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Abstract
Because of the high cost and high emissions of CO2 associated with thermal methods, this study focuses on upgrading heavy oil and thereby enhancing oil recovery at reservoir temperatures. In this research, novel, low-cost, and environmentally friendly bioleaching metals extracted from E-waste are used as a multi-metal catalyst instead of the other catalysts that are usually expensive. Due to the interaction between temperature, time, and volume percentage of the multi-metal catalyst at optimum conditions: including 80 ° C, 12 h, and 0.288 Vol% of the multi-metal catalyst, the viscosity of heavy oil reduced from 687.2 to 580 mPa.s. The FTIR analysis of heavy oil before and after the process indicates that the multi-metal catalysts reduced the number of aromatic compounds, made hydrocarbon chains shorter, and reduced double and triple bonds. Micromodel tests were conducted by multi-metal catalyst at optimum temperature and time obtained from static experiments. Those showed an acceptable effect in enhanced oil recovery. Heavy oil recovery was 38% by catalyst flooding at optimum temperature and retention time. Oil recovery was increased by 10.5% in comparison to deionized water injection. Measurement of the contact angle of rock after contact with a multi-metal catalyst showed that our novel catalyst reduced the contact angle by 55 ° and changed the wettability of carbonate rock from oil-wet to water-wet. The absorption test of the multi-metal catalyst indicated that metals dissolve the rock partially due to the high pH of the multi-metal catalyst. So rock permeability may be increased due to the dissolution of the rock metals. The low cost and low damage by applying bioleaching metals extracted E-waste as a multi-metal catalyst make it a great way to enhance oil recovery for reservoirs that cannot use thermal methods extensively. 


Keywords: Enhanced oil recovery; In- situ upgrading; Multi- metal catalyst; Heavy oil; Viscosity 

