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Abstract

Nanofluid treatment of oil reservoirs is being developed to enhance oil recovery and
increase residual trapping capacities of CO: at the reservoir scale. Recent studies have
demonstrated good potential for silica nanoparticles for enhanced oil recovery (EOR) at
ambient conditions. Nanofluid composition and exposure time have shown significant effects
on the efficiency of EOR. However, there is a serious lack of information regarding the
influence of temperature on nanofluid performance; thus the effects of temperature, exposure
time and particle size on wettability alteration of oil-wet calcite surface were
comprehensively investigated; moreover, the stability of the nanofluids was examined. We
found that nanofluid treatment is more efficient at elevated temperatures, while nanoparticle
size had no influence. Mechanistically most nanoparticles were irreversibly adsorbed by the
calcite surface. We conclude that such nano-formulations are potentially useful EOR agents

and may improve the efficiency of CO»-storage even at higher reservoir temperatures.
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1. Introduction

Nanoparticles with unique designed properties are an elegant solution for many
industrial problems and they have ubiquitous promising application in numerous fields
ranging from medicine [1] and biomedicine [2], drug delivery [3], biology [4, 5],
environment [6] and pollution [7, 8], water treatment [9, 10], food production [11-13],
polymer composite [14], stable emulsions [15, 16], heat transfer [17, 18], corrosion
protection [19], conductive materials [20], heterogeneous catalysis [21], and subsurface
applications including drilling [22], carbon geosequestration [23, 24] and enhanced oil
recovery [23, 25-27]. Deposition of (functionalized) nanoparticles on the solid surfaces is a
promising technique to control the wettability of these surfaces.

The efficiency of nanoparticles in terms of wettability alteration of solid surfaces
depends on several factors including particularly the nanoparticle type [28, 29] and solid
surface chemistry [30]. Also, operating conditions such as nanofluid composition and contact
time have significant effects on such surface modifications [23, 31]. A major challenge in
enhanced oil recovery (EOR), on which we focus here, is hydrocarbon production from
naturally fractured carbonate reservoirs; oil production here is controlled by imbibition of
water into the oil-wet rock matrix. Currently, these typically oil-wet and intermediate-wet
reservoirs account for more than half of the known remaining oil in the world [32-34]. As
most oil is stored in the matrix [35], water during secondary recovery can only move through
fractures, resulting in the low productivity (10-30%) of oil by water flooding [36, 37].
Alteration of oil-wet carbonate surfaces to water-wet is thus a key mechanism, which can
significantly increase oil production [23, 27, 38-43]. Once wettability is altered to water-wet,
water can imbibe into the matrix of the rock and displace a significantly higher ratio of oil

from the pore space [44].

Water-wet reservoirs are also favourable to carbon capture and storage (CCS), Iglauer
et al. [45], specifically structural [46, 47] and residual [48] trapping capacities are
significantly lower in oil-wet formations. It is thus desirable to render oil-wet reservoirs

water-wet to optimize CCs projects.

Previous investigations have studied the application of nanoparticles for EOR in

sandstone reservoirs [25, 38, 42, 49, 50]; however, only limited information is available in



