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Abstract
Conventional oil production from petroleum reservoirs generally leaves more
that 50% of the original oil in place unrecovered. This residual oil is the target
of various enhanced oil recovery (EOR) techniques that involve fluid injection
into the reservoir which supplements oil recovery by interacting with the rockoil-brine system. Silica nanofluids have emerged as a promising fluid for EOR.
Nanofluids are colloidal suspensions of nanoparticles (NP) dispersed in a
suitable fluid. Over the past decade, a lot of research has focused on
investigating silica nanofluids for EOR applications. This thesis addresses the
mechanisms for silica NP adsorption and fluid/rock interactions during
nanofluid injection. Understanding these processes would aid efficient design
of nanofluid floods.
In chapter 1 of the thesis, a brief background of the research conducted into
silica nanofluids for EOR is discussed. Wettability alteration, interfacial tension
reduction and structural disjoining pressure due to NP wedge formation are the
major mechanisms attributed to incremental oil recovery by silica NPs.
However, the adsorption mechanisms of silica NPs and their effect on
fluid/rock interactions are not well understood. This thesis focusses on the
adsorption of silica NPs for sandstone and chalks mineral surfaces and their
effect on fluid/rock interactions. The materials and methods used in this study
are presented in chapter 3.
Chapter 4 addresses the surface modification of berea sandstone by the in-house
silica nanofluids. Fines migration during water injection, especially in the case
of low salinity, is a potential problem in sandstone reservoirs. It is shown that
adsorption of silica NPs in berea sandstone reduces production and migration
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of fines. This is due to reduction of direct contact between the flooding fluid
and rock minerals. The reduction of the fines was indicated by the reduced
pressure drop, i.e. reduce the flow resistance of the fluid during the post flush
of the NPs’ slug. In addition, it was shown that the adsorption of silica NPs
modify sandstone surface and make the interaction between the modified
surface and the fine particles more attractive. So, modified surface acts as a
“collector” for the fines.
The in-house silica nanofluids show limited stability of the dispersed NPs. To
proceed with the objectives of this work, it was decided, then, to acquire a more
stable commercial silica nanofluid (DP9711 from Nyacol Nano technologies).
The nanofluids’ stability was confirmed at our laboratory. Two types of
adsorption experiments were performed: (1) static adsorption of silica NPs on
minerals and (2) dynamic adsorption of silica NPs injected into sandstone and
chalk cores. The kinetic aspects of silica NP adsorption were also addressed.
The static adsorption was done to address the silica NPs adsorption affinity to
the different minerals (calcite, quartz and kaolinite) and the kinetics of the
adsorption process (chapter 5). The dynamic adsorption of the injected silica
NPs was performed to address the extent of the fluid/rock (sandstone and chalk)
interactions in chapter 6. Fluid/rock interactions during oil recovery by
continuous injection of silica nanofluids are addressed in chapter 7.
Silica NPs shows high adsorption affinity towards calcite mineral followed by
quartz, and the lowest adsorption affinity towards kaolinite. The scanning
electron microscopy (SEM) images did not show pore throat blockage. This
was also confirmed by the improved injectivity during nanofluids injection.
Silica NPs’ adsorption process on quartz and calcite was best fitted to pseudo
second order kinetic model. Both the rate of adsorption and the level of
equilibrium adsorption increases with the salinity.
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The adsorption of NPs is largely influenced by the fluid pH for chalk and
sandstones. Increased alkalinity during low salinity flooding favours NP
desorption. However, dynamic adsorption of NPs injected into chalk and
sandstone core showed high irreversible adsorption at elevated salinity
(synthetic seawater: SSW).
It is interesting to see that in the limited oil recovery experiments; mineral
dissolution, suppression of the ion exchange process and loss of cementing
minerals caused by low salinity injection, were reduced by silica nanofluids. It
is also shown that the silica NPs modifies the mineral surface and made the
interaction energy between the fines and the mineral surface more attractive for
both LSW and SSW. In other words, the silica nanofluids reduce the probability
for formation damage associated with low salinity water injection in sandstone
reservoirs. Some incremental oil recovery was observed with silica NPs.
However, limited experiments were performed on oil recovery, hence the
recovery by nanofluids has not been optimized in this work.
NP adsorption on chalk significantly reduced calcite dissolution by about 30%.
That is the silica nanofluid reduced the detrimental effect of low salinity
flooding on chalk matrix integrity which is one of the major concerns in chalk
reservoirs. As mentioned earlier oil recovery optimization was not performed.
The results from this work identified that silica nanofluids can potentially
increase oil recovery from chalks as compared to low salinity injection alone.
The main outcome of this work suggests a synergy between silica NPs and low
salinity flooding technique for EOR wherein, addition of silica NPs to low
salinity water can reduce formation damage in sandstone reservoirs and reduce
the risk of reservoir subsidence due to calcite dissolution in chalk reservoirs.
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Introduction

1 Introduction
According to the World Energy Report (2018), the global energy demand is set
to rise by 30% between 2018 and 2040 with most of the demand rise coming
from India and China. Fossil fuels will continue to meet a dominant share of
the global energy demand, especially in the critical transportation sector.
However, conventional oil fields all over the world are reaching the decline
phase where the rate of production is falling (Hite and Bondor 2004). Older oil
fields face abandonment with more than 50% of original oil in place (OOIP)
unrecovered as the residual oil is outside the reach of conventional techniques.
The residual oil is trapped due to high capillary forces, poor oil mobility,
unfavourable wettability and high interfacial tension (IFT). This residual oil is
the target of enhanced oil recovery (EOR) techniques. EOR focuses on
developing techniques targeted at overcoming the unfavourable conditions
mentioned earlier in order to recover economical quantities of residual oil. Any
process that involves fluid injection into the reservoir to supplement oil
recovery by interacting with the rock-oil-brine system can be called an EOR
process. Examples of well-known EOR methods are chemical flooding (AlkaliSurfactant-Polymer flooding), low salinity flooding, miscible CO2 injection and
thermal EOR methods.
Nanotechnology refers to manipulation of matter with at least one dimension in
the range of 1 to 100 nm. By its very definition, it is wide field with applications
in targeted drug delivery (Farokhzad and Langer 2009), energy storage (Liu et
al. 2015), microfabrication (Lyon and Hubler 2013), nano-electronics (Lu and
Lieber 2010), CO2 reforming (Lovell, Scott, and Amal 2015), removal of
organic and inorganic pollutants (Walcarius and Mercier 2010), and
environmental materials (Di Credico et al. 2015), among others. Over the past
1
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decade, many of researches have focused on application of nanoparticles (NP)
as an EOR method (Ayatollahi and Zerafat 2012). The small size and high
specific surface area of NPs offer unique advantages like allowing them to
easily pass through pore throats and enhanced interaction in the reservoir at
very low volume concentrations. NPs have displayed the potential to act as
surface modifiers that could alter the wettability and reduce the oil/water
interfacial tension leading to better mobility of the oil phase (Abhishek, Kumar,
and Sapru 2015, Behzadi and Mohammadi 2016, Giraldo et al. 2013, Li and
Torsæter 2015, Shahrabadi et al. 2012, Sheshdeh 2015, Zhang, Nikolov, and
Wasan 2014) and reduce fines migration (Arab and Pourafshary 2013, Arab et
al. 2014).
Recent laboratory studies have indicated that nanofluids, which are colloidal
dispersions of NPs in a dispersing medium have the potential to increase oil
recovery (Behzadi and Mohammadi 2016, Hendraningrat, Li, and Torsæter 2013,
Hendraningrat and Torsæter 2015a, Ogolo, Olafuyi, and Onyekonwu 2012,
Suleimanov, Ismailov, and Veliyev 2011, Zhang, Nikolov, and Wasan 2014).
Special focus has been directed to silica NPs for EOR due to its hydrophilic
nature and ease of functionalization. Hofmann, Endell, and Wilm (1934)
postulated the presence of silanol groups (Si–OH) on the silica surface that
causes its hydrophilicity as the silanol groups act as binding sites (H+ bonds)
for water. These NPs are dispersed in a suitable medium to prepare nanofluids
(NF).

1.1 Stability of nanofluids
For NFs which are two phase systems, one of the most important issue is their
colloidal stability i.e., no or low rate of agglomeration of the NPs. The
suspended NPs in fluid have the tendency to aggregate due to the high surface
2
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area to volume ratio leading to high surface energy. Hence they tend to
aggregate to minimize the surface energy. Stability of NP is essential for
injection application as EOR agents in oil reservoirs. Agglomeration can lead
to blockage of micro channels, formation damage, hinder the transport of NPs
and the displacing fluid in the reservoir. The main strategies utilized to enhance
the stability of nanofluids are: (a) electrostatic stabilization (Ortega et al. 2016)
(by varying pH of the nanofluids); (b) employing stabilizing fluid/surfactant
(Hendraningrat

and

Torsæter

2015b);

(c)

surface

modification

(functionalization) of the NP (Yang and Liu 2010, Weston et al. 2015).
Electrostatic stabilization (for example by varying the pH) is expected to fail in
the presence of dissolved salts. Electrolytes could destabilize particle
dispersions by compressing the double layer. As the electrolyte concentration
increases, the energy barrier is lowered to an extent that kinetic energy of
particles dictates the kinetics of particle aggregation (Metin et al. 2011). For a
given surface charge, the aggregation of silica NP occurs because of the
presence of electrolytes. Metin et al. (2011) studied the effect of pH, cation
type, temperature and electrolyte concentration on the stability of silica
dispersions. They found that pH does not have a significant effect on stability
in the presence of electrolytes. Surfactants may also be used as a stabilizing
fluid (Hwang et al. 2008). Adding surfactants in the two-phase systems is an
easy and economic method to enhance the stability of nanofluids. They consists
of a hydrophobic tail portion, usually a long-chain hydrocarbon, and a
hydrophilic polar head group. The surfactants tends to locate at the interface of
the two phases, where it introduces a degree of continuity between the
nanoparticles and fluids. Surfactants may be divided into four classes:
(1) Nonionic surfactants (Liz-Marzán and Lado-Touriño 1996)
(2) Anionic surfactants (Kvitek et al. 2008)
3
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(3) Cationic surfactants(Binks, Rodrigues, and Frith 2007)
(4) Amphoteric surfactants (Gao et al. 2009)
Although addition of stabilizing fluid can be an effective way to enhance the
dispersion of NP, it might cause several problems like foaming and stabilizing
fluid adsorption in porous media leading to loss of the intended stabilization.
Use of functionalized nanoparticles is a promising approach to achieve longterm stability of nanofluid. It has the advantage of being a surfactant-free
technique. Joni et al. (2009) made a stable dispersion of titania NPs in an
organic solvent. In order to enhance dispersion stability, surface modification
of dispersed titania particles was carried out with silane coupling agents. Tang
et al. (2006) modified zinc oxide NPs with polymethacrylic acid (PMAA) in
aqueous system. The hydroxyl groups on the particle surface interact with
carboxyl groups of PMAA and form poly (zinc methacrylate) complex. They
found that PMAA enhanced the dispersibility of the NPs. Yang and Liu (2010)
presented a work on the synthesis of functionalized silica (SiO2) NPs by
grafting silanes directly to the surface of silica NP which showed good stability.
Weston et al. (2015) systematically performed surface modification of silica
with different silanes and studied the wettability of the modified nanomaterials.
However, it is essential to examine the effect these stabilization strategies have
on the effectiveness of the nanofluids.

1.2 Adsorption
For stable nanofluids, which can be utilized as EOR agents, an important factor
is the interaction of the NPs with the rock minerals over a wide area of the
reservoir. When NPs are introduced into porous medium, different processes
may take place such as adsorption, desorption, blocking, transportation and
aggregation (Li and Torsæter 2015). The adsorption could be irreversible or
4
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reversible. Blocking of pore throats may occur if the NPs aggregate in situ so
that their size exceeds the pore throat (Wang et al. 2016). The transportation of
the NP through the porous medium is governed by advection-diffusion and
hydrodynamics once equilibrium adsorption and desorption has been achieved.
Silica NPs can alter the wettability of the oil wet rock surface towards more
water wet and this has been attributed and studied as the main mechanism that
that improves recovery due to application of silica NPs (Hendraningrat, Li, and
Torsæter 2013, Li and Torsæter 2015, Abhishek, Kumar, and Sapru 2015,
Dehghan Monfared et al. 2016). Hence the adsorption of silica nanoparticles on
the mineral surface in sandstones is of prime importance. Literature indicates
some debatable with regards to silica NP adsorption on sandstone minerals.
Metin, Baran, and Nguyen (2012) reported that the adsorption of surface
functionalized silica NPs on quartz mineral surfaces was insignificant. Other
researchers reported significant adsorption of silica NPs on sandstones (Li et
al. 2013, Yuan, Moghanloo, and Zheng 2016, Zhang et al. 2015).
Yu et al. (2012) investigated the adsorption and transport of silica NPs injected
into sandstone, limestone and dolomite cores. They found that the silica NPs
did not impair the permeability of sandstone cores, however, they observed
severe plugging in dolomite cores. Lecoanet, Bottero, and Wiesner (2004)
investigated the adsorption and transport of different NPs with flooding
experiments. Among the investigated NPs, the NPs that were surface modified
for stability showed the best mobility. The adsorption of NPs is governed by
various colloidal forces like: London-van der Waals forces, double layer forces
and hydrodynamic forces. Zhang and co-workers (Zhang et al. 2015) performed
an extensive series of transport experiment to systematically analyse the effect
of injection rate, rock type, NP concentration and porous medium properties on
NP adsorption and transport. They reported distinct adsorption and desorption
5
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sites in the porous media and that the adsorption capacity was much lower than
that would be expected for monolayer coverage. Most importantly they showed
that the adsorption behaviour of NPs in porous medium is unlike typical solute
sorption (Yao, Habibian, and O'Melia 1971) wherein the adsorption capacity is
a characteristic to the porous medium. Also, the NP adsorption behaviour does
not follow classical filtration behaviour (Li et al. 2008). In their follow up work,
(Zhang, Murphy, et al. 2016) suggested an independent two-site model. This
model includes physically independent sites of fixed capacity for reversible and
irreversible adsorption. Monfared et al. (2015) studied the kinetic aspects of
silica NP adsorption on calcite surfaces and effect of salinity and pH on the
adsorption process. The reported that lowering the pH and increasing the
salinity positively impacts the adsorption process. Most of the research effort
in the literature has been directed at investigating the adsorption and transport
of NPs in sandstones. The adsorption of silica NPs in carbonate minerals is not
well addressed.

1.3 Surface modification
Low salinity water injection is a popular EOR technique for sandstone
reservoirs (Morrow and Buckley 2011, Austad, RezaeiDoust, and Puntervold
2010, Hamouda and Valderhaug 2014). This techniques generally involves
altering or lowering the salinity to injection brines. However, lowering the
salinity of injection brine can have detrimental effects. Khilar and Fogler (1984)
identified the existence of a critical salt concentration (CSC) for permeating
fluids in berea sandstones below which clay particles get released and cause
formation damage due to fines migration. Fines refer to solid mineral particles
of the sandstone minerals that lose their coherence due to fluid/rock interaction
and become mobilized with the flowing fluids. Formation damage by lowering
6
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brine salinity has also been reported by other researchers (Kia, Fogler, and Reed
1987, Rosenbrand et al. 2015, Bhattacharya et al. 2016) and choosing optimum
brine salinity in low salinity projects is limited by the CSC (Arab and
Pourafshary 2013). The adsorption of silica NPs on minerals causes surface
modification which may affect the fluid/rock interactions. Arab and
Pourafshary (2013) and Arab et al. (2014) studied the surface modification of
sandstone by NPs to reduce fines migration and colloid facilitated transport in
porous medium modified by NPs. They reported that porous media that has
been treated with NPs acts as a strong adsorbent of fine particles. Huang et al.
(2015) made a similar observation wherein they observed that for a sand pack
treated with silica NPs, the pressure drop across the sand pack was 10% lower
than of unmodified sand pack, thereby showing an improvement in water
injectivity. Yuan (2017) reported an analytical model for utilizing nanofluids
to control fines migration.
In addition to sandstones, low salinity water flooding can also be an effective
technique for improving oil recovery from carbonate reservoirs (Hamouda and
Rezaei Gomari 2006, Hamouda et al. 2014, Zahid, Shapiro, and Skauge 2012,
Mahani et al. 2015, Al-Nofli et al. 2018, Wang and Alvarado 2011, Hamouda
and Gupta 2017, Rezaei Gomari and Joseph 2017). However, increased calcite
dissolution induced by low salinity interaction with chalk during flooding may
lead to loss of rock integrity (Hamouda and Maevskiy 2014). To best of our
knowledge, the effect of silica NP adsorption on fluid/rock interactions with
carbonate minerals has not been addressed in the literature.

1.4 Oil recovery by nanofluids
Various research groups have investigated the potential of silica NPs to increase
oil recovery (Behzadi and Mohammadi 2016, Hendraningrat and Torsæter
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2015b, Ogolo, Olafuyi, and Onyekonwu 2012, Zhang, Nikolov, and Wasan
2014, Shahrabadi et al. 2012, Ortega et al. 2016, Haroun et al. 2012, Agista,
Guo, and Yu 2018). As discussed earlier, NPs are suitable for subsurface porous
media applications since they can pass through the pore throats of porous media
without blocking them and enhance oil recovery at relatively low volume
concentrations (Suleimanov, Ismailov, and Veliyev 2011, Fletcher and Davis
2010) via wettability alteration (Hendraningrat, Li, and Torsæter 2013, Maghzi
et al. 2012, Li and Torsæter 2015).
Core flood studies conducted by different research groups have shown the silica
NPs can increase recovery in sandstone reservoirs (Hendraningrat, Li, and
Torsæter 2013, Torsater, Li, and Hendraningrat 2013, Alomair, Matar, and
Alsaeed 2015, Aurand, Dahle, and Torsæter 2014, Ju, Fan, and Ma 2006).
Hendraningrat and Torsæter (2015a) investigated the applicability of different
metal oxide NPs for EOR. They reported wettability alteration to more water
wet by the NPs which corresponded with the increased oil recovery. They
suggested that wettability alteration is the dominant mechanism for NPs based
EOR. Apart from wettability change, silica NPs have also been shown to reduce
oil-water interfacial tension thereby improving the mobility of oil phase (Li,
Hendraningrat, and Torsaeter 2013, Sharma, Iglauer, and Sangwai 2016, AlAnssari, Wang, Barifcani, and Iglauer 2017) and stabilize oil in water
emulsions (Xu et al. 2017, Binks and Whitby 2005, Sharma et al. 2015, Sharma,
Kumar, and Sangwai 2015). In addition, Wasan and coworkers (Wasan and
Nikolov 2003, Zhang, Nikolov, and Wasan 2014) suggested the mechanism of
NP wedge formation that drives the detachment of oil from mineral surfaces.
The formation of NP wedge like structure due to the self assembly of the NPs
in the three-phase contact between the oil, water and mineral raises the
structural disjoining pressure (perpendicular to the oil-water interface). This
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force enhances the detachment of oil from the mineral surface. The disjoining
pressure depends on the particle size and self-assembly of the NPs in the wedge
region (Zhang, Ramakrishnan, et al. 2016).
Silica NPs can also be an effective EOR agent in carbonate reservoirs (AlAnssari, Wang, Barifcani, Lebedev, et al. 2017, Roustaei and Bagherzadeh
2015, Abhishek, Kumar, and Sapru 2015, Abhishek, Bagalkot, and Kumar
2016, Nwidee et al. 2017). Nazari Moghaddam et al. (2015) compared the
performance of different types of NPs in altering the wettability of carbonate
reservoirs. Al-Anssari et al. (2016) reported that silica NPs adhere to the calcite
surface irreversibly and can alter the wettability of oil/mixed-wet to water-wet
state. The efficiency of wettability change by silica NPs was shown to be
enhanced at higher temperatures (Al-Anssari, Wang, Barifcani, Lebedev, et al.
2017).
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2 Objectives
The motivation behind this work is to contribute to the emerging field of
nanofluid flooding for EOR. In the previous chapter, a brief background of the
research conducted on silica nanofluids for EOR was discussed. Wettability
alteration, interfacial tension reduction and structural disjoining pressure due to
NP wedge formation are the majors mechanisms attributed to incremental oil
recovery by silica NPs. However, the adsorption mechanisms of silica NPs and
its effect on fluid/rock interactions are not clearly addressed in literature. This
thesis focusses on the adsorption of silica NPs for sandstone and chalks mineral
surfaces and their effect on fluid/rock interactions.
The main objectives of this work are:
(1) Investigate the stability of silica nanofluids.
(2) Investigate the mechanisms of silica NP for sandstone and chalks
mineral surfaces and their effect on fluid/rock interactions at different
salinity conditions.
(3) Merging the popular low salinity flooding with silica NPs for EOR.

10

Materials and methods

3 Materials and methods
The experimental methods in this work involved nanofluid preparation,
nanofluid characterization (particle size and zeta potential measurements),
adsorption studies, core flooding studies and SEM imaging. This chapter
includes the details of materials, experimental setup and methodology of
measurement techniques used in this study. The list of chemicals used and their
sources are outlined in Table 3.1.
Table 3.1 List of chemicals
Material
Silicon dioxide nanopowder
(3-Mercaptopropyl)
trimethoxysilane (MPTMS)
Quartz mineral powder)
Kaolinite mineral powder

Properties
Spherical, 5-20 nm, Purity:
99.5%
Purity: 95 %
Specific surface area (0.62
m2/g)
Specific surface area (8.56
m2/g)

Source
Sigma- Aldrich (637246)
Sigma- Aldrich (175617)
Sigma-Aldrich (00653)
Sigma-Aldrich (03584)

Specific surface area (0.23

Honeywell

m2/g)

Haen

n-decane

Purity > 99%

Chiron AS

Stearic acid (SA)

*UDGH,3XULW\

Sigma-Aldrich (S4751)

Purity >99%

Fluka Analytical

30 wt.% dispersion in DIW

Nyacol Nano

(pH 3)

Technologies

Calcite mineral powder

N,N-Dimethyldodecylamine
(NN-DMDA)

DP9711 Silica nanofluid
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3.1 Cores
Two types of outcrop cores were used to perform core flooding studies in this
work: (1) berea sandstone (BR) cores and (2) Stevens Klint (SK) chalks. The
berea sandstone cores work were acquired from Koucurek Industries Inc.,
Caldwell, TX, USA. The properties and mineral composition of the used cores
are listed in Table 3.2.
Table 3.2 Properties and mineral composition of used Berea sandstone
Core Properties

Mineral Composition of Berea

Type

Berea Sandstone

Mineral Name

Semi-Quantitative (%)

Length

8.95 ± 0.08 cm

Quartz

94

Diameter

3.78 cm

Kaolinite

1

Porosity

20.05 ± 0.76%

Muscovite

1

Permeability

200–220 mD

Microline

1

SK chalk is 99% pure biogenic with a high porosity range of 45–50% and a
relatively low absolute permeability of ൎ4 mD (Hamouda et al. 2014). SK
chalk matrix material and its petro-physical properties resembles chalk
reservoirs, which makes it useful in the analysis (Frykman 2001).

