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Abstract 10 

Enhanced Oil Recovery provides a promising technique to maximise fossil fuel recovery from existing 11 

resources, and when used in conjunction with Carbon Capture and Storage/Utilisation provides a way 12 

to support a transition to alternative cleaner fuels. A hybrid Enhanced Oil Recovery method by a 13 

combination of electrical heating and nanofluid flooding was applied to oil-wet carbonate reservoirs 14 

and assessed in terms of the oil production, zeta potential, contact angle, pellet compaction, interfacial 15 

tension, and pH values. The hybrid technique consisted of a combination of direct current (up to 30 V) 16 

and iron oxide (Fe2O3) or magnesium oxide (MgO) nanofluids. Both nanofluids were injected into oil-17 

wet Austin chalk – our laboratory model of an oil-wet carbonate reservoir – and then electrical heating 18 

was started, or vice versa. Introducing electrical heating first increased oil recovery by up to 27% in 19 

seawater compared to 16% in deionised water. When Fe2O3 nanofluid was injected, oil recovery further 20 

increased to 32% in seawater and 24% in deionised water. The contact angle and zeta potential 21 

decreased from 124o to 36o and from -24.4 to -23.7 mV, respectively, when nanofluid was injected in 22 

seawater, leading to better nanofluid stability and penetration into the carbonate rock as shown by 23 

increased pellet porosity from 6.6% to 14.8%. Moreover, it was found that the interfacial tension was 24 

reduced from 72 to 32.7 mN/m in the pre-magnetised samples with Fe2O3 NPs injection compared to 25 
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33.2 mN/m in the samples with MgO injection. It was found from our experiments that the effect of the 26 

generated electricity on the surface charge was of a temporary nature as the zeta potential of the rock 27 

returned to its original value as soon as the power was disconnected. The mechanism underlying the 28 

hybrid Enhanced Oil Recovery EOR technique from the laboratory findings was found to be based on 29 

electrowetting and nanofluid adsorption. Results indicate that the technique is promising for further 30 

improving oil recovery and securing energy supply during the transition to net zero. 31 

Keywords: EOR; Electrical heating; Nanoparticles; Zeta potential; Wettability; Carbonate rock; 32 

Energy transition. 33 

Nomenclature 34 

API American Petroleum Institute 

CCS Carbon Capture and Storage 

DC Direct Current 

ddH2O Double Distilled Water 

DSA Drop Shape Analyser 

DW Deionised Water 

EOR Enhanced Oil Recovery 

EH Electrical Heating 

EM Electromagnetic 

FB Formation brine 

Kw Absolute Permeability to Water 

Mag Magnets 

md Millidarcy 

MF Magnetic Field 

NPs Nanoparticles 

PDIs Potential Determining Ions 

ppm Parts Per Million 

RF Recovery Factor 

SEM Scanning Electron Microscope 
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SW Seawater 

Swi Initial Water Saturation 

V Voltage 

Wf Wedge Film 

wt% Weight Percentage 

Al2O3 Alumina 

CaCl2.2H2O Calcium Chloride 

Fe2O3 Iron Oxide 

KCl Potassium Chloride 

(MgCl2.H2O) Magnesium Chloride 

MgO Magnesium Oxide 

NaHCO3 Sodium Bicarbonate 

NaCl Sodium Chloride 

Na2SO4 Sodium Sulphate 

S/cm Siemens Per Centimetre 

SO4
2- Sulphate 

ZnO-NCs Zinc Oxide Nanocrystals 

Δ𝑡 Time 

Δϒ Disjoining Pressure 

 35 

 36 

1. Introduction 37 

Environmental issues, coupled with the depletion of finite resources and economic concerns, have 38 

motivated governments worldwide to take pressing action to reduce reliance on fossil fuels and promote 39 

the transition towards a net zero emissions society [1]. Although advances have been achieved in 40 

renewable energy technology, there remains much work to be done.  Careful management of the 41 

transition to net zero carbon needs to address continuing fossil fuel production [1,2]. In this context, 42 

there has been interest in Enhanced Oil Recovery (EOR) techniques to maximise fossil fuel recovery 43 

from existing natural resources, which could be integrated with Carbon Capture and Storage (CCS) 44 

techniques to reduce atmospheric emissions [3].  45 
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EOR techniques continue to gain attention because conventional primary and secondary oil recovery 46 

methods reach recoveries of 30-50% of the crude oil in place [4,5]. Heavy oil, which accounts for 70% 47 

of total world oil reserves [6] is a particular target for innovative EOR technologies. Electrical heating 48 

(EH) is a technology for recovering heavy oil whereby heat is used to warm up the reservoir fluids 49 

without losing much heat to the environment [7,8]. EH was introduced as an eco-friendly technique 50 

since it reduces water use in both shale and conventional reservoir environments [9]. In addition, there 51 

is a growing interest in introducing hybrid techniques to boost oil production by using nanoparticles 52 

(NPs) associated with EH and magnetic fields (MFs). For example, it has been found that adding an 53 

MF before the introduction of NPs improves ultimate oil recovery because the solution becomes pre-54 

magnetised [10] while the addition of an MF (4,500 G) to 0.8 wt% ferrofluid NPs during water flooding 55 

increased the oil recovery factor (RF%) by 10% [11].  56 

In previous work, forty-times diluted nanofluid in seawater resulted in 41% lower interfacial tension 57 

and a 40% decrease in contact angle with carbonate rock samples, indicating a transition to more water-58 

wet conditions, which eventually enhanced final oil recovery for secondary and tertiary EOR by 13.7% 59 

and 8.3%, respectively [12]. The magnesium (Mg2+) and calcium (Ca2+) divalent ions present in the 60 

injected saline water were critical because they were adsorbed to the solid matrix [13]. A new approach 61 

has been adopted in recent studies to increase oil recovery through the combination of an electric field 62 

with nanofluids in the reservoir. It was found that the introduction of an electric field with nanofluids 63 

helps lower the oil/water interfacial tension a lot more effectively than nanofluids alone [14]. The 64 

preferred distribution of particles at the fluid/oil interface reduced interfacial tension between the fluid 65 

and oil when nanosized particles are added to the injection fluids [15]. Smaller nanoparticles improved 66 

wettability (made the samples more water-wet) by increasing the electrostatic repelling force and 67 

disjoining pressure. Smaller nanoparticles could easily pass through the narrow pore throats of the rock, 68 

preventing entrapment [16]. Metal oxides, silica, and polymers are the three most prevalent nanoparticle 69 

kinds employed in EOR. Metal oxides, such as iron oxide, and aluminium oxide help release trapped 70 