terms of the activity of silicon dioxide nanoparticles to improve oil displacement efficiency in
carbonate reservoirs. Specifically, Karimi et al. [41] and Nwidee et al. [43] have examined
the role of ZrO» nanoparticles on wettability alteration of carbonate reservoirs using contact
angle (8) measurements. They showed that ZrO»-based nanofluids can significantly alter
strongly oil-wet rocks to water-wet. Bayat et al. [28] studied the influence of several types of
nanoparticles including, aluminium oxide (Al>O3), titanium oxide (TiOz), and silicon dioxide
(SiO2) on the production of oil from limestone reservoirs. It was found that SiO>
nanoparticles are more efficient than TiO. and Al>Oz regarding wettability alteration towards
a more water-wet state. Similarly, Moghaddam et al. [29] conducted a comparative study
using different types of nanoparticles including magnesium oxide (MgO), cerium oxide
(CeOy), carbon nanotubes (CNT) as well as all types previously studied by Bayat et al. [28].
The results of contact angle, imbibition and core flooding experiments at room temperature
revealed that SiO. nanoparticles are more effective in wettability alteration and improved oil
recovery. Lately, the effect of silica nanofluid on carbonate surfaces wettability was also
investigated by Al-Anssari et al. [23] concerning nanofluid composition (brine and
nanoparticles concentrations), immersion time and reversibility of nanoparticle adsorption.
Their results showed that at room conditions, silica nanoparticles can render the strongly oil-
wet surface water-wet. Furthermore, Zhang et al. [27] have conducted contact angle and core
flooding experiments with silica nanofluid at room temperature. A high resolution X-ray
microtomography (micro CT) was used to image oil and brine distribution in the core before
and after nanofluid flooding. Their results confirmed the effect of silica nanoparticles on
surface wettability and demonstrated that approximately 15% more oil can be produced using

silica nanofluid.

At harsh reservoirs conditions, particularly at high temperature and salinity, the fluids
chemistry plays a crucial role in surfaces wettability [35, 51, 52] and nanofluid stability [53-
55], leading to aggregation and sedimentation of nanoparticles owing to significant reduction
in zeta potential (C). However, the effect of salinity and particularly temperature on nanofluid

stability and ability to render oil-wet surfaces water-wet are only poorly understood.

In this work, we thus investigate how temperature and nanoparticle size affect
nanofluid wettability alteration of intermediate-wet and oil-wet calcite surfaces. Moreover,
zeta potentials for nanofluids of different compositions was measured, and the phase

behaviour of the prepared nanofluid was monitored.



2. Experimental Methodology
2.1. Materials

Iceland spar (pure calcite, from WARD’S Natural Science) was used as a
representative for carbonate reservoir rock. Atomic force microscopy (model DSE 95-200)
was used to measure the topography of the calcite samples since wettability [56] and rate of
nanoparticle adsorption are controlled by the surface roughness and nanoparticles distribution
[57]. The root mean square (RMS) surface roughness ranged between 18-32 nm, which is
very smooth.

n-decane (>99 mol%, Sigma-Aldrich) was used as model oil. Toluene (99mol%,
Chem-supply), n-hexane (>95 mol%, Sigma-Aldrich), nitrogen (>99.99 mol%, BOC),
acetone and methanol (99.9 mol%, Rowe Scientific) were used as cleaning agents. Sodium
chloride (>99.5 mol%, Scharlan) was used to prepare brine solutions. Silicon dioxide
nanoparticles (porous spherical, purity = 99.5 wt%, Sigma Aldrich) with two different sizes
(5-10 nm and 20-25 nm) were used separately to prepare nanofluids with different particle
sizes (Table 1). Deionized (DI) water (Ultrapure from David Gray; conductivity = 0.02
mS/cm) was used to prepare brines or nanofluid (base fluid). Calcite carbonate powder (ACS
reagent, >99.0%, Sigma-Aldrich) was used to establish an accurate equilibrium between
calcite mineral and surrounding electrolyte. The silica nanoparticles were sonicated with base
fluid (DI water or brine) to prepare nanofluids; details about the preparation process are
described by Al-Anssari et al. [23] and Nwidee et al. [43].

Stearic acid (>98.5%, Sigma Aldrich) was used to render the original calcite surface

(which is strongly water-wet, see below) oil-wet.

Table 1: Properties of silicon dioxide nanoparticles (Sigma Aldrich 2015).