3.2 Brines
Apart from DIW (deionised water), synthetic sea water (SSW) and low salinity
water (LSW) at 1:10 SSW dilution with pH 7.45 and 7.32 respectively were the
brines used in this study. The LSW dilution ratio of 1:10 was chosen based on
previous work in our lab (Hamouda et al. 2014, Hamouda and Gupta 2017,
Hamouda and Valderhaug 2014, Hamouda and Maevskiy 2014) where, 1:10
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dilution showed best performance. The ionic compositions of SSW and LSW
are listed in Table 3.3.
Table 3.3 Ionic composition of SSW and LSW
Ion

SSW (mol/L)

LSW (mol/L)

HCO3

0.002

0.0002

Cl–

0.525

0.0525

SO4

0.0240

0.0024

Mg2+

0.045

0.0045

í

2–

2+

Ca

0.013

0.0013

Na+

0.450

0.045

K+

0.010

0.0010

3.3 Nanofluids
Two types of nanofluids were used in this study. The first set of NFs were
prepared in house with silica nanopowder obtained from Sigma Aldrich (Table
3.1). The nanopowder was dispersed in deionized water (DIW) at a
predetermined concentration using a magnetic stirrer at 500 rpm for 30 min. To
loosen the agglomerates in the nanopowder and disperse it, probe sonication
was applied using an ultrasonic processor. Sonication was performed for 120
min (50% amplitude and 0.5 pulse) with breaks every 15 min to avoid
overheating. Mondragon et al. (2012) observed that silica nanofluids prepared
by dispersing the NPs in DIW using an ultrasonic probe proved to be the most
effective technique. Following nanofluids were prepared at varying
concentrations of NPs:
(1) Unmodified silica NPs dispersed in DIW.
(2) Sulfonated silica NPs dispersed in DIW (functionalized).
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(3) Silica NPs dispersed in DIW with MPTMS stabilizing fluid.
The nanofluids of silica in DIW with MPTMS stabilizing fluid were prepared
by dispersing the desired concentration of silica NPs in DIW via ultrasonication. Thereafter, 1 g of MPTMS was added per 100 mL of the nanofluid
under vigorous stirring. To avoid confusion in this text between NP and
MPTMS concentration, NP concentration is always stated in g/L units and
MPTMS concertation is always stated in g/100 mL units.
Sulfonated silica NPs were prepared by surface functionalization of silanol
groups present of the silica surface. Hofmann, Endell, and Wilm (1934)
postulated the presence of silanol groups (Si–OH) on the silica surface. The aim
of functionalization of silica was to increase the hydrophilicity and stability of
the silica NPs. The grafting of silanes on NP leads to steric stabilization. The
surface modification was performed based on the method described by Weston
et al. (2015). 10 g of silica NP was dispersed in 100 mL toluene by probe
sonication. 5 g of MPTMS was added to the dispersed silica in toluene. The
solution was stirred for 12 hrs at 35 °C. Particles were removed from the
dispersion by centrifugation (7000 rpm for 10 min). Thereafter, the particles
were washed 5 times with isopropyl alcohol, after each time, the fluids were
centrifuged to separate the particles. The wash with isopropyl alcohol was done
to remove excess silane/toluene and followed by washing twice with 70/30 (v/v)
mixture of isopropyl alcohol and DIW. The NPs were dried in a vacuum oven
at 120 °C for 24 h. Thereafter, the thiol groups of MPTMS were oxidized based
on the technique described by Oh et al. (2006): the dried NPs were dispersed in
a solution of 30% H2O2 and stirred at room temperature for 24 hrs. This results
in the formation of sulfonic acid groups on the silica surface. The particles were
then washed several times with water and dried. The sulfonic acid groups were
converted into sodium sulfonate by dispersing the particles in 0.1 mol/L
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solution of NaOH under continuous stirring for 24 hrs. The particles were
washed and dried in a vacuum oven for 3 days at 35 °C. These surface modified
NPs are referred to as sulfonated NP. Thereafter the sulfonated NPs were
dispersed in DIW via ultra-sonication to prepare the nanofluid.
The second type of nanofluids were prepared from DP9711 nanofluid (Table
3.1) which was acquired as dispersion with silica nanoparticles at 30 wt. %
concentration dispersed in deionized water (DIW). The DP9711 product has a
proprietary surface coating but Singh and Mohanty (2015) reported that DP
9711 is coated with polyethylene glycol. For ease, these NPs are referred to as
DP in this study. The NPs as claimed by the manufacturer have an average
particle size of 20 nm. As and when required, the NFs used in this study were
prepared from the stock fluid by diluting it with appropriate brines.

3.4 Model oil
The oil phase used in this study was n-decane. For saturating chalk cores, stearic
acid was dissolved into n-decane at 0.005 mol/L concentration. For treating
berea sandstone cores, N,N-Dimethyldodecylamine (NN-DMDA) at a
concentration of 0.01 mol/L was dissolved with n-decane. Stearic acid and NNDMDA are polar natural fatty acid and amine used to modify the wettability of
chalk and sandstone cores towards oil wet based on previous work in our lab
(Gomari, Denoyel, and Hamouda 2006, Hamouda and Tabrizy 2013).

3.5 NP adsorption on minerals
Adsorption studies were performed to address the interaction between silica
NPs and the major minerals present in chalk and sandstone reservoirs. Two
types of adsorption experiments were performed: (1) adsorption on minerals
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and (2) dynamic adsorption of silica NPs injected into sandstone and chalk
cores (section 3.6.2). The kinetic aspects of silica NP adsorption were also
addressed.
During static adsorption experiments, 0.15 g of a particular mineral powder
was dispersed in 30 mL of nanofluid. Then the samples were agitated in a
rotator agitator for 24 hrs at room temperature. After 24 hrs, the minerals were
removed from the dispersion and the remained NP concentration in the fluid
was determined (Section 3.5.1). This was used to calculate the amount of NPs
adsorbed on the mineral surfaces. The in-house prepared silica nanofluids were
much less stable compared to the commercially available (DP9711) nanofluid.
In addition, the commercial nanofluid was almost transparent at low
concentrations. A different method were developed for determining the
remained unabsorbed NP concentration which is outlined in section 3.5.2. The
developed methods for determining NP concentration during adsorption tests
were also utilized in analyzing NP concentration in the effluents from core
flooding experiments outlined in section 3.6.
For investigating the kinetics of silica NP adsorption, 5 grams of mineral
powder was dispersed in 30 ml of nanofluid. The nanofluid was prepared at a
predetermined NP concertation and salinity. The nanofluid-mineral dispersion
was placed in a 50 ml capped centrifuge tube. The tube containing the nanofluid
and the mineral was then agitated using a rotary agitator for the desired length
of time. At the end of the time period, the mineral was removed from the fluid
by centrifuging. The supernatant fluid containing the remained NPs was
recovered and filtered. The concentration of the NPs in the supernatant was
determined.
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3.5.1 Measurement of NP concentrations for in-house
silica nanofluids.
For in-house silica nanofluids, the samples were centrifuged at low speed (1000
rpm) for 10 min to promote the settling of mineral powders. The liquid was
decanted and further centrifuged for 10 min. This supernatant fluid was
analyzed for NP concentration by transmissivity measurements. The suspended
NP in fluid have the tendency to aggregate due to the large surface area to
volume ratio leading to high surface energy, hence they tend to aggregate to
minimize the surface energy.
The stability of the nanofluids was investigated. The uniformity of the dispersed
NPs was determined by % transmissivity of the nanofluid. TurbiScan Lab
instrument by Formulaction Inc was used to measure transmissivity at different
points along a vertically mounted tube. Uniform dispersion of the NPs in a fluid,
is indicated by stable transmissivity along the vertical length. In general, it was
found that the in-house nanofluids were stable for about 24 hrs beyond which
the settlement of particles could be visually observed. The nanofluid with
sulfonated silica NPs was the most stable. This nanofluid was stable for about
one week. For example, the transmissivity measurement of the 1 g/L dispersion
of bare silica in DIW was performed along the turbiscan tubes with sample
height of 35 mm. The maximum transmissivity measured was 35.67%, the
minimum was 34.87% and the mean transmissivity was 35.14%. This indicates
that the prepared nanofluid prepared was uniformly dispersed. Further, the
nanofluid was diluted to 0.5 g/L and 0.33 g/L NP concentration and the samples
were placed in an ultrasonic bath for 1 h after which the transmissivity was
measured. These measurements along with the transmissivity of DIW (no NP)
was used to make the calibration curve shown in Figure 3.1. The calibration
curve was used to quantitatively determine the concentration of NP in
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supernatant/effluent samples. For each nanofluid prepared for particular
experiment, a calibration curve was constructed following the above process.
The transmissivity of the supernatant/effluent samples is measured and
compared against the calibration curve to determine the concentration of the
NP in the supernatant/effluent samples.

Figure 3.1 Calibration curves for detecting nanoparticle concentration and MPTMS
concentration. (ABS: Absorption)

3.5.2 Measurement of NP concentration for DP9711
nanofluids.
NP concentration during adsorption tests and in the effluents of flooded cores
performed with nanofluids prepared from DP9711 stock fluid were determined
using UV-Vis spectroscopy. The mineral was removed from the fluid by
centrifuging at 10000 rpm and decanting the supernatant fluid. The supernatant
fluid was, then filtered through a 0.22 ȝPfilter which allows the NPs to pass
through but not the larger mineral particles. The remaining concentration of the
NPs in the supernatant was determined by measuring their absorbance in a dual
beam UV/Vis spectrophotometer (UV/Vis 1800 spectrophotometer from
Shimadzu Corporation) at 240 nm wavelength against DIW, comparing it with
calibration curves and making baseline corrections.
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3.6 Core flooding
Three types of core flooding experiments are performed in this study to address
the effect of silica nanofluids as outlined below.

3.6.1 Berea surface modification by in-house nanofluids
These experiments were aimed at addressing the surface modification of berea
sandstone by the adsorption/adhesion of silica NPs. For ease of discussion, the
NPs retained in the core are henceforth referred to adsorbed NPs. Sandstone
surface modification by the in-house prepared nanofluids containing silica NPs,
silica NPs with a stabilizer (MPTMS) and sulfonate-functionalized silica NPs
in DIW were investigated. Thus two stabilization methods (discussed later): use
of stabilizing fluid and NP functionalization were addressed. Silica nanofluid
was introduced into the berea sandstone core under vacuum with 1 pore volume
of nanofluid, followed by injection of DIW to address the surface modification
by the silica NPs.
Berea cores were dried in a vacuum oven at 100° for 24 hrs until stable weight
was obtained. The dry weight, length and diameter was noted. The core was
vacuum saturated with DIW and the pore volume (PV) of the core was
calculated based on the saturated weight of the core. The core was loaded in a
core holder and confining pressure of 25 bar was applied. DIW was injected at
 P/PLQ § 39GD\  WR SHUIRUP SUH-flush. Injection was performed at
atmospheric pressure (no back pressure). The flooding setup is shown in Figure
3.2. Differential pressure drop across the core (dP) was recorded using Labview
7.1. Upon stabilization of dP, the core was removed from the holder and dried
in a vacuum oven at 100 °C until the weight of the core becomes approximately
equal to dry core weight previously measured. Thereafter, the core was treated
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(vacuum saturated) with 1 PV of a particular nanofluid depending on the
experiment and loaded in the core holder with the same inlet-outlet orientation
as during pre-flush. Post flush was performed by injecting DIW at 0.3 mL/min
§ 39GD\  3URGXFHG HIIOXHQW VDPSOHV ZHUH WKHQ FROOHFWHG and analyzed.
The adsorption/desorption of the NP was addressed by continuous monitoring
of the pressure drop and analysing the effluents for produced NPs and
stabilizing fluid concentration where applicable.

Figure 3.2 Core flooding setup fro in house nanofluids.

As mentioned earlier the NP in the nanofluid tend to aggregate, which may
cause resistance to flow. Two strategies were employed to prevent/minimize
the agglomeration of NP. Firstly, functionalization or surface modification of
the NPs (sulfonated silica). The second is using a stabilizing fluid that keeps
the NP suspended. Hendraningrat and Torsæter (2015a) employed
Polyvinylpyrrolidone (PVP) at 1% weight concentration in the nanofluid as a
stabilizer for silica based nanofluids. However, an important question that
arises related to the adsorption of the stabilizing fluid on the mineral during the
injection that may take place. This changes the ratio between the fluid and NP,
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which may then induce agglomeration of NPs during the injection. In this study
a method was developed to determine the adsorption of the stabilizing fluid on
the rock surface. The method was based on mass balance calculation, where the
effluent was analyzed by UV/Vis spectroscopy. The used wavelength was 300
nm that gave adequate linear relationship between the absorption and
concentration of MPTMS (stabilizing fluid). The constructed calibration curve
was then used to estimate the loss in the mass balance i.e., related to the
adsorbed MPTMS in the core. For each nanofluid containing MPTMS,
calibration curve was constructed prior to the injection experiment by
measuring the absorption in a dual beam UV/VIS spectrometer at wavelength
300 nm. The removal of the NP from the effluent fluid was achieved by
adjusting the pH of the effluent fluid to about 2, then centrifuging the fluid for
60 min at 10,000 rpm to promote the settling of NP. The absorption of the
supernatant was determined. As an example, the UV/VIS calibration curve for
1 g/L nanofluid with 1 g/100 mL MPTMS is presented in Figure 3.1. In
summary, after measuring the NPs concentration in the effluent samples
through transmissivity measurements, the pH of the samples was then adjusted
to 2 by dropwise addition of 0.1 M HCl followed by centrifuging for 60 min at
10,000 rpm. The absorption of supernatant was measured relative to a reference
of DIW (pH adjusted to about 2) in the double beam UV/VIS spectrometer.

3.6.2 Dynamic Adsorption of silica NPs
The objectives of the tests were to study the adsorption profile of the NPs and
their interaction with the minerals. The dried berea/chalk cores were vacuumsaturated with DIW or brine (LSW/SSW) and loaded into the core holder. A
confining pressure of 25 bar was applied, and injection was performed at a
constant flow rate of 10 PV/day at room temperature. After injecting several
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PVs of DIW/brine (pre-flush), 1.5 PV of slug with LiCl tracer was injected.
Thereafter, the injection was switched to the original fluid to conduct a postflush. The effluents samples from the core floods were analysed for NP
concertation using the method outlined in section 3.5.2 and the pH was
recorded. The concentration of cations in effluents produced from core
floodings was determined by a Dionex ICS-5000 Ion Chromatograph (IC) from
Thermo Fisher Scientific. The schematic of the core flooding setup used in this
study is shown in Figure 3.3.

Figure 3.3 Schematic of the core flooding setup.

3.6.3 Oil recovery by nanofluids
The berea/chalk cores were dried at 100 ஈC in a vacuum oven until stable weight
was reached. Then the cores were vacuum saturated with SSW and loaded in
the core holder. The cores were flooded with model oil (section 3.4) to establish
initial water saturation (Swi). Thereafter the cores were aged in model oil for a
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period of two weeks at 50 ஈC to render them oil wet. The flooding experiments
were performed at 70 ஈC under 25 bar confinement pressure and against 10 bar
of back pressure in two stages: (1) primary recovery was done by flooding with
the particular brine at two flowrates: 4 and 16 PV/day and (2) secondary
recovery was done by switching the flood with NF, again the flooding was
performed at 4 and 16 PV/day. The amount of oil produced and the differential
pressure drop (dP) across the core as flooding progressed were recorded. The
concentration of NPs in the produced effluents was determined by the method
outlined previously. The pH of the produced water was measured and the
concentration of the cations produced as flooding progressed was determined
by IC. The experiments were performed in flooding setup shown in Figure 3.3.

3.7 Spontaneous imbibition tests
The spontaneous imbibition tests were done briefly to indicate the effect of
silica NPs on oil recovery from berea cores. Dried berea cores were vacuum
saturated with model oil (section 3.4). Then the cores were aged for two weeks
in the model oil at 50 ºC. Thereafter spontaneous imbibition tests were carried
in Amott cells at three salinities: deionized water (no added salts), SSW (high
salinity) and LSW (low salinity) with and without NPs.

3.8 Particle size and zeta potential measurements
All zeta potentials and particle size measurements made in this study were
performed using a Zetasizer Nano ZSP from Malvern Instruments based on the
principle of Dynamic Light Scattering (DLS). The only exception is the zeta
potential measurement of mineral powders in chapter 4 that were measured
using Acosustisizer II S/M Flow-through System based on the principle of
Electrostatic Attenuation (ESA).
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3.9 Scanning electron microscopy
Scanning electron microscopy (SEM) imaging was performed to visualize the
adsorption/adhesion of the NP on the rock surfaces. “Supra 35VP FE-SEM”
instrument with an integrated Energy-dispersive X-ray spectroscopy (EDX)
analyzer was used.
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4 Surface modification by silica NPs
This chapter addresses surface modification of berea sandstone by silica
nanofluids (Paper 1). In-house silica nanofluids were used: silica/deionized
water (DIW), silica in DIW with a stabilizer fluid MPTMS and sulfonatefunctionalized silica in DIW. Hofmann, Endell, and Wilm (1934) postulated
the presence of silanol groups (Si–OH) on the silica surface that causes its
hydrophilicity, wherein silanol groups act as binding sites (H+ bonds) for water.
The protonation and deprotonation of these silanol groups determine the surface
charge of silica NP and the extent of the repulsive energy that keep them
dispersed in the solution (Metin et al. 2011). Stability of NPs is essential for
injection application as EOR agents in oil reservoirs. The main strategies
utilized to enhance the stability of nanofluids are: (a) electrostatic stabilization
(Ortega et al. 2016) (by varying pH of the nanofluids); (b) employing
stabilizing fluid/surfactant (Hendraningrat and Torsæter 2015b); (c) surface
modification (Yang and Liu 2010, Weston et al. 2015) (functionalization) of
the NP.
Electrostatic stabilization (for example by varying the pH) is expected to fail in
the presence of dissolved salts in brines. Electrolytes could destabilize particle
dispersions by compressing the electrical double layer. As the electrolyte
concentration increases, the energy barrier is lowered to an extent that kinetic
energy of particles dictates the kinetics of particle aggregation (Metin et al.
2011). For a given surface charge, the aggregation of silica NPs occurs because
of the presence of electrolytes. Metin et al. (2011) studied the effect of pH,
cation type, temperature and electrolyte concentration on the stability of silica
dispersions. They found that pH does not have a significant effect on stability
in the presence of electrolytes. Alternatively, addition of stabilizing fluid can
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be an effective way to enhance the dispersion of NPs, but it might cause
problems like foaming and stabilizing fluid adsorption in porous media leading
to loss of the intended stabilization. Surface modification of NPs
(functionalized NP) is a promising approach towards increasing the stability of
NPs. Yang and Liu (2010) presented a work on the synthesis of functionalized
silica NPs by grafting silanes directly to the surface of silica NP which showed
good stability. Weston et al. (2015) systematically performed surface
modification of silica with different silanes and studied the wettability of the
modified nanomaterials. However, it is essential to examine the effect these
stabilization strategies have on the effectiveness of the nanofluids.
For stable nanofluids, which can be utilized as EOR agents, an important factor
is the interaction of the NPs with the rock minerals over a wide area of the
reservoir. When NPs are introduced into porous medium, different processes
may take place such as adsorption, desorption, blocking, transportation and
aggregation (Li and Torsæter 2015). The adsorption phenomenon could be
reversible (desorption) during the transport of NPs in the porous medium.
Blocking of pore throats may occur if the NPs aggregate in situ so that their
size exceeds the pore throat (Wang et al. 2016).
Arab and Pourafshary (2013) and Arab et al. (2014) studied the surface
modification of sandstone by NPs to reduce fines migration and colloid
facilitated transport in porous medium modified by NPs. This chapter addresses
the affinity of NPs towards major minerals present in sandstone,
adsorption/adhesion of NPs in the porous medium and the influence of
nanofluid stabilization on the in-situ surface modification. The core floods
performed on berea cores (Table 3.2) are listed in Table 4.1. The methodology
used was outlined in section 3.6.1. The results are outlined in the following
sections.
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Table 4.1 List of core flood experiments performed in this chapter.
Experiment

NP Conc.

No.

(g/L)

1

1

Silica

DIW

2

2.5

Silica

DIW

3

1

Silica

DIW

Type of NP

4

1

Silica

5

2.5

Silica

6

4

Silica

7

1

Silica

8

2.5

Silica

9

1

Dispersing
Phase

Comments

Variable injection
rates

DIW + MPTMS
(1 g/100 mL)
DIW + MPTMS
(1 g/100 mL)
DIW + MPTMS
(1 g/100 mL)
DIW + MPTMS
(1 g/100 mL)

Sulfonated
silica

Repeated Exp 4

DIW + MPTMS

Repeated

(1 g/100 mL)

Exp 5

DIW

4.1 Unmodified silica nanofluids
Figure 4.1(a) compares effluent NP concentration profiles for cores treated with
1 PV of unmodified silica NP dispersed in DIW. It may be observed that for
concentration of 1 and 2.5 g/L, the majority of the NP seized to be produce at
about 0.5 and 1 PV, respectively. Long tail in the effluent concentration profile
was observed for 2.5 g/L. The percentage of NP adsorbed in the core (calculated
from mass balance) as the post flush progressed as shown in Figure 4.1(b). The
estimated adsorbed NP was higher for 2.5 g/L nanofluid (88.82%) compared to

27

Surface modification by silica NPs
that for 1 g/L (85.82%) nanofluid. The recorded pressure drop during these
experiments is shown in Figure 4.2.

Figure 4.1 (a) Effluent NP concentration profiles; (b) % adsorbed NP during post flush
for experiments 1 & 2.

Figure 4.2 Pressure drop profiles for silica dispersed in deionized water (DIW) at (a) 1
g/L in Exp 1 and (b) 2.5 g/L concentration in Exp 2.

Figure 4.2 shows that after treatment with 1 and 2.5 g/L silica NP, pressure drop
profiles were lower than that for the initial DIW injection in unmodified berea.
The resistance post application of NP was lower than the initial DIW injection
as indicated by pressure peak of about 0.12 and about 0.09 bar, for initial DIW
injection and post flush respectively (treatment with 2.5 g/L of nanofluid). It
may be concluded from Figure 4.2 that using 1 g/L concertation leads to greater
improvement in water injectivity.
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Fines refer to solid mineral particles of the sandstone minerals that lose their
coherence due to fluid/mineral interaction and become mobilized with the
flowing fluids. In this study, the injection has been performed with DIW
wherein the salinity is lower than the Critical Salt Concentration (CSC). This
indices fluid/interaction to produce fines that migrate and increase resistance to
flow. This may ultimately lead to formation damage (Yuan and Shapiro 2011).
Arab and Pourafshary (2013) studied the applicability of NPs for mitigating
fine migration in engineered porous media (glass beads). In their work, they
studied the application of different metal oxide NP to mitigate fines migration.
They found that treating the porous medium with NPs caused reduction in
concentration of fines particles in the effluents as compared to untreated porous
media. For example, they observed that treating the porous medium with silica
NPs dispersed in DIW led to approximately 20% reduction in effluent fines
concentration as compared to the reference case. They observed that porous
media that has been treated with NPs acts as a strong adsorbent of fine particles
(Arab et al. 2014). Huang et al. (2015) made a similar observation wherein they
observed that for a sand pack treated with NP, the pressure drop across the sand
pack was 10% lower than of sand pack without NP, showing an improvement
in water injectivity.
To verify the effects of surface modification by silica NP and the associated
improvement in water injectivity, experiment 3 (Table 4.1) was performed. In
experiment 3, the core sample was initially injected with DIW and the stabilized
dP was recorded at increasing injection rates. Thereafter the core was unloaded
from the core holder, vacuum dried and treated with 1 g/L silica nanofluid
prepared in DIW and flushed again with DIW. Stabilized dP was recorded at
increasing injection rates. Figure 4.3 shows that saturating the porous medium
with the NP improves the water injectivity as indicated by the ORZHUG3 § 
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during DIW flooding post treatment with NP. To quantify the remedial effect
due to the application of NP, the ratio of the original pressure drop during the
initial DIW injection (dPi) to the pressure drop post treatment with nanofluid
(dPnp) is shown in Figure 4.3. As shown, the nanofluid treatment was effective
at lower injection rates i.e., in reducing pressure drop. This is perhaps due to
the increased hydrodynamic forces at higher injection rates

Figure 4.3 Pressure drop as function of injection rates (Exp 3)

SEM imaging was performed to better visualize the adsorption of the NP on the
rock surface, which causes the surface modification. Figure 4.4(a) shows the
image of a slice of berea core. It may be noted that the slice of the berea core
was cleaved along the injection plane approximately at the center of the core.
The integrated energy-dispersive X-ray spectroscopy (EDX) analyzer was used
to identify the minerals. As shown, the core was mainly composed of welldefined quartz with some feldspar and the core has pores of several microns in
diameter. Another cylindrical slice of berea, which was vacuum saturated with
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1 g/L silica NP in DIW, was examined using SEM as shown in Figure 4.4(b).
The adsorbed NP were clearly shown on the mineral’s surface. Figure 4.4(c) is
a magnified view of adsorbed silica NP. The adsorbed NP were in successive
layers. This might be due to the drying effect. In addition, it was observed that
most of the NP adsorption was on quartz mineral. This is an interesting
observation and static adsorption test and quantitative analysis based on the
theory of surface forces were performed to further test this observation. Thus,
it may be concluded that the silica NPs adsorb on the minerals and this may
cause in situ surface modification. This modified surface is more effective at
capturing fines, which can cause injectivity improvement. To test this, the
theory of surface forces was utilized to quantify the interaction between the
fines and the mineral before and after the application of NP. This addressed in
a latter section.
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Figure 4.4 SEM image of (a) berea sandstone sample; (b) berea sandstone treated with
nanofluid; (c) magnified view of the adsorbed silica.

4.2 Nanofluids Stabilized by MPTMS
In this section, surface modification of berea sandstone was performed with
nanofluids that were stabilized by addition of MPTMS. As stated previously, to
avoid confusion, NP concentration is stated in g/L units and MPTMS
concertation is stated in g/100 mL units. The effluent concentration profiles of
NP during the post flush (with DIW) for the cores treated with nanofluids at
different concentrations (Exp: 4–8 in Table 4.1) are shown in Figure 4.5(a). As
shown, the nanofluids with 1 g/L and 2.5 g/L NP concentration show similar
profile of NP production. After DIW flush of about 1.5 PV for 2.5 g/L and 1
PV for 1 g/L, the NP production in the effluent stopped. To ensure that this
difference did not arise due to dissimilarities in the core, experiments 4 and 5
were repeated. The effluent concentration profiles shown in Figure 4.5 (a) for
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the repeated cases are close to the initial experiments 4 and 5. For the nanofluid
at 4 g/L concentration, the behaviour is completely different. The percentage of
NPs adsorbed in the core (Exp 4–8 in Table 4.1) as the post flush progresses is
shown in Figure 4.5(b).