1.  Introduction
According to a recent projection by the U.S Energy Information Administration (EIA), the world's energy demand will reach 8.6 × joules per annum by 2040. Not standing the increase in the growth of renewable energy, fossil fuel will still form 77% of energy consumption in 2040[1]. Today the rapid depletion of conventional oil sources leads global attention to unconventional reservoirs, such as bitumen, and heavy and extra-heavy oil. Heavy and extra-heavy oil reservoirs form 70% of the world's total oil reservoirs, and exploration and production from these reservoirs are essential[2]. Because of the heavy oil properties such as high viscosity, high H/C ratio, and high amount of heteroatom, the production of heavy oil reservoirs has faced many challenges[3]. The key mechanism for heavy oil recovery is viscosity reduction. Viscosity reduction improves oil mobility. Due to the dependence of viscosity on temperature, various methods including external energy sources are used to heat the oil[4]. Cyclic Steam Stimulation (CSS), steam flooding, Steam-Assisted Gravity Drainage (SAGD), and In-Situ Combustion (ISC) are effective thermal methods. The most commonly applied method of all these techniques is steam injection. Steam production is associated with high production of CO2, which is not environmentally friendly. On the other hand, the high cost of production and injection of steam as a heat source reduces the profits in such processes[5]. In-situ upgrading heavy oil by the catalyst is one potential technology that reduces the environmental footprint of thermal methods and improves the quality of produced oil cost-effectively. In the catalytic process, long-chain hydrocarbons decompose into lighter fractions with smaller molecular weights, which cause viscosity reduction and mobility improvement to produce heavy oils[6-15].
So we look for a method to eliminate the external heat source by using a catalyst for oil upgrading and enhanced oil recovery. Research is being concentrated on the discovery of cheap, highly efficient, stable, and environmentally friendly catalysts at laboratory and field scales. Usually, catalysts for enhancing the recovery of heavy oil and bitumen can be categorized as (1) water-soluble catalysts[16-19], (2) oil-soluble catalysts[20-23], (3) amphiphilic catalysts[24-28], (4) minerals and zeolites[29-31], (5) dispersed NPs[14, 32-39]. Metals have been used as catalysts in most research in the catalytic upgrading of heavy oil. Rivas et al. found  Ni (II) and Co (II) salts beneficial in aquathermolysis[40]. Clark et al. studied the impact of Al(III), first-row transition metal including  Sr(III), VO(II), Cr(III), Ni(II), and Cu(II) and Group VIIIB metal including Fe(II), Co(II), Ni(II), Rh (III), Os(III), Ir(III), Ru(III), Pt(II) and Pt(IV) salts on aquathermolysis of thiophene and tetrahydrothiophene as an organosulfur molecular in heavy oils[18, 19]. They found out that Al (III) and first-row metal species and Pt (IV) in Group VIIIB have an impact on sulfur content reduction. They break the C-S bond and thus reduce molecular weight. Some of the metal catalysts are solved in oil called oil-soluble catalysts. Experimental results show that various oil-soluble forms of Ni (II), Co (II), Fe (II), and Fe (III) catalysts with various hydrogen donors such as tetralin, formamide, and formic acid have also performed significant efficiency in the reduction of heavy oil viscosity[23, 41-43]. Nanoparticles are made of metals on the nanoscale. Hashemi et al. studied micro-emulsions including trimetallic (W, Ni, and Mo) nanoparticles for oil upgrading[34]. Based on the research, most of the catalysts used in the oil upgrading process are heavy metals. Therefore, it is valuable to consider metals extracted from wastes, and evaluate their performance as an environmentally friendly catalyst.
According to the unprecedented growth of the electrical and electronics industries in recent decades, the generation of electrical and electronic waste is an inevitable fact. Developed and developing countries are the main producers of electronic waste. Europe and the United States are the largest generators of electrical waste. However, China, Eastern European countries, and Latin America are also becoming major producers of electrical waste[44]. The utilization of Electrical and Electronic Equipment (EEE) is strongly related to Extensive global economic growth. EEE has become necessary in the modern lifestyle. So its production and usage need more sources. Growing urbanization and industrialization cause the world to develop EEE. On average, the total weight (excluding photovoltaic panels) of global EEE usage increases annually by 2.5 million metric tons (Mt). After consumption, EEE is thrown away which generates a waste stream containing perilous and valuable materials. This waste stream is known as E-waste or Waste Electrical and Electronic Equipment (WEEE). Global E-waste production was almost 53.6 million tonnes (Mt) in 2019[45] or an average of 7.3 kg per capita[46]. Global E-waste production has increased by 9.2 Mt since 2014 and is forecasted to grow to 74.7 Mt by 2030. Asia produced 24.9 Mt of E-waste, the maximum amount in 2019. The United States with 13.1 Mt and Europe with 12 Mt are ranked 2nd and 3rd in waste generation, respectively. While Africa and Oceania generated 2.9 Mt and 0.7 Mt, respectively[45]. The disposal of generated waste worldwide is worrying. The best way to manage this waste is recycling. The chemical composition of electrical and electronic equipment waste is very heterogeneous according to the type of equipment, year of manufacture, manufacturer, country of manufacture, and other factors. Polymers, ceramics, and metals can be recycled from electronic waste. The existence of various metals has caused these wastes to be valuable economically. These metals exist in E-waste purely or alloys in different compositions and amounts. Printed circuit boards existing in all different types of electronic equipment are important. Because they are rich in copper and precious metals such as gold, silver, and palladium. For example, a cell phone contains large amounts of gold (24 mg), silver (250 mg), and palladium (9 mg)[47]. There are over 69 elements of Mendeleev table in e-waste such as gold, silver, copper, platinum, palladium, ruthenium, rhodium, iridium, osmium, cobalt, palladium, indium, germanium, bismuth, antimony and noncritical metals such as aluminum and iron. Countries could reduce their material requirement safely and stably by recycling e-waste[45]. There is a high amount of base metals (e.g. gold) in special devices such as cell phones and PCs for example 280 grams per ton of E-waste. Separating and recycling E-waste can be affordable. Especially if it’s manually, the material losses will be less than 5%[48]. Precious metals such as gold, silver, and nickel in E-waste make their recycling more economical and logical. As they are called artificial or secondary ores because they are richer than natural ores[49]. Therefore, E-waste recycling is very important because of management and economic importance. It is worth noting that the metals extracted from E-waste can be applied as the catalyst, and till now there is not any research about the performance of environmentally friendly catalysts on in situ heavy oil upgrading and enhanced oil recovery.  