Purity (wt%) 99.5
Density (kg/m?®) (2200-2600)
Boiling point (K) 2503
Melting point (K) 1873
Molecular mass (g/mole) 60.08
Solubility in water Insoluble




2.2. Calcite surface preparation

Cleaning steps are crucial in contact angle measurements as residual contaminations
can lead to systematic errors [58]. Therefore, the calcite samples were first flushed with ultra
clean air to remove any loose calcite, followed by washing with DI water and rinsed with
toluene to remove any organic and inorganic contaminants. Note that the DI water and brines
used in this study was equilibrated with CaCOs to avoid a dramatic surface dissolution [59].
Experimentally, different amounts of calcite carbonate powder (ACS reagent, >99.0%,
Sigma-Aldrich) have been efficiently mixed with several brine samples for 2h. Then all
samples had left for a week to monitor if any precipitation of calcite occur. Thus the sample
with highest powder load without showing any precipitation of solid particles have been used
as an equilibrated brine. Subsequently, cleaned calcite samples were dried for 60 min at
100°C and exposed to air plasma for 40 min (using a Diemer Yocto instrument) to further
remove any residual contaminants [23, 58]. Modification of calcite surface with stearic acid

(see below for detailed protocol) was started immediately after surface preparation.

2.3. Contact angle measurements

In order to investigate the efficiency of nanofluids in terms of wettability alteration,
the contact angle of water droplet on a different calcite surfaces in n-decane was measured.
The tilting-plate technique [60] was used to measure advancing (6.) and receding (6;) water
contact angles. A 6-7 pL water drop was dispensed onto the calcite substrate that was placed
on a metal platform at an inclination angle of 17° [23, 47]. The water contact angles were
measured just before the drop started to slide. A high resolution video camera (Basler scA
640-70 fm, pixel size = 7.4 pm; frame rate = 71 fps; Fujinon CCTV lens: HF35HA-1B;
1:1.6/35 mm) was used to record movies of these whole processes, and 6. and 0, were
measured on images extracted from the movie files. The percentage error of contact angle
measurement was £3%. Initially the pure calcite surface was tested in air and 6.= 6, = 0°

(completely water-wet).



2.4. Calcite modification with stearic acid

Subsequently the calcite surfaces were rendered oil-wet by following process: stearic
acid (CH3(CH2)1sCOOH) was initially dissolved in n-decane to prepare a 0.01M stearic acid
solution. Here, stearic acid was initially formulated by dissolving 0.285 g of stearic acid in
100 mL of n-decane (>99 mol%, Sigma-Aldrich) with mixing by a magnetic stirrer for a
sufficient time. Stearic acid as a long chain fatty acid can actively adsorbs on the calcite
surface rendering it to oil or strongly oil-wet [61-63]. The calcite substrate was first
immersed in low pH aqueous solution (1 wt% NaCl, pH=4) for 30 min to allow water to
diffuse into the lattice of the water-wet sample. A 1/5 weight ratio for solid sample to
aqueous solution was used [64]; pH values of this aqueous solution were regulated with drops
of HCl and NaOH. Air was then carefully blown over the calcite surface to remove the
surface water film. Then, the calcite sample was immersed directly into the 0.01M stearic
acid/n-decane solution and aged at ambient condition for 24 h.

CaCO; + H,0 & Ca®* + HCO3 + OH™ (1)
CH3(CH,),sCOOH & CH3(CHy),,CO0~ + H* )
Ca?* + 2(CH3(CH,)1,C007) & Ca(CH;(CH,),4C00), 3)

lonization of carboxylic acid groups on the calcite surface depends on the ionic
strength of the aqueous phase (water composition, Hoeiland et al. [65]). Moreover, it is well
established that the surface potential determining ions of calcite in contact with an aqueous
phase are Ca?*, CO3~, HCO3, and CaHCOF . Thus the distribution of these potential-
determining ions controls the surface charge and therefore the zeta potential of calcite. Note
that H*and OH~ ions are only of secondary importance in terms of the surface potential,
particularly at pH 6 to 11[66, 67]. Experimentally, we thus used an acidic aqueous phase
(pH= 4) to assure a distinctive positive charge on the calcite surface before aging with stearic
acid [61]. This procedure thus accelerates the aging and better mimics reservoir conditions

where formation fluids are exposed to the surface over geological times.