Figure 4.5 (a) Effluent NP concentration profiles and (b) % adsorption of NP during
post flush for cores saturated with silica dispersed in DIW with MPTMS stabilizing
fluid (Exp: 4–8).

In these experiments, the cores were vacuum saturated with the nanofluid.
Therefore, it may be assumed that the spatial distribution of the NPs in the core
was uniform. Gradually decreasing retention for the case of 1 g/L and 2.5 g/L
possibly suggests desorption of particles in the core or that the adsorbed
particles were forced out during the post flush. However, for 4 g/L it can be
inferred from the almost flat nature of the curve that perhaps only the NPs near
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the outlet of the core were produced and substantial channelling of the fluid
may be caused by blockage of some pore throats. This was confirmed by the
monitored pressure drop during the experiments (Figure 4.6).

Figure 4.6 Variation of the drop across the core (dP) during post flush with DIW after
saturation of the core with MPTMS stabilized nanofluids at NP concentrations (a)1 and
2.5 g/L and (b) 4g/L.

The recorded pressure drop during initial DIW injection was taken as a base
line for the pressure drop in Figure 4.6 (a). It is interesting to see that the
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pressure drop peaked at about 0.25 PV indicating entry resistance. The lowest
pressure drop peak occurred at NP concentration of 1 g/L followed by the base
fluid (DIW), then 2.5 g/L. In the case of 4 g/L NP concentration, the pressure
drop increased to above 0.3 bar in Figure 4.6(b). For cores saturated with NP
concentration of 1 g/L, more fluctuations in dP was observed, followed by two
peaks between 1–2 PV, while the others (DIW and 2.5 g/L) dP declined
smoothly. It may be concluded that 1 g/L flowed through the core with
occasions of resistance to the flow. From mass balance, in the case of 1 g/L,
69.47% (0.01389 g) and for 2.5 g/L, 85.44% (0.044 g) of NPs were adsorbed
in the core, i.e., the adsorbed NPs in the core for the case of 2.5 g/L was 3 times
higher compared to 1 g/L, yet the dP curves eventually became almost equal to
the initial DIW injection, this may indicate that the adsorbed NP did not hinder
the flow. However, the surface modification of the surface by this nanofluid
does not lead improvement in water injectivity as observed in Figure 4.3 for the
case of unmodified silica NPs. In contrast, in the case of 4 g/L NP
concentration, the pressure drop increased for more than 2 PV before it
stabilized at dP § 0.3 bar, this may indicate possible aggregation of NPs that
restricted/blocked some of the pore throats.
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Figure 4.7 Absorbed MPTMS for cores saturated with nanofluid stabilized with
MPTMS (Experiments: 4–8).

Figure 4.7 shows the amount of MPTMS adsorbed in the core. The concertation
of MPTMS was measured by UV/VIS. The amount of MPTMS retained in the
core was calculated from the mass balance. It may be observed that a high
amount of the stabilizing fluid is adsorbed in the core. High adsorption of
stabilizing fluid (MPTMS) in the porous media suggest that this fluid may not
be suitable for subsurface application.

4.3 Sulfonated silica nanofluids
The effluent concentration profile during the post flush for core saturated with
1 g/L surface modified (sulfonated) NP in DIW is shown in Figure 4.8(a). For
the sake of comparison, the effluent concertation profiles for cores saturated
with 1 g/L unmodified NPs and NPs stabilized with MPTMS are also shown in
Figure 4.8 (a). It may be observed that the behaviour of sulfonated NP was
similar to unmodified silica NPs. That is the majority of the NP were produced
in the first 0.5 PV. Contrary to that with MPTMS (stabilizing fluid), the NP
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production continues for 1 PV. Based on mass balance it was calculated that
74.6% of the sulfonated NPs were adsorbed in the core. Pressure drop profile
recorded with sulfonated NPs is shown in Figure 4.8(b). The entry resistance
post application of sulfonated NP was lower than the initial DIW injection. This
observation was consistent with the case of the post flushing for cores saturated
with unmodified NP. As the NP were being produced, high pressure drop
fluctuation occurs. Thereafter the pressure drop profile declined smoother and
almost overlaps with the initial DIW injection. In summary, the application of
sulfonated NPs did not lead to improvement of water injectivity.

Figure 4.8 (a) Comparison of effluent concentration profiles of the different types of
nanofluid (concentration of NP: 1 g/L) silica, sulfonated and silica with stabilizing
fluid; (b) Pressure drop profiles for core treated with sulfonated NP.

Two important observations are made by the application of nanofluids and
SEM imaging of silica NP adsorption in sandstone cores (1) The preferential
adsorption of the silica NPs on quartz mineral, which was not reported pervious
to this work and (2) The water injectivity improvement was observed upon the
application of unmodified silica NPs. That is, the two nanofluid stabilization
methods tend to reduce the effectiveness of the surface modification by the NPs.
These observations are further investigated and strengthened in latter sections.
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4.4 Adsorption of silica NP on Minerals
As mentioned previously, SEM images for cores saturated with silica NPs
showed that the adsorption was mostly on quartz. To further investigate this,
quartz and kaolinite powders were dispersed in all three kinds of nanofluids and
the adsorption of NP per unit surface area of the mineral was determined as
outlined in section 3.5.1. The results are shown in Figure 4.9.

Figure 4.9 Specific adsorption of NP (mg/m2) on quartz and kaolinite.

In addition, surface forces estimation was utilized to characterize the intersurface interaction between NP-mineral based on the Derjaguin-LandauVerwey-Overbeek (DLVO) theory. DLVO theory describes the forces between
charged surfaces interacting in a medium. The DLVO theory combines the
effect of attraction due to van der Waals interaction and the electrostatic
repulsion due to the double layer of counter ions around charged surfaces in a
medium. Silica NPs in this study have sizes in the order of 100–500 nm (Table
4.2). These are much smaller than the size of the mineral powders. Due to this
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size difference, the curvature of the mineral surfaces may be neglected and the
interactions can be modelled as Sphere-Plate collector geometry (Seetha et al.
2015, Khilar and Fogler 1998, Arab and Pourafshary 2013, Dunphy Guzman,
Finnegan, and Banfield 2006). The forces acting on a particle approaching a
mineral surface are the sum of van der Waals attraction, electric double layer
repulsion and Born repulsion as follows:
ܸ௧ (݄) = ܸ (݄) + ܸாோ (݄) + ܸோ (݄)

(4.1)

where V is the potential of interaction as a function of separation distance (h)
between the particle and the collector surface. The subscripts t, LVA, BR, EDLR
denote total, London-van der Waal interaction, electric double layer interaction
and Born Repulsion, respectively. The sign of the total interaction potential
indicates attractive potential and repulsive potential for negative and positive
signs respectively. The interaction potential can be represented in nondimensional (ND) form as follows:
ܸ௧,ே (݄) =

ܸ௧ (݄)
݇ × ܶ

(4.2)

where kB is the Boltzmann constant (1.38 × 10í23 -Â.í1) and T is temperature.
In this study, all the experiments are conducted at room temperature hence T =
297 K. The contributions due to the different types of interactions in Equation
(4.1) can be calculated as follows (Khilar and Fogler 1998, Arab and
Pourafshary 2013, Seetha et al. 2015):
ܸ (݄) = െ

ܪ
ܣଵଷଶ 2(1 + )ܪ
ቈ
+ ݈݊ ൬
൰
2+ܪ
6 (ܪ2 + )ܪ
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Where,
=ܪ

݄
ܽ

(4.6)

And, ap is the particle radius (m). A132 is Hamaker’s constant between the sphere
and plate collector which is typically in the range of 10í19 J. This value of
Hamaker’s constant is based on the assumption that the van der Waals
interactions occurs in vacuum and is not influenced by the presence of
surrounding particles. Hence, to account of the intervening fluid and the
surrounding particles, Hamaker’s constant must be modified based on the
Lifshitz theory (Israelachvili 2011). Based on previous work which are in turn
based on the expression for modified Hamaker’s constant developed by
Israelachvili, the Hamaker’s constant in this study is taken to be equal to 10í21
J (Arab and Pourafshary 2013). Also, ѓ0 is the permittivity of free space (8.854
× 10í12 C2 Jí1 mí1) and ѓ3 is the dielectric constant of water equal to 78 (Khilar
and Fogler 1998, Arab and Pourafshary 2013). țis the inverse Debye length.
For pure water used in this study, the inverse Debye length is equal to (9.6 ×
10í7)í1 mí1 (Arab and Pourafshary 2013). ȗp and ȗs are the surface potentials of
the particles and the surface respectively which can be replaced by the zeta
potential (Khilar and Fogler 1998). In Equation (4.5), ı is the atomic collision
diameter and is equal to 0.5 nm (Khilar and Fogler 1998). The born repulsive
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potentials are formed when the particle approaches point of contact with the
mineral resulting in overlap of electron clouds. Hence it is a short range
interaction and thus calculated only when the distance of separation is less than
1 nm. ı is the atomic collision diameter and is equal to 0.5 nm (Khilar and
Fogler 1998). For the various scenarios in this study, the zeta potentials have
been experimentally measured. The particle size and surface zeta potential data
is shown in Table 4.2. The results for the surface forces estimation between
NPs and minerals are shown in Figure 4.10.
Table 4.2 Particle Size and Zeta potential measurements of NP and minerals.
Material
Silica
Sulfonated
silica

Conc

Dispersing

Zeta Potential

Particle Radius

(g/L)

Phase

(mV)

(nm)

1

DIW

í

161.2

1

DIW

í

182.9

í

153.3

DIW + 1
Silica

1

g/100 mL
MPTMS

Powdered
Berea
Quartz
powder
Kaolinite
powder

10

DIW

í

-

10

DIW

í

-

10

DIW

í

-

Figure 4.9 shows higher adsorption of NP on quartz compared to kaolinite.
This was supported by Figure 4.10, where the attractive interaction potentials
for all three type of NP were greater for quartz as compared to kaolinite. This
in in line with SEM images where most of the adsorption of NPs were on the
quartz mineral as compared to kaolinite.
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Figure 4.10 Interaction potential between the mineral and (a) unmodified silica; (b)
sulfonated silica; and (c) unmodified silica + MPTMS.

In the previous section it was noted that the unmodified silica showed highest
adsorption on the berea core (85.82%) followed by sulfonated silica (74.61%)
and MPTMS stabilised silica (69.47%), however the stabilized NPs by MPTMS
show higher adsorption in the static adsorption tests Figure 4.9. The reason is
not known, however, the observation, may be explained by (1) insufficient
contact time with minerals, i.e., slower kinetics than the unmodified NPs; (2)
influence of the collective neighbouring minerals compared to individual
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isolated minerals (static adsorption); (3) weak adsorption on mineral surface,
hence desorbed in fluid flow and (4) all the above factors.

4.5 Interaction between Fines and Porous Media
The effect of berea surface modification on interaction between the fines and
berea was addressed by surface forces estimation. Due to the size difference
between the fines and mineral, the sphere plate model presented in section 4.4
was used to estimate the interaction. The surface zeta potential of berea in DIW
ZDVGHWHUPLQHGWREHíP9 Table 4.2). To investigate the modification
caused by NP, powdered berea at 10 g/L concentration was added to nanofluids
of silica and sulfonated silica prepared in DIW at 1 g/L concentration. This
mixture was left under stirring for 12 hrs. Thereafter, the surface zeta potential
of the berea powder treated with unmodified and sulfonated silica was
measured It was found that the surface zeta potential of treated berea was
UHGXFHGWRíP9DQGíP9LQWKHFDVHRIXQPRGLILHGDQGVXOIRQDWHG
silica respectively. The fines produced were analysed for the size and surface
zeta potential. Specifically, effluent sample from effluent bank collected during
DIW injection was collected and analysed. It was found that the zeta potential
RIWKHILQHSDUWLFOHVZDVíP97KHPHDVured zeta potential of fines is in
close agreement with previous measurements of fines eluted from berea
sandstone (Kia, Fogler, and Reed 1987). In addition, the fines produced were
in there different size classes (Table 4.3).
Table 4.3 Size classes of the fine particles
Radius of Fine Particles (nm)

Intensity (%)

233.8

73.0

68.57

24.2

2687

2.8
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Since the fines have separate size classes, the interaction potential was
calculated for each size class and summed on a weighted basis as:


(4.7)

ܸ௧ (݄) = ൛ܸ௧, (݄) × ݓ ൟ
ୀଵ

where wi is the weight intensity of each size class and Vt,i(h) is the interaction
potential calculated for the specific size class and finite distance of separation
(h). Thereafter, the non-dimensional interaction energy was determined using
Equation (4.2). The interaction potentials between berea mineral and fines
calculated for the reference case (no NP) and berea treated with silica and
sulfonated silica is shown in Figure 4.11.

Figure 4.11 Dimensionless Interaction potential between the fines and the berea mineral
for reference case (no NP), berea treated with silica and berea treated with sulfonated
silica.

In Figure 4.11, it may be observed that in the reference case, there is a net
repulsive potential between the fines and the mineral surface. However, for
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mineral treated with silica NPs, there is a net attractive potential between the
fines and the mineral. This could possibly cause the mineral to act as collectors
for capturing fine particles thereby reducing fine migration. This may explain
the improvement in water injectivity post application of silica nanofluid as
observed in Figure 4.2 and Figure 4.3. In the case where berea was treated with
sulfonated NP, there is a reduction in the repulsion (Figure 4.11), however the
net potential is still close to the reference case. This may explain the similarity
in pressure drops observed during initial DIW injection and post flush after
saturating the core with sulfonated NP in Figure 4.8(b). Thus, it maybe
concluded that the surface modification caused silica is much more effective at
reducing fine migration and thereby improving the water injectivity in berea
cores. Li and Torsæter (2015) observed that the injection of colloidal NP into
berea sandstone did not lead to permeability impairment. They stated that
adsorption of NP on the pore wall act like lubrication reducing the friction
between the water and pore walls. However, as discussed in this, this effect may
be explained by the surface modification of berea which reduces the fines
migration.

4.6 Summary
This chapter addressed the surface modification of berea sandstone by the inhouse silica nanofluids. Low salinity water flooding is currently a popular
method for EOR. However, it suffers from increased fines migration. Excessive
fines production may lead to formation damage. It is observed in this work that
the adsorption of NPs in berea sandstone could reduce the production and
migration of fines. This may be the result of the adsorption of silica NPs on the
mineral surfaces, which in turns affects the direct contact between the flooding
fluid and rock mineral. The reduction of the fines was indicated by the reduced
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pressure drop, i.e. reduce the flow resistance of the fluid during the post flush
of the NPs’ slug. In addition, it was shown that the adsorption of silica NPs
modifies the sandstone surface and makes the interaction between the modified
surface and the fine particles attractive. The modified surface acts as a collector
for the fines. This may lower the migration of produced fines.
It was observed that the silica NPs have preferential adsorption affinity towards
quartz surfaces compared to kaolinite. Unmodified silica nanofluid reduced
fine migration and improved water injectivity. Adsorption of NPs on mineral
surfaces may be utilized to overcome the problem of formation damage induced
during low salinity flooding. Stabilization enhances the static adsorption of NPs
on quartz and kaolinite minerals. However, the used stabilization method
showed inconsiderable effect compared to nanofluids of unmodified NPs.
These observations form the basis of the investigations in the flowing chapters.
Since the in-house nanofluids investigated up to this point in the study are stable
only for about 1 day, in the flowing chapters, a stable commercial silica
nanofluid (DP 9711) is used to address first the adsorption of the silica NPs
followed by transport and oil recovery in sandstone and chalk cores.
Throughout the work, the associated fluid/rock interaction are investigated.
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5 Adsorption of silica NPs on minerals
This chapter addresses the static adsorption and kinetic aspects of silica NP
adsorption on major minerals present in chalk and sandstone rocks. The
contents of this chapter refer to the work presented in Papers 2-5.

5.1 Nanofluids characterization
The NFs used were prepared from the stock fluid (DP9711) by diluting it with
different brines. NFs prepared in DIW, LSW and SSW at 1 g/L NP
concentration were characterized for particle size and zeta potential at different
temperatures. NPs stability at different temperatures were examined by particle
size measurements as shown in Figure 5.1. Figure 5.1(a) shows the average
hydrodynamic diameter of the NPs. For 1 g/L NP concentration in DIW and
LSW, similar particle size (average size about 38.4 ± 0.6 nm) was observed at
all three temperatures. However, in SSW the NPs showed higher particle size
of around 57 ± 0.5 nm at 25°C and 50 °C and about 88 ±0.1 nm at 80 °C. That
is an average size of about 67 ± 0.3 nm, which is approximately 43% higher
than the average particle size for all tested temperatures with DIW and LSW.
One possible reason for the difference in the measured zeta potential may be
the compression of the double layer at higher salinity.

47

Adsorption of silica NPs on minerals

Figure 5.1 (a) Average particle size of the NPs dispersed in DIW, LSW & SSW
measured at varying temperatures. (b) Zeta potential measurements (25 °C) of the NPs
in DIW, LSW and SSW.

The measured surface zeta potential at 25 °C for the NFs prepared in SSW was
DERXW í P9 FRPSDUHG ZLWK í DQG í P9 IRU ',: DQG /6:
respectively. Griffith et al. (2016) stated a similar observation for DP9711 NFs.
They observed that increasing the brine salinity did not immediately increase
particle size but that, after a certain point in time, a sudden rise in particle size
was seen. To address particle size and stability, particle size measurements
were repeated after three months. These tests showed that all measurements
were close to the initial measured values (within 5 nm). In addition, the NFs
remained visually clear with no sign of sedimentation.
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5.2 Static adsorption of silica NPs on sandstone
minerals
Metin, Baran, and Nguyen (2012) reported that the adsorption of surface
functionalized silica NPs on quartz mineral surfaces was insignificant. Other
researchers reported significant adsorption of silica NPs on sandstones (Li et
al. 2013, Yuan, Moghanloo, and Zheng 2016, Zhang et al. 2015). Isothermal
static adsorption tests on mineral powders (quartz and kaolinite) were
performed at room temperature. The experiments were performed in DIW and
SSW media to address the effect of salinity on NPs’ adsorption. 0.15 g of
mineral was added to NF prepared at 1 and 0.5 g/L NP concentration. The
results are shown in Figure 5.2.
Figure 5.2 shows that the NPs have greater affinity to adsorb on quartz than on
kaolinite surface which is in line with the observations made in the previous
chapter with in-house nanofluids. Figure 5.2 also shows that increasing NPs’
concentration increases the adsorbed amount per unit surface area of the
minerals. In all experiments, the volume of NF was kept constant (30 ml) and
the added amount of mineral was also constant (0.15 g). Higher adsorption
occurred in SSW environment. The measured zeta potential of the NPs in SSW
was -12.13 mV which is about 2.5 times less negative than that in the case of
NPs in DIW (-30.73 mV) as shown in Figure 5.1. The difference in the zeta
potential may have been caused by double later compression due to higher ionic
strength (SSW). Hence, the electrostatic repulsion between the NP and the
mineral decreases enhancing adsorption of NPs.
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Figure 5.2 Specific adsorption (mg/m2) of two concentrations of NPs (0.5 and 1 g/L)
on quartz and kaolinite minerals in DIW and SSW environment.

Zhang et al. (2015) also identified that strong repulsion exists between NPs and
sand particles at low salinity. They reported that adsorption of NPs increases
with less clay content. The SEM image (Figure 5.3) visually shows that more
NPs adsorb on quartz surface compared to kaolinite i.e., SEM image confirmed
the preferential adsorption of NPs obtained by the static adsorption tests. Thus
increasing the clay content may have affected the overall adsorption of NPs.
SEM image is of a berea core treated with 1 g/L NF prepared in DIW. The core
was cleaved and imaged along the flooding plane. Adsorption of NPs on the
mineral surface was shown to be well spread that may indicate a monolayer like
coverage. There was some in situ aggregation of the NP which may be due to
drying and handling processes of the core before taking the SEM image.
However, the image did not show pore throat blockage hence permeability
impairment is not expected.
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Figure 5.3 SEM image of NP adsorbed on mineral surfaces on a berea core and
magnified view of the NP adsorbed on quartz surface on the right.

5.3 Static adsorption of silica NPs on calcite
Static adsorption tests of NPs on a calcite surface were conducted with DIW
and SSW. Figure 5.4(a) shows that the adsorption of the NPs on the calcite
surface increases with the NP concentration. Figure 5.4(a) also shows that at a
lower concentration of NPs prepared in SSW, adsorption is higher than in DIW
§ $WKLJKHU13FRQFHQWUDWLRQVKRZHYHU the adsorptions in SSW and
DIW were almost the same. Monfared et al. (2015) have reported an increase
in adsorption of unmodified silica NPs on a calcite surface with increasing
salinity (0–0.2 mol/L) of single salt (NaCl) brine at low NP concentrations (0.4
and 0.6 g/L).
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Figure 5.4 (a) Adsorption of silica NPs on Calcite surface. (b) SEM image of NPs
adsorbed on chalk core with DP 9711 nanofluid at 1 g/L concentration prepared in
DIW.

Zeta potential of the NPs becomes less negative in the presence of SSW ions
(Figure 5.1) owing to the compression of the double layer. This would lower
the electrostatic repulsion and enhance the adsorption. Figure 5.4(b) shows a
SEM image of a chalk core which was vacuum-treated with 1 g/L NF prepared
in DIW. The image was taken along the injection plane. In general, NPs are
shown to be spread on the chalk surface similar to the observations made by
Monfared et al. (2015). No pore throat blockage was observed from SEM
imaging. The SEM images were done on spots along horizontally cut core.
However, they are small fractions of the whole core.
Comparing the relative adsorption of silica NPs on the tested mineral shows
that the NPs’ highest adsorption affinity is towards calcite followed by quartz
and least adsorption affinity towards kaolinite. In the following sections, the
kinetic aspects of silica NP adsorption on quartz and calcite minerals are
addressed.
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5.4 Kinetics of silica NP adsorption on quartz
This section addresses the kinetics of silica NP adsorption on quartz which the
major constituent mineral in sandstones. The adsorption was investigated at
three salinities: DIW, Synthetic seawater (SSW) and Low salinity water (1:10
SSW). All nanofluids were prepared at 1 g/L concentration. Quartz powder was
used as the adsorbate in these experiments. The details are outlined in section
3.5. Pseudo first order and pseudo second order models were used to address
the kinetics of the adsorption process. The linearized form of the pseudo first
order and second order kinetics models can, respectively be expressed as (Ho
and McKay 1999, Monfared et al. 2015):
ln ቀݍ െ )ݐ(ݍቁ = ݈݊(ݍ ) െ ݇ଵ ݐ

(5.1)

ଵ
(௧)

(5.2)

=

ଵ
మ
మ 

+

௧


Where, q(t) and qeq are the experimental data of NP adsorption (mg/g) on quartz
at a given time (t) and equilibrium, respectively. k1 (1/h) and k2 (g/mg h) are the
rate constants. The linear fits for adsorption data in DIW, LSW and SSW are
shown in Figure 5.5. In Figure 5.5(a), ln(qe-q(t)) vs t is shown and in Figure
5.5(b), t/q(t) vs t is shown. They are the performed linear fits (for all three
salinities) for pseudo first and second order kinetic model respectively. The fits
were used to obtain the slope (m) and intercept (c) which were used to calculate
the rate constants and estimated equilibrium adsorption for both models and
they are listed in Table 5.1. The quality of the fit was judged based on the
correlation coefficient (R2) and comparing model estimated equilibrium
adsorption to the measured value. It is shown in Figure 5.5 (c) and that pseudo
first order model does not describe the data well since the R2 values for the fits
are low (0.86-0.93) and the model estimated equilibrium adsorption differs
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significantly from the measurement. However, for pseudo second order model,
the fits are much better (R2§ DQGWKHPRGHOHVWLPDWHGDGVRUSWLRQDUHFORVH
to measurements with an average mean deviation of around 0.07 mg/g.
Together, this suggests that pseudo second order kinetic model best describes
the progression of NP adsorption on quartz. It is also interesting to note that as
the salinity increases from DIW to SSW, both the rate and equilibrium
adsorption capacity increases. This confirms that salinity has positive effect on
the adsorption process. The adsorption data was also fit to the linearized
Intraparticle diffusion (IPD) model to address adsorption mechanism as follows
(Monfared et al. 2015, Wu, Tseng, and Juang 2009):
 ݐܭ = )ݐ(ݍଵΤଶ + ܥ

(5.3)

Where, K (mg/g h1/2) is the IPD rate which is related to the transport of
adsorbate particles to the adsorptions sites on the adsorbent; C (mg/g) refers to
the boundary layer effect which is related to the film diffusion of the adsorbate
(NPs) from the solution to the surface of the adsorbent (quartz). K and C
estimated from the slope and intercepts in Figure 5.5(c) are shown in Table 5.1
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Figure 5.5 Linear fit of adsorption data: (a) Pseudo first order (b) Pseudo second order
kinetics model and (c) Intraparticle diffusion model.