oil and lower interfacial tension [17]. However, few systematic experimental studies have been 71 

performed to ascertain the effectiveness of this EOR technique and the possible mechanisms by which 72 
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it works. Using 0.05 wt% Fe2O3 NPs in the presence of electromagnetic (EM) waves during water 73 

injection into a sandstone resulted in a 6.1% decrease in interfacial tension, and a 13.6% increase in 74 

ultimate oil recovery [18]. Nanomaterials (or nanofluids) can be used in conjunction with electrical 75 

heating to improve heavy oil extraction because they alter rock wettability, reduce fluid viscosity, 76 

increase thermal conductivity, and change interfacial tension, thereby altering the molecular interaction 77 

between the various interfaces [14]. Most of the previous research used electromagnetic fields combined 78 

with nanoparticles. For instance, the self-assembling of zinc oxide nanocrystals (ZnO-NCs) resulted in 79 

an increase in the local viscosity of the nanofluid at the water-oil interface, which in turn resulted in a 80 

50% increase in recovery efficiency compared to displacement without EM energy. This study 81 

demonstrated the ability of EM energy to increase the viscosity of the injected ZnO-NF in the porous 82 

medium, resulting in a 23.3% increase in recovery efficiency via the electrorheological effect of the 83 

activated dielectric ZnO-NCs. The later caused a change in the rheological properties (e.g. viscosity, 84 

stress, and shear modulus), indicating that the suspended nanoparticles were polarised under the applied 85 

electrical field and instantly restored their initial state when the field was disconnected [19].  86 

EH tests were conducted in glass bead packs filled with crude oil in the presence of 0.1-1wt% Fe2O3, 87 

copper or nickel NPs, resulting in a viscosity reduction of 10-20% [20]. It has been proposed that by 88 

placing NPs in an electrical field, water production could be reduced by blocking pore throats via the 89 

electrorheological effect [21]. Due to the electrorheological properties of a dielectric nanofluid made 90 

from alumina (Al2O3), the injection of NPs into a silica bead pack increased oil recovery to 54.2% [22]. 91 

However, there have been only a few experimental trials using Fe2O3 NPs combined with an EH [23]. 92 

It is noteworthy to mention that the existing research in this area has been limited because, across the 93 

various studies described, sandstone or glass beads were used more than any other material, so more 94 

research needs to be carried out on carbonates (which contain most conventional hydrocarbons). 95 

Existing studies also suggest a lack of understanding of the underlying mechanisms [24,25]. 96 

This work introduces a hybrid experimental technique for oil-wet carbonate reservoirs that combines 97 

EH with Fe2O3 and MgO NPs, which were both separately dispersed in deionised water (DW) and 98 
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seawater (SW), helping to improve oil recovery at reduced use of chemicals and DC current. This 99 

technique is novel by introducing EH generated by a DC current and through the assessment 100 

of several physiochemical parameters (i.e. contact angle, zeta potential and interfacial tension). 101 

Also, the results were interpreted in the context of the propagation of a wedge film associated 102 

with wettability alteration. Finally, the mechanisms leading to improved recovery and large-103 

scale design related to EH with nanoparticles are postulated from the laboratory findings.  104 

2. Materials and Methods 105 

2.1 Materials 106 

The model rock was Austin chalk (permeability: 8-15 md, porosity: 25-27%), while the model oil used 107 

was a 0.01 M stearic acid solution in n-decane (density = 0.730 kg/m3 at 20oC, and viscosity 0.69 mPa.s) 108 

[3]. Austin chalk composition, materials purities and suppliers, and seawater (SW) composition are 109 

given in Tables 1 to 3.  110 

Table 1. Elemental composition (in atom%) of Austin chalk (measured via energy dispersive X-ray 

spectroscopy). 
 

C O Mg Al Si Ca Fe 

10.08 45.06 0.2 0.09 0.28 44.03 0.26 

 111 

Table 2. Material purities and suppliers. 

Material Purity  Diameter Supplier 

Austin chalk core   25 mm Kocurek Industries, Texas, USA 

Iron oxide (Fe2O3) 99mol% <50 nm Aldrich  

Magnesium oxide (MgO) 99mol% <50 nm  Aldrich 

n-decane 99%  Merck 

Stearic acid ≥90%  Alfa Aesar 

Toluene 99%  Fisher Chemicals 

2-Propanol 99%  VWR Chemicals UK 

 112 
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 113 

2.2 Methods 114 

2.2.1 Core preparation  115 

Austin chalk cores were completely soaked in toluene for 48 hours to remove impurities and dried in a 116 

desiccator for 24 hours at 70oC. Subsequently, the diameter, length, and dry weight of the cores were 117 

measured. Then the samples were introduced into a vacuum saturator until they were saturated with 118 

100% deionised water (DW). Note that the cores imbibed DW immediately once the vacuum was lifted, 119 

hence, a pressure of 3.44×106 Pa was introduced to the sample for 3 hours to push DW inside the cores 120 

and ensure that no air was left in the pore space. After this, the pressure was released, and the cores 121 

were left for 8-10 hours to ensure that they were completely saturated. Before placing the cores in a 122 

Vinci core holder, the wet weight was measured to determine the pore volume and porosity, 5-6 PV of 123 

DW and model oil (0.01 m stearic acid mixed in n-decane) were injected, and the absolute permeability 124 

to water and initial water saturation (Swi) were measured (the capillary number during oil injection was 125 

2.4 ×10-5). Next, the cores were immersed in the model oil and left for 30 days at 40oC (at constant lab 126 

pressure). This is a process called ageing during which the wettability of the rock is rendered more oil-127 

wet due to stearic acid adsorption on the chalk surface, see Fig. 1 [10]. The sample properties are given 128 

in Table 4. 129 

 130 

Table 3. Seawater (SW) composition. 