Note that in all previous studies, calcite samples were directly aged in stearic acid
solution after immersing in water without air drying [61, 68, 69]. However, we found that the
presence of a notable water film on the calcite surface prior to immersion into stearic acid
solution leads to unstable 6 measurements. This phenomenon is owing to the instability of the

water film covering the mineral surface [65].



2.5. Nanofluid preparation

Nanofluids were formulated by sonicating silicon dioxide nanoparticles (properties
are listed in Table 1) in base fluid (equilibrated DI water or brine) using an ultrasonic
homogenizer (300 VT Ultrasonic Homogenizer/ BIOLOGICS) for 20 min. Considering our
earlier work on nanofluids [23] and the observations from ShamsiJazeyi et al. [14] with
respect to the (detrimental) effects of high nanoparticle concentration on rock permeability,
we used a low SiO2 nanoparticle concentration (0.2 wt%) in a different equilibrated brines (0
- 2 wt% NaCl). The nanofluid was sonicated 4 times at 240 W for 5 min with 5 min rest to
avoid overheating. Finally, the prepared nanofluid was stored in a cold and dark for 2 h to
assure homogeneity and stability.

2.6. Zeta potential measurements and stability of nanofluids

Zeta potentials () of the nanofluids were measured using a Zetasizer Nano ZS
instrument (Malvern Instruments, UK). Specifically, the zeta potential was obtained from
electrophoretic mobility measurements and application of the Smoluchowski-Helmholtz

equation:

¢ = (eue)lp

where {is the zeta potential (mV), ¢ is the dielectric constant of the solution, He is the
electrophoretic mobility (equal to Ve/E); Ve is the electrophoretic rate (s?), E is the electric
field (V.m™), and p is the fluid viscosity. The effect of fluid pH and nanofluid composition

on zeta potential was measured systematically as part of this study.

2.7. Calcite wettability modification with silica nanofluid (nano-modification)

In order to investigate the effect of temperature and nanoparticle size on nanofluid
efficiency in terms of wettability alteration, oil-wet calcite samples were immersed in
nanofluids at different temperatures (23, 30, 40, 50, and 60°C) for different immersing times
(15, 30, 45, 60, 90, 120, 180, and 240 min). Specifically, the clean oil-wet substrates were

placed in a glass container and were entirely submerged in nanofluid. The calcite samples



were laid vertically in the nanofluids to avoid the effect of nanoparticle deposition by gravity.
Thus, changes in wettability are solely caused by adsorption of nanoparticles onto the calcite
surface. A constant immersion ratio of 5g nanofluid and 1g of calcite was used. The sample
container was kept away from light to avoid any degradation effects during modification.
After the prescribed immersion time, the sample was removed from the container and flushed
with acetone and DI water, then dried with ultrapure nitrogen. Two sets of experiments were
performed regarding the temperature effect; in the first set (A) samples were immersed at
23°C, while contact angle measurements were conducted at specified elevated temperatures.
In the second set (B), both immersion and contact angle measurements were carried out at the
same (elevated) temperature.

3. Results and discussions

Oil production from fractured oil-wet carbonate formations, can be significantly
increased by shifting the rock surface wettability from oil-wet to water-wet [34, 38, 49].
Moreover, if the rock is strongly water-wet, the trapping capacity of CO is significantly
higher [45-48]. In this context it has been shown that nanofluids have a drastic ability to
render oil-wet carbonate surface water-wet [23, 27, 29, 43]. However, the effect of
temperature and nanoparticle size has not been systematically studied yet. We thus

systematically analysed the effect of these parameters on wettability alteration efficiency.
3.1. Zeta potential of nanofluids

The nanofluids zeta potential has a direct relationship with suspension stability as well
as the adhesion and wetting phenomena [70]. Nanoparticles with lower zeta potentials are
electrically more unstable and thus flocculate and precipitate more rapidly [71]. Stability of
nanofluid is an essential parameter that can limit the nanofluid application, and it depends on
both the van der Waals attraction [70] and electrostatic repulsion forces among nanoparticles
[31]. Hydrocarbon reservoirs usually contain relatively high salt concentrations and thus the
effect of NaCl concentration on suspension stability was investigated. The standard deviation
of measurements was varied depending on suspensions salinity and distances from the

isoelectric point (IEP); the point at which zeta potential equals zero.
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Fig. 1. Zeta potentials of various SiO, nanofluids (0.2 wt% SiO; in different brine) at varying pH and
23 °C.