There are several technologies for extracting metals from industrial wastes, including pyrometallurgy, Hydrometallurgy, and biohydrometallurgy. The active participation of microorganisms in geochemical processes has developed technological processes called biohydrometallurgy. These processes are based on chemical or physical interactions between the micro-organisms, side products, and their substance. One of these processes is bioleaching. The bioleaching process involves the dissolving of metals from inorganic sources (such as minerals) using microorganisms[50]. Bioleaching takes place when certain organisms, like bacteria, extract metals from a source[51]. In other words, the conversion of solid metals to their soluble form by microorganisms is called bioleaching. The use of this method has been considered in recent decades. The bioleaching method has many advantages including ease to use, high safety, lack of environmental side effects, and low costs[52, 53]. The extracted metals are soluble. So one part of the recycling process is the method of extracting precious metals and another discussion is finding a way to use these soluble metals. So this study has found an effective method for the use of metals obtained from Bioleaching.  As mentioned earlier, most of the catalysts used in the in-situ heavy oils upgrading are metals. Therefore in this study catalytic role of metals extracted from E-waste by bioleaching in in-situ upgrading of heavy oil and also enhanced oil recovery at reservoir temperature has been investigated. In addition, catalyst displacement in the porous medium, and the effect of the catalyst on wettability and adsorption on the rock have been investigated. 
2. Materials and Methods
The heavy oil feedstock used in this study has been collected from Iranian carbonate fields. The density and viscosity at 25 are 0.892  and 687.2 mPa.s, respectively. The rate of viscosity reduction is calculated by the method Δη= ((η0−η)/η0) ×100%, where Δη (%) is the rate of viscosity reduction, η0 (mPa.s) is primary oil viscosity and η (mPa.s) is oil viscosity after the reaction.
 2.1 Catalyst Preparation
[bookmark: _heading=h.gjdgxs]First, the E-waste was collected and cut into small pieces (1 cm ×1 cm) with a cutter. Then, a micronizer was used to reduce the E-waste size. So the powder was sieved through the #200 mesh to obtain a powder particle with a size of fewer than 75 μm. There are different bacteria to use according to source and extracted metals The two main functions of these bacteria are the oxidation of  to and S to, which are involved in bioleaching[54]. In this work acidophilic bacteria were used. The culture medium is 9K medium containing 3g of , 0.5 g of , 0.5 g of , 0.1 g of , 0.01 g of and 44.22 g of   in 1 L of distilled water.  is the energy source for bacteria growth and activity. The pH was adjusted by using  98%sulfuric acid. For bacteria adaptation, some bacteria were added to the Erlenmeyer flask including 100 mL of the medium, and incubated at 160 rpm in a shaker incubator (Wise Cube; South Korea) at 29- 30 °C[54-56]. For bioleaching, the main source of Fe is in the culture medium with a concentration of 0.3 – 16 g/L. Bacteria oxidize  and produce . Ferric ion is also a strong oxidizing agent and can dissolve metals (M) in water called bioleaching solution. The production from from oxidization of  is shown in the following reactions[53]. The reduction of  to  in the culture medium supplies energy to continue this -bacteria- cycle[57]. 
                   (1)                                                                        
                             (2)                                                                     
ICP-OES (Vista-pro; Varian; Australia) was used to measure the concentration of metals in the bioleaching solution. So this solution contains culture medium, bacterial metabolites, remaining bacteria, and extracted metals which are used as multi-metal catalysts. Therefore, to prevent the growth of fungi and bacteria, the multi-metal catalyst is kept in the refrigerator. Settled metals dissolve by stirring.
3. Experimental Procedure 
3.1 Heavy Oil Upgrading Experiments
All the experiments were conducted by adding the catalyst in the designed mass concentration to 40 g oil in reusable bottles and caps (Made of Duran borosilicate glass, type 3.3, for maximum chemical and thermal shock resistance). The sealed bottles have been heated in the oven. After the designated time was finished, the heating was stopped. Next, the mixture was cooled to be analyzed. The viscosity measurement of the oil samples before and after the reaction was conducted on Aton Paar Rheometer at 25, and the changes of crude oil before and after the reaction were characterized by FT‐IR.
All the experiments were carried out in an average reservoir temperature range. The range of the most reservoir temperature in the world is 60 to 100[58] and this temperature range has been considered for experiments. Preliminary studies have been conducted for choosing the amount of catalyst. According to the results, 0.2 to 1 volume percent has been selected. These kinds of research have been conducted in 24 to 36 hours. To see more details retention time was considered in 6 to 72 hours[9, 25, 26, 28]. Design of experiment (DOE) was used to design experiment conditions. The design of experiments is defined as a branch of applied statistics that deals with planning, conducting, analyzing, and interpreting controlled tests to evaluate the factors that control the value of a parameter or group of parameters. DOE is a powerful data collection and analysis tool that can be used in a variety of experimental situations. It saves cost by minimizing process variation and reducing rework and balances uncontrollable condition effects, decreases systematic errors, and increases the possibility of getting impartial and repeatable results by randomization. In addition, it also prepares optimal test conditions for considered responses[59]. In this research, the experimental design was performed by the Central Composite Design method (CCD). Table 1 shows the experimental conditions and the independent variables. 
Table 1 Design of experiments: factors and levels for CCD designs
	Factors
	Unit
	Low level
	High level