For the IPD model, it can be seen that adsorption in DIW shows the best fit
(R2= 0.93). In saline environments (LSW/SSW) the quality of the fit falls to
around 0.86. None of fits passes through the origin indicating that IPD is not
the sole rate controlling mechanism. Thus, the NP adsorption is a combination
of film diffusion and IPD. It is shown that as we move from DIW to SSW, the
estimated IPD rate falls by around 20 %. The reduction in IPD rate may be due
to increased NP particle size when dispersed in SSW (Figure 5.1), which is
approximately 1.5 times the size of the NPs in DIW/LSW. The increased size
in SSW may hinder the transport of NPs on the adsorbent (quartz) surface. At
the same time, the boundary layer effect (film diffusion) which represents the
WUDQVSRUWRI13IURPWKHVROXWLRQWRWKHPLQHUDOVXUIDFHLQFUHDVHVE\§
from DIW to LSW and an additional 10 % in SSW. The transport of NP to the
mineral surfaces would be affected by the interaction between the NPs and the
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mineral. To address this, the DLVO interaction between NP and mineral was
estimated.
Table 5.1 Estimated fit parameters for silica NP adsorption data on quartz.
Pseudo 1st order Model
Medium

Exp qe (mg/g)

R2

k1: (1/h)

Estimated qe: (mg/g)

DIW

1.6

0.8664

0.028

0.90

LSW

1.7

0.8906

0.022

0.59

SSW

1.8

0.9388

0.035

1.46

Pseudo 2nd order Model
Medium

Exp qe (mg/g)

R2

k2 :(g/mg h)

Estimated qe: (mg/g)

DIW

1.6

0.9932

0.042

1.75

LSW

1.7

0.9909

0.065

1.77

SSW

1.8

0.9883

0.154

1.79

Intraparticle Diffusion Model
Medium

R2

C (mg/g)

K (mg/g h1/2)

DIW

0.9303

0.70

0.088

LSW

0.8786

1.03

0.065

SSW

0.8529

1.16

0.067

The theory of surface forces can be utilized to calculate interaction energies
between the NP and quartz minerals based on the DLVO theory. Due to the size
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difference between the NP and mineral the curvature of the mineral surface may
be neglected and the interactions can be modelled as Sphere - Plate collector
geometry. The net interaction (Vt) as a function of separation distance (h) is the
sum of London-van der Waal interaction and Electric double layer interaction
which can be calculated as:
(5.4)

ܸ௧ (݄) = ܸ (݄) + ܸாோ (݄)

The contributions due to the different interactions in Equation 5.4 based on the
constant potential approach can be calculated as follows (Monfared et al. 2015,
Dunphy Guzman, Finnegan, and Banfield 2006, Bhattacharjee and Elimelech
1997):
ܸ (݄) = െ

భయమ 
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(5.6)
Hamaker’s (A132) constant was calculated according to Lifshitz theory based on
the refractive indices, dielectric constants and the temperature (Israelachvili
2011):
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൫ఎభమ ିఎయమ ൯൫ఎమమ ିఎయమ ൯
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(5.7)
Where ѓ1(4.5), ѓ2(4.5) and ѓ3(80) represents the static dielectric constants and
Ș1(1.45)Ș2(1.45) and Ș3(1.33) represents the refractive indices at 0.5876 ʅm
wavelength of the interacting species (mineral and NP which are both SiO2) and
the intervening media: water, respectively. The refractive index can vary by
approximately 7.9 *10-3 between fresh water and salt water and hence its effect
has been neglected (Temple 2007). ve is the main electron absorption frequency
in the ultraviolet region and its value is between 3-5 ×1015s-1(Israelachvili
2011). The permittivity of free space ѓ0: 8.854 × 10-12 C2 J-1 m-1ȗp and ȗs are the
surface potentials of the NP and minerals respectively which can be considered
as the zeta potential. Based on equation 5.7, the Hamaker’s constant was
estimated as 5.6 × 10-21 J. The surface forces estimation in this study are
performed 25°C. For DIW, the inverse Debye length can be taken as (9.6 ×
10í7)

-1

m-1 (Khilar and Fogler 1998). For saline mediums, the inverse Debye

length (ț) depends on the salinity of the intervening medium (LSW/SSW) and
can be calculated as:
፴బ ఌయ ಳ ்
ଶேಲ  మ ூ

ߢ ିଵ = ට

(5.8)

Where, e is the elementary charge of an electron (C), kB is the Boltzmann
constant, NA is the Avogadro number and I is the ionic strength of the medium:
ଵ
ଶ

 = ܫσ ܿ ܼଶ

(5.9)
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Where, ci is the ion concertation of the ith species and Zi is the valence number
of the ith species as listed in Table 3.3. Finally, the total non-dimensionalized
interaction energy (Vt,ND) can be calculated as follows:
ܸ௧,ே (݄) =

(ಽೇಲ ()ାಶವಽೃ ())
ಳ ்כ

(5.10)

The particle size and zeta potential of the NPs in DIW, LSW and SSW have
been measured previously (Figure 5.1). Zeta potentials measurements of
crushed berea core (which is mostly composed of quartz) dispersed in different
waters were used for DLVO calculation. The measurements are shown in Table
5.2. The estimated surface forces are shown in Figure 5.6.
Table 5.2 Zeta potential of crushed berea powder dispersed in different brines.
Material

Zeta-potential (mV)

Berea in DIW

-29.5

Berea in LSW

-18.1

Berea in SSW

-7.7
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Figure 5.6 Effect of salinity on interaction energies between (a) NP and berea

In Figure 5.6 it is shown that the interaction energy is most repulsive for DIW
followed by LSW, while it is slightly attractive for SSW. That is, the interaction
between the NPs and the mineral becomes less repulsive as the salinity
increases. Lowered repulsion with increasing salinity would enhance transport
of NPs from the fluid to the mineral surface thereby increasing film diffusion.
This qualitatively supports the observation made earlier regarding the increased
contribution of film diffusion to the adsorption as the salinity increases.

5.5 Kinetics of silica NP adsorption on calcite
This section addresses the kinetics of silica NP adsorption on calcite and its
effect on fluid/mineral interaction. Adsorption of NP dispersed in water at three
salinities (DIW, LSW and SSW) and its influence on calcite dissolution was
investigated. The used NP concentrations was 1 g/L for all the fluids except an
additional concentration of 1.5 g/L that was used in the case of LSW. The NP
adsorption data obtained from the experiments described in section 3.5 were fit
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to pseudo first order and pseudo second order models to address the order of
the adoption process (Eq. 5.1 and 5.2).

Figure 5.7 Data fit for the adsorption of NP on calcite in DIW and SSW: (a) pseudo
first order (b) pseudo second order kinetic models.

The linear fits for adsorption data in DIW and SSW are shown Figure 5.7. The
slope and the intercept from the linear fits were used to estimate the rate
constants and equilibrium adsorption for both models (Table 5.3). It is shown
in Figure 5.7 (a) and Table 5.3 that the R2 correlation values of the linear fits
are poor (0.88-0.94) for both DIW and SSW. The model estimated equilibrium
adsorption varies significantly from the experimentally observed level of
equilibrium adsorption. Therefore, it may be concluded that the pseudo first
order model does not describe the adsorption process well. However, the fits
for adsorption in both DIW and SSW are excellent for the pseudo second order
kinetic model (Figure 5.8b). The R2 values are close to 1 and the model
estimated equilibrium adsorption agrees well with the experimental data (Table
5.3). This indicates that the pseudo second order kinetic model best describes
the progression of silica NP adsorption on the calcite surface. It is interesting
to see that at elevated salinity (SSW) WKHDGVRUSWLRQUDWHLV§WLPHVKLJKHUWKDQ
that for DIW and the equilibrium adsorption almost doubled.
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Figure 5.8 Data fit for the adsorption of silica NP on calcite in LSW: (a) pseudo first
order (b) pseudo second order kinetic models.

To address the adsorption of NP in LSW, two sets of adsorption experiments
are performed at two NP concentrations, 1 and 1.5 g/L. The amount of the
calcite was kept constant. Figure 5.8 (b) and Table 5.3 shows the data fit.
Table 5.3 Summary of the fit parameters for progressive silica NP adsorption on calcite.
Pseudo 1st order Model
Fluid

Exp qe (mg/g)

R2

k1 :(1/h)

Estimated qe: (mg/g)

DIW (NP Conc 1 g/L)

2.41

0.88

0.055

0.312

SSW (NP Conc 1 g/L)

4.75

0.94

0.2132.5

0.971

LSW (NP Conc 1 g/L)

4.4

0.9025

0.1149

1.09

LSW (NP Conc 1.5 g/L)

4.75

0.9378

0.0066

0.89

Pseudo 2nd order Model
Fluid

Exp qe (mg/g)

R2

k2 :(g/mg h)

Estimated qe: (mg/g)

DIW (NP Conc 1 g/L)

2.41

0.99

0.73

2.42

SSW (NP Conc 1 g/L)

4.75

1

2.5

4.77

LSW (NP Conc 1 g/L)

4.4

1

0.191

4.44

LSW (NP Conc 1.5 g/L)

4.75

0.99

0.11

5.68

It is shown in Figure 5.8 (a) and Table 5.3 that R2 for the first order is poor (0.90.93) for both concentration of NP in LSW and the model estimated equilibrium
adsorption varies significantly from the experimentally observed level of
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equilibrium adsorption. It is therefore, concluded that similar to the adsorption
of NP from DIW and SSW, pseudo second order kinetic model describe the
adsorption process well with R2§IRUERWKWKHFRQFHQWUDWLRQV,WLVLQWHUHVWLQJ
to note that as NP concertation increases from 1 to 1.5 g/L, the rate of adsorption
decreases from 0.191 to 0.11 g/mg hr. In addition, the adsorption rates in LSW
(for both concentration) are lower than the rate estimated for DIW and SSW.
This observation is discussed latter in this section.
The proposed model by Weber and Morris (1962) has been applied previously
in literature to understand adsorption mechanisms. Wu, Tseng, and Juang
(2009) used the fractional approach of equilibrium change to determine the IPD
contribution to the adsorption as follows:
ݍ =  ܭtଵ.ହ
 + ܥ

(5.11)

Rearrangement of Equations 5.3 and 5.11 yields,



= 1 െ ܴ ቈ1 െ ൬

௧

௧

.ହ

൰

(5.12)



where,
ܴ = ܭ

௧ బ.ఱ

(5.13)



Here, Ri is defined as the initial adsorption factor and teq (hr) is the time to reach
equilibrium adsorption. Ri may also be expressed as the ratio of initial
adsorption to equilibrium adsorption amounts, which is used in this work:
ܴ = 1 െ




(5.14)
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In Equation 5.14, if C= 0, means there is no initial adsorption in the system.
Figure 5.9 shows characteristic curves for DIW (NP conc 1g/L), LSW (NP conc
1g/L), LSW (NP conc 1.5 g/L) and SSW (NP conc 1g/L) systems. Table 5.4
shows the classified adsorption characteristic according to Wu, Tseng, and
Juang (2009). In the case of DIW, LSW (1g/L) and LSW (1.5g/L) adsorption
is classified as strong initial adsorption. That is, all the tested systems follow
strong initial adsorption behavior except SSW (1g/L), which is shown to be
approaching complete initial adsorption, where qeq is almost equal to C (initial
adsorption amount). In addition, for SSW, the time to reach equilibrium is
almost 50% less than that for the other systems.

Figure 5.9 Non-dimensional intraparticle diffusion model for adsorption characteristic
curves of the four tested systems with dispersed silica NP.
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Table 5.4 Summary of initial adsorption of IPD model.
Fluid_ NP
conc.

C (mg/g)

K
(mg/g

h0.5)

Ri

DIW_1.0 g/l

1.8

0.16

0.25

LSW_1.0 g/l

2.13

0.51

0.52

LSW_1.5 g/l

4.29

0.19

0.24

SSW_1.0 g/l

4.56

0.036

0.037

teq(hrs)_Adsorption
Characterization
49 (hrs)_ Strong initial
adsorption
49(hrs)_Strong initial
adsorption
49(hrs)_Strong initial
adsorption
16(hrs)_near complete
initial adsorption

The reduced Ri in LSW, as the NP concentration increases from 1to 1.5 g/L to
almost half may be explained by repulsive forces among the NP as they diffuse
from the bulk fluid towards the calcite surface. In other words, the effect of ion
charges could help in reducing the repulsive forces; however, the efficiency of
the ion charges in shielding NP and reducing the repulsive forces among them
is reduced as NP concentration increases. This may also explain the lower
adsorption rate observed for LSW with NP at 1.5 g/L during investigation of
the adsorption kinetic order in earlier.
Another interesting observation is that Ri is almost equal for both DIW and
LSW (1.5 g/L), which may support the above hypothesis. That is in the presence
of dissolved salts, the ions work as a barrier reducing the adsorption rate and in
absence of salt ions (DIW) the repulsive force among NP reduces the adsorption
rate. This is an interesting phenomenon worth further investigation.
Figure 5.10 shows the total interaction energies, estimated by DLVO theory
based on the model presented in section 5.4 between the silica particles and
calcite mineral. The measured zeta potential of calcite mineral is shown in
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Table 5.5. It is shown in Figure 5.10 that interaction between NP can calcite in
DIW and SSW remains attractive. However, in case of LSW the interaction
energy is shown to be less attractive and becomes slightly repulsive at around
30 nm separation. In other words, the LSW system involves more repulsive
conditions compared to SSW and DIW systems. This qualitatively support the
lower adsorption rate in LSW system.
Table 5.5 Zeta potential measurements of calcite mineral.
Material

Zeta-potential (mV)

Calcite in DIW

-23.4

Calcite in LSW

-8.0

Calcite in SSW

-3.7

Figure 5.10 DLVO (total interaction energy) between NP and calcite (Ca) mineral
interaction in DIW, SSW and LSW
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During the adsorption experiments discussed above, the calcium ion
concentration and pH were tracked during the adsorption experiments to
address the effect of NP adsorption on calcite dissolution. Two main chemical
processes (dissolution and adsorption) may have taken place between fluids and
mineral (CaCO3) as presented below:
ି
CaCOଷ + Hଶ O ֖ Caଶା + HCOି
ଷ + OH

(5.15)

ି
2CaCOଷ + Hଶ O + NP ֖ CaCOଷ െ NP + Caଶା + HCOି
ଷ + OH

(5.16)

As shown in Eq .5.15, dissolution of calcite increases the pH. The adsorption
process may be presented by Eq. 5.16, where OH- and HCO3- are among the
reaction products. The above two reactions indicate increase of the fluids’ pH
due to calcite dissolution. The pH values with the dispersed NP in DIW, LSW
and SSW are 6.0, 7.2 and 7.3, respectively. The pH was monitored during the
progression of NP adsorption (not controlled). The changes in the pH with time
during the experiments for the different dispersing fluids without and with NP
are shown in Figure 5.11. The order of the pH values from highest to lowest for
NP dispersing fluids are DIW>LSW (NP conc 1g/L)>LSW (NP conc 1.5g/L)>
SSW. Generally, in all cases during the dissolution/adsorption processes the pH
declines, however, the changes are within about 0.3 pH units. The reduction of
the pH may be explained by formation of silanol, as a result of the dissociation
of water molecules to form silanol groups and reduce the pH (Iler 1979):
െSiOH ֖ െSiOି + H ା

(5.17)
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Figure 5.11 pH recorded in (a) DIW, (b) SSW and c) LSW (1 and 1.5g/L) as a function
of time during progressive silica NP adsorption on calcite.

In spite of the reduction of pH, the dissolution of calcite is also reduced
(discussed later), contrary to what is expected. There are two factors which
contribute to less dissolution. The first is that the pH balance between calcite
dissolution and formation of silanol shows insignificant decrease of pH. The
second factor is adsorption of the NP on the calcite surface which may affect
dissolution and formation of silanol.
Figure 5.12 shows the supernatant Ca2+ and surface coverage with NP as a
function of time in the cases of DIW and SSW. For DIW, as the surface
coverage by the NP reached equilibrium, Ca2+ concentrations reached a steady
state at about 49 hrs. The Ca2+ concentration was reduced (from §  WR
§PROL) by about 50% with NP adsorption. In the case of SSW Figure
5.12(b) shows a reduction of Ca2+ §WR E\DERXW after 16
hrs when the adsorption of the NP reached equilibrium for calcite surface
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coverage of about 27%. It is interesting to observe that the Ca2+ concentrations
decline rather than increase due to solubility.

Figure 5.12 Supernatant Ca2+ concentrations with and without NP and the estimated
surface coverage by NP (a) DIW and (b) SSW fluids.

Figure 5.13 Supernatant Ca2+ concentrations with and without NP and the estimated
surface coverage by NP for LSW fluid.

Figure 5.13 for LSW (1 and 1.5 g/L NP) shows similar observations as for SSW.
The Ca2+ concentrations declines after a concentration spike (without NP)
UHDFKLQJ§PROL FRPSDUHGWR§PROL (with NP). It is important
to observe that Ca2+ shows declining trends in both saline cases: LSW and
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SSW, as well as a higher initial spike in Ca2+ concentration in the case of LSW
compared to SSW. The reduction trend of Ca2+ is difficult to explain. However,
there are two possible mechanisms. The first is adsorption of Ca2+ onto the silica
surface according to the following equation (Janusz, Patkowski, and Chibowski
2003):
2SiOH + Caଶା ֖ (െSiOି )ଶ Caଶା + 2H ା

(5.18)

Equation 5.18 could support the reduction in Ca2+. However, Janusz,
Patkowski, and Chibowski (2003), previously measured the Ca2+ uptake by
silica in solutions of ionic strength similar to the LSW used in the present study.
7KH\ HVWLPDWHG DQG XSWDNH FDSDFLW\ RI § ȝPROL at a pH of 8. This
reduction is much lower compared to the reductions in Ca2+ concentrations in
this study. Therefore, the uptake of calcium is not expected to be the main
contributor to the observed Ca2+ declining trend. The second hypothesis could
be the formation of CaSO4 due to possible reaction with SO42- ions present in
both fluid cases (LSW and SSW). At the mineral-solution interface, assuming
heterogeneous Ca2+ distribution, the solubility product of the CaSO4 may be
exceeded. The smaller peak in case of SSW (Figure 5.12 (b) may be credited to
the higher SO42- ions concentration (65% higher than that with LSW). This
would kinetically favor faster removal of Ca2+ from the fluid in the form of
CaSO4, when the thermodynamic solubility product (Ksp) is reached. This may
be supported by the case of DIW, where SO42- is absent. It is therefore believed
that the second mechanism is the cause of the observation.
Figure 5.13 shows that as the NP concentration in LSW was increased from 1
to 1.5 g/L, Ca2+ concentration was further reduced at the onset of NP adsorption.
It then reached to almost the same concentration as in the case of 1 g/L with
time and finally at a close level of Ca2+ concentration as in LSW. The observed
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decrease of Ca2+ concentration may be related to the Intraparticle diffusion
phenomenon (discussed earlier) which occours after reaching the maximum
calcite surface coverage by the NP. In both cases of NP, Ca2+ concentration
reduction continues (Figure 5.14) reaching lowest Ca2+ concentration almost at
the same rate until it reached to the level of Ca2+ concentration in LSW. The
Ca2+ concentration after the NP surface coverage reached maximum (about 49
h, Table 5.4), was about 1.3 times higher for NP 1g/L §PROL) than
that for 1.5g/L §PROL). The amount of calcite dissolved was estimated
from the areas under the produced Ca2+ concentration curves in Figure 5.13
(with and without NP). The results are shown in Figure 5.14.

Figure 5.14 Amount on Calcite dissolved in LSW and with NP adsorption on calcite.

Figure 5.14 shows that increasing NP concentration led to lower amount of
calcite dissolution. This can have profound implication when designing LSW
flooding of chalk reservoirs.
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5.6 Summary
In his chapter, the static adsorption and the kinetics of silica NP adsorption on
major minerals present in sandstone and chalks was addressed. In the first part
of the chapter, the nanofluids were characterized for particle size and stability.
In DIW and LSW, the silica nanoparticles had particle sizes below 50 nm even
at elevated temperature of 80 ºC. In SSW the nanoparticles were 43% larger
than the average particle size for all tested temperatures with DIW and LSW.
In general, the nanofluids were found to be stable up to 3 months. This is major
improvement is stability as compared to in-house silica nanofluids in the
previous chapter.
Comparing the relative adsorption of silica NPs on minerals showed that the
NPs have highest adsorption affinity on calcite mineral followed by quartz and
least kaolinite. The commercial silica NPs used in this chapter shows
preferential adsorption affinity similar to the in-house silica NPs in the previous
chapter. The rate of adsorption was higher for calcite (0.11-2.5 g/mg h)
compared to quartz (0.042-0.15 g/mg h). In addition, it was observed that both
rate and equilibrium adsorption of NPs on minerals is enhanced at higher
salinity.
SEM images of NP adsorption on sandstone and chalk cores did not show pore
throat blockage, hence permeability impairment is not expected. Silica NPs’
adsorption process on quartz and calcite was best fitted to pseudo second order
kinetic model with R2 close to 1. For NP adsorption on calcite, the adsorption
characteristic curves showed high initial adsorption behavior wherein most of
the equilibrium adsorption occurred in the initial time period.
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Adsorption of silica NP reduces calcite dissolution. This is an important
outcome especially when LSW is a candidate for EOR in chalk fields, where
less dissolution of chalk would be expected when silica NP are combined with
the injection water. It was also observed the progression of NP adsorption
influences the pH.
In the following chapters, silica NPs injected into sandstone and chalk cores at
different scenarios are investigated to address the influence of pH, salinity and
fluid/rock interactions on the adsorption of silica NPs.
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6 Dynamic adsorption of silica NPs
This chapter addresses the dynamic adsorption of silica NPs injected into
sandstone and chalk. The contents of this chapter refer to the work presented in
Paper 2-3. In the previous chapter, the adsorption behavior of silica NPs on the
quartz and calcite minerals was addressed. This chapter addresses dynamic
adsorption of silica NPs during injection into sandstone and chalk cores and its
effect on fluid/rock interaction. The methodology used is outlined in section
3.6.2.

6.1 Dynamic adsorption of silica NPs in berea
sandstone
Two floods were conducted to investigate dynamic adsorption of silica NPs in
berea sandstone cores. The details of the floods is listed in Table 6.1.
Table 6.1 List of core flooding for invetigating NP dynamica adsoprtion in berea
sanstone.