Figure 1 shows the variation of zeta potential with pH of silica nanoparticle
suspensions at different salinity. The absolute value of zeta potential ({) increased with pH
and decreased with salinity consistent with literature data for (< 0.01 wt% NacCl) [28, 72].
Electrolyte ions reduce the repulsion force among nanoparticles owing to the neutralization of
particle surface charges. According to DLVO (Deriaguin-Landan-Verway and Overbeek)
theory, attraction and repulsion forces among particles depend on the surface electric charge;
thus, the stability of colloidal suspension in a dielectric medium is determined by the
repulsive electrostatic interaction energy and attraction of van der Waals energy which is
affected by salt concentration. Consequently, higher ionic strength leads to nanoparticles
instability due to the lower zeta potential. Note that the formation of salt bridges among silica

nanoparticles [73, 74] is the main reason for the instability of nanofluid suspension.

Furthermore, particle loading affects the zeta potential, Figure 2
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Fig. 2. Zeta potential of various nanofluids with different particle loading (0.05, 0.1, 0.15, 0.2, 0.4 and

0.5 wt% SiO.in DI water) at varying pH and 23 °C.

The absolute value of zeta potential increased with pH and decreased as particle

concentration increased. At low particle loading (< 0.2 wt% Si0O32), the increase in

nanoparticle concentration had only a small influence; however, at higher particle content, the

increase in particle concentration remarkably decreased the absolute value of the zeta
potential. This is different to Tantra et al. [54] who claim that only within very low zeta
potential (102-10), the zeta potential is not a function of nanoparticle loading.
Consequently, at high nanoparticle load, it is necessary to increase the pH of the suspension
to keep the nanofluid far away from the isoelectric point (IEP): the point at which zeta

potential of the suspension equals zero [75], as then the nanofluid rapidly flocculated.

The (0.2 wt% SiO: in 1 wt% NaCl) nanofluid showed stable behaviour during the

investigation period. Note that Franks [76] found that silica nano-suspensions are stable

against agglomeration and sedimentation even at relatively high salt concentration (< 6 wt %

NaCl) if the pH of the solution is kept at an appropriate value. Thus, all prepared nanofluids

were kept at pH 5-6 to ensure stability.
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3.2. SEM-EDS and AFM analysis

The irreversibly adsorbed fraction of nanoparticles (i.e. after the nano-treated
substrate was exposed to different cleaning fluids) was investigated via scanning electron
microscopy (SEM, Zeiss Neon 40EsB FIBSEM), energy dispersive X-ray spectroscopy
(EDS, Oxford X-act SSD X-ray detector with Inca and Aztec software), and atomic force
microscopy AFM instruments (model DSE 95-200, semilab). EDS indicated a significant
concentration of silicon (~ 2 wt%) on five different points on several samples (which were
treated by nanofluids at various temperatures), Tables 2 and 3. Note that values on Table 3
are average values for measurements taken from five different points in each sample.
Although Ma et al. [67] announced that it is challenging to determine the complicated surface
charges of carbonate due to the effect of small impurities (e.g. aluminium (Al), and silicon
(Si)) on zeta potential, X-ray photoelectron spectroscopy (XPS) showed that calcite samples
was totally made of calcium (Ca). Surfaces charge difference between calcite and silica
nanoparticle is the main motive force for nanoparticles adsorption on calcite [31].
Mechanistically, negatively-charged silica nanoparticles are strongly adsorbed onto the
positively-charged calcium ions of calcite. The electrokinetic data showed that the isoelectric
points of calcite were at a pH ranged from (7.8 to 10.6) depending on the ionic strength in
aqueous solutions [77]. Thus, calcite surface becomes positively charged when it came into
contact with nanoparticles from stable silica nanofluid at pH=5-6 [53]and nanoparticles were
adsorbed homogeneously on all surfaces at all temperatures, consistent with previous results

[23] at room temperature and other glass and silicon substrates [19, 78].