	Catalyst
	%Vol
	0.2
	1

	Reservoir Temperature
	
	60
	100

	Retention Time
	hour
	6
	72


   
A series of tests presented in table 4 is designed by the Central Composite Design method (CCD) to investigate the effect of these factors on heavy oil viscosity.  
3.2 Oil Displacement by Catalyst Injection
Micromodels are two-dimensional simplified porous mediums as a replacement for cores using fluid flow studies in porous media. Micromodel experiments are performed to observe the direction of fluid flow in a porous medium. The advantage of this model in comparison with cores obtained from drilling is the ability to observe the fluid's displacement which leads to preparing the best models for fluid flow in porous media. Many researchers conducted studies using micromodels[60-62]. In this study, a micromodel has been used to investigate the performance of the multi-metal catalyst in enhanced oil recovery.
A heterogeneous five-spot glass micromodel has been used to study the catalyst effect on oil displacement and calculate the oil recovery[63]. The micromodel is designed according to one of the Iranian carbonate reservoirs. The micromodel’s properties are given in table 2. 
Table 2. Micromodel’s properties
	Properties
	Values

	Porosity (%)
		38

	Pore Volume (%)
	0.4

	Permeability (md)
	890



Because the glasses are strongly water wet, it’s necessary to make them oil wet. So before each flooding test, the following steps are conducted[64]:
1. Micromodel is saturated with sodium hydroxide solution for 1 hour.
2. The micromodel is washed with distilled water and put in an oven at 200 for 30 minutes 
3. The micromodel is saturated by the mixture of TCMS (2%) and toluene (98%) for 3-5 minutes.
4. For washing the micromodel, methanol is injected. Next, to evaporate methanol it is placed into the oven at 100.
After making the micromodel oil wet, it was saturated with heavy oil with a constant flow rate of 3 ml/h. Then the multi-metal catalyst was injected into the micromodel at the rate of 0.05 ml/h. During the injection, photos were taken every 60 seconds with a digital microscopic lens camera and the amount of oil recovery was calculated by computer image processing.
3.3 Catalyst-Rock Interaction 
Optimal temperature and time conditions are used to investigate the adsorption of catalysts on the rock. 1 gram of powdered rock in the size of 200 to 300 microns is mixed with 10 cc of the multi-metal catalyst solution and is placed at the optimum temperature in the oven for optimal retention time. In the end, the catalyst is separated from the powdered rock by using filter paper and finally subjected to ICP analysis. The differences in metal concentrations between the primary multi-metal catalyst and after the test indicate metal adsorption on the oil-wet rock.
3.4 Wettability Measurement 
In this study to measure the wettability of the rock the contact angle method has been used. The system for implementation of this process has been shown in figure 1. One of the usual methods of contact angle measurement is the sessile-drop technique that is used to calculate the contact angle in this study. To measure the contact angle the prepared sample is placed in a measuring chamber containing deionized water. In this system, the contact between the rock surface and the liquid environment is downwards. According to figure1 the drop oil is injected slowly and sticks to the rock surface, and microscopic images are captured with a high-resolution camera. The left and right angles of the drop are measured by Image J software and the average angles are reported.
[image: ]
Figure1. Schematic of the system for measuring the contact angle 

First, the oil contact angle on the rock is measured in the environment of deionized water. Then the rock-thin section is placed in 20 cc of multi-metal catalyst at the optimal time and temperature. Next, the rock-thin section is separated from the catalyst, and the oil contact angle is measured in the environment of deionized water. To interpret the results coming from the micromodels the glass type used to build the micromodel is made oil-wet and the process of measurement of contact angle is repeated for the oil-wet glass thin section. 
4. Results and Discussion 
4.1 Characterization of Multi-Metal Catalyst and Rock 
Metals concentration of bioleaching solution extracted from electronic waste is shown in table 3. The highest metal concentration in the bioleaching solution is copper.
Table 3. Metals concentration of bioleaching solution extracted electronic waste
	lmg/l
	metal
	lmg/l
	metal
	/lmg/l
	metal

	0.28
	Dy
	0.73
	Si
	916.9
	Cu

	0.22
	Au
	0.61
	Pr
	395.7
	K

	0.2
	Fe
	0.6
	Ag
	107.5
	P

	0.19
	Pd
	0.48
	Sn
	54.4
	Na

	0.19
	Ba
	0.1
	Mn
	30.1
	Zn

	<0.01
	Ga
	0.05
	Co
	5.95
	Ni

	<0.01
	In
	0.46
	Al
	3.27
	Mg

	<0.01
	Cr
	0.43
	Bi
	3.26
	Ca

	<0.01
	Sr
	0.42
	Nd
	0.85
	Ce


According to figure 2, the rock mainly contains calcium carbonate so it is carbonate rock. Very small peaks are seen in figure 2 representing the rare metals within the calcium carbonate rock.
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Figure 2. XRD patterns of calcium carbonate samples.
4.2 Analysis of Viscosity 
One of the most important signs of oil upgrading is viscosity reduction. So the oil viscosity is measured after all designed experiments (Table 4).