Core Id

Porosity

Permeability

Lenght

Dia

(%)

(mD)

(cm)

(cm)

Flooding sequence

SSW - 1.5 PV Slug (DP
BR_SSW

20.13

200 - 220

9

3.78

1 g/L + Tracer in SSW) SSW
LSW - 1.5 PV Slug (DP

BR_LSW

20.24

200 - 220

9

3.78

1 g/L + Tracer in LSW) LSW
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As shown in Table 6.1, after pre-flush with several PVs of brine (SSW/LSW),
1.5 PV of nanofluid slug with LiCl tracer was injected. Thereafter, the injection
was switched to the original fluid to conduct a post-flush. The effluents samples
from the core floods were analysed for NP concertation, pH and cation
concentration. Flood BR_SSW was done to establish a baseline for
investigating the flood BR_LSW at low salinity conditions. The results are
shown in
Figure 6.1. It is shown that the NP production occurs within the tracer
production window. From mass balance, it was estimated that approximately
81.6 % of the injected NPs were adsorbed in the core indicating high
irreversible adsorption of NPs. Both the recorded pH and cation concertation
ratio profiles are stable indicating equilibrium between rock and flooded fluid.
In sharp contrast, dynamic adsorption of NPs dispersed in the low salinity water
flooding of berea sandstone is shown in Figure 6.2. Figure 6.2 (a) shows that
the breakthrough of the Li tracer and NPs occurred almost simultaneously. The
NP concentration profile shows a longer tail compared to the tracer. The amount
of NPs irreversibly adsorbed in the core was calculated from the mass balance
by integrating the produced area under the NP concentration curve in Figure
6.2(a) and the known injected amount of NPs into the core. The produced
concentration profile, may be divided into three regions: A, B and C. Table 6.2
shows the analysis of NP production in these three regions.
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Figure 6.1 (a) NP and tracer concertation (b) Effluent pH profiles and (c) Concertation
of cations in effluents from flood BR_SSW.
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Figure 6.2 (a) NP and tracer concertation (b) Effluent pH profiles and (c) Concertation
of cations in effluents from flood BR_LSW.
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Table 6.2 Analysis of NPs production in figure 5.2 (a).
Total NP injected (g)

0.032715

݉ே

݉ே = ܿ ܸ כ௦

݉

݉ = ଵ ܿ (ܸ)ܸ݀

0.000712

݉ே

݉ே = ݉ே െ ݉

0.032003

݉

݉ = ଵ ܿ (ܸ)ܸ݀

0.013921

݉௩

݉௩ = ݉ே െ ݉

0.018082

݉

݉ = ଵ ܿ (ܸ)ܸ݀

0.006767

݉

݉ = (݉௩ െ ݉ )

0.011315

NP production in region B (%)

ܰܲ

ܰܲ = ቀ

Desorption in region C (%)

ݏܦ

ݏܦ = ቀ

ݏ݀ܣ

ݏ݀ܣ = ቀ

Excess NP produced in region A
(g)
Total

NP

available

for

produced

in

adsorption (g)
Total

NP

equilibrium region B (g)

ଶ

ଶ

Total NP adsorbed in core till
end of region A (g): reversibly
adsorbed NP
Total

NP

produced

during

desorption phase in region C (g)
Amount

of

NP

irreversibly

adsorbed in the core (g)

Total

irreversible

adsorption/remained in core (%)

ଶ

ಳ
ಿು


ಿು

ቁ  כ100

43.49

ቁ  כ100

21.15

ೝೝ
ಿು

ቁ  כ100

35.36

In Table 6.2, cinj and Vsl refers to the injected concentration and slug volume of
the nanofluid. coA(V), coB(V) and coC(V) are the produced NP concentration
functions with respect to produced effluent volume (V) in regions A, B and C
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respectively. These were obtained from polynomial regression fitting of the
concentration curves in Figure 6.2(a). The R2 for the fits varied between 1-0.99.
A1-A2, B1-B2 and C1-C2 refer to the limits of region A, B and C respectively.
In Figure 6.2 (a), the amount of NPs produced in region A is termed as excess
NP, since the breakthrough coincided with the breakthrough of the tracer, i.e.
un-interacted with the rock minerals (݉ ). In region B, a plateau of NP
produced concentration is established. This may denote adsorption/desorption
equilibrium of the NPs. At equilibrium period by the end of region B, 43.49 %
of the total available NPs (݉ே )were estimated which may be considered to be
equal to the adsorbed NPs on the sandstone minerals. That is it may be
considered as the maximum reversible adsorption up till end of region B.
During NPs’ production in region B, the tracer concentration reached a peak.
Integrating the area under the tracer production curve showed that almost all
the injected amount of the tracer was produced. Further, the tracer production
stopped at 10.75 PV while the NP production continued up to 11.5 PV.
Combining these two observations, it can be inferred that the NPs produced in
region C were, most likely due to desorbed NPs. The NF slug injection length
was 1.5 PV. The unreacted tracer production length was 2.75 PV (7.75 to 10.5
PV) and the NPs production length was 3.5 PV (7.75 to 11.25 PV). The ratio of
NPs to tracer production volume was approximately 1.3. Thus, NPs production
took approximately 30 % longer time to cease after the slug has passed through
the core. This further strengthens desorption of NPs in region C. As shown
(Table 6.2), 21.15 % or approximately 1/5th of the available NPs were desorbed
(Dspc) in region C. The maximum irreversible adsorption (Adsirr) in the core
was 35.36 %. This indicates that irreversible adsorption of NPs exceeded the
reversible adsorption of NPs.
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The pH of the effluent is plotted along with the NP concentration as shown in
Figure 6.2 (b). During the initial injection of LSW, the pH remained stable at
about 7. The pH, then, increased after NP injection. Thereafter, the pH fell
down in the region in which NP desorption is inferred from the difference in
NP and Tracer concertation curves (region C). This may be related to the
dissolution of adsorbed NPs in accordance with the following equations
(Stumm and Morgan 1970):
ܱܵ݅ଶ ( )ݏ+ 2ܪଶ ܱ ՞ ܪସ ܱܵ݅ସ

(6.1)

ܪସ ܱܵ݅ ସ ՞ ܪଷ ܱܵ݅ସି + ܪଷ ܱା

(6.2)

Equation 6.1 shows the dissolution of SiO2. Stumm and Morgan (1970) stated
that SiO2 solubility increases at neutral to slightly alkaline pH ranges in
accordance with the above equations, silicic acid is produced. This weak acid
further dissociates and reduces the pH (Eq. 6.2) which was observed during
desorption of NPs. The adsorption/desorption of silica NPs in low salinity
environment in chalk showed similar behaviour which is discussed in the
following section. Therefore it maybe concluded that the desorption of NPs is
influenced by the pH wherein increased alkalinity favours the NP desorption.
The effluents were analysed for the produced cation concentrations for the
different injection stages as shown in Figure 6.2 (c). For ease of comparison the
effluent cation concentration (Co) have been presented relative to injected
concentration (Ci). Hamouda et al. (2014) have previously investigated
mechanisms during LSW flooding. They stated that LSW injection leads to
mineral dissolution such as for example K-feldspar as presented by the
following equation:
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4KAlSiଷ O଼ (s)(orthoclase) + 22Hଶ 0(aq) ՜ Alସ Siସ Oଵ (s)(kaolinite) +
8Hସ SiOସ (aq) + 4K ା (aq) + 4OHି (aq)

(6.3)

It is shown in Figure 6.2 (c) that during initial LSW injection, K+ in the effluent
was high (Co/Ci §2). This was followed by a decrease to § 1.35 relative
concertation. After injection of NF slug, K+ increased to about 1.5, which
coincides with the pH rise in the effluent, which may be explained based on
equation 6.2. Thereafter, the K+ concentration showed a downward trend which
is accompanied the fall in pH. The pH reduction could be due to the
combination of NP dissolution as per equation 6.1-6.2 and reduced mineral
dissolution. During the post flush, the K+ concentration stabilized at around 0.8
relative to injected concentration. This may indicate that, the in-situ adsorption
of NPs on the berea rock surface may have reduced K-feldspar dissolution thus
reducing fines production (Hamouda et al. 2014, Khilar and Fogler 1998, Tang
and Morrow 1999) thereby reducing formation damage. Hamouda et al. (2014)
also stated that LSW injection leads to possible ion exchange represented by
the following equation:
4KAlSiଷ O଼ (s)(orthoclase) + ܰܽା (ܽ )ݍ՜  ܭା + ݈ܰܽ݅ܵܣଷ ଼ܱ ()݁ݐܾ݈݅ܽ()ݏ
(6.4)
The above reaction leads to reduction of Na+ during the initial LSW injection.
However, after the NF slug injection, the Na+ relative concentration in the
effluent was about 1.1. This also indicate suppression of ion exchange based on
equation 6.4. Thus, the investigated slug injection of NPs into the berea
sandstone suggests that the adsorbed NPs adsorb on the surface of berea affect
the fluid/rock interactions during low salinity flooding.

81

Dynamic adsorption of silica NPs

6.2 Dynamic adsorption of silica NPs in chalk
Dynamic adsorption of NPs in chalk and its effect on fluid/rock interactions are
addressed in this section. Three salinities: DIW, LSW and SSW were used in
the dynamic tests as outlined in section 3.6.2. To the best our knowledge, the
adsorption behavior of silica NPs on chalk and its effect on fluid/rock
interactions has not been addressed previously. The list of experiments are
shown in Table 6.3.
Table 6.3 List of experiments to test dynamic adsorption of nanoparticles (NPs) in
chalk.
Core
Id

Porosity
(%)

Permeability
(mD)

Length
(cm)

Dia
(cm)

Pre/Post
Flush
Fluid

Slug
Composition

SK1

48.10

3.9

5.31

3.78

DIW

1 (g/L) DP in
DIW + tracer

SK2

49.00

3.9

7.80

3.78

DIW

 ȝ/ 0 +&O
+ tracer in DIW

SK3

51.71

3.9

3.9

3.78

SSW

1 g/L DP in SSW
+tracer

SK4

47.38

3.9

3.35

3.78

LSW

1 g/L DP in LSW
+ tracer

The first flood SK1 was performed with DIW as the base fluid. The effluent
fluid was analyzed for the concentrations of NP, calcium and Li (tracer).
Inductive coupled plasma and optical emission spectrometry (ICP-OES) was
carried out to quantitatively determine the trace amounts of elements eluted and
to determine the NP concentration in the effluent for chalk cores injected with
DIW. The results are shown in Figure 6.3.
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Figure 6.3 (a) NP and tracer concentration profile for SK1. (b) Effluent pH profile for
SK1 (c) Effluent Ca concentration for SK1 (with NPs) and SK2 (without NPs).

A difference of about 1 PV between the peak concentration of the tracer and
the peak concentration of NPs was observed. It was also observed that the tracer
peak concentration declined faster than that for the NPs. The delay of NP
decline may indicate interaction between the NP and core surface. After about
11 PV of injection (from the start), the NP concentration showed a linear
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increase, while the tracer production ceased. The increase of NPs’
concentration after 11 PV, may indicate NP desorption
Now the question is, why did the NP concentration decline below 0.01 g/L
before the start of the desorption process (at approximately 11 PV)? The
adsorption/desorption process may be related to the pH of post flowing fluid in
contact with calcite surface and adsorbed NPs. The effluent pH profile for the
effluents of SK1 are shown in Figure 6.3(b). It is shown that the pH after
nanofluid slug increased steadily for approximately 1 PV, then steeply
increased to a pH of about 10, before it started to decline to reach a pH of about
8.6. The highest pH coincided with the peak concentration of NP in the effluent
and the desorption of NP from 11 PV in Figure 6.3(a) coincided with the steady
increase of the pH from about 8 to about 9. Equation (5.15) may explain the
associated increase of pH with calcite dissolution.
Therefore, as calcite dissolves, the pH increases. Increase of the pH increases
the dissolution of NPs according to the equations 6.1 and 6.2. The progression
of equation 6.1 and 6.2 may explain the pH reduction in Figure 6.3(b). The
reduction of the pH to 8, would negatively affect the dissolution of NPs since
equation 6.1 and 6.2 require a high pH environment. Hence reduced the
produced NPs in the effluent. The increase of the pH from about 8 at
approximately 11 PV till about 9 at the termination point of the experiment (PV
§ PD\EHFDXVHGE\FDOFLWHGLVVROXWLRQE\(TXDWLRQ5.15. This rise in pH
would favor the desorption of NPs observed in this region. That is as the pH
started to increase, desorption of NPs increases.
These observations may be summarized as: maximum NP concentration in the
HIIOXHQW RFFXUUHG DW WKH KLJKHVW S+ §  RI WKLV H[SHULPHQW $V WKH S+
declined, less concentration of NPs was detected in the effluent until NPs
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UHDFKHGPLQLPXPDW39 S+§ DIWHUZKLFK13VWDUWHGWRULVHDJDLQDQG
to reach 0.03 g/L (at the time of the experimental termination). This counts for
about 50% higher than the peak concentration of 0.02 g/L. The dissolution of
calcite can be inferred from the effluent calcium concentration profiles. Since
the injected fluid did not contain any calcium, the effluent calcium observed
may be attributed to the calcite dissolution by Equation (4.15). A second test
(SK2) was done without NPs to provide a baseline for comparing the calcite
dissolution in SK1. The pH of the slug without NPs in SK2 was adjusted to be
approximately same as that of nanofluid in SK1. The calcium concentration in
the effluent from test SK1 (with NP) and SK2 (without NP) is shown in Figure
6.3(c). In Figure 6.3(c), there is no significant difference between the Ca in the
two cases during DIW pre-flush. However, after the slug injection, the
difference in the Ca trend for the two experiments started to increase. At 10–12
PV in the case of test fluid with NP the calcium concentration was about 80%
less than that for the fluid without NP.
The general mechanism may, then, be deduced as follow: the dissolution of
calcite increases the pH, which in turn reduces NP adsorption on the calcite
surface. Monfared et al. (2015) have made similar observation where increasing
the pH from around 7.5 to 10 reduced the adsorption of silica NPs on the calcite
surface by about 33.33%. As mentioned earlier, effluent calcium was reduced
by about 80% for fluid with NPs. As the pH increases, the calcite surface
becomes less positive, so that NP adsorption decreases. As observed, more NPs
were produced when the pH increased ZLWK SHDN FRQFHQWUDWLRQ DW S+§ 
Since SiO2 dissolves in the alkaline range of the pH (Equation 6.1).
Dissociation of silicic acid (Equation 6.2) increases the negative ions and
thereby adsorption. The dissociation of (weak) silicic acid slightly increases the
acidity of the solution, which may again increase the adsorption of NPs. Figure
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6.3(a) shows the relation between pH and adsorption. As the desorption process
proceeded, the pH steadily increased until it reached about 9, which was the
point where the experiment was terminated. The estimated adsorbed NPs on the
chalk is about 0.46 mg per gram of chalk. This was obtained from the integrated
area under the curve in Figure 6.3(a) and the mass balance with known injected
NPs. The effect of saline environment on adsorption of silica NPs was
investigated where SSW and LSW were used in floods SK3 and SK4
respectively. For SK3, both the pre-flush and post-flush was performed with
SSW. The nanofluid slug with tracer was also prepared in SSW. The results for
the test SK3 are shown in Figure 6.4.

Figure 6.4 (a) NP and tracer concentration profile, (b) effluent pH profile and (c)
effluent Ca2+ and Mg2+ concentration for SK3 in SSW.
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It can be seen in Figure 6.4(a) that unlike in test SK1, the NP concentration
profile for test SK3 follows the tracer profile closely. In addition, the NP
production stopped at about 0.25 PV before the tracer. That is unlike SK1, no
NP was detected in the effluent after the tracer has passed through the chalk
core. This together with high adsorption of the NPs observed in SSW during
static adsorption experiments may indicate strong irreversible adsorption of the
NPs on the chalk surface. Integrating the area under the curve in Figure 6.4 (a)
and the computing mass balance by known amount of injected NPs showed that
about 86% of NPs were adsorbed on the chalk surface. Further, the effluent pH
and relative ion concentration profiles for test SK3 in SSW are shown in Figure
6.4(b), (c) respectively. It can be seen that pH remains almost constant
throughout test SK3 and the ion (Ca2+ and Mg2+) concentration in the effluents
remain close to injected concentration. This makes the baseline for comparing
the behavior at low salinity condition in the next test SK4. In test SK4, both the
pre-flush and post flush was performed with LSW. The nanofluid slug with
tracer was also prepared in LSW. The results for test SK4 are shown in Figure
6.5.
It can be seen in Figure 6.5(a) that with LSW, the NP breakthrough is delayed
by 0.25 PV compared to the tracer. In addition, the NP production continues
after the tracer production stops. This is similar to test SK1 (ion free) and may
indicate desorption of the NPs. It was estimated that 67.2% of the NPs were
adsorbed in the core in SK4 (LSW) as compared to 86.2% in SK3 (SSW). At
low salinity conditions in SK4, the NP concentration profile is similar to DIW.
This together with the high irreversible adsorption observed with SSW
indicates that salinity strongly influences the adsorption behavior of the NPs on
the chalk surface which supports the adsorption analysis in the previous
chapter.
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Figure 6.5 (a) NP and tracer concentration profile, (b) effluent pH profile and (c)
effluent Ca2+ and Mg2+ concentration for SK4 in LSW.

The effluent pH profile for test SK4 (Figure 6.5(c)) shows a sharp rise in pH
with NP production and the pH peak coincides with peak NP production.
Thereafter the desorption of NPs during the decline phase can be attributed to
the dissolution of the NPs which produces a weak silicic acid as per Equations
6.1 and 6.2 This supports the proposed NP adsorption/desorption mechanism.
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However, the linear rise of NPs production in the effluents as observed with
DIW in Figure 6.3(a) was not observed with LSW in SK4. This may be due the
heavy dissolution of chalk due to DIW in SK1 which significantly raised the
pH to 10, whereas in SK4 the pH remained below 8. The effluent Ca2+ and Mg2+
profiles shown in Figure 6.5(c). The high levels of Ca2+ in the pre flush stage
suggest high calcite dissolution. However, after the adsorption of NPs on the
chalk surface, the Ca2+ fell by about 30%. In addition, the Mg2+ levels fell below
the injected concentration during the post flush. This may be due to the
incorporation of magnesium into the calcite structure. This is discussed in detail
in the next chapter.
Dynamic adsorption of NPs on chalk surface (in the absence of oil phase)
indicated that NP adsorption in chalk could significantly reduce calcite
dissolution induced by low salinity injection. However, for the application of
NPs to petroleum reservoirs, it is essential to study the effect of NPs on chalk
surface that is oil wet and the effect of NPs in the presence of oil phase. This is
addressed in the following chapter.

6.3 Summary
This chapter addressed dynamic adsorption of silica NPs injected into
sandstone and chalk cores and its effect on fluid/rock interactions. At high
salinity (SSW), silica NPs show irreversible adsorption in both berea sandstone
and chalk cores. In contrast, NP desorption was observed in LSW for both
berea and chalk.
The estimated desorption in LSW was about 21.2% in berea cores. The
adsorption/desorption of silica NPs is influenced by the pH wherein increased
alkalinity during LSW injection enhances NP desorption. The injected NPs
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adsorb on the sandstone surfaces and reduce mineral dissolution and suppressed
ion exchange due to LSW injection. This may explain the reduction of fines
migration observed in chapter 4. NP adsorption during the oil recovery process
and its effects on fines migration is addressed in the following chapter.
Similar to the observations for berea, in chalk cores desorption of NPs was
observed in low salinity condition. Adsorption/desorption mechanisms for the
NPs related to pH have been proposed. Dynamic adsorption of NPs on chalk
surface showed that NP adsorption reduced calcite dissolution by about 30%
during by low salinity injection, which supports the results reported in chapter
5. Thus silica NPs combined with low salinity EOR technique could reduce the
risk of matrix integrity loss and the subsidence of water flooded chalk. The
effect of silica NPs adsorption oil wet chalk surface during oil recovery by
continuous injection of nanofluids is addressed in the following chapter.
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7 Oil recovery by silica NPs
This chapter addresses the effect of continuous silica NPs flooding fof
fluid/rock interaction in sandstone and chalk. The contents of this chapter refer
to the results presented in paper 2 and 3.
Nanofluids are prepared in brines and some studies (Hendraningrat and
Torsæter 2016, Ding et al. 2019, Hosseini, Hajivand, and Yaghodous 2018)
have investigated the combined role of salinity and NPs on the wettability
alteration and NP adsorption on mineral surfaces (Dehghan Monfared et al.
2016, Monfared et al. 2015, Zhang, Murphy, et al. 2016, Zhang et al. 2015).
Hendraningrat and Torsæter (2016) stated that nanofluid flooding is sensitive
to water salinity especially in the presence of divalent ion (Ca2+ and Mg2+). The
effect of injection brine salinity on oil recovery process is well documented in
literature (Austad et al. 2011, Chukwudeme and Hamouda 2009, Yi and Sarma
2012, Tang and Morrow 1997, Hamouda et al. 2014, Al-Nofli et al. 2018).
However, the effect of silica NP on fluid /rock interaction during oil recovery
is not well addressed.
As discussed in the previous chapter, the adsorption of NPs on the mineral
surface alters the rock surface and affects fluid/rock interactions. To address
the effect of salinity and NPs, flooding experiments are divided into two stages
(1) brine alone and (2) NPs dispersed in the selected brine.

7.1 Oil recovery from berea cores
Many researchers have identified that; injection of low salinity brine may lead
to enhanced release of fines which can cause formation damage (Akhmetgareev
and Khisamov 2015, Zeinijahromi, Ahmetgareev, and Bedrikovetsky 2015,
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Merdhah and Yassin 2009). The flooding was divided into two stages: primary
recovery (brine alone) and secondary recovery (NP dispersed in brine). Table
7.1, summarizes the flooding schemes for the three cases (BR2, BR3 and BR4).

Two flow rates 4 PV/day (0.06 ml/min) and 16 PV/day (0.24 ml/min) were
used. The oil recovery profiles for floods BR2-4 are plotted in Figure 7.1.
Table 7.1 List of core properties and flooding details

Core
Id

Porosity
(%)

Permeability
(mD)

Lenght
(cm)

Dia
(cm)

Swi

Primary
recovery
fluid

Secondary
recovery
fluid

BR2

20.9

200 - 220

9

3.78

0.250

SSW

DP (1g/L) in
SSW

BR3

20.6

200 - 220

9

3.78

0.293

LSW

DP (1g/L) in
LSW

BR4

20.25

200 - 220

9

3.78

0.218

SSW

DP (1g/L) in
LSW

92

Oil recovery by silica NPs

Figure 7.1 Oil recovery profiles for floods (a) BR2, (b) BR3 and BR4 (c).

Incremental oil recovery by silica NFs in sandstones have been reported by
several researchers (Hendraningrat, Li, and Torsater 2013, Joonaki and
Ghanaatian 2014, Aurand, Dahle, and Torsæter 2014). These studies were
performed at higher flow rates and low Swi to enhance sweep and test
incremental recovery by NFs. The objective of this work is to addresses the
effect of NP on fluid/rock interactions. It was therefore decided during the core
preparation process (establishing Swi) to minimize possible modification of the
core mineral surface with oil. The oil injection was done at low rate and only
from one direction which resulted in relatively high Swi ranging from 0.210.29 in (Table 7.1). High Swi allows larger surface area of the cores to be
93

Oil recovery by silica NPs
available for NP adsorption and fluid/rock interactions during flooding.
Flooding was done at lower rates to be closer to field cases and to increase
residence time of the fluid. A possible shortcoming of using lower flow rates is
less swept zone, especially with high permeability cores like berea, as
evidenced by the low overall recovery (average recovery of about 20% in
Figure 7.1) shown in floods BR 2-4. It is shown in Figure 7.1 that for all the
flooding experiments, most of the oil was recovered within the first PV of
injected water at 4 PV/day injection rate. Increasing the rate to 16 PV/day led
to incremental recovery of § 0.63% in BR2 experiment with SSW but not for
experiments BR3 and BR4. For primary recovery (without NPs) SSW was
shown to be more effective compared to primary recovery by LSW (BR3).
Even for flooding with SSW in BR2 and BR4 there was about 7 % difference
in primary oil recovery. Previous work in our lab (Hamouda et al. 2014,
Hamouda and Valderhaug 2014) and by other researchers (Tang and Morrow
1997, Austad, RezaeiDoust, and Puntervold 2010, Tang and Morrow 1999) has
identified that low salinity water injection is in general more effective at oil
recovery. The deviation observed in Figure 7.1 may be attributed to the core
preparation described earlier with high and non-uniform Swi. Hence, the oil
recovery profiles from these experiment cannot not be directly compared.
Spontaneous imbibition test were performed to address the effect fluid salinity
and silica NPs on oil recovery. For spontaneous imbibition, the core preparation
process was comparable since all the cores were saturated with 1 PV of
synthetic oil and aged for the same time period (2 weeks). Figure 7.2 show that
in the absence of NPs, DIW and LSW shows higher oil recovery (55% and 48%
respectively) than that for SSW (24.5%).
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Figure 7.2 Effect of nanoparticles on spontaneous imbibition of oil from the berea
cores.

In all cases, the oil recovery increases when NPs are dispersed. In LSW an
incremental recovery of about 9.5% was observed with NPs, whereas NPs in
DIW and SSW showed incremental recovery of about 6 %. Imbibition of water
into a porous medium is driven by reduction in capillary pressure which is
dependent on oil water interfacial tension and wettability. Wasan and
coworkers (Wasan and Nikolov 2003, Zhang, Nikolov, and Wasan 2014)
suggested that NP wedge formation is the mechanism that detaches oil from
mineral surfaces. The formation of NP wedge like structure at the three-phase
contact between the oil, water and mineral raises the structural disjoining
pressure (perpendicular to the oil-water interface). This force enhances the
detachment of oil from the mineral surface in the presence of NPs. The
disjoining pressure depends on the particle size and self-assembly of the NPs
in the wedge region (Zhang, Ramakrishnan, et al. 2016). The self assembly of
the NPs depends on the NP size (Figure 5.1) and repulsion between the NPs.
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The interaction between the NPs was estimated based on the sphere-sphere
interaction (Kovalchuk and Starov 2012) as follows:
ܸ (݄) = െ
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Hamaker’s constant for NP-NP interaction was calculated as per equation 5.7.
For DIW, the inverse Debye length can be taken as (9.6 × 10í7)-1m-1(Khilar and
Fogler 1998). For saline mediums, the inverse Debye length was calculated as
per equation 5.8. The London’s van der Waals interaction and electric double
layer interaction estimated from equation 7.1 and 7.2 are non dimensional
(equation 5.10). The results are shown in Figure 7.3.