The calcite surface significantly changed after nanofluid exposure, nanoparticles
irregularly spread on the surface (Fig. 3-A and B) while an increase in immersion
temperature changed the form and structure of the surface (Fig. 3-C and D); e.g. a
temperature increase from 23 to 50 °C increased the adsorption of nanoparticles on the solid

surface and enlarged the size of silica agglomerates into larger clusters (Fig. 3-E and F).

AFM measurements performed on the nano-modified calcite surfaces confirmed the
observations (Fig.4). Treating calcite with nanofluid increased the surface roughness (Fig. 4
B) and higher surface roughness was measured for higher immersion temperatures (Fig. 4 C).
The root-mean-square (RMS) surface roughness increased from 18-32 nm for the original
calcite surface to 450-580 nm when treated at room temperature and a maximum 2100- 2700

nm when the surface was treated at higher temperature (60°C).
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Table 2: Surface composition, measured by EDS, of oil-wet calcite after modification with
nanofluid at 40 °C (0.2 wt% SiO: in 1 wt% NaCl brine, 1 h exposure time).

Point Calcium Silicon Oxygen
(Wt%) (Wt%) (Wt%)
1 33.1 2.2 64.7
2 34.2 1.9 63.9
3 33.2 2.7 64.1
4 35.1 1.8 63.1
5 32.7 2.5 64.8

Table 3: Surface composition of the oil-wet calcite after modification with nanofluid at (0.2
wit% SiO- in 1 wt% NacCl brine, 1 h exposure time) at different temperatures; note that the

composition given for each temperature is the average value of five measurements.

Sample | Temperature | Calcium | Silicon | Oxygen
°C) (Wt%) | (Wt%) | (wit%)
1 23 34.2 1.2 64.6
2 30 34.3 1.9 63.8
3 40 34.2 25 63.3
4 50 35.1 2.2 62.7
5 60 34.4 2.1 63.5
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Fig. 3. SEM images of an oil-wet calcite surface: (A) before, (B) after nanofluid treatment (0.2 wt%
SiO2 in 1 wt% NaCl brine) at 23 °C; (C and D) effect of temperature increase on surface morphology;
(E and F) maximum resolution zoom-into the irreversibly adsorbed silica agglomerates at 23° (left)

and 50 °C (right), respectively.
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3D Topography 2D Topography

(A)

(C)

Fig. 4. Atomic force microscopy images of a calcite surface used in the experiment before (A) and

after nano-treatment at two different temperatures: 23 °C (B) and 60 °C (C).
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3.3. Effect of particles size on wettability alteration.

All oil-wet samples were immersed in an equilibrated brine of the same composition
as that used in nanofluid preparation, and contact angles were recorded as a base contact
angle before nano-treatment. Thus, 0 reduction after treatment with nanofluid was related

only to the effect of nanoparticles rather than the effect of the base fluid.

Two SiO2 nanoparticle sizes (5 and 25 nm) were used to formulate two distinct
nanofluids (but with the same concentration 0.2 wt% SiO> in 1wt % NaCl brine).
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Fig. 5. Water advancing contact angle on oil-wet calcite surface in n-decane as a function of exposure
time to nanofluid (0.2wt % SiO,, 1wt % NacCl brine), temperature (23 and 50°C), and nanoparticle

size (5 nmand 25 nm).