Table 4 Results of designed experiments
	Run
	[bookmark: _heading=h.30j0zll]Catalyst (%Vol)
	Reservoir Temperature ()

	Retention Time (hour)
	Rate of viscosity reduction Δη (%)

	1
	0.2
	80
	39
	2.56

	2
	0.4
	90
	55.5
	2.08

	3
	0.4
	90
	22.5
	4.53

	4
	0.4
	70
	22.5
	10.20

	5
	0.4
	70
	55.5
	-35.35

	6
	0.6
	80
	6
	3.47

	7
	0.6
	100
	39
	-31.24

	8
	0.6
	80
	39
	9.10

	9
	0.6
	80
	39
	8.22

	10
	0.6
	80
	72
	4.10

	11
	0.6
	80
	39
	10.13

	12
	0.6
	80
	39
	9.27

	13
	0.6
	60
	39
	4.66

	14
	0.8
	70
	22.5
	9.05

	15
	0.8
	70
	55.5
	4.66

	16
	0.8
	90
	22.5
	10.52

	17
	0.8
	90
	55.5
	1.62

	18
	1
	80
	39
	8.05



Negative numbers in the viscosity reduction column in table 4 indicate an increase in viscosity because of interaction between 55.5 hours, 70 ℃, and 0.4 %Vol Catalyst. Test 16 has the most viscosity reduction because of interaction between 22.5 hours, 90(℃), and 0.8 %Vol catalyst. 
Also, Figure 3 shows the oil viscosity changes according to each parameter separately. As shown in Figure 3 there is an optimum value for the temperature and volume percentage of the catalyst. But for the time there is no optimum value. It means when time increases, oil viscosity increases. But in fact, these three parameters interact with each other and the effect of these three parameters at the same time leads to acceptable results.
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           (a)
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                                       (b)                                                                              (c) 
Figure 3 The effect of each parameter on oil viscosity. a) Temperature. b) volume percentage of the multi-metal catalyst. c) Retention time

The considered parameters should have their optimum condition to effect viscosity reduction in the best way. Optimum conditions have been defined by the most viscosity reduction. These conditions have been achieved with a confidence level of 95% by the CCD method with DOE software. The other analyses for upgrading have been conducted at the optimum conditions. A confirmation test has been conducted at optimum conditions. ∆ μ is the amount of viscosity alteration after the confirmation test and Δη (%) is the rate of viscosity reduction (table 5). 

Table 5.  The optimal condition obtained by experiments
	Catalyst (%Vol)
	Temperature ()
	Time (hr)
	Original viscosity
(mPa.s)
	Predicted Viscosity After Test (mPa.s)
	Real Viscosity After Test (mPa.s)
	(cp)
	Δη (%) at 25

	0.228
	80
	12
	687.2
	564.022
	580
	107.2
	15.60




4.3 Characterization of Oil Composition
FTIR analyses of oil samples have been conducted before and after the test in optimal conditions. The purpose of FTIR analyses is an investigation of the change in bonds and compounds in crude oil due to upgrading. FTIR spectroscopic analyses show that the multi-metal catalyst has reformed some of the bonds.