Figure 7.3 Effect of salinity on interaction energies between NP-NP

In DIW, the NPs exhibit lowest average size (37.5 nm) however it is shown
Figure 7.3 that the estimated interaction energy is most repulsive in case of
DIW. Due to high repulsion, lower quantity of NPs would occupy the wedge
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area. In SSW, the effect of higher average particle size (56.4 nm) on the quantity
of NPs in the wedge region may be compensated by lower repulsive interaction
between the NPs (Figure 7.3). In LSW however, the average NP particle size
(37.9 nm) is almost equal to particle size in DIW and at the same time the
repulsive interaction is much lower in LSW compared to DIW. This may lead
to higher quantity of NPs assembling in the wedge area thereby increasing the
structural disjoining pressure. That is, in the case of NP dispersed in LSW, both
NP size and inter-particle interaction increase the oil detachment from mineral
surface caused by structural disjoining pressure. This may explain the higher
incremental recovery observed from NPs dispersed in LSW compared to DIW
and SSW and indicate a synergy between silica NPs and low salinity water for
enhancing oil recovery from sandstones reservoirs. The effluent fluids from
floods BR2-4 were analysed for: (1) pH (2) NP concertation and (3)
concentration of cations. In the previous chapter, it was indicated that
combining LSW with silica NPs may reduce fines migration and formation
damage.
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Figure 7.4 Differential pressure drop profiles for floods (a) BR2, (b) BR3 and (c) BR4.

Figure 7.4 shows that the monitored pressure drop during primary recovery is
lower for experiment BR2 (SSW) compared to BR3 (LSW). The cores used
were outcrops having almost similar dimension and PVs to ensure reasonable
comparison. High pressure drop associated with LSW injection could thus be
an indication of increased release of fines. Hamouda and Valderhaug (2014)
made a similar observation of increased pressure drop during low salinity
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injection. Switching the flood to NF in BR2 at flow rate of 4 PV/day, the
pressure drop increases slightly to 0.015 bar from 0.013 bar. At 16 PV/day the
recorded pressure drops with and without NPs were about the same: 0.097 and
0.096 bar, respectively.
SEM imaging in Figure 5.3 showed that the NP adsorption did not lead to
blockage of pore throats. In case of SSW, larger particle size (Figure 5.1) could
resist the flow of NPs through the core, therefore a slightly higher pressure drop
was observed in BR2. On switching the flood to NF in BR3, the pressure drop
fluctuated between 0.013 and 0.017 bar, which was lower than the pressure
drop during primary recovery at 4 PV/day (0.021 bar). This may, qualitatively
indicate reduction of the produced fines. Finally, for combined flooding BR4
in Figure 7.4(c), the recorded pressure drop was lower during NF injection at 4
PV/day. It was estimated that the water injectivity improved by about 19% and
28 % for flood BR 3 and 4 respectively. At 16 PV/day injection rate in BR3 and
BR4, the pressure drops during primary and secondary recovery were almost
equal. Thus, the recorded pressure drops in Figure 7.4 may indicate a reduction
in the produced fines by combining low salinity and NPs. The NP
concentrations in the effluents during floods BR 2-4 is shown in Figure 7.5.
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Figure 7.5 Effluent NP concentration profile for floods (a) BR2, (b) BR3 and (c) BR4.

Figure 7.5 shows that for BR2 (NF in SSW) the effluent NP concentration
reached a peak of 0.28 g/L as compared to the peak of 0.67 g/L for BR3 (NF in
LSW). This indicates higher adsorption of NP on mineral surface at elevated
salinity confirming the observations made for adsorption in chapter 5.
Increasing NF injection rate to 16 PV/day, the effluent NP concentration fell
for both BR2 and BR3 which suggests that NP adsorption increases with higher
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injection rate. This may be due to diversion of flow to un swept parts of the
core. For combined flooding in BR4, the NP effluent concentration was around
0.5 g/L which is intermediate between BR 2-3. This may partially be effect of
to residual SSW from the primary stage on the adsorption of NPs. The pH of
the effluents are shown in Figure 7.6.

Figure 7.6 Effluent pH profiles for flood (a) BR2, (b) BR3 and (c) BR4.
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During primary recovery by SSW (BR2), effluent pH was slightly lower than
injected pH. This reduction in pH has been reported by other researchers earlier
(RezaeiDoust et al. 2009, Fjelde, Asen, and Omekeh 2012). The observed pH
during flood BR3 (all LSW) is slightly higher than the injected pH. This
behaviour is typical to low salinity floods and has been reported previously
(Hamouda and Valderhaug 2014). On switching to NF in SSW in case of BR2,
pH rose. A similar rise in pH was also observed for flood BR3 with NF in LSW.
For flood BR 4, the pH remained lower than injected pH for primary recovery
by SSW. Thereafter, the pH rose when the flood was switched to NF prepared
in LSW. The cations produced during floods BR2-4 are shown in Figure 7.7.
In the case of BR2 (SSW), the effluent cation concentrations did not show much
fluctuation, which may indicate equilibrium between rock and the fluid was
established. In the case of BR3 (LSW), high initial relative concentrations of
Na+, K+ and Ca2+ was produced perhaps due to residual SSW in the core during
core preparation for establishing initial water saturation. After some
fluctuations at the start of the flood, Mg2+ relative concentration stabilized and
remained close to 1 during remainder of the flooding. As the primary flood
progressed in BR3 (LSW), K+ relative concentration stabilized at 1.6 and 1.37
at 4 and 16 PV/day respectively. This together with the increase in pH observed
during these stages in Figure 7.6 (b) supports dissolution of K-feldspar
(equation 6.3) as discussed in the previous chapter. Additionally, during this
stage the Na+ concentration was lower than the injected concentration by about
20 %. This may indicate ion exchange process according to equation 6.4.
However, when the flood was switched to NF, the K+ relative concentration fell
and stabilized at around 0.85 and 0.66 at injection rate of 4 and 16 PV/day
respectively. Further the Na+ relative concertation also rose to 0.94 and 0.95 at
injection rate of 4 and 16 PV/day respectively. These observations suggest that
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both mineral dissolution and ion exchange were reduced by the NF i.e., reduced
direct contact between the injected fluid and mineral. The reduction was
observed to be enhanced at higher flowrate which coincides with increased NP
adsorption in Figure 7.5(b).

Figure 7.7 Relative concertation of K+ and Na+ and Ca2+ in effluents for floods
(a) BR2, (b) BR3 and (c) BR4.
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Unlike BR2 (all SSW) where an equilibrium like condition was indicated, high
Ca2+ production was observed during primary recovery by LSW in BR3.
Hamouda and Valderhaug (2014) reported similar observations for low salinity
flooding of berea and attributed the increased Ca2+ production to the dissolution
of cementing material (CaCO3) in the core. In the previous chapter, it was
shown that silica NPs can significantly lower the dissolution of calcite and the
silica NPs have a high affinity of adsorption on calcite. During secondary
recovery by NFs in BR3, the Ca2+ levels fell and fluctuated between 4.65 and
0.62. Further reduction in Ca2+ levels was observed when NF injection rate was
increased to 16 PV/day (fluctuation between 2.64 and 0.49). This confirms the
previously stated observation of increasing effect of NP at higher flowrate.
Thus, combining LSW with the used NPs reduces the mineral dissolution
induced by injecting LSW alone and also reduces loss of cementing mineral.
This may explain the reduction in pressure drop observed in Figure 7.4 (b) due
to lesser production of fines caused by adsorption of NP of berea surface.
During combined flooding in BR4, the relative concentrations of all the ions
were close to 1 during primary recovery by SSW. During secondary recovery
by NF in LSW, initially the ions are high perhaps due to residual SSW from
previous stage. Thereafter both K+ and Ca2+ showed a decreasing trend and the
Na+ stabilizes at about 1.2. This confirms the conclusions made from BR3 that
the silica NFs reduced mineral dissolution, ion exchange and loss of cementing
minerals due to low salinity flooding.
The adsorption of NPs can modify the berea surface as discussed in chapter 4.
The effect of the surface modification on the interaction between the fines and
berea was modelled based on the DLVO theory as outlined in section 4.5. The
zeta potential of berea powder aged in synthetic oil and dispersed in SSW and
LSW corresponds to the primary recovery in floods BR2 and BR3, respectively.
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The oil aged berea was further treated with NF at 1 g/L concentration in SSW
and LSW. The modified mineral was recovered and dispersed in SSW and LSW
after which zeta potential measurements were performed to correspond to the
secondary recovery stage of floods BR2 and BR3. The size of the fines eluted
from flooding berea are reported in Table 7.2. The zeta potential measurements
are listed in Table 7.2 and the sizes of the fine particles are listed in Table 4.3.
Hamaker’s constant was calculated from equation 5.7. The surface forces
estimation here are performed at 70º C. Therefore the measured zeta potential
values at room temperature are corrected to 70ºC based on correlation for
common minerals from previous studies (Schembre, Tang, and Kovscek 2006,
Karoussi and Hamouda 2007) :
ߞ(ܶ) = (0.01712(ܶ െ ܶ ) + 1) ή ߞ(ܶ )

(7.3)

Where, T and To are interpolation and measurement temperature respectively in
Kelvin. ȗ 7o) is the zeta potential measured at To. The inverse Debye lengths in
LSW and SSW were calculated from equation 5.8 and 5.9. The calculated
interaction potentials are shown in Figure 7.8.
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Table 7.2 Zeta potential measurements for crushed berea mineral and fines.
Mineral

Zeta potential (mV)

Berea aged in oil and dispersed in SSW

-7.67

Berea aged in oil and dispersed in LSW

-18.1

Berea aged in oil and then treated with dispersed NP in SSW

-8.91

Berea aged in oil then treated with dispersed NP in LSW

-21.2

Fines in SSW

-5.89

Fines in LSW

-13.7

Figure 7.8 Calculated interaction potential between the fines and the mineral at 70ºC.

Figure 7.8 shows that the interaction is more repulsive in LSW compared to
SSW, indicating that flooding with LSW could lead to greater fines
release/migration. Modifying the rock with NPs make the interaction energy
less repulsive for both LSW and SSW. However, the change is greater in the
case of LSW compared to SSW. These results are supported by the lower
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pressure drop observed during secondary recovery in BR3 (NP+LSW) as
compared to primary recovery by brine alone in Figure 7.4(b). In addition,
Figure 7.4(c) shows that secondary recovery by LSW+NP has lower pressure
drop than primary recovery by SSW. This may be due to adsorption of NPs on
minerals. Thus the adsorption of silica NPs on the rock makes the interaction
between fines and rock less repulsive. This would hinder the migration of
produced fines.

7.2 Oil recovery from chalk cores
This section addresses the incremental oil recovery by silica NPs and the
interaction of NPs with mineral surface in presence of oil. In order to mimic the
field status (water flooding), different scenarios were studied as shown in Table
7.3. The injection rates were small to be able to account for the kinetics of the
interaction. From our previous studies with LSW alone (Hamouda and
Maevskiy 2014), two flow rates were used 4 and 16 PV/day. Thereafter, the
injection was switched to NF and the flow was at 4 and 16 PV/day. The details
of the experimental tests are listed in Table 7.3. The experiments were divided
into two stages with brine alone and NPs dispersed in the selected brine. The
injection was performed at lower flowrates that are closer to real field cases and
to give the injected fluid sufficient residence time in the core for the interaction.
Hamouda and Maevskiy (2014) and Hamouda and Gupta (2017) previously
studied the effect of low salinity composition on primary and secondary
recovery in SK chalk by systematically diluting the SSW. They found that LSW
at a 1:10 SSW dilution was the optimum for the investigated brines for EOR.
Therefore, LSW 1:10 dilution of SSW was used here.
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Table 7.3 List of oil recovery experiments with chalk.
Primary

Secondary

Recovery

Recovery

Fluid

Fluid

Core

Porosity

Permeability

Length

Dia

Id

(%)

(mD)

(cm)

(cm)

SK5

50.7

3.9

8.83

3.785

0.13

SSW

SK6

50

3.9

5.96

3.785

0.28

LSW

SK7

50.24

3.9

4.658

3.785

0.275

SSW

Swi

DP (1 g/L) in
SSW
DP (1 g/L) in
LSW
DP (1 g/L) in
LSW

In the SK5 case, both primary and secondary used SSW. For the secondary,
however, silica NPs (DP 1 g/L) was dispersed in SSW. In SK6, primary
flooding was with LSW followed by injection of NF (DP 1 g/L) in LSW. The
third scenario was for SK7, where SSW was used in primary stage, followed
by NF (DP 1 g/L) in LSW. These three scenarios represent the various possible
combinations. Incremental oil obtained from nanofluid injection in SK5-7 are
shown in Figure 7.9.

Figure 7.9 Incremental recovery from SK5-SSW, SK6-LSW and SK7-mixed.
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As mentioned earlier, the recovery here is not optimized to account properly
for EOR, but compared to our previous studies with LSW alone (Hamouda and
Maevskiy 2014). The incremental recovery was greater in the case of SK6
(0.824%) than with SK5 (0.15%). The highest incremental recovery was
observed when the fluid was switched to NF prepared in LSW (1.05% for SK7
experiment). The effluent pH profiles were recorded for the SK5, SK6 and SK7
and are shown in Figure 7.10.

Figure 7.10 Effluent pH profiles SK5-SSW (a), SK6-LSW (b) and SK7-mixed (c).
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For SK5 (all SSW), the effluent pH during primary and secondary stages were
lower than the pH of the injected SSW. This observation is similar to that
previously made by Hamouda and Maevskiy (2014). In the case of SK6 (LSW
and LSW with NPs) however, interesting behavior was observed. The effluent
pH was higher than the injection pH and continued rising until it stabilized at
about 7.8. Increasing the flow rate to 16 PV/day led to a slight increase in pH
to around 7.95, after which it stabilized at around 7.91. The increase in pH may
be explained by calcite dissolution, in accordance with the Equation 5.15.
The pH in the case of SK7 (SSW and LSW with NPs) shows that the pH
remained below the injected pH in primary stage. However, the pH increased
slightly to about 7.56 when the injection was switched to LSW with NF. When
the NF injection rate was increased to 16 PV/day, the pH of SK6 and SK7
stabilized at about 8.06 and 7.75, respectively. As expected, the pH was higher
for SK6 case than in the case of SK7. The concentrations of Ca2+ and Mg2+ in
the effluents of SK5-7 are plotted in Figure 7.11.
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Figure 7.11 Effluent Ca2+ and Mg2+ concentrations for SK5-SSW (a), SK6-LSW (b)
and SK7-mixed (c).

Figure 7.11(a) shows that the Ca2+ effluent in SK5 was lower than the injected
concentration during primary stage and even more so during secondary stage.
This may indicate slight calcite dissolution with high injection salinity (SSW).
This observation was also supported by the low pH recorded for this SK5 in
Figure 7.10(a). Mg2+ concentration in the effluent was close to the injected
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concentration. Where the SK6 (all LSW) is concerned, however, the Ca2+ ion
concentration during primary stage by LSW was consistently higher, indicating
calcite dissolution similar to the observation made during dynamic adsorption
experiments in SK4. This observation is supported by the high effluent pH in
Figure 7.10(b). Along with the excess Ca2+, there was a deficiency in Mg2+ in
the effluent. It is well established that calcite has a tendency to accommodate
Mg2+ in its structure (Stumm and Morgan 1970). The exchange between Ca2+
and Mg2+ may lead to the formation of complex calcium/magnesium minerals
with different ratios. The following reaction is for a 1:1 ratio (dolomite):
2CaCOଷ(ୱ) + Mg ଶା ՜ CaMg(COଷ )ଶ + Caଶା

(7.4)

Dolomitization has been previously observed by Petrovich and Hamouda
(1998) in the chalk formations of the Ekofisk field. During primary stage by
LSW, the ratio of the effluent ion concentration to the injected concentration
reached 6.267 and 0.686 for Ca2+ and Mg2+ respectively at 16 PV/day. When
SK6 was switched to NF prepared in LSW, the ratio of Ca2+ to injected
concentrations fell to 4.26 at the injection rate of 4 PV/day. Increasing the rate
to 16 PV/day raised the Ca2+ concentration slightly to 4.63, which is still below
the Ca2+ concentration during primary stage by LSW. This reduction in Ca2+
during NF injection (almost 30%) coincided with a comparative increase in
levels of Mg2+ to 0.86 at 4 PV/day and 0.85 at 16 PV/day. These observations
may indicate a reduction in calcite dissolution and the formation of
calcium/magnesium minerals. The increased amount of Mg2+ was not
significant enough to indicate reduced magnesium/calcium exchange. It is
therefore possible that the reduction in Ca2+ was caused by reduced calcite
dissolution during NF injection. Increasing the rate to 16 PV/day, the Ca2+
concentration stabilized at around 4.6. This also represents a 25% reduction of
Ca2+ production compared with the 4 PV/day flow rate during primary stage.
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With primary stage in the SK7 case, the effluent ion concentration profiles were
close to the injected concentration. When the SK7 was switched to NF prepared
in LSW, the Ca2+ and Mg2+ ions were initially high. Two main possibilities exist
for the increase of Ca2+ and Mg2+: (1) production of trapped SSW from the first
stage and/or (2) dissolution of possible calcium sulfate formed during the first
stage. The latter may sound more realistic because of a rapid reduction in Ca2+
and Mg2+ concentrations. Thereafter, the Ca2+ concentration was around 1.5 at
4 PV/day. The Ca2+ concentration during this stage is almost three times lower
than at the same stage in SK6. When increasing the injection rate to 16 PV/day,
the Ca2+ concentration fluctuates between 2.9 and 1.16. This concentration at 4
PV/day is almost three times lower than during the same stage in SK6.
The differential pressure drop (dP) data recorded for SK5-7 is shown in Figure
7.12. At 4 PV/day with SSW injection in SK5, the pressure drop stabilized at
about 1.79 bar. When the injection rate was increased to 16 PV/day, the dP
increased and stabilized at around 3.70 bar. After the injection fluid was
switched to NF prepared in SSW, the pressure rose steadily from 0.68 to 2.17
bar.
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Figure 7.12 Differential pressure drop (dP) profile for SK5-SSW (a), SK6-LSW (b) and
SK7-mixed (c).

van Oort, Van Velzen, and Leerlooijer (1993) stated a general rule of thumb
that, if the particle size of the suspended solids exceeds one-third of the pore
diameter, the particles will cause plugging behavior. The average pore size of
the SK chalk used in this study is around 200 nm (Jolma et al. 2017). The size
of the NPs in SSW was shown earlier to be 88.1 nm at 80 °C. It is possible that
some of the smaller pore throats are blocked by the NPs. For SK6 however, the
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recorded dP for NF (in LSW) was 0.439 bar, which is almost three times lower
than the dP recorded for LSW injection in the first stage. The measured particle
size of the NPs in LSW is about 38 nm, which is significantly lower than the
average pore throat of the chalk used. The recorded dP at 16 PV/day was
slightly higher for the NF compared with LSW alone. However, the difference
§EDU is within the uncertainty range of the measured dP (±0.1 bar). The
resistance to flow was therefore lower at the low flow rate. A similar
observation was made with SK7 where, at the lower flow rate (4 PV/day), the
dP during NF injection was less than half that from SSW injection. However,
WKHSUHVVXUHGURSDWWKHKLJKHUIORZUDWHZDVVOLJKWO\ §EDU KLJKHUGXULQJ
NF injection, with a decreasing trend. The decreasing pressure trend observed
in SK7 during 16 PV/day injection of nanofluid was not observed for the same
stages in flood SK5 and 6 wherein the salinity of the fluid was constant
throughout the experiment, with only addition of NPs. However, in SK7, the
fluid salinity is switched from SSW to LSW (with NP). Two mechanisms take
place: (1) adsorption of NP on the chalk surface, hence reduced calcite
dissolution and (2) disturbance of fluid rock equilibrium due to low salinity. As
the injection rate is increased to 16 PV/day, the swept region with LSW + NPs
increased, hence reduced pressure. This is evident in Figure 7.11(c) wherein at
16 PV/day, a decreasing trend in Ca2+ production was observed. The decrease
in Ca2+ may be explained based on reduced dissolution of calcite and dilution
factor due to increased sweep.
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7.3 Summary
This chapter addressed the interaction of silica NPs with mineral in the presence
of hydrocarbon. This was done to compare the interaction between NP and
mineral surface in the presence and absence of oil phase (chapter 6). Three
cases were investigated, with silica NPs mixed with SSW and LSW. In the first
two cases, the primary injection was performed with either SSW or LSW
followed by secondary injection of silica nanofluids prepared in the same brine
as in primary injection phase. In the third case, the primary recovery was
performed by SSW followed by injection of silica NPs dispersed in LSW. This
represents a more realistic case where most fields are flooded with seawater
and low salinity injections are being considered for the following phase.
Secondary recovery by NFs in sandstones showed that NP adsorption reduces
mineral dissolution, suppresses ion exchange process and loss of cementing
minerals caused by LSW injection. Lower pressure drop and surface forces
estimation confirmed that silica NPs reduces formation damage associated with
low salinity water injection in sandstone reservoirs. The silica NFs improved
water injectivity by about 20%. Since neither the core preparation nor the
nanofluid injection was optimised, the incremental recovery and the potential
for EOR by silica nanofluids is indicated by spontaneous imbibition tests.
Spontaneous imbibition test showed that NPs dispersed in LSW led to higher
incremental oil recovery (§9.5%) than in case of DIW/SSW(§6%). Particle size
measurements and surface forces estimation between the NPs suggests that
dispersing NPs in LSW could increase the structural disjoining pressure, which
would enhance the removal of oil from the mineral surface.
In chalk cores, the silica NPs reduced calcite dissolution by about 25 % during
the oil recovery. However without oil (chapter 6) the reduction of calcite
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dissolution was about 30 %. The lower reduction in the presence of oil may be
due to less available sites for NP to adsorb on mineral surface. Injection of silica
nanofluid prepared in LSW at low rate reduced resistance to flow in chalk core.
While some incremental oil recovery by nanofluid injection was observed, tests
for oil recovery ware not optimised in the current work.
The outcome from this chapter confirms the observation made in the previous
chapter that combining silica NPs with low salinity flooding could reduce
formation damage in sandstone reservoirs and lower the risk of matrix integrity
loss and the subsidence degree of the water-flooded chalk. This suggests a
potential synergy between the silica NPs and low salinity for EOR.
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8 Concluding remarks
This thesis addressed the effect of silica NP adsorption on fluid/rock interaction
in sandstone and chalk reservoirs. In-house silica nanofluids and commercial
silica nanofluids were investigated. The adsorption of silica NPs was addressed
by two methods: (1) static adsorption of silica NPs on minerals and (2) dynamic
adsorption of silica NPs injected into sandstone and chalk cores. The kinetic
aspects of silica NP adsorption were also addressed. In addition, the fluid/rock
interactions during dynamic adsorption and oil recovery by silica nanofluids
were addressed. Based on the work, the following are the main conclusions:
(1) The in-house silica nanofluids showed limited stability of the dispersed
NPs. However, the nanofluids prepared from commercial silica NPs
showed good stability and may be considered for flooding.
(2) Silica NPs show high adsorption affinity towards calcite mineral followed
by quartz, and the lowest adsorption affinity was towards kaolinite. The
rate of adsorption was higher for calcite (0.11-2.5 g/mg h) compared to
quartz (0.042-0.15 g/mg h). In addition, it was observed that both rate and
equilibrium adsorption of NPs on minerals are enhanced at higher salinity.
SEM imaging did not show pore throat blockage, in fact the injectivity
improves with nanofluid injection. The silica NFs prepared in LSW
improved water injectivity by about 20% in sandstones. Injection of silica
nanofluid prepared in LSW significantly reduced resistance to flow in chalk
core.
(3) Silica NPs’ adsorption process on quartz and calcite was best fitted to
pseudo second order kinetic model with R2 close to 1. For NP adsorption
on calcite, the adsorption characteristic curves showed high initial
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adsorption behavior wherein most of the equilibrium adsorption occurred
in the initial time period.
(4) The adsorption of NPs is largely influenced by the fluid pH for chalk and
sandstones. Increased alkalinity during low salinity flooding favours NP
desorption. Dynamic adsorption of NPs injected into chalk and sandstone
core showed high irreversible adsorption at elevated salinity and desorption
in low salinity conditions. NP adsorption/desorption mechanisms related to
pH for chalk and sandstones have been proposed.
(5) Silica NFs injection during secondary recovery in sandstones showed that
NP adsorption reduces mineral dissolution, suppresses ion exchange
process and loss of cementing minerals caused by LSW injection. This
reduces the production of fines. In addition, silica NP adsorption modifies
the mineral surface and makes its interaction with produced fines less
repulsive. Together these two mechanisms reduce the formation damage
caused by low salinity injection. Spontaneous imbibition tests showed that
NPs dispersed in LSW showed higher incremental oil recovery of about
9.5% than in case of DIW/SSW where in the incremental recovery was
about 6%. Particle size measurements and surface forces estimation
between the NPs suggests that dispersing NPs in LSW could increase the
structural disjoining pressure, which would enhance the removal of oil from
the mineral surface.
(6) NP adsorption on chalk significantly reduces calcite dissolution by about
30%. That is the silica nanofluid reduced the detrimental effect of low
salinity flooding on chalk matrix integrity which is one of the major
concerns in chalk reservoirs. While some incremental oil recovery by
nanofluid injection was observed, tests for oil recovery were not optimised
in the current work. The results from this work identified that silica
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nanofluids can potentially increase oil recovery from chalks as compared
to low salinity injection alone.
In summary the main outcome of this work suggests a synergy between silica
NPs and low salinity flooding for EOR wherein, dispersing of silica NPs in low
salinity water can reduce the risk of formation damage in sandstones and reduce
the risk of reservoir subsidence due to calcite dissolution in chalks.
Future works
This study investigated the fluid/rock interactions during combined silica NP
and nanofluid flooding. Multicomponent brines (SSW/LSW) apart from DIW
were used to prepare the nanofluids. Further optimization of the processes
identified in this study would require investigation into the effect of NPs
dispersed in single component brines. Using techniques like XRD and SEM
mapping can help identify the mineralogical changes associated with the
application of silica NPs.
In this study, the oil recovery due to the Silica NPs has not been optimized.
Further work needs to be done to investigate the oil recovery mechanisms by
silica NPs. Contact angle measurements and interfacial tension studies could be
used to investigate mechanisms for enhanced oil recovery by silica
nanoparticles. The work also indicates a possible combined effect of silica NPs
and LSW in increasing the structural disjoining pressure which can cause
detachment of oil from mineral surface. This need to be investigated further.
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Abstract: This work is aimed at addressing surface modiﬁcation of berea sandstone by silica
nanoﬂuids (NFs). Three types of nanoﬂuids were used: silica/deionized water (DIW), silica in
DIW with a stabilizer ﬂuid (3-Mercaptopropyl Trimethoxysilane) and sulfonate-functionalized silica
in DIW. Core ﬂood studies showed that application of silica nanoparticles (NPs) improved water
injectivity in sandstone. The change in the measured zeta potential indicated surface modiﬁcation
of sandstone by application of NPs. Computation of the surface forces showed that the modiﬁed
berea sandstone has net attractive potential with ﬁnes (obtained from water/rock interaction) leading
to reduction of ﬁnes migration, hence improvement of water injectivity. It was also observed that
the silica NPs have greater afﬁnity to adhere/adsorb on quartz surfaces than kaolinite in berea
core. This was conﬁrmed by scanning electron microscope imaging and isothermal static adsorption
tests. Although the stabilizing of NFs almost did not reduce the ﬁne migration, as was qualitatively
indicated by the pressure drop, it enhanced the NPs adsorption on the minerals as obtained by
isothermal static adsorption tests. The reduction of ﬁnes migration due surface modiﬁcation by silica
NP suggests that NPs can be utilized to overcome the problem of formation damage induced during
low salinity ﬂooding in sandstones.
Keywords: silica nanoparticle; nanoﬂuid stabilization; surface modiﬁcation; adsorption; ﬁnes
migration; berea sandstone; low salinity