Initially the water advancing contact angles in decane at 23 °C and 50 °C measured 0
= 144 £2° and 126 £2°, respectively, on the untreated surface, which indicates an oil-wet
condition. After immersing the oil-wet substrate in silica nanofluid for 2 h at 23 °C and 50
°C, 6 was reduced to 57+2° and 46+2°, respectively (Figure 5). Thus 6 decreased with
increasing immersion temperature and time, consistent with literature data [23]. However,
silica particle size (5 and 25 nm) had no effect on 8 reduction, consistent with Kulak et al.
[79] and Costa et al. [80] results for 10-35 nm SiO» nanoparticles. Consequently, all

subsequent measurements were based on a single particle size only (5nm).
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3.4. Effect of temperature on contact angle

Temperature has a major effect on wettability alteration of solid surfaces [35, 51, 52].
Thus, two sets of measurements were performed to examine the effect of temperature on
nanofluid wettability alteration efficiency. In the first set (A), immersion temperature was
maintained constant at 23°C and contact angles were measured at elevated in-situ
temperature. In the second set (B), the temperature for nanofluid treatment and contact angle
measurements were the same which is more realistic in oil production application.

vl
o

I
[

S
o

Contact angle [°]

w
w

w
o

20 25 30 35 40 45 50 55 60 65
Temperature °C

Fig. 6. Advancing water contact angle on oil-wet calcite surface in n-decane after
modification with nanofluid for 2 h (0.2wt% SiO2, 1wt% NacCl brine) as a function of measurement

temperature. (A) Immersion temperature 23°C. (B) nano-treatment and contact angle measurement
temperature were identical.

We found that the efficiency of nanoparticles in terms of reducing the water contact
angle significantly improves as temperature increases. For test case A, the contact angle at
23°C reduced from 6 = 145° to 56 ° after immersion for 2 hours at 60°C, consistent with our
previous study [23]. If the temperature was increased to 60°C during 6 measurement, the
contact angle reduced further to 43°. This reduction in 0 is attributed to the influence of
temperature on the spreading behaviour of the drop since the number of active Ca*? sites on

the carbonate surface are reduced with increasing temperature [35, 68].

17



Meanwhile, for test case B, the calcite samples were immersed in nanofluid for 2 h at
various elevated temperatures and 0 was measured at the same temperatures. In this case at
50 °C, 6 was reduced from 145° to 38 ° indicating a significantly higher wettability alteration
efficiency. Adhesion of particles on a surface depends on both surfaces charges and surface
roughness [70]. These factors control the interaction between silica nanoparticles and
carbonate surface since roughness and potential difference can increase the adhesion forces.
Mechanistically, more nanoparticles adsorbed onto the limestone surface as temperature
increased due to carbonate surface dissolution which increases the surface roughness
consistent with EDS results (Table 2). However, when the immersion temperature increased
from 50 °C to 60 °C, there was no additional significant influence on 6; which is attributed to
the change in surface charge of calcite over 60°C. Zeta potential measurements of calcite
surface as function of temperature [68] revealed a reduction in calcite surface charge to a less
positive value at higher temperature reducing the difference in surfaces potential

Furthermore, the influence of immersion time on 0 was measured for these two test

set (Figure 7).

150
—e—0
. —&— 15min
i I ; 30min
& 110 - E
< I T - I 1 o
2 ) t
5 I I _ —%— 60min
6 L
g —e— 90min
S 70
- 120min
. : 180min
...................... Deeereremrmeeeesnnn
o @ 240mMin
30 ‘ : ; T T T T T 1

Temperature °C

Fig. 7. Set A: advancing water contact angle on oil-wet calcite surface in n-decane as function of
exposure time to nanofluid (0.2wt % SiO,, 2wt % NaCl brine) and temperature. Immersion
temperature was constant (23°C).

The contact angle decreased with increasing temperature or immersion time. As

wettability alteration of the surface is caused by the continuing adsorption of nanoparticles
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(see above), longer contact time led to lower 6. However, after 180 min, no more incremental

reduction in 0 was noticed implying that the surface reached its adsorption capacity [23].