Figure 4. The FTIR spectra of the heavy oil before and after upgrading
In the FTIR spectrum graph, the 2500–3700 cm−1 interval is called the Hydrogen Stretching Zone because the vibration frequencies of , , and  appear in this region. The 2000–2300 cm−1 range refers to the Triple Bond Stretching Region because and bonds appear in this area. The 1600–2000 cm−1 interval is known as the Double Bond Stretching Region, because the bonds , and  have existed in this region. The 1000–1600 cm−1 range is called the Fingerprint Region because various bonds such as, , (single bonds), C-H bending bonds, and some benzene ring bonds determining functional groups are located in this area. The last range, 400–1000 cm−1 refers to the aromatic region[65-67]. The peak frequencies of 2926 ± 10 cm−1 and 2850 ± 10 cm−1 refer to the CH2 asymmetric bond and the CH2 symmetric bond, respectively. The CH3 asymmetric bond and CH3 symmetric bond exist at 2962 ± 10 cm−1 and 2872 ± 10 cm−1, respectively. In the fingerprint area, a couple of peak of the CH2 scissor bond is placed at 1455 ± 10 cm−1, the CH3 umbrella bond exists at 1375 ± 10 cm−1, and the CH2 rock bond exists at a frequency of 720 ± 10 cm−1. An increase in the intensity of the CH2 symmetric band, CH3 symmetric band, CH2 scissors mode, CH3 umbrella bond, and CH2 rock mode means an increase in alkane chain concentration in the sample. According to figure 4, due to the performance of the multi-metal catalyst, the intensities of the CH2 symmetric ، CH3 symmetric peaks have increased, which means an increase in the alkane chain in the oil. In other words, triple or double bonds have been reduced to single bonds, which is one of the aspects of oil upgrading. An increase of CH3 peak intensity more than the CH2 peak indicates that the oil sample is lighter[68]. As mentioned earlier, the 400–1000 cm−1 range indicates aromatic compounds. According to the FTIR spectroscopic analysis, the intensity of these peaks in the upgraded oil decreases which means a reduction in aromatic compounds. Because asphaltene contains aromatic compounds, reducing the intensity of these peaks in the upgraded oil means reducing the amount of asphaltene. The peak intensity of CH3 is more than CH2 in figure 4 which indicates the oil sample is lighter too[68]. Table 6 shows the ratio of CH2 scissors to CH3 umbrella and the ratio of CH2 asymmetric to CH3 asymmetric. These two ratios represent the average size of molecules and the number of carbons in their molecular chain. Reducing these ratios indicates a reduction in the number of carbons and a shorter carbon chain[69]. According to the figures and table 6 after the optimum experiment, both ratios are decreased indicating the carbon chain is shorter. It means an increase in light compounds due to the breaking and upgrading of crude oil. 
Table 6. The ratio of CH2 scissor to CH3 umbrella and the ratio CH2 asymmetric to CH3 asymmetric for crude oil and upgraded oil
	CH2 scissor/ CH3 umbrella
	 CH2 asymmetric / CH3 asymmetric
	Oil sample

	0.94
	1.00
	Crude oil

	0.87
	0.98
	Upgraded oil



Therefore, the multi-metal catalysts reduce the number of aromatic compounds, make hydrocarbon chains shorter, and reduce double and triple bonds.
4.4 Analysis of Micromodel Flooding 
Micromodel tests were conducted at optimal temperature and retention time obtained by static experiments. In the first scenario the multi-metal catalyst was injected until the breakthrough time in the first step; after keeping the micromodel at optimal temperature and time. Next, the multi-metal catalyst was injected again to remove the upgraded oil. In the second scenario, the initial injection is done with deionized water until breakthrough time. After that, the multi-metal catalyst is injected. Then, the micromodel is kept at optimal retention time and temperature. After the retention time, the catalyst is injected again. As shown in figure 5, the injection of the multi-metal catalyst caused the flow to be more steady and made the breakthrough longer. So the injected fluid improves sweep efficiency. As a result, the fluid moves more piston-like. By contrast, water flooding lets a greater volume of oil remain in the porous medium and the fingering phenomenon becomes more obvious, and also lateral diffusion is decreased. Therefore breakthrough of multi-metal catalyst injection happens later than water injection. Oil recovery of multi-metal catalyst is more than the oil recovery of water injection consequently. Oil recovery is 33.27% and 22.3% at the breakthrough time for multi-metal catalyst and water injection respectively. The results have been shown in figure 6 and table 7. 
The observed phenomena in the microscopic images in figure 5 contain wettability alteration, emulsion formation (water-in-oil), and large emulsion drops. In contrast to water flooding, multi-metal catalyst flooding can reduce the oil layer thickness on the wall of pores causing wettability alteration to approach water-wet conditions.
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(b)
Figure 5. Macroscopic and microscopic oil displacement at the breakthrough time: (a) multi-metal catalyst flooding (b) deionized water flooding


Figure 6. Oil recovery versus pore volume of injected fluid

Table7. Micromodel flooding results
	Water flooding
	Multi-metal catalyst flooding
	Factor

	0.54
	0.72
	Breakthrough time (PV)

	185
	249
	Breakthrough time (minute)

	22.3
	33.27
	Oil recovery at the breakthrough time (%)

	27.5
	38
	Oil recovery after applying the optimum temperature and retention time (%)