Salt 

Sodium 

Chloride 

(NaCl) 

Sodium 

Sulphate 

(Na2SO4) 

Potassium 

Chloride 

(KCl) 

Sodium 

Bicarbonate 

(NaHCO3) 

Magnesium 

Chloride 

(MgCl26H2O) 

Calcium 

Chloride 

(CaCl22H2O) 

Mass (g/L) 23.926 4.008 0.677 0.196 10.831 1.5199 
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 131 

Fig. 1. Core preparation methodology used for this study. 132 

Table 4. Chalk core properties. 133 

  
Diameter 

(mm) 

Length 

(mm) 

Dry 

weight 

(g) 

Pore 

volume 

(PV) 

(ml) 

Porosity 

(%) 

Absolu

te 

Perm 

water 

(Kw) 

(mD) 

Initial water 

saturation 

(Swi) 

Core #1 Fe2O3 mixed in 

DW added before EH 
25.1 69.9 67.7 9.7 28.1 11.6 19.8 

Core #2 Fe2O3 mixed in 

SW added before EH 
25.0 69.9 66.0 9.8 28.7 15.0 26.8 

Core #3 Fe2O3 mixed in 

DW added after EH 
25.0 69.9 65.7 9.7 28.2 15.0 24.6 

Core #4 Fe2O3 mixed in 

SW added after EH 
25.1 69.7 65.5 9.8 28.5 15.0 27.8 

Core #5 MgO mixed in 

DW added before EH 
25.0 69.8 65.8 9.9 28.9 9.7 28.0 

Core #6 MgO mixed in 

SW added before EH 
25.0 69.9 67.6 9.7 28.3 12.8 27.1 

Core #7 MgO mixed in 

DW added after EH 
25.0 69.8 66.0 9.9 15.6 15.0 29.9 
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Core #8 MgO mixed in 

SW added after EH 
25.0 69.7 65.1 9.9 29.9 14.7 26.8 

 134 

2.2.2 Nanofluid preparation 135 

Nanofluid was formulated by adding a specified concentration of NPs (in wt%) to 1L of deionised water 136 

(DW) of conductivity 1 S/cm or seawater (SW) of conductivity 540 S/m, and 28,000 ppm salinity, 137 

respectively. The resultant mixture was stirred for 40 minutes before being heated for 15 minutes on a 138 

hot plate at 70oC. Then, 20 mL of 2-propanol were added to the mixture. After that, the nanofluid was 139 

placed in a sonic bath for two hours to improve the suspension and avoid agglomeration. The dispersion 140 

was allowed to cool to room temperature before being introduced to the sample [10]. 141 

 142 

2.2.3 Spontaneous imbibition experiments 143 

After 30 days of ageing, the cores were placed inside Amott cells and immersed in DW/NP nanofluids, 144 

in the presence or absence of EH of 15-30 V. A direct current (DC) of up to 30 V was applied to the 145 

Amott cells during spontaneous imbibition, using a cable with 2,160 turns of 0.8 mm diameter, 625 m 146 

in length, and 30 Ω total resistance (provided by RS PRO UK) added around a metal cup slightly larger 147 

in diameter than the Amott cells [3]. The Amott cell was not wrapped directly with the electrical coil. 148 

However, it was placed inside a metallic cup and an electrical coil was added. There was a combined 149 

effect of heat of ~ 40oC and an induced magnetic field up to 20 mT [3]. The magnetic field was too 150 

small to have a significant effect on its own, only by combining it with the generated heating did oil 151 

production increase. Hence, the physical process was named electrical heating. Fig. 2 and Fig. 3 present 152 

the experimental apparatus and a summary of the experimental procedure used during spontaneous 153 

imbibition, respectively. 154 
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 155 

 Fig. 2.  The experimental apparatus used to study spontaneous imbibition apparatus using electrical heating. 156 

 157 
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 158 

Fig. 3. Laboratory flowchart for the spontaneous imbibition experiments. 159 

 160 

2.2.4 pH and interfacial tension measurements 161 

At room temperature, the pH and interfacial tension between the imbibing fluid and air with and without 162 

EH (before, and at the end of spontaneous imbibition of each stage of the process) were measured using 163 

a K9 Kruss GMBH tensiometer and Hanna pH probe (Fig. 3). 164 
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2.2.5 Contact angle measurements 165 

To characterise the wettability by contact angle measurements, a core sample was pressed into pellets. 166 

Specifically, 1g of dried, crushed, and sieved core was subjected to a force of 9 tonnes via a SPECAC 167 

(England) press, to ensure that the pellets were uniform in size and shape and texture, and to thus avoid 168 

irregularities in contact angle measurements that would occur if the surface was uneven (note that the 169 

pellets were flat). A DSA 100 goniometer (Germany) was used to measure the contact angle in real-170 

time (until reaching pellet saturation and no further decrease in the contact angle was observed); thus, 171 

double distilled water (ddH2O with a conductivity of 0.05 μS/cm) drops were dispensed on the pellets 172 

(3 measurements carried out on each pellet ±0.2%). SEM images were also acquired for some of the 173 

prepared pellets, and the porosity of the pellets was measured on the SEM images with Dewinter 174 

Material Plus software [10]. In addition, after 30 days of spontaneous imbibition, the cores were dried, 175 

crushed, and sieved to 400-560 µm using an American Petroleum Institute (API) sieve, and the contact 176 

angles on the fragments were measured. 177 

 178 

2.2.6 Zeta potential measurements 179 

As mentioned above, after 30 days of spontaneous imbibition, the cores were dried, crushed, and sieved 180 

to 400-560 µm using an API sieve, and the zeta potential of the fragments was measured.  Two scenarios 181 

were investigated: firstly, a DC up to 9 V around the measuring cell was applied around a packing of 182 

crushed and sieved powder of the aged core to measure the surface charge (Fig. S1).  The characteristics 183 

of the generated MF are tabulated in Table S1. 184 

Secondly, zeta potentials were measured without introducing an EH at the end of each spontaneous 185 

imbibition experiment, using an electrokinetic analyser (Anton Paar, UK), as described previously.  186 

3. Results and discussion 187 

The effect of a combination of NP (here Fe2O3 NPs) and EH as a hybrid technique on contact angle, 188 

zeta potential and porosity of the core samples was evaluated (see Table 5); and the difference between 189 
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DW and SW systems (in terms of oil recovery, interfacial tension, and pH) during spontaneous 190 

imbibition was assessed.  We see from Table 5 that SW gives lower contact angles than DW, indicating 191 

more water-wet conditions.  This could be due to the salinity itself, or the better dispersion of 192 

nanoparticles in SW. 193 

 194 

3.1. Impact of Fe2O3/MgO NPs exposed to EH on contact angle and zeta potential 195 

The results from the contact angle, zeta potential and pellet`s porosity are displayed in Table 5. 196 

Table 5. Contact angle and zeta potential of cores before and after imbibition. 