1. Introduction
With the rising demand for energy and fast approaching end of the era of easy oil, the petroleum
industry today faces unique challenges especially in the Enhanced Oil Recovery (EOR) area. Over the
past decade, many of researches have focused on application of nanoparticles (NP) as an EOR method.
The small size and high speciﬁc surface area of NP offer unique advantages like allowing them to
easily pass through pore throats and enhanced interaction in the reservoir even with a small quantity
of NP. NPs have displayed the potential to act as surface modiﬁers that could alter the wettability and
reduce the oil/water interfacial tension leading to better mobility of the oil phase [1–7] and reduce
ﬁnes migration [8,9]. Recent laboratory studies have indicated that nanoﬂuids, which are colloidal
dispersions of NP in a dispersing medium have the potential to increase oil recovery [2,7,10–13].
Over the past decade, special focus has been directed to silica NPs for EOR due to its hydrophilic
nature and ease of functionalization.
Hofmann et al. [14] postulated the presence of silanol groups (Si–OH) on the silica surface
that causes its hydrophilicity, wherein silanol groups act as binding sites (H+ bonds) for water.
The protonation and deprotonation of these silanol groups determine the surface charge of silica
NP and the extent of the repulsive energy that keep them dispersed in the solution [15]. For two-phase
systems like nanoﬂuids, one of the most important issue is their colloidal stability i.e., no or low rate
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of agglomeration of the NP. Stability of NP is essential for injection application as EOR agents in oil
reservoirs. Agglomeration can lead to blockage of micro channels, formation damage, hinder the
transport of NP and the displacing ﬂuid in the reservoir. The main strategies utilized to enhance
the stability of nanoﬂuids are: (a) electrostatic stabilization [16] (by varying pH of the nanoﬂuids);
(b) employing stabilizing ﬂuid/surfactant [17]; (c) surface modiﬁcation [18,19] (functionalization) of
the NP. Electrostatic stabilization (for example by varying the pH) is expected to fail in the presence
of dissolved salts in brines. Electrolytes could destabilize particle dispersions by compressing the
electrical double layer. As the electrolyte concentration increases, the energy barrier is lowered to
an extent that kinetic energy of particles dictates the kinetics of particle aggregation [15]. For a
given surface charge, the aggregation of silica NP occurs because of the presence of electrolytes.
Metin, Lake, Miranda and Nguyen [15] studied the effect of pH, cation type, temperature and
electrolyte concentration on the stability of silica dispersions. They found that pH does not have
a signiﬁcant effect on stability in the presence of electrolytes. Although addition of stabilizing
ﬂuid can be an effective way to enhance the dispersion of NP, it might cause several problems like
foaming and stabilizing ﬂuid adsorption in porous media leading to loss of the intended stabilization.
Surface modiﬁcation of NPs (functionalized NP) is a promising approach towards increasing the
stability of NPs. Yang and Liu [18] presented a work on the synthesis of functionalized silica (SiO2 )
NP by grafting silanes directly to the surface of silica NP which showed good stability. Weston, Jentoft,
Grady, Resasco and Harwell [19] systematically performed surface modiﬁcation of silica with different
silanes and studied the wettability of the modiﬁed nanomaterials. However, it is essential to examine
the effect these stabilization strategies have on the effectiveness of the nanoﬂuids.
For stable nanoﬂuids, which can be utilized as EOR agents, an important factor is the interaction of
the NPs with the rock minerals over a wide area of the reservoir. When NPs are introduced into porous
medium, different processes may take place such as adsorption, desorption, blocking, transportation
and aggregation [4]. The adsorption phenomenon could be reversible (desorption) during the transport
of NP in the porous medium [20]. Blocking of pore throats may occur if the NPs aggregate in situ so
that their size exceeds the pore throat [21]. The transportation of the NP through the porous medium
is governed by advection-diffusion and hydrodynamics once equilibrium adsorption and desorption
has been achieved.
This work is aimed at studying the surface modiﬁcation of berea sandstone by the adsorption/
adhesion of silica NPs. Arab and Pourafshary [8] and Arab, Pourafshary, Ayatollahi and Habibi [9]
studied the surface modiﬁcation of sandstone by NPs to reduce ﬁnes migration and colloid facilitated
transport in porous medium modiﬁed by NPs. However, afﬁnity of NPs towards major minerals
present in sandstone, adsorption/adhesion of NPs in the porous medium and the inﬂuence of nanoﬂuid
stabilization on the in-situ surface modiﬁcation has been addressed in this study. Three types
of nanoﬂuids containing silica, silica with a stabilizer (3-Mercaptopropyl Trimethoxysilane) and
sulfonate-functionalized silica in deionized water (DIW) were investigated. Thus two stabilization
methods: the use of stabilizing ﬂuid and NP functionalization have been investigated. The dynamic
adsorption/desorption of the NP was addressed by continuous monitoring of the pressure drop and
analysing the efﬂuents produced during injection of DIW into nanoﬂuid modiﬁed berea, for produced
NP and the stabilizing ﬂuid concentration were determined. It was found that application of silica
NP could improve water injectivity in the porous medium by reducing ﬁne migration. Zeta potential
measurements indicated surface modiﬁcation of sandstone by application of silica NPs. Calculated
surface forces showed that modiﬁed berea has net attractive potential with ﬁnes leading to reduction
of ﬁnes migration, hence improvement of water injectivity. It was also observed that silica NP tend to
preferentially adsorb/adhere on quartz as compared to kaolinite.
2. Materials and Methods
The silicon dioxide NP (637246 Aldrich) used in this study were acquired from Sigma Aldrich,
Drammensveien, Oslo, Norway. As reported by manufacturer, the Silica NP had a primary particle
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size of 10–15 nm (spherical). The NP were dispersed in DIW and DIW containing 3-Mercaptopropyl
Trimethoxysilane (MPTMS) as stabilizing ﬂuid. MPTMS (175617 Aldrich) was also acquired from
Sigma Aldrich. Berea sandstone (outcrops) cores used in this work were acquired from Koucurek
Industries Inc., Caldwell, TX, USA. The properties and mineral composition of the used cores are listed
in Table 1. Quartz (00653 Sigma-Aldrich) and kaolinite (03584 Sigma-Aldrich) mineral powders were
acquired from Sigma Aldrich with chemical compositions: SiO2 and Al2 O3 ·2SiO2 ·2H2 O, respectively.
The speciﬁc surface area of the mineral powders are 0.62 m2 /g and 8.56 m2 /g, respectively [22]
previously determined by nitrogen adsorption.
The nanoﬂuid preparation was done using ultrasonic processor: UP400S (400 watts, 24 kHz)
by Hielscher Ultrasonics. A TurbiScan Lab instrument by Formulaction Inc. (Worthington, OH,
USA) was used to determine the stability and concertation of silica nanoﬂuids. A dual beam UV/Vis
spectrophotometer: UV 1700 PharmaSpec by Shimadzhu Corporation (Nakagyo-ku, Kyoto, Japan)
was used to determine the concentration of the stabilizing ﬂuids in the efﬂuents. The particle size
and zeta potentials of the NP in the prepared nanoﬂuids were measured using a Zetasizer Nano ZSP
from Malvern Instruments (Malvern, Worcestershire, UK). The zeta potential of the mineral powders
was measured using an Acosustisizer II S/M Flow-through System by Colloidal Dynamics. Scanning
Electron Microscope (SEM) imaging of the barea cores saturated with the nanoﬂuids was performed
on a SUPRA 35 VP instrument by Zeiss with an integrated energy-dispersive X-ray spectroscopy
(EDX) analyzer by EDAX. Core ﬂood studies were conducted to study the adsorption and transport of
NP in the porous medium. A schematic of the core ﬂood apparatus is shown in Figure 1. The setup
consists of a core holder connected to a piston cylinder ﬁlled with injection ﬂuid. The prepared core
was wrapped in a plastic sleeve. The wrapped core with the plastic sleeve was inserted in a cylindrical
rubber sleeve and loaded into the core holder. As shown in Figure 1, another pump and cylinder ﬁlled
with conﬁning oil (Tellus S2 V 32) was used for applying conﬁning pressure. The outlet valve of the
core was connected to automated liquid handler (GX-271 by Gilson Inc. Middleton, WI, USA) to collect
the efﬂuent at regular intervals. Pressure gauges are connected at the inlet and outlet valve to record
the differential pressure drop across the core. The experimental methods used in in this study are
explained in detail in the following sections.

Figure 1. Schematic of the core ﬂood setup. DIW: Deionized water; P: Pressure.
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Table 1. Properties and mineral composition of used Berea sandstone.
Core Properties

Mineral Composition of Berea

Type

Berea Sandstone

Mineral Name

Semi-Quantitative (%)

Length
Diameter
Porosity
Permeability

8.95 ± 0.08 cm
3.78 cm
20.05 ± 0.76%
200–220 mD

Quartz
Kaolinite
Muscovite
Microline

94
1
1
1

2.1. Nanoﬂuid Preparation
The NP were dispersed in deionized water (DIW) at a predetermined concentration using a
magnetic stirrer at 500 rpm for 30 min. To loosen the agglomerates in the nanopowder and disperse it,
probe sonication was applied using an ultrasonic processor. Sonication was performed for 120 min
(50% amplitude and 0.5 pulse) with breaks every 15 min to avoid overheating. Mondragon et al. [23]
observed that silica nanoﬂuids prepared by dispersing the NP in DIW using an ultrasonic probe proved
to be the most effective technique. Three types of nanoﬂuids were prepared at varying concentrations
of NP:
1.
2.
3.

Silica dispersed in DIW.
Sulfonated silica dispersed in DIW (functionalized).
Silica dispersed in DIW with MPTMS stabilizing ﬂuid.

Two types of NP were used in this study: ﬁrstly, silica acquired from Sigma-Aldrich and surface
modiﬁed NP. The modiﬁcation procedure is described in the following section. The nanoﬂuids of
silica in DIW with MPTMS stabilizing ﬂuid were prepared by dispersing the desired concentration of
silica in DIW via ultrasonication. Thereafter, 1 g of MPTMS was added per 100 mL of the nanoﬂuid
under vigorous stirring. To avoid confusion in this text between NP and MPTMS concentration, NP
concentration is always stated in g/L units and MPTMS concertation is always stated in g/100 mL units.
2.2. NP Functionalization
The aim of functionalization of silica was to increase the hydrophilicity and stability of the
silica NPs. The grafting of silanes on NP leads to steric stabilization. The surface modiﬁcation was
performed based on the method described by Weston, Jentoft, Grady, Resasco and Harwell [19]. 10 g
of silica NP was dispersed in 100 mL toluene by probe sonication. 5 g of MPTMS was added to the
dispersed silica in toluene. The solution was stirred for 12 h at 35 ◦ C. Particles were removed from
the dispersion by centrifugation (7000 rpm for 10 min). Thereafter, the particles were washed 5 times
with isopropyl alcohol, after each time, the ﬂuids were centrifuged to separate the particles. The wash
with isopropyl alcohol was done to remove excess silane/toluene and followed by washing twice with
70/30 (v/v) mixture of isopropyl alcohol and DIW. The NP were dried in a vacuum oven at 120 ◦ C
for 24 h. Thereafter, the thiol groups of MPTMS were oxidized based on the technique described by
Oh et al. [24]: the dried NP were dispersed in a solution of 30% H2 O2 and stirred at room temperature
for 24 h. This results in the formation of sulfonic acid groups on the silica surface. The particles were
then washed several times with water and dried. The sulfonic acid groups were converted into sodium
sulfonate by dispersing the particles in 0.1 M solution of NaOH under continuous stirring for 24 h.
The particles were washed and dried in a vacuum oven for 3 days at 35 ◦ C. These surface modiﬁed NP
are referred to as sulfonated NP.
2.3. Particle Size and Zeta Potential Measurement
The particle size and zeta potentials of the NP in the prepared nanoﬂuids were measured using a
Zetasizer Nano ZSP instrument based on the principle of Dynamic Light Scattering (DLS). The zeta
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potential of the mineral powders was determined by an Acosustisizer II S/M Flow-through System
based on the principle of Electrostatic Attenuation (ESA). The measurement are listed in Table 2.
Table 2. Particle Size and Zeta potential measurements. DIW: Deionized water; MPTMS
3-Mercaptopropyl Trimethoxysilane; NA: Not Applicable; DLS: Dynamic Light Scattering; ESA:
Electrostatic Attenuation.
Material

Conc (g/L)

Dispersing Phase

Zeta Potential (mV)

Particle Radius (nm)

Method

Silica
Sulfonated Silica
Silica
Powdered Berea
Quartz powder
Kaolinite powder

1
1
1
10
10
10

DIW
DIW
DIW + 1 g/100 mL MPTMS
DIW
DIW
DIW

−51.45
−44.8
−47.75
−29.53
−5.732
−9.097

161.2
182.9
153.3
NA
NA
NA

DLS
DLS
DLS
ESA
ESA
ESA

2.4. Introduction of Silica Nanoﬂuids to the Porous Medium
Silica nanoﬂuid was introduced into the berea sandstone core under vacuum with 1 pore volume
of nanoﬂuid (nanoﬂuid slug), followed by injection of DIW to address the effects of NPs assisted
surface modiﬁcation. The produced efﬂuents were analyzed and the differential pressure drop was
recorded. The list of injection experiments conducted is shown in Table 3.
Table 3. List of injection experiments performed in this study.
Experiment No.

NP Conc. (g/L)

Type of NP

Dispersing Phase

1
2

1
2.5

Silica
Silica

DIW
DIW

3

1

Silica

DIW

4
5
6
7
8
9

1
2.5
4
1
2.5
1

Silica
Silica
Silica
Silica
Silica
Sulfonated

DIW + MPTMS (1 g/100 mL)
DIW + MPTMS (1 g/100 mL)
DIW + MPTMS (1 g/100 mL)
DIW + MPTMS (1 g/100 mL)
DIW + MPTMS (1 g/100 mL)
DIW

Comments

Performed at varying
injection rates

Repeated Experiment 4
Repeated Experiment 5

The core was dried in a vacuum oven at 100◦ for 24 h until its weight stabilizes. The dry weight,
length and diameter was noted. The core was vacuum saturated with DIW and the pore volume (PV)
of the core was calculated based on the saturated weight of the core. The core was loaded in a core
holder and conﬁning pressure of 25 bar was applied. DIW was injected at 0.3 mL/min (≈20 PV/day).
Injection was performed at atmospheric pressure (no back pressure). Differential pressure drop across
the core (dP) was recorded using Labview 7.1. Upon stabilization of dP, the core was removed from
the holder and dried in a vacuum oven at 100 ◦ C until the weight of the core becomes equal to
dry core weight previously measured. Thereafter, the core was treated (vacuum saturated) with 1
PV of a particular nanoﬂuid depending on the experiment and loaded in the core holder with the
same inlet-outlet orientation as before. Post ﬂush was performed by injecting DIW at 0.3 mL/min
(≈20 PV/day). Produced efﬂuent samples were collected and analyzed. In this part of the study, the
effect of surface modiﬁcation by the different nanoﬂuids was analyzed. Also, the adsorption of NP
and determination of possible absorption of the stabilizing ﬂuid (MPTMS) in the berea sandstone
cores was studied. The experiments are listed in Table 3. Two experiments performed with nanoﬂuids
containing MPTMS (Experiment 4 and 5 in Table 3) have been performed again (Experiment 7 and 8 in
Table 3) to determine the repeatability of the results.
2.5. Nanoﬂuid Stability and Determination of NP Concentration
The suspended NP in ﬂuid have the tendency to aggregate due to the large surface area to volume
ratio leading to high surface energy, hence they tend to aggregate to minimize the surface energy.
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The stability of the nanoﬂuids was investigated. Measurement of transmissivity of nanoﬂuids at
different points (along the vertical height) in a sample is a method that addresses the uniformity
of dispersion of the NP in the ﬂuid. The used instrument was TurbiScan Lab by Formulaction Inc.
The instrument measures, among other things, the % transmissivity with predetermined scanning
time and duration. Uniform dispersion of the NP in a ﬂuid, is indicated by stable transmissivity
along the vertical length. The results for the prepared nanoﬂuid showed that it was stable and
uniformly dispersed for up to 24 h. In general, from this work it was found that the tested nanoﬂuids
were stable for about 24 h beyond which the settlement of particles could be visually observed.
The nanoﬂuid with sulfonated silica NP was the most stable. This nanoﬂuid was stable for about one
week. All the experiments were performed within 10 h to ensure that the experiments were within the
stability period.
The efﬂuent was analyzed for the concentrations of the NP and the stabilizing ﬂuid. Transmissivity
calibration curve (Figure 2) was constructed by dispersing NP in a corresponding ﬂuid. In this case was
done with deionized water (DIW) with different concentrations of NP. For example, the transmissivity
measurement of the 1 g/L dispersion of bare silica in DIW was performed along the turbiscan tubes
with sample height of 35 mm. The maximum transmissivity measured was 35.67%, the minimum
was 34.87% and the mean transmissivity was 35.14%. This indicates that the prepared nanoﬂuid
prepared was uniformly dispersed. Further, the nanoﬂuid was diluted to 0.5 g/L and 0.33 g/L NP
concentration and the samples were placed in an ultrasonic bath for 1 h after which the transmissivity
was measured. These measurements along with the transmissivity of DIW (no NP) was used to make
the calibration curve shown in Figure 2. The calibration curve was used to determine the concentration
of NP in efﬂuent samples. For each nanoﬂuid prepared for particular experiment, a calibration curve
was constructed following the above process. The transmissivity of the efﬂuent samples is measured
and compared against the calibration curve to determine the concentration of the NP in the efﬂuent.
The total amount of NP adsorbed/retained in the core was calculated via mass balance of the amount
of NP introduced (calculated from the pore volume of the core and the concentration of the nanoﬂuid
introduced in the core) into the porous medium and the amount of NP produced determined from the
concentration and the volume of the efﬂuents.

Figure 2. Calibration curves for detecting nanoparticle (NP) concentration and 3-Mercaptopropyl
Trimethoxysilane (MPTMS) concentration. ABS: Absorption.

2.6. Determination of MPTMS Concentration in Efﬂuent
As mentioned earlier the NP in the nanoﬂuid tend to aggregate, which may lead to resisting
the ﬂow. Two strategies were employed to prevent/minimize the agglomeration of NP. Firstly,
functionalization or surface modiﬁcation of the NP. The second is by using a stabilizing ﬂuid that
keeps the NP suspended. Hendraningrat and Torsæter [11] employed Polyvinylpyrrolidone (PVP)
at 1% weight concentration in the nanoﬂuid as a stabilizer for silica based nanoﬂuids. However,
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an important question that arises is the adsorption of the stabilizing ﬂuid on the mineral during the
injection that may take place. This changes the ratio between the ﬂuid and NP, which may induce
agglomeration of NP during the injection. In this study a method was developed to determine the
adsorption of the stabilizing ﬂuid in the rock during the injection. The method was based on mass
balance calculation, where the efﬂuent was analyzed by Ultraviolet light (UV). The used wavelength
was 300 nm that gives adequate linear relationship between the absorption and concentration of
MPTMS (stabilizing ﬂuid). The constructed calibration curve was then used to estimate the loss in the
mass balance i.e., related to the adsorbed MPTMS in the core. For each nanoﬂuid containing MPTMS,
calibration curve was constructed prior to the injection experiment by measuring the absorption in a
dual beam UV/VIS spectrometer at wavelength 300 nm. Absorption of the MPTMS was measured
referenced to DIW (with pH adjusted to 2 by dropwise addition of 0.1 M HCl). The removal of the
NP from the efﬂuent ﬂuid was achieved by adjusting the pH of the efﬂuent ﬂuid to about 2, then
centrifuging the ﬂuid for 60 min at 10,000 rpm to promote the settling of NP. The absorption of the
supernatant was determined. As an example, the UV/VIS calibration curve for 1 g/L nanoﬂuid with
1 g/100 mL MPTMS is presented in Figure 3. In summary, after measuring the NPs concentration in
the efﬂuent samples through transmissivity measurements, the pH of the samples was then adjusted to
2 by dropwise addition of 0.1 M HCl followed by centrifuging for 60 min at 10,000 rpm. The absorption
of supernatant was measured relative to a reference of DIW (pH adjusted to about 2) in the double
beam UV/VIS spectrometer.

Figure 3. (a) Efﬂuent NP concentration proﬁles; (b) % adsorbed NP during post ﬂush. PV: Pore Volume.