4.5 Effect of Multi-Metal Catalyst on Wettability Alteration
In general, the pressure decreases after the breakthrough so the displacement mechanism occurs due to capillary forces, and this phenomenon changes the water and oil saturation. When heavy oil is in a static state, asphaltene molecules produce viscous structures by self-aggregation and physical interaction with the porous medium. To break these viscous structures and move through heavy oil some force is needed. But the motive force at both ends of the micromodel or reservoir is insignificant and oil displacement cannot break these structures alone. While the main mechanism is capillary force, if the system is water-wet, it can provide the energy needed to break down viscous structures[70]. Therefore, one of the factors to increase recovery is making rock water-wet. The contact angle is a quantity to express the wettability of a solid surface by a liquid. Depending on whether the angle is smaller or larger than 90, the solid surface is water-wet or oil wet respectively[71]. Then, to investigate the wettability alteration of the rock by the multi-metal catalyst, an oil-wet rock thin section was placed in the multi-metal catalyst at the optimum temperature and time conditions obtained in static testing. So that the surface of the rock thin section is completely covered by the catalyst. The first average contact angle of the initial oil-wet rock was 138.7. Then after covering the rock with the catalyst, the average contact angle was 83.6. Measurement of the contact angle of rock after contact with a multi-metal catalyst shows that this multi-metal solution extracted from E-waste reduces the contact angle and changes the wettability of carbonate rock from oil-wet to water-wet (figure 7).
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                               (a)                                                                                    (b)
Figure 7. Measurement of the contact angle of the rock. (a) oil-wet rock before the test. (b) After contact with the multi-metal catalyst at optimal condition
The dynamics test has been conducted by injection into the oil-wet micromodel. To examine the mechanisms within the micromodel accurately, the wettability test has been conducted by using oil-wet glass. For this purpose, the oil-wet glass is placed in a multi-metal catalyst under optimal temperature and time conditions. After that contact angle is measured. First, the measured contact angle of oil-wet glass had been 153.5. The measured contact angle was 129.5 average after covering by catalyst (figure 8).  Covering the glass with the catalyst slightly alters wettability to water-wet. This little wettability alteration can affect enhanced oil recovery.
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(a)                                                                          (b)
Figure 8. Measurement of contact angle of glass. (a) oil-wet glass before the test. (b)Glass after contact with multi-metal in optimal condition
Wettability depends on the electrical charges of the carbonate rock surface[72]. Carbonate rock surfaces absorb negative charges from oil components such as carboxylic acid, asphaltene, and naphthenic acid compounds due to positive charges on carbonate rock surfaces. Absorption of these compounds is one of the main factors for making carbonate rocks oil-wet. So reducing the amount of these compounds in oil causes the wettability to become water-wet. As mentioned, according to figure 4, the asphaltene compounds of oil upgraded are reduced. Therefore, one of the factors to reduce the contact angle in the presence of multi-metal catalysts is to reduce the amount of crude oil asphaltene compounds. Also, the multi-metal catalyst can reduce asphaltene on the rock surface containing oil which leads the rock to become water-wet. Therefore, both the asphaltene reduction in rock surface and oil change the wettability of the rock.
As mentioned, wettability depends on the electrical surface charges of carbonate rock so by changing these electrical charges, wettability can change. The following chemical process occurs between the fluid and the rock[73].
                                                                                     (3)
The acidic and alkaline properties of the environment depend on the presence of  and ions, and the high level of hydroxide ions indicates the alkaline environment. The pH of the multi-metal catalyst is equal to 9 (pH=9) and adding it to rock and oil increases the number of hydroxide ions in the environment. According to Le Chatelier's principle in thermodynamic concepts, adding a substance to a reaction causes the reaction to proceed to reduce that substance[74]. According to principle, an increase in the pH of the reaction environment which means an increase of   causes equation (3) to go backward and the amount of on the rock surface decreases meaning a decrease in the positive charges on the surface of the carbonate rock. Therefore, the absorption of negative charges of oil components should be reduced, and consequently, the carbonate rock should become water wet.
Another reason for changing the contact angle can be changing the capillary pressure. In water injection cases interfacial tension between water and oil is high. The high interfacial tension between oil and water means high capillary forces which cause oil to remain in continuous phases. To increase the oil recovery capillary pressure must be reduced. The capillary number indicates the ratio of viscous forces to capillary forces. Therefore, reducing capillary pressure increases the capillary number. The oil emulsion formation in water often causes interfacial tension between two phases to decrease which increases the capillary number and the trapped oil produces in this way. Emulsion formation increases microscopic displacement. On the other hand, as described in Section 3.3 multi-metal catalyst converts long hydrocarbon chains into shorter chains. Since the vapor pressure of the lighter hydrocarbons is higher, according to equation (4), an increase in the amount of lighter hydrocarbons raises the vapor pressure and consequently rises partial pressure and finally increases the total pressure[75].
                                                                                                                                      (4)
According to equation (5), an increase in the oil pressure reduces the pressure difference between wet (oil) and non-wet (water) and thus reduces the capillary pressure between the two fluids[76].
                                                                                                              (5)
                                                                                                                                           (6)
According to equation (6), the reduction of capillary pressure increases the capillary number and consequently produces more oil. So one of the reasons for the reduction in capillary forces is the increase in vapor pressure through the upgrading process. The reduction of capillary pressure causes wettability to improve.