  
Contact 

angle (o) 

Zeta potential 

(mV) 

Pellet 

Porosity (%) 

Modified core (oil-wet without imbibition) 124 -24.4 6.6 

DW OW reference core (no EH) 105 -22.2 7.9 

DW OW+EH 84 -16.6 9.2 

SW OW reference core (no EH) 89 -25.8 11.3 

SW OW+ EH 62 -26.9 12.7 

Core #1 Fe2O3 mixed in DW added before EH 35 -19.9 13.4 

Core #2 Fe2O3 mixed in SW added before EH 31 -18.6 13.8 

Core #3 Fe2O3 mixed in DW added after EH 39 -23.5 14.6 

Core #4 Fe2O3 mixed in SW added after EH 36 -23.7 14.8 

Core #5 MgO mixed in DW added before EH 69 -25.5 11.8 

Core #6 MgO mixed in SW added before EH 65 -28.3 13.1 

Core #7 MgO mixed in DW added after EH 54 -27.5 12.1 

Core #8 MgO mixed in SW added after EH  52 -32.9 13.2 

 197 

The effect of EH on contact angle allowing for the faster onset of imbibition was demonstrated by 198 

Amrouche et al., (2022). For instance, the time to reach a 90o contact angle took 52 min for samples 199 

without the effect of EH to 17 min for samples subjected to 9 V. The contact angle and zeta potential 200 

of the modified (oil-wet without imbibition) core were 123.8o and -24.4 mV, respectively [26,27]. When 201 
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Fe2O3 NPs mixed in DW were introduced into core #1 and core #2 before and after EH, the contact 202 

angle decreased from 123.8o to 35o and 31o, respectively. Furthermore, the zeta potential was reduced 203 

from -24.4 mV to -19.9 mV in core #1, and to -18.6 mV in core #2. Similarly, when Fe2O3 NPs were 204 

mixed in SW, the contact angle decreased to 39o in core #3 and 36o in core #4. In addition, EH pre-205 

heated and pre-magnetised the nanofluid due to the modification of the wettability and altered surface 206 

charge of the rock by desorbing the carboxylic group [3]. 207 

Therefore, after nanofluid injection, it was much easier for the aqueous phase to enter the porous 208 

medium. In another study, a strong magnetic field was applied (via neodymium magnets with strengths 209 

up to 6,000 G) first, followed by Fe2O3 (concentrations ranged from 0.01 to 0.02 wt% mixed in DW and 210 

SW) nanofluid injection, yielding a zeta potential of -14.4 mV and -15.1 mV, respectively, and contact 211 

angles of 46o and 37o [28]. When an EH was added before the imbibition of 0.0025 wt% MgO NPs 212 

mixed in DW (core #5 and core #6), the contact angle and zeta potential measurements suggested a 213 

significant reduction from 123.8o to 69o and from -24.4 mV to -25,48 mV from core #5, and from 123.8o 214 

to 65o and from -24.4 mV to -28.3 mV from core #6. The magnetic field generated from the EH was 215 

calculated from the coil parameters (inner radius (mm), coil length (mm), copper wire diameter with 216 

the insulation (mm), copper diameter without the insulation (mm), number of turns, and coil current 217 

(A)). Other parameters were taken as default values such as frequency (1 kHz), distance from the centre 218 

(0 mm), core relative permeability (1), and winding compaction factor (1) [29]. 219 

If we compare the magnetic field strength used in previous experiments for the Amott cells using a 220 

magnetic field of 6,000 G with 27 magnets and the one generated from the EH [3] is only 20 mT (200 221 

G) generated from 30 V. Hence, the difference is 810 times. 222 

Thus, even though electricity produced an MF that was 810 times weaker than that produced by 223 

neodymium magnets [10], at high voltage, the combined effect of heat and the magnetic field caused 224 

lower zeta potential magnitude and contact angle values, indicating a shift in wettability. The electric 225 

field also changed the electro-rheological properties, for instance, the viscosity of the displacing fluid 226 

increased [19]. 227 
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Porosity values correlated with the contact angle and zeta potential values (Table 5), indicating that this 228 

hybrid technique enhances flow in porous media better than neodymium magnets combined with NPs, 229 

because of the effect of heating and the electric field. The likely mechanism is electrowetting [3,27]. 230 

Electrowetting is defined by the change of wettability under the effect of the electrical field caused by 231 

electrical heating [30]. 232 

 233 

3.2. Spontaneous imbibition tests 234 

Spontaneous imbibition tests were carried out to study the impacts of Fe2O3, and MgO nanofluid on oil 235 

recovery and their combination with EH on interfacial tension and pH values. 236 

3.2.1 Impact of Fe2O3 NPs on oil recovery 237 

Fig. 4 demonstrates oil recovery from oil-wet Austin chalk imbibed with a solution of Fe2O3 NPs in 238 

DW and SW, before and after the introduction of EH. 239 

 240 
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242 

Fig. 4. Effect of Fe2O3 NPs in (a) DW and (b) SW (before and after introducing an EH) on oil recovery from 243 

initially oil-wet chalk samples. 244 

Fig. 4 (a) displays oil recovery for core #1 and core #2, which were imbibed by a solution of Fe2O3 245 

NPs in DW before and after EH was introduced. When 0.01 wt% and 0.02 wt% Fe2O3 NPs were added 246 

at the start of the spontaneous nanofluid imbibition followed by EH (core #1), oil recovery increased 247 

from 2.9% to 11.5% and 25.0%, respectively. Adding 30 V further increased oil recovery by 1.9%, 248 

increasing it to 26.9% in total. In core #2, however, ultimate oil recovery increased to 13.0% and 16.0% 249 

after applying 15 V and 30 V at the beginning of the spontaneous imbibition.  250 

When 30 V were applied after 0.02 wt% Fe2O3 nanofluid was introduced, RF increased by 1.4%, 251 

resulting in 24.0% total oil recovery. Similar tests revealed that Fe2O3 NPs increased oil recovery by 25 252 

% [28] and that the oil recovery increased from 25.0% to 27.9%, 6,000 G were added to the Fe2O3 253 

nanofluid by 27 neodymium magnets [28]. This indicates that NPs perform better when added at the 254 

beginning of the imbibition, as the nanofluids alter the surface charge and the wettability of the rock 255 

very efficiently (compared with EH alone). 256 

The imbibition results for the cores imbibed by Fe2O3 NPs in SW are displayed in Fig. 4 (b) before 257 

(core #3) and after (core #4) adding EH. When SW was introduced at the start of spontaneous 258 

imbibition, oil recovery was 11.5%. However, when 0.01 wt% and 0.02 wt % Fe2O3 NPs mixed in SW 259 

0

5

10

15

20

25

30

35

0 100 200 300 400 500 600

R
F

 (
%

)

Time (hours)

Core #3 imbibed by 

Fe₂O₃  mixed in SW 

added before EH

Core #4 imbibed by 

Fe₂O₃ mixed in SW 

added after EH

(b)