2.7. Isothermal Static Adsorption Experiments
Berea sandstone cores are composed mostly of quartz and kaolinite. Adsorption tests were run
on samples of 0.15 g of the individual minerals separately. The mineral powder were dispersed in
30 mL of nanoﬂuid (1 g/L in DIW), the mass ratio between the minerals and the NP was kept constant
at 5:1 mineral/NP. The minerals were dispersed in the three types of nanoﬂuids. The samples were
agitated in a rotator agitator for 24 h at room temperature. Thereafter the samples were centrifuged at
low speed (1000 rpm) for 10 min to promote the settling of mineral powders. The liquid was decanted
and further centrifuged for 10 min. The transmissivity of the supernatant was measured. To establish
base line, samples containing minerals only were prepared in similar manner and their transmissivity
were measured. The baseline corrected transmissivity was used to determine the concentration of NP
in the supernatant liquid. The adsorbed NP were calculated from the change in concentration, and the
volume of the ﬂuid. Based on the speciﬁc surface area of the mineral powders, the amount of NP (mg)
adsorbed per unit surface area of the mineral powders was determined.
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2.8. Surface Forces
The theory of surface forces has been utilized to characterize the inter-surface interaction between
NP-mineral and ﬁne-mineral based on the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory.
It describes the forces between charged surfaces interacting in a medium. The DLVO theory combines
the effect of attraction due to van der Waals interaction and the electrostatic repulsion due to the
double layer of counter ions around charged surfaces in a medium. Silica NP and ﬁnes have sizes in
the order of 100–500 nm and 0.1–5 μm respectively. These are much smaller than the size the pore
throats of the porous medium. Due to this size difference, the curvature of the mineral surfaces may
be neglected and the interactions can be modelled as Sphere-Plate collector geometry [8,20,25–27].
The forces acting on a particle approaching a mineral surface are the sum of van der Waals attraction,
electric double layer repulsion and Born repulsion.
Vt (h) = VLVA (h) + VEDLR (h) + VBR (h)

(1)

where V is the potential of interaction as a function of separation distance (h) between the particle
and the collector surface. The subscripts t, LVA, BR, EDLR denote total, London-van der Waal
interaction, electric double layer interaction and Born Repulsion, respectively. The sign of the
total interaction potential indicates attractive potential and repulsive potential for negative and
positive signs respectively. The interaction potential can be represented in non-dimensional (ND) form
as follows:
Vt (h)
Vt,ND (h) =
(2)
kB × T
where kB is the Boltzmann constant (1.38 × 10−23 J·K−1 ) and T is temperature. In this study, all the
experiments are conducted at room temperature hence T = 297 K. The contributions due to the different
types of interactions in Equation (1) can be calculated as follows [8,25,26]:
VLVA (h) = −

VEDLR (h) =




H
A132 2(1 + H )
+ ln
6
H (2 + H )
2+H





1 + exp(−κh)  2
+ ζ p + ζ 2P ln(1 − exp(−2κh))
1 − exp(−κh)
 6 
A
6−H
8+H
σ
+
VBR (h) = 132
7560 a p
H7
(2 + H )7

ε0 D e a p
4

(3)

2ζ p ζ s ln

where
H=

h
ap

(4)
(5)

(6)

And, ap is the particle radius (m). A132 is the Hamaker’s constant between the sphere and plate
collector which is typically in the range of 10−19 J. This value of the Hamaker’s constant is based on the
assumption that the van der Waals interactions occurs in vacuum and is not inﬂuenced by the presence
of surrounding particles. Hence, to account of the intervening ﬂuid and the surrounding particles, the
Hamaker’s constant must be modiﬁed based on the Lifshitz theory [28]. Based on previous works
which are in turn based on the expression for modiﬁed Hamaker’s constant developed by Israelachvili,
the Hamaker’s constant in this study is taken to be equal to 10−21 J [8]. Also, ε0 is the permittivity
of free space (8.854 × 10−12 C2 J−1 m−1 ) and De is the dielectric constant of water equal to 78 [8,26].
κ is the inverse Debye length. For pure water used in this study, the inverse Debye length is equal to
(9.6 × 10−7 )−1 m−1 [8]. ζ p and ζ s are the surface potentials of the particles and the surface respectively
which can be replaced by the zeta potential [26]. In Equation (5), σ is the atomic collision diameter and
is equal to 0.5 nm [26]. The born repulsive potentials are formed when the particle approaches point of
contact with the mineral resulting in overlap of electron clouds. Hence it is a short range interaction
and thus calculated only when the distance of separation is less than 1 nm. For the various scenarios in
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this study, the zeta potentials have been experimentally measured. σ is the atomic collision diameter
and is equal to 0.5 nm [26].
3. Results and Discussion
Injection experiments were performed with three kind of nanoﬂuids: silica dispersed in DIW,
silica dispersed in DIW containing MPTMS (1 g/100 mL) stabilizing ﬂuid and sulfonated silica NP,
dispersed in DIW. The effect of application (by vacuum treatment as outlined in Section 2.4) of each of
these three nanoﬂuids on berea sandstone are discussed in the following sections.
3.1. Unmodiﬁed Silica Nanoﬂuids
Figure 3a compares efﬂuent NP concentration proﬁles for cores treated with 1 PV of unmodiﬁed
silica NP dispersed in DIW. It may be observed that for both 1 and 2.5 g/L, the majority of the NP
seized to be produce at about 0.5 and 1 PV, respectively. Long tail in the efﬂuent concentration proﬁle
was observed for 2.5 g/L. The percentage of NP adsorbed in the core (calculated from mass balance)
as the post ﬂush progressed is plotted in Figure 3b. The estimated adsorbed NP was higher for 2.5 g/L
nanoﬂuid (88.82%) as compared to that for 1 g/L (85.82%) nanoﬂuid. The recorded pressure drop
during these experiments is shown in Figure 4.

Figure 4. Pressure drop proﬁles for silica dispersed in deionized water (DIW) at (a) 1 g/L and
(b) 2.5 g/L concentration.

Figure 4 shows that after treatment with 1 and 2.5 g/L silica NP, pressure drop proﬁles were
lower than that for the initial DIW injection in unmodiﬁed berea. It may be observed that the entry
resistance post application of NP was lower than the initial DIW injection as indicated by pressure
peak of about 0.12 and about 0.09 bar, for initial DIW injection and post ﬂush respectively (treatment
with 2.5 g/L of nanoﬂuid). It may be concluded from Figure 4a,b that using 1 g/L concertation leads to
greater improvement in water injectivity, as there is a greater difference between the pressure drop for
initial DIW injection and post ﬂush after treatment with NP. Fines refer to solid mineral particles of the
sandstone minerals that lose their coherence due to ﬂuid/mineral interaction and become mobilized
with the ﬂowing ﬂuids. In this study, the injection has been performed with DIW wherein the salinity
is almost zero hence lower than the Critical Salt Concentration (CSC), which may induce interaction
with minerals and produces ﬁnes that migrate and increase resistance to ﬂow which may ultimately
lead to formation damage [29]. Arab and Pourafshary [8] studied the applicability of NP for mitigating
ﬁne migration in engineered porous media (glass beads). In their work, they studied the application of
different metal oxide NP to mitigate ﬁnes formation. They found that treating the porous medium
with NP caused reduction in concentration of ﬁnes particles in the efﬂuents as compared to untreated
porous media. For example, they observed that treating the porous medium with silica dispersed in
DIW led to approximately 20% reduction in efﬂuent ﬁnes concentration as compared to the reference
case. They observed that porous media that has been treated with NPs acts as a strong adsorbent
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of ﬁne particles [9]. Huang et al. [30] made a similar observation wherein they observed that for a
sand pack treated with NP, the pressure drop across the sand pack was 10% lower than of sand pack
without NP, showing an improvement in water injectivity.
To verify the effects of surface modiﬁcation by silica NP and the associated improvement in water
injectivity, experiment 3 was performed. In experiment 3, the core sample was initially injected with
DIW and the stabilized dP was recorded at increasing injection rates. Thereafter the core was unloaded
from the core holder, vacuum dried and treated with 1 g/L silica nanoﬂuid prepared in DIW and
ﬂushed again with DIW. Stabilized dP was recorded at increasing injection rates. The results are shown
in Figure 5. It can be observed that saturating the porous medium with the NP improves the water
injectivity as indicated by lower dP (≈8%) during DIW ﬂooding post treatment with NP. To quantify
the remedial effect due to the application of NP, the ratio of the original pressure drop during the initial
DIW injection (dPi) to the pressure drop post treatment with nanoﬂuid (dPnp) was estimated and
plotted as shown in Figure 5. As shown, the nanoﬂuid treatment was effective at lower injection rates
i.e., in reducing pressure drop. This is perhaps due to the increased hydrodynamic forces at higher
injection rates.
SEM imaging was performed to better visualize the adsorption/adhesion of the NP on the rock
surface, which causes the surface modiﬁcation. Figure 6a shows the image of a slice of berea core.
It may be noted that the slice of the berea core was cleaved along the injection plane approximately
at the center of the core. The integrated energy-dispersive X-ray spectroscopy (EDX) analyzer was
used to identify the minerals. As shown, the core was mainly composed of well-deﬁned quartz
with some feldspar and the core has pores of several microns in diameter. Another cylindrical slice
of berea, which was vacuum saturated with 1 g/L silica NP in DIW, was examined using SEM
(Figure 6b). The adsorbed/adhered NP were clearly shown on the mineral’s surface. Figure 6c is a
magniﬁed view where the adsorbed/adhered silica NP is present. The adhered NP were in successive
layers. This might be due to the drying effect. In addition, it was observed that most of the NP
adsorption/adhesion was on quartz mineral. This is an interesting observation and static adsorption
test and quantitative analysis based on the theory of surface forces were performed to further test this
observation. Thus, it may be concluded that the NP adhere/adsorb on the minerals and this perhaps
causes in situ surface modiﬁcation. This modiﬁed surface is more effective at capturing ﬁnes, which
can cause injectivity improvement. To test this, the theory of surface forces was utilized to quantify the
interaction between the ﬁnes and the mineral before and after the application of NP. This addressed in
a latter section.

Figure 5. Pressure drop as function of injection rates (Experiment 3).
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Figure 6. SEM image of (a) berea sandstone sample; (b) berea sandstone treated with nanoﬂuid;
(c) magniﬁed look at the adsorbed/adhered silica.

3.2. Nanoﬂuids Stabalized by MPTMS
In this part of the study, surface modiﬁcation of the porous medium was performed with
nanoﬂuids that were stabilized by addition of MPTMS. As stated previously, to avoid confusion,
NP concentration is stated in g/L units and MPTMS concertation is stated in g/100 mL units.
The efﬂuent concentration proﬁles of NP during the post ﬂush (with DIW) for the cores treated
with nanoﬂuids at different concentrations (Experiment: 4–8) are shown in Figure 7a. As shown,
the nanoﬂuids with 1 g/L and 2.5 g/L NP show similar proﬁle of NP production. After DIW ﬂush
of about 1.5 PV for 2.5 g/L and 1 PV for 1 g/L the NP production in the efﬂuent stopped. To ensure
that this difference does not arise due to dissimilarities in the core, experiments 4 and 5 were repeated.
The efﬂuent concentration proﬁles shown in Figure 7a for the repeated cases are close to the initial
experiments 4 and 5. For the nanoﬂuid at 4 g/L concentration, the behaviour is completely different.
The percentage of NP adsorbed in the core (Experiment 4–8) as the post ﬂush progresses is shown in
Figure 7b. In these experiments, the cores were vacuum saturated with the nanoﬂuid. Therefore, it may
be assumed that the spatial distribution of the NP in the core was uniform. Gradually decreasing
retention for the case of 1 g/L and 2.5 g/L possibly suggests desorption of particles in the core or that
the retained particles were forced out during the post ﬂush. However, for 4 g/L it can be inferred from
the almost ﬂat nature of the curve that possibly only the NP near the outlet of the core were produced
and substantial channelling of the ﬂuid may be caused by blockage of some pore throats. This was
conﬁrmed by the monitoring the corresponding pressure drop during the experiments (Figure 8).
Figure 8 shows the recorded pressure drop (dP) during the post ﬂush with DIW after application
of nanoﬂuid (Experiments 4–6). The recorded pressure drop during initial DIW injection was taken as
a base line for the pressure drop. It is interesting to see that the pressure drop peaked at about 0.25 PV
indicating entry resistance. The lowest pressure drop peak occurred for 1 g/L followed by the base
ﬂuid (DIW), then 2.5 g/L. In the case of 4 g/L, the pressure drop increased to above 0.3 bar. For cores
saturated with NP concentration of 1 g/L, more ﬂuctuations in dP was observed, followed by two
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peaks between 1–2 PV, while the others (DIW and 2.5 g/L) dP declined smother. It may be concluded
that 1 g/L ﬂowed through the core with occasions of resistance to the ﬂow. From mass balance, in the
case of 1 g/L, 69.47% (0.01389 g) and for 2.5 g/L, 85.44% (0.044 g) of NP were adsorbed/retained in
the core, i.e., the loss of the NP in the core for the case of 2.5 g/L exceeded 3 times higher compared
to 1 g/L, yet the dP curves eventually became almost equal to the initial DIW injection, this may
indicate that the retained/adsorbed NP did not hinder the ﬂow. However, the surface modiﬁcation of
he surfaced by this nanoﬂuid does not lead improvement in water injectivity. In contrast, for the 4 g/L,
where the pressure drop increased for more than 2 PV before it was stabilized at dP > 0.3 bar, this may
indicate possible aggregation of NPs that restricted/blocked some of the pore throats.

Figure 7. (a) Efﬂuent NP concentration proﬁles and (b) % adsorption of NP during post ﬂush for cores
saturated with silica dispersed in DIW with MPTMS stabilizing ﬂuid (Experiments: 4–8).

Figure 8. Variation of the drop across the core (dP) during post ﬂush with DIW after saturation of the
core with MPTMS stabilized nanoﬂuids at different NP concentrations of NP (Experiments 4–6).

Figure 9 shows the amount of MPTMS adsorbed in the core. The concertation of MPTMS was
measured by UV/VIS. The amount of MPTMS retained in the core was calculated from the mass
balance. It may be observed that a high amount of the stabilizing ﬂuid in adsorbed in the core.
High adsorption of NP stabilizing ﬂuid (MPTMS) in the porous media suggest that this method may
not be suitable for subsurface application.
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Figure 9. Absorbed MPTMS for cores saturated with nanoﬂuid stabilized with MPTMS (Experiments:
4–8).

3.3. Sulfonated Silica Nanoﬂuids
This section addresses the behaviour of sulfonated silica. Sulfonated silica NP were prepared by
the method described earlier Section 2.2 and dispersed at 1 g/L concentration in DIW. The efﬂuent
concentration proﬁle during the post ﬂush for core saturated with 1 g/L surface modiﬁed (sulfonated)
NP in DIW is shown in Figure 10a. For the sake of comparison, the efﬂuent concertation proﬁles
for cores saturated with 1 g/L unmodiﬁed NP and NP stabilized with MPTMS are also shown in
Figure 10a. It may be observed that the behaviour of sulfonated NP was similar to silica NP. That is
the majority of the NP were produced in the ﬁrst 0.5 PV. Contrary to that with MPTMS (stabilizing
ﬂuid), the NP production continues for 1 PV. Based on mass balance it was calculated that 74.6% of
the sulphonated NPs were adsorbed in the core. Pressure drop proﬁle recorded with sulphonated NP
is shown in Figure 10b. As may be observed that the entry resistance post application of sulfonated
NP was lower than the initial DIW injection. This observation was consistent with the case of the
post ﬂushing for cores saturated with unmodiﬁed NP. As the NP were being produced, high variation
frequency was observed in the pressure drop. Thereafter the pressure drop proﬁle declined smoother
and almost overlaps with the initial DIW injection. In summary, the application of sulfonated NP did
not lead improvement of water injectivity.

Figure 10. (a) Comparison of efﬂuent concentration proﬁles of the different types of nanoﬂuid
(concentration of NP: 1 g/L) silica, sulfonated and silica with stabilizing ﬂuid; (b) Pressure drop
proﬁles for core treated with sulfonated NP.
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Two important observations are made from the application of nanoﬂuids and SEM imaging
conducted: (1) The preferential adsorption of the silica NPs on quartz mineral, which to the best
knowledge of the authors have not been reported previously and (2) The water injectivity improvement
was observed upon the application of silica NPs only. That is, the two nanoﬂuid stabilization methods
tend to reduce the effectiveness of the surface modiﬁcation by the NPs. These observations are further
investigated and strengthened in latter sections.
3.4. Adsorption of NP on Minerals
SEM imaging for cores saturated with silica NP showed that the adsorption was mostly on quartz.
Isothermal static adsorption tests and calculation of interaction potential between the NP and the
mineral powders were performed to investigate the afﬁnity of the NP to quartz and kaolinite mineral
powders. Metin et al. [31] have previously studied the adsorption of silica NP onto representative
mineral surfaces. SEM imaging for cores saturated with silica NP showed that the adsorption was
mostly on quartz. To further investigate this, quartz and kaolinite were dispersed in all three kinds of
nanoﬂuids and the adsorption of NP per unit surface area of the mineral was determined. The results
are shown in Figure 11. In addition, the interaction potentials between the minerals and NP was
calculated by the model presented in Section 2.8 based on the particle size and zeta potential data
presented in Table 2. The results are plotted in Figure 12.
Figure 11 shows higher adsorption of NP on quartz compared to kaolinite. As shown, Figure 11,
the adsorption of NP is higher for stabilized nanoﬂuids (with MPTMS and modiﬁed by sulphonated
material). This was supported by Figure 12, where the attractive interaction potentials for all three
type of NP were greater for quartz as compared to kaolinite. This validates SEM images where most of
the adhesion/adsorption of NPs/nanoﬂuids were on the quartz mineral as compared to kaolinite.
In the previous section it was noted that the unmodiﬁed silica showed highest adsorption
on the berea core (85.82%) followed by sulfonated silica (74.61%) and MPTMS stabilised silica
(69.47%), however the stabilized NPs by MPTMS show higher adsorption in the static adsorption tests.
The reason is not known, however, the observation, may be explained by (1) insufﬁcient contact time
with minerals, i.e., slower kinetics than the unmodiﬁed NPs; (2) inﬂuence of the collective neighbouring
minerals compared to individual isolated minerals (static adsorption); (3) weak adsorption on mineral
surface, hence desorbed in ﬂuid ﬂow and (4) all the above factors. More work is ongoing on
this observation.

Figure 11. Speciﬁc adsorption of NP (mg/m2 ) on quartz and kaolinite.
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Figure 12. Interaction potential between the mineral and (a) unmodiﬁed silica; (b) sulfonated silica;
and (c) unmodiﬁed silica + MPTMS.

3.5. Interaction between Fines and Porous Media
The surface charge of berea in DIW was determined to be −29.53 mV (Table 2). To investigate
the surface charge modiﬁcation caused by NP, powdered berea at 10 g/L concentration was added to
nanoﬂuids of silica and sulfonated silica prepared in DIW at 1 g/L concentration. This mixture was left
under stirring for 12 h. Thereafter, the surface charge of the barea powder treated with unmodiﬁed and
sulfonated silica was measured using Acosustisizer II S/M Flow-through System. It was found that
the surface charge of treated barea was reduced to −11.4 mV and −20.36 mV in the case of unmodiﬁed
and sulfonated silica respectively. The ﬁnes produced were analysed for the size and zeta potential.
Speciﬁcally, efﬂuent sample from efﬂuent bank collected during DIW injection was collected and
analysed in the Zetasizer Nano ZSP (Malvern instruments). It was found that the zeta potential of the
ﬁne particles was −22.9 mV. The measured zeta potential of ﬁnes is in close agreement with previous
measurements of ﬁnes eluted from berea sandstone [32]. In addition, the ﬁnes produced were in there
different size classes (Table 4).
Table 4. Size classes of the ﬁne particles.
Radius of Fine Particles (nm)

Intensity (%)

233.8
68.57
2687

73.0
24.2
2.8

The interaction potential between the ﬁne particles and the porous media was calculated based
on the sphere plate collector model presented in Section 2.8. Since the ﬁnes have separate size classes,
the interaction potential was calculated for each size class and summed on a weighted basis:
Vt (h) =

n

∑ {Vt,i (h) × wi }

i =1

(7)
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where wi is the weight intensity of each size class and Vt,i (h) is the interaction potential calculated
for the speciﬁc size class and ﬁnite distance of separation (h). Thereafter, the non-dimensional
interaction energy was determined using Equation (2). The interaction potentials between berea
mineral and ﬁnes calculated for the reference case (no NP) and berea treated with silica and sulfonated
silica is shown in Figure 13.

Figure 13. Dimensionless form of Interaction potential for interaction between the ﬁnes and the berea
mineral for reference case (no NP), berea treated with silica and berea treated with sulfonated silica.

In Figure 13, it may be observed that in the reference case, there is a net repulsive potential
(energy barrier) between the ﬁnes and the mineral surface. However, for mineral treated with silica,
there is a net attractive potential (no energy barrier) between the ﬁnes and the mineral. This could
possibly cause the mineral to act as collectors for capturing ﬁne particles thereby reducing ﬁne
migration. This may explain the improvement in water injectivity post application of silica nanoﬂuid
as observed in Figures 4 and 5. In the case where berea was treated with sulfonated NP, there a
reduction in the energy barrier (Figure 13), however the net potential is still repulsive and close to
the reference case. This may explain the similarity in pressure drops observed during initial DIW
injection and post ﬂush after saturating the core with sulfonated NP in Figure 10. Thus, it maybe
concluded that the surface modiﬁcation caused silica is much more effective at reducing ﬁne migration
and thereby improving the water injectivity in berea cores. Li and Torsæter [4] observed that the
injection of colloidal NP into berea sandstone did not lead to permeability impairment. They stated
that adsorption of NP on the pore wall act like lubrication reducing the friction between the water
and pore walls. However as discussed earlier, this effect may be explained based on reduction of the
ﬁne migration rather than direct inﬂuence on ﬂow. Reduction of ﬁne production may overcome the
problem of formation damage induced during low salinity ﬂooding in sandstones.
4. Conclusions
Low salinity water (LSW) ﬂooding is currently a popular method for EOR. However, it suffers
from the results of water/mineral interaction and production of ﬁnes. Excessive ﬁnes production may
lead to formation damage. This work addressed the potential of different silica nanoﬂuids as surface
modifying agents for berea sandstone, hence reduced ﬁnes migration. The reduction of the ﬁnes was
indicated by the reduced pressure drop during the post ﬂush of the NPs’ slug. This supports the
reduction of ﬁnes, which may be explained based on NPs’ adsorption on berea surface, i.e., reduction
of direct contact between water and minerals.
Silica NPs have shown to have a higher afﬁnity to adhere/adsorb on quartz surface compared to
kaolinite minerals.
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Unmodiﬁed silica nanoﬂuid reduced ﬁne migration and improved water injectivity. Adsorption
of NPs on mineral surfaces may be utilized to overcome the problem of formation damage induced
during low salinity ﬂooding.
The used stabilizing methods for the NPs almost did not reduce the ﬁne migration, which was
qualitatively indicated by the pressure drop across the porous media. The used stabilizing ﬂuids
enhances the static adsorption of NPs on quartz and kaolinite minerals. However, as discussed earlier,
may not be strong enough to resist the dynamic ﬂuid forces, their effect on ﬁnes, hence are not as
effective as the unmodiﬁed NPs.
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Abstract: The main objective of this work is to address the adsorption of Silica nanoparticles (NPs)
dispersed in different brines on chalk surfaces and their effect on ﬂuid/rock interaction. Isothermal
static and dynamic adsorption on chalk are addressed here. Isothermal static adsorption showed
increased adsorption of NPs at higher salinity. The tests were performed to cover wide range of
injection scenarios with synthetic seawater (SSW) and low salinity water (LSW). The selected LSW
composition here is based on 1:10 diluted SSW, which has shown to have superior performance
compared to other ion compositions. The dynamic adsorption tests of NPs showed reduction of
calcite dissolution of about 30% compared to LSW alone. That is, silica nanoﬂuid hinders calcite
dissolution i.e., has less effect on chalk matrix integrity which is a major concern in chalk reservoir,
if low salinity is employed for enhanced oil recovery. Both scanning electron microscope images
and pressure drop across the core during nanoﬂuid injection indicated no throat blockage. Based on
ion tracking and the monitored pH, the mechanism(s) for NP adsorption/desorption are suggested.
The results from this study suggests a synergy wherein adding relatively small amount of silica NPs
can improve the performance of low salinity ﬂoods.
Keywords: silica nanoﬂuid; chalk; ﬁne production; low salinity water ﬂooding; EOR

1. Introduction
Nanoﬂuids (NFs) have recently attracted attention from researchers in different disciplines. One of
their ﬁelds of application is enhanced oil recovery (EOR) from petroleum reservoirs [1–4]. With sizes
below 100 nm and high speciﬁc surface area, nanoparticles (NPs) are suitable for subsurface porous
media applications since they can pass through the pore throats of porous media without blocking them
and enhance oil recovery at relatively low volume concentrations [5,6] via wettability alteration [7–9].
The work here is performed using silica NPs. Many researchers have conducted core ﬂooding
studies and demonstrated the potential of silica NPs to increase oil recovery [2,10–16]. Adsorption
and transport of nanoparticles in porous media is of primary importance for subsurface applications
as this determines the effectiveness of the nanoﬂuid injection. However, most of the work has been
focused on the adsorption and transport behaviour of NPs in sandstones [17–19]. Few investigations
have addressed the applicability of NPs to carbonate reservoirs [20–24]. Nazari Moghaddam, et al. [25]
compared the performance of different types of NPs in altering the wettability of carbonate reservoirs.
Al-Anssari, et al. [26] reported that silica NPs adhere to the calcite surface irreversibly and can alter the
wettability of oil/mixed-wet to water-wet state. The efﬁciency of wettability change by silica NPs was
shown to be enhanced at higher temperatures [20]. Apart from wettability change, silica NPs have also
been shown to reduce oil-water interfacial tension thereby improving the mobility of oil phase [27–29]
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and stabilize oil in water emulsions [30–33] for EOR application. Monfared, et al. [34] studied the
adsorption of silica NPs on calcite surfaces. They reported that salinity has a positive effect on the
adsorption process. However, adsorption of silica NPs on the chalk surface is not well understood.
Chalk reservoirs are generally speaking tight, with permeabilities ranging from 1–7 mD and
porosity of about 50%. Low salinity water ﬂooding has emerged as an effective technique for improving
oil recovery from some reservoirs [35–42]. However, increased calcite dissolution induced by low
salinity interaction with chalk during ﬂooding may lead to loss of rock integrity [43]. Previous work in
our lab investigated the adsorption different silica NPs on sandstone minerals and its effect on ﬁnes
migration [44]. We found the silica NPs modiﬁes the sandstones minerals and it can be utilized to
overcome the problem of formation damage induced during low salinity ﬂooding in sandstones.
To best of our knowledge, the adsorption behaviour of silica NPs on