It was proposed that temperature influences the drop behaviour [81], and surface
properties [68] which potentially influence the adsorption of silica nanoparticle on a calcite
surface [70]. Thus, to distinguish between the two effects, another set of experiments was
performed (Figure 8) where both immersion and contact angle measurement conducted at the
same elevated temperature. The difference in 0 values between the two sets refers to the

influence of temperature on nano-silica adsorption.
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Fig. 8. Set B: advancing water contact angle on oil-wet calcite surface in n-decane as a function of
exposure time to nanofluid (0.2 wt% SiO-, 2 wt% NaCl brine) and temperature. Immersion

temperature was the same as the temperature for contact angle measurements.

A clear difference is evident between the two temperatures exposure scenarios (Figure
7 and 8) showing more reduction in set B For instance, after 2 h treatment, 6 values measured
at 40 °C were 49° and 41° for set A and set B, respectively. Similarly, for each contact angle
measurement temperature, all 0 values in set B were smaller than those in set A; this
difference indicates an increased in particle adsorption with increasing temperature.
However, the effect of increasing temperature on contact angle (even up to 60°C) is less
considerable as compared to the impact of immersing time for both scenarios (Figures 7, and
8). It is evident that the maximum reduction in contact angle with increasing temperature was

at low immersing time (reduction of 20° in 0) and the decrease in 6 was less significant at
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higher immersing times (Figure 8). However, increased immersing time has a more dramatic
impacts on contact angle reduction (6 reduced by around 55° and 85° after 1 and 2 hr
respectively) consistent with the reported data about the dominant effect of immersing time
on nano-treatment efficiency [23, 31, 34, 43]. Mechanistically, the increased temperature
effects the surface modification in two different ways: a) it can support nanoparticles
adhesion on surface due to increase in surface roughness [70], and b) it leads to a reduction in
decrease the adsorption of nanoparticles particularly at temperatures > 50°C due to a
reduction in positive charges on calcite surface. Hamouda and Gomari [68] reported that the
rise in temperature from 20 °C to 50 °C changed the zeta potential of calcite to a less positive
value by 2.5 mV ( from 3 mV to 0.5 mV respectively), which in turn decreased the
electromotive force (charge difference) for silica particle adsorption; which cause the lower 6

in set B.

4, Conclusions

A wettability change from oil-wet to water-wet can enhance oil recovery, particularly
in fractured oil-wet limestone [23, 27, 38-43], and it can enhance CO> geo-storage capacities
[46-48].

It has been previously shown that nanofluids can achieve such a wettability
modification [23, 24, 26, 27, 34, 42, 43, 82]. However, there is a series lack of information in
terms of how temperature and nanoparticles size influences such a wettability alteration. We

thus tested the efficiency of various silica nanofluids in this respect.

Moreover, as a crucial parameter for nanofluid stability, zeta potentials [54, 72, 74] of

the different nanofluids were measured at different pH value, particle loads, and salinities.

The results showed that a temperature increase reduces the required immersion time
to achieve the same 0 reduction. However, at relatively longer immersion periods (= 60 min),
0 converged to a minimum, independent of temperature. This is caused by an increased
adsorption of silica nanoparticles on the calcite surface with increasing temperature,

consistent with measurement for Zirconium Oxide nanoparticles [41].

Nanoparticle size (5 or 25 nm), however, had no effect on nanofluid wettability

alteration efficiency. All tested nanofluids were stable against agglomeration and
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sedimentation when the pH of the fluid was kept between 5-6, consistent with Franks [76],
Costa et al. [80], Amiri et al. [53] and Al-Anssari et al. [83].

Overall, we conclude that nanofluids are very efficient wettability modifiers,

especially at higher temperatures; nanofluids thus have a high potential in the area of

enhanced oil recovery and improved CO; geo-storage. However, we point out that a

comprehensive investigation for zeta potentials of silica nanofluid, oil emulsion, and calcite

dispersion at different temperatures is required for much broader understanding of the

electrostatic interactions between charged interfaces.
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