0.01 

wt% 

Fe₂O₃

0.02 wt% 

Fe₂O₃

0.02 wt% Fe2O3 +30 V 

15 V 30 V
0.01 wt% 

Fe₂O₃

0.02 wt% 

Fe₂O₃
0.02 wt% Fe2O3 + 30 V

Jo
urn

al 
Pre-

pro
of



17 

 

were introduced at the beginning of the imbibition (core #3), RF was 13.1%, with just a 1.4% increase 260 

when compared with SW alone. This marginal increase can be attributed to the low stability of the 261 

Fe2O3 nanofluid [31]. The oil recovery increased by 6.3% when 30 V were applied to 0.02 wt % Fe2O3 262 

NPs mixed in SW, implying that the EH enhanced sulphate adsorption on the rock surface, which in 263 

turn enhanced the suspension stability of the magnetised NPs via repulsive Van der Waals forces of the 264 

upper paramagnetic Fe2O3 NPs, which enhances the interaction with the MF and improves the 265 

suspension stability [32]. Furthermore, pore throats are weakly or not blocked in case of improved 266 

suspension stability, which can be achieved by adding EH or an MF (poor invasion of the NPs mixed 267 

in SW into the porous medium was caused by pore throat clogging) [33]. 268 

Pre-magnetisation, when combined with EH-preheating, resulted in higher sulphate adsorption, and 269 

consequently a shift in rock surface charge, and contact angle, and thus in improved suspension stability 270 

and invasion of the Fe2O3 nanofluid. When Fe2O3 NPs mixed in DW/SW were added at the beginning 271 

of spontaneous imbibition, higher oil recovery was achieved (1% extra). EH, introduction resulted in 272 

higher oil recovery, even though the productivity of the SW-based nanofluid was lower than that of the 273 

DW-based nanofluid (due to poor NP suspension stability and core invasion). Thus, a higher oil 274 

recovery was achieved with SW alone (25%) due to a higher rate of sulphate adsorption [34], compared 275 

to 19% using neodymium magnets [27]. Note that sulphate occupies the sites on the rock surface (when 276 

heated) and desorbs the carboxylic group by ion exchange. 277 

This higher sulphate adsorption rate also altered the rock wettability and reversed surface charge [3,34], 278 

allowing for better NP invasion and improved oil production [35,36]. 279 

However, applying 15 V, 30 V and (0.01 wt% or 0.02 wt%) Fe2O3 NPs mixed in DW/SW, and then 280 

exposing the sample to 30 V is more time-consuming (~500 hours total imbibition time –see Fig. 4-) 281 

than directly using neodymium magnets combined with NPs [28]. However, if only 30 V was applied 282 

to the sample initially, followed by the injection of NPs, and then exposed to 30 V again, the imbibition 283 

time decreased significantly (~100 hours less, see Fig. 4) when magnets were used [3,27]. 284 

 285 
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3.2.2 Impact of MgO NPs on oil recovery 286 

Another series of experiments–similar to those carried out with Fe2O3 NPs –were carried out with MgO 287 

NPs. Oil recovery data from initially oil-wet cores imbibed by 0.0025 wt% MgO NPs mixed in DW 288 

and SW, applied before and after EH is shown in Fig. 5. 289 

 290 

 291 

 292 

Fig. 5. Effect of MgO NPs suspension in DW (a) and SW (b) before and after introducing EH on oil recovery 293 
from initially oil-wet cores. 294 
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Flooding with 0.0025 wt% MgO NPs in DW increased oil recovery by 10.1% (core #5, Fig. 5 (a)). 296 

However, oil recovery increased only by 1.8% after EH (of up to 30 V) was applied to the Amott cells 297 

after NP application. When an MF was applied first (core #6 (Fig. 5 (a)), followed by MgO NP 298 

flooding, an increase in oil recovery of 18.7% (2.9% NPs oil recovery efficiency) was observed. Oil 299 

recovery increased further by 1.4% to 20.2%, after adding 30 V. Although the strength of the MF 300 

generated by the EH is 810 times lower than that of the neodymium magnets [10], switching from an 301 

MF generated at room temperature to EH resulted in a significant increase in oil recovery when SW 302 

was used as imbibing fluid (from 19.0% using neodymium magnets to 25.0% using EH [3,27]. This can 303 

be attributed to the influence of heat, which aids in the decomposition of carboxylic groups present in 304 

the hydrophobic surface layer (sulphate also occupies the rock site and desorbs the oil-see Fig. 8 and 305 

Fig. 9). A summary of the oil recovery data is given in Table 6. 306 

 307 

Table 6. Oil recovery data. 

      

Total 

RF 

(%) 

NPs 

efficiency 

(%) 

EH`s efficiency 

(%) 

Core #1 Fe2O3 mixed in 

DW added before EH 

DW 2.87  0 0  

DW+0.01 wt% Fe2O3 11.53 8.66 0  

DW+0.02 wt% Fe2O3 24.99 13.46 0  

DW+0.02 wt% Fe2O3+ 30 V 26.92 0  1.93 

Core #2 Fe2O3 mixed in 

SW added before EH 

DW+15 V 13.01  0 10.14 

DW+30 V 16.03  0 3.01 

DW+0.01 wt% Fe2O3 19.86 3.83 0  

DW+0.02 wt% Fe2O3 22.6 2.74 0  

DW+0.02 wt% Fe2O3 + 30 V 23.97 0 1.37 

Core #3 Fe2O3 mixed in 

DW added after EH 

SW 11.83 0   0 

SW+0.01 wt% Fe2O3 6.99 -4.84  0 

SW+0.02 wt% Fe2O3 13.19 6.2 0  

SW+0.02 wt% Fe2O3+ 30 V 19.44 0  6.25 

SW+15 V 21.12  0 9.29 
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Core #4 Fe2O3 mixed in 

SW added after EH 

SW+30 V 26.75  0 5.63 

SW+0.01 wt% Fe2O3 29.57 2.82  0 

SW+0.02 wt% Fe2O3 31.68 2.11  0 

SW+0.02 wt% Fe2O3+ 30 V 32.39 0  0.71 

Core #5 MgO mixed in 

DW added before EH 

DW 2.87 0   0 

DW+ 0.0025 wt% MgO 9.83 6.96 0  

DW+ 0.0025 wt% MgO+30 V 11.93 0  2.1 

Core #6 MgO mixed in 

SW added before EH 

DW+15 V 10.09 0  7.22 

DW+30 V 15.85 0  5.76 

DW+0.0025 wt% MgO 18.74 2.89 0  

Core #7 MgO mixed in 

DW added after EH 

SW 11.83  0  0 

SW+ 0.0025 wt% MgO 16.19 4.36 0  

SW+ 0.0025 wt% MgO+30 V 17.6 1.41 0  

Core #8 MgO mixed in 

SW added after EH  

SW+15 V 19.34 0  7.51 

SW+30 V 24.87 0  5.53 

SW+0.0025 wt% MgO 26.94 2.07 0  

SW+0.0025 wt% MgO+ 30 V 27.63 0  0.69 

 308 

3.2.3 Impact of NPs combined with EH on interfacial tension and pH values 309 

The effect of this hybrid technique (NPs combined with EH) on surface tension and pH value of the 310 

imbibing fluid before and after imbibition was investigated. This is discussed in detail below. 311 

