





	Soroush oil
	11.82
	0.9417
	2603
	1222
	265
	36
	105
	2
	13
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Schematic of experimental setup.


    

  
    
      Fig. 2 
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Raman spectra of asphaltene's Soroush oil over the 100–4000 cm−1 range (sample A).


    

  
    
      Fig. 3 
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Raman spectra of asphaltene's Soroush oil over the 900–1800 cm−1 range (sample A).


    

  
    
      Fig. 4 
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Raman spectra of asphaltene with 0.05 wt.% aluminum oxide over the 900–1800 cm−1 range (sample B).


    

  
    Table 2 

Results of the spectral analysis of the Raman spectroscopy on asphaltene samples.



	Type of sample
	D1 band (cm−1)
	G band (cm−1)
	Aromatic sheet diameter La (Å)





	A
	1344
	1570
	5.4818



	B
	1336
	1575
	13.7866






  
    
      Fig. 5 
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DLS analysis of asphaltene particles size distribution in terms of intensity (sample A).


    

  
    
      Fig. 6 

      
        [image: thumbnail]
      

      
DLS analysis of asphaltene particles size distribution in terms of intensity (sample B).


    

  
    
      Fig. 7 
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DLS analysis of asphaltene particles size distribution in terms of intensity in presence of 0.05 wt.% aluminum oxide.


    

  
    
      Fig. 8 
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Asphaltene rejection versus time, (sample A and B, pore size = 0.2 µm, T = 140–150 °C, ΔP = 300 kPa).


    

  
    
      Fig. 9 
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Permeate flux versus time (sample A and B, pore size = 0.2 µm, T = 145–150 °C, ΔP = 300 kPa).
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