4.6 Absorption of Multi-Metal Catalyst on Rock 
One of the important objects of chemical flooding is reservoir damage. Researchers try to use chemical material that does not block the pore throats[77]. Measurement of metal concentrations after contacting powdered rock with multi-metal catalysts shows that the concentration of most metals has increased after the absorption test. As figure 9 shows silicon, iron, calcium, magnesium, and sodium had the highest increase in comparison to other metals. The increase in metal concentration shows that there has not been the absorption of multi-metal catalysts on the rock. So the multi-metal catalyst dissolves the rock partially due to the high pH, and it may increase the permeability of the rock due to the dissolution of the rock metals.

Figure 9. The rate of change in the concentration of the metals (mg/l) of multi-metal catalyst before and after contact with rock powder
The low cost and low damage of using bioleaching metals extracted E-waste as a multi-metal catalyst make it a great way to upgrade oil and enhance oil recovery for reservoirs that cannot use thermal methods extensively.
5. Conclusions
Multi-metal catalysts obtained from E-Waste are investigated in heavy oil in situ upgrading and enhancing oil recovery at reservoir temperatures. So the first environmental and economic advantage is using recycled metals extracted from E-waste instead of paying too much for catalytic metals. This multi-metal catalyst showed acceptable catalytic effects in the heavy oil upgrading process.
· Due to the interaction between temperature, time, and volume percentage of the catalyst at optimum conditions including 80 ° C, 12 h, and 0.288 Vol% of the catalyst, the viscosity of heavy oil was reduced (from 687.2 to 580 mPa.s). So this novel multi-metal catalyst can upgrade oil in low temperatures (reservoir temperature). 
· The FTIR analysis of heavy oil before and after the process indicated that multi-metal catalysts reduced the number of aromatic compounds, made hydrocarbon chains shorter, and reduced double and triple bonds.
Micromodel tests were conducted by multi-metal catalyst at optimal temperature and time obtained by static experiments and it also showed a great effect in enhanced oil recovery. Heavy oil recovery was 38% by multi-metal flooding and applying optimum temperature and retention time. Oil recovery has been increased by 10.5% in comparison to deionized water injection. The measurement of the contact angle of rock after contact with a multi-metal catalyst showed that this multi-metal catalyst extracted E-waste reduces the contact angle by 55  and changes the wettability of carbonate rock from oil-wet to water-wet. The absorption test of the multi-metal catalyst indicated that the multi-metal catalyst dissolves the rock partially due to the high pH, and it may increase the rock permeability due to the dissolution of the rock metals.
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%T



multimetal catalyst injection	0	0.024999999999999998	0.15	0.25	0.3	0.39999999999999997	0.44999999999999996	0.5	0.575	0.65	0.675	0.72749999999999992	0.77499999999999991	0.87499999999999989	1	1.075	1.125	1.15	1.2	1.25	0	2	6	11	14	19	22	25	27	30	31	33.27	34	36	37.54	37.7	37.9	38	38.06	38.07	water injection	0	0.024999999999999998	0.15	0.25	0.3	0.39999999999999997	0.44999999999999996	0.5	0.53999999999999992	0.65	0.675	0.76999999999999991	0.79999999999999993	0.87499999999999989	0.975	1	1.075	1.125	1.15	1.2	1.25	0	1	4	9	11	15	17	20	22.3	23.2	23.5	24.29	25	26	27	27.4	27.45	27.47	27.49	27.5	27.5	Injection fluid (PV)

Oil recovery (%)





Initial concentration	Cu	K	p	Na	Zn	Ni	Mg	Ca	Ce	Si	Pr	Ag	Sn	Al	Bi	Nd	Dy	Au	Fe	Pd	Ba	Mn	Co	916.9	395.7	107.5	54.4	30.1	5.95	3.27	3.26	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	Secondary concentration 	Cu	K	p	Na	Zn	Ni	Mg	Ca	Ce	Si	Pr	Ag	Sn	Al	Bi	Nd	Dy	Au	Fe	Pd	Ba	Mn	Co	1371.3	495.4	113.8	119.9	38.1	8.41	8.04	11.3	0	5.74	0	0	0	0	0	0	0	0	1.57	0	0	0	0	Metals

Concentration(mg/l)
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