 312 

a) Impact of NPs on surface tension 313 

 314 

 315 

 316 

 317 

 318 

Jo
urn

al 
Pre-

pro
of



21 

 

 319 

 320 

 321 

3.2.3.1 Impact on interfacial tension 322 

The effect of using Fe2O3 NPs/MgO NPs paired with EH on interfacial tension is illustrated in Fig. 6. 323 

Fig. 6. Effect of NPs paired with EH on the interfacial tension of the aqueous phase, a) Fe2O3 NPs, b) MgO 324 
NPs. 325 

 326 

The interfacial tension results from core #1 and core #2 when Fe2O3 NPs mixed in DW were added 327 

before and after EH are illustrated in Fig. 6 (a). A reduction in interfacial tension is observed in both 328 

cases before and after applying EH; however, a more significant reduction is observed when EH was 329 

introduced after Fe2O3 NPs were applied - for example, interfacial tension in core #1 decreased from 330 

63.1 mN/m to 35.8 mN/m. When EH was applied first, and NPs were added afterwards, interfacial 331 

tension dropped to 33.9 mN/m (core #2). For SW-based nanofluids, the interfacial tension in core #3 332 

was reduced from 72 mN/m to 33.7 mN/m after EH.  333 
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Note that increased temperature within the reservoir lowers interfacial tension and reduces oil viscosity 334 

[37,38]. The interfacial tension of Fe2O3 NPs mixed in DW, after an MF of up to 6,000 G was applied, 335 

decreased from 60 mN/m to 36 mN/m, and from 72 mN/m to 52 mN/m, when Fe2O3 NPs were mixed 336 

in SW. In contrast, MF (generated by neodymium magnets) did not affect interfacial tension [28]. 337 

MgO NPs also had an interfacial-tension-lowering effect, Fig. 6 (b). In core #8, for example, there was 338 

a greater reduction from 34.7 mN/m to 33.2 mN/m due to the desorption of oil caused by the effect of 339 

the pre-magnetisation. It is apparent that adding MgO NPs after applying a voltage of up to 30 V (core 340 

#5 and core #6) resulted in a substantial reduction in surface tension. However, this reduction was lower 341 

than what was observed for Fe2O3 NPs. This discrepancy between MgO and Fe2O3 NPs may be 342 

attributed to the superparamagnetic aspect of the Fe2O3 NPs, or the pre-magnetised SW causing pre-343 

alteration of the rock surface charge, contact angle (and thus better penetration of the Fe2O3 NPs), which 344 

further decreased the interfacial tension. As a result, NPs decreased the water contact angle, increased 345 

the magnitude of the zeta potential, reduced interfacial tension and increased oil production (see Tables 346 

5, 6, and Figs 4, and 5). 347 

 348 

b) Impact of NPs on pH value 349 

When NPs were mixed in DW and SW before and after EH, the effect of the nanoparticles on the 350 

aqueous phase was measured. 351 
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 352 

Fig. 7. Effect of NPs paired with EH on the pH of the aqueous phase, a) Fe2O3 NPs, b) MgO NPs. 353 

 354 

Fig. 7 shows the influence of Fe2O3 NPs and MgO NPs mixed in DW/SW (applied before and after EH) 355 

on the pH value. A higher increase in the pH value was observed for Fe2O3 NPs (Fig. 7 (a)). Changes 356 

in the pH value can impact the electrical charges on the carbonate rock surfaces, resulting in a 357 

wettability change [39,40]. Here, pH increased after spontaneous imbibition. In core #1 (Fig 7. (a)), for 358 

example, when 15-30 V were applied at the start, pH increased by unity, and when 0.01-0.02 Fe2O3 359 

wt% and 15-30 V were added, pH increased by 0.3 and 0.2, respectively. As a result, starting with EH 360 
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has a substantial effect on the rise in pH, resulting in a high oil recovery. This is consistent with the oil 361 

production, zeta potential, and contact angle results. Further improvement (in oil recovery) was found 362 

for the SW systems (core #3) and (core #4) (Fig. 4); this can be attributed to the fact that EH increases 363 

sulphate adsorption (SO4
2-), see above. However, as pre-magnetisation and pre-heating were applied at 364 

the start of the process, it resulted in a higher pH value, because SW combined with EH altered the rock 365 

surface properties by reversing the surface charge and reducing the contact angle by electrowetting [3], 366 

Table 5, as well as decreasing the interfacial tension, Fig. 6. Pre-magnetisation allowed the 367 

modification of wettability and zeta potential before the incorporation of NPs; pre-magnetisation thus 368 

boosted NP penetrability into the porous medium and increased oil recovery [3]. Similar results were 369 

obtained with MgO NPs, where a further rise in oil recovery was found for the SW systems. However, 370 

a transition was observed with Fe2O3 NPs, perhaps due to their ferromagnetic nature –Fe2O3 interacts 371 

more strongly with the generated MF [28]- which improved suspension stability even in a SW 372 

environment [32,41]. Combining an MF with Fe2O3 or Al2O3 NPs resulted in a decrease in interfacial 373 

tension (a greater decrease was observed with Fe2O3 NPs) - this is attributed to higher desorption of 374 

carboxylic groups induced by the added heat [28]. Furthermore, Fe2O3 has a higher surface area and 375 

surface-to-volume ratio due to its superparamagnetic nature [32,41]. However, an MF on its own had 376 

little effect on interfacial tension, probably due to the low temperature applied [3]. When Fe2O3 and 377 

MgO NPs were combined with EH (Fig. 7 (a)) similar effects on pH [28] were observed. Fe2O3 NPs 378 

reduced interfacial tension (Fig. 6 (a)), and increased pH (Fig. 7 (a)) more than MgO NPs.In contrast 379 

to MF, EH noticeably reduced surface tension (before and after NP application), due to the heat added, 380 

which also correlated with a small increase in oil recovery. Furthermore, owing to variations in 381 

magnetisation properties, MgO NPs (paramagnetic) outperformed Al2O3 (NPs non-magnetised) [10]. 382 

 383 
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4. Mechanism of the hybrid technique (using NPs in combination with EH) 384 

Previous studies on magnetic fields, EH, and hybrid methods involving magnets and NPs have been 385 

performed [42–44]. To get a better understanding of the mechanisms occurring in oil-wet carbonate 386 

reservoirs, we hypothesise multiple mechanisms, Fig. 8 and 9. 387 

 388 

Fig. 8. Hypothesised mechanisms of the hybrid technique (EH combined with NPs) when the DW was pre-389 
magnetised, and NPs were added afterwards a) DW+ EH, b) DW+ EH +NPs. 390 
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 391 

Fig. 9. Hypothesised mechanisms of the hybrid technique (EH combined with NPs) when the DW was pre-392 
magnetised, and NPs were added afterwards a) SW+ EH, b) SW+ EH +NPs. 393 

 394 

When the solution was pre-magnetised (with or without NPs), higher and earlier oil production could 395 

be achieved [11,27,28]. As a result, our proposed mechanism is built on pre-magnetisation followed by 396 

NP injection. We therefore hypothesise that EH-assisted nanofluid flooding is related to a reduction in 397 

interfacial tension and wettability alteration [45–47]. 398 

The processes depicted in Fig. 8 and 9 are based on experimental measurements for pH values, 399 

interfacial tensions, contact angles, and zeta potentials; and the proposed mechanism primarily depends 400 
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on the hybrid technique's combined impact on electrowetting and disjoining pressure (pre-heating and 401 

NPs). Due to the cumulative action of magnetisation and heating, electrowetting causes a change in 402 

wettability under the influence of electricity, allowing a water droplet on the rock surface to flatten, 403 

with an increase in drop width and a decrease in height, indicating a more hydrophilic state [3]. 404 

Furthermore, NP (water-wet NP) adsorption on the rock surface further reduces rock hydrophobicity 405 

[48,49]. Electrowetting, which is caused by electric stimulation, is a good way to modify the surface 406 

wettability and deform the shapes of oil droplets; while electrowetting can also reduce imbibition time 407 

[50,51]. 408 

Fig. 8 demonstrates the mechanisms involved in the hybrid technique when DW is injected at the start 409 

of spontaneous imbibition (before NPs are added). Oil droplet detachment is caused by a rise in the 410 

height of the water wedge film of water, Wf, due to increased disjoining pressure [28]. For instance, oil 411 

recovery with EH (up to 30 V, in core #2, Fig. 4) was 16.0 %, which is 13.2% higher than that without 412 

EH (2.9%) and two times higher than with an MF (162,000 strength) (6.8%) [27,28]. Oil recovery 413 

increased by 6.6% to 24.0% after adding 0.01-0.02 wt% Fe2O3 NPs and after turning off the DC power 414 

and turning it back on later and again applying 30 V (Fig. 4 (a) and Table 6); which was however lower 415 

than for MF (162,000 strength) coupled with Fe2O3 NPs mixed in DW (27.9%). 416 

When pre-magnetised SW was added before NPs in SW, EH increased sulphate adsorption on the rock 417 

surface (Fig. 9). As a result, oil desorption increased, and oil production increased to 24%-25%. EH 418 

was more effective for SW than DW, resulting in a 14.6% improvement in oil recovery in SW versus 419 

10.6% in DW, Table 6. 420 

Furthermore, during pre-magnetisation, the amplitude of the zeta potential decreased (this was more 421 

noticeable with SW; Table 5) and became less negative for Fe2O3 NPs pre-magnetisation removed 422 

negatively charged carboxyl groups in the oil. When MgO NPs were mixed in DW or SW, the zeta 423 

potential became more negative (it decreased from its initial negative value of -5 mV to -28.4 mV (MgO 424 

NPs mixed in SW added before EH -core #6-) and -32.9 mV (MgO NPs mixed in SW added after EH 425 
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- core #8), respectively; see Table 5), implying a better penetration of the NPs into the porous medium 426 

after pre-magnetisation. 427 

This suggests that MgO NPs in DW are more efficient in rendering the rock surface charges more 428 

negative. The interfacial tension of the aqueous phase (with/without Fe2O3/MgO NPs) decreased by the 429 

pre-magnetisation and the pre-heating due to the EH added at the beginning of the spontaneous 430 

imbibition the NPs added later, Figs. 6 (a) and (b); also the pellet porosity increased (from 6.6 to 12.7%) 431 

when SW was used, consistent with contact angle decrease (from 123.8o to 62o) and zeta potential 432 

magnitude increase (from -24.4 to -27.0 mV). When NPs were mixed in SW, pre-magnetisation of the 433 

SW resulted in higher oil recovery, due to changes in wettability and surface charge, allowing improved 434 

NP invasion and expansion of the wedge film. As a result, the water droplet was flatter than in the case 435 

of DW. The wedge film produced by EH with/without NPs was also likely thicker than that produced 436 

by neodymium magnets (with/without NPs). 437 

EH sped up SW imbibition and the contact angle decline time in the presence and absence of the MF 438 

generated by the EH/Neodymium magnets (in comparison to DW), which in turn was more than MF 439 

generated by the neodymium magnets. This would be due to the combined effect of the heat and MF 440 

even though the MF generated by EH is 810 times lower than the one generated by the neodymium 441 

magnets [3,52]. However, imbibition slowed down (Figs. 4 and 5) when EH sequences (15 V then 30 442 

V) were applied. Furthermore, nanofluids should have been injected while DC power is applied. 443 

To describe the relationship between oil production rate and disjoining pressure, ∆𝑡 (defined as the time 444 

required to extract an oil droplet before and after introducing any EOR technique) was examined [28] 445 

and was concluded that: 446 

∆𝑡𝑊𝐹 < ∆𝑡𝐹𝐵 < ∆𝑡𝑆𝑊 < ∆𝑡𝑚𝑎𝑔 < ∆𝑡𝑚𝑎𝑔+𝑁𝑃𝑠                                                                                      (1) 447 

where ∆𝑡𝑊𝐹 , ∆𝑡𝐹𝐵, ∆𝑡𝑆𝑊, ∆𝑡𝑚𝑎𝑔, ∆𝑡𝑚𝑎𝑔+𝑁𝑃𝑠  represent ∆𝑡 for normal water flooding without potential 448 

determining ions (PDIs) (∆𝑡𝑊𝐹), formation brine (∆𝑡𝐹𝐵), seawater/smart water (∆𝑡𝑆𝑊), magnets 449 

(∆𝑡𝑚𝑎𝑔), and magnet-assisted nanofluids (∆𝑡𝑚𝑎𝑔+𝑁𝑃𝑠), respectively. 450 
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It was found that EH accelerates the decline in contact angle decline and the onset of imbibition 451 

compared to an applied MF, due to the increase in temperature caused by EH [3], hence, Eq. (1) can be 452 

developed further to: 453 

∆𝑡𝑆𝑊+𝐸𝐻 > ∆𝑡𝑆𝑊+𝐸𝐻+𝑁𝑃𝑠 > ∆𝑡𝑆𝑊+𝑀𝐹 > ∆𝑡𝑆𝑊+𝑀𝐹+𝑁𝑃𝑠 > ∆𝑡𝑆𝑊 > ∆𝑡𝐹𝐵 > ∆𝑡𝑊𝐹                      (2) 454 

This equation corresponds to the wedge film (Wf) generated by the disjoining pressure. 455 

𝑊𝑓(𝑆𝑊+𝐸𝐻) > 𝑊𝑓(𝑆𝑊+𝐸𝐻+𝑁𝑃𝑠) > 𝑊𝑓(𝑆𝑊+𝑀𝐹) > 𝑊𝑓(𝑆𝑊+𝑀𝐹+𝑁𝑃𝑠) > 𝑊𝑓(𝑆𝑊) > 𝑊𝑓(𝐹𝐵) > 𝑊𝑓(𝑊𝐹)   (3) 456 

where ∆𝑡𝑆𝑊+𝐸𝐻 represents the difference in time needed for oil removal from pre-magnetised SW 457 

(direct application of 30 V), ∆𝑡𝑆𝑊+𝐸𝐻+𝑁𝑃𝑠 represents Δt from pre-magnetisation combined with NPs, 458 

∆𝑡𝑆𝑊+𝑀𝑎𝑔 represents pre-magnetised SW, ∆𝑡𝑆𝑊+𝑀𝑎𝑔+𝑁𝑃𝑠 represents pre-magnetised SW-nanofluid 459 

(with NPs), ∆𝑡𝑆𝑊 represents SW or smart water flooding, ∆𝑡𝐹𝐵 represents formation brine, and ∆𝑡𝑊𝐹 460 

represents normal water flooding (or DW). 461 

 462 

5. Suggestions for field application 463 

Fig. 10 presents a schematic of a field-scale application where electrical heating is used. 464 

 465 Jo
urn

al 
Pre-

pro
of



30 

 

 466 

Fig. 10. Field-scale application of electrical heating to improve oil recovery. 467 

 468 

Electrical heating can be a cleaner technique to enhance oil recovery, minimising pollution through 469 

chemicals [53], especially when green electricity is used [54]. Technically, produced water is collected 470 

in an effluent tank and supplied to a water treatment station for purification (note that electric fields can 471 

also have a great impact on water treatment) [55,56]. Hence, coiled tubing and external piping are added 472 

to the storage tank to ensure continuous flow operations under controlled operations of flow, level, and 473 

temperature. The purified water is used to prepare low-salinity water by dilution. The SW tank is 474 

equipped with a coil which is connected to a power supply to generate electrical, ensuring preheating 475 

and pre-magnetisation of the SW before injection. However, this can be costly as a special design is 476 

required. Furthermore, this tank should be equipped with a level-controlled indicator and a thermostat 477 

which sets a maximum temperature (~40Co) for water losses by evaporation. The heated and 478 

magnetised low salinity water is then ready to be injected into the wellhead while the NP tank should 479 

be placed just after the diluted SW tank. 480 
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To save costs, it is advised that measures be taken to avoid the evaporation of SW and prevent 481 

overheating. Furthermore, coils around the SW tank should be eliminated, and only pipes in the pay 482 

zone should be dotted with coils for high-temperature formations. Also, electrification of the equipment 483 

for net zero targets and cost optimisation is required, while the system can be optimised by adding coils 484 

to the pipes of the LSW/diluted SW tank`s discharge pump closer to the wellhead, similar to what has 485 

been suggested previously for magnetised nanofluid flooding [28]. 486 

Field-scale electrical heating can be carried out with a process control strategy, including a simple 487 

On/Off electric supply with a defined frequency for controlled production rates [57]. However, an 488 

economic study is required to assess the economic potential of this technique, and a special piping 489 

design (two layers with a coil in between) is required to fit the coils inside. 490 

6. Summary and Conclusions 491 

The following conclusions were drawn when comparing the hybrid methods (EH combined with NPs 492 

versus MF combined with NPs): 493 

• The rock zeta potential of chalk samples imbibed with nanofluid at the end of spontaneous 494 

imbibition depended on the NPs' initial zeta potential. Electrical heating enhanced ion 495 

desorption and adsorption, rendering the zeta potential more negative when compared with 496 

similar experiments when a higher magnetic field was imposed without heating. 497 

• Due to enhanced sulphate adsorption (caused by heating) [58], pre-heated and pre-magnetised 498 

nanofluids yielded higher oil recoveries than magnetised nanofluids.  499 

• Fe2O3 NPs provided the highest oil recoveries of all the hybrid options. 500 

• Heat lowered the interfacial tension of the imbibing fluid and caused decarboxylation, altering 501 

the surface charge of the rock, and thus reducing oil wetness and contact angle. 502 

Although imbibition was slower when electricity was introduced first due to several steps (15 V, 30 V, 503 

NPs, then NPs + 30 V), however, the ultimate oil recovery was superior. Moreover, Fe2O3 NPs reduced 504 

the water contact angle (39o for DW, and 36o for SW) more than MgO NPs (54o for DW and 52o for 505 
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SW) when NPs were added after EH. This was due to the pre-magnetisation and pre-heating. 506 

Furthermore, heat proved to accelerate imbibition more than the MF generated by neodymium magnets. 507 

Hence, the imbibition time was further reduced for the EH-nanofluid hybrid technique when 30 V were 508 

applied at the start of the imbibition. The EH-nanofluid hybrid technique enabled higher oil production 509 

in a shorter time compared with the MF neodymium magnets-nanofluid hybrid, thus improving oil 510 

recovery and securing energy supply. 511 

This work guides towards the combined use of electrical heating and nanoparticles for EOR, although 512 

scale-up activities, field-scale pilot studies and techno-economic analyses are needed.  In summary, the 513 

method is very promising for the improvement of the recovery in the near injection-well region, with 514 

effects throughout the pay zone, particularly on onshore fields with close well spacing. 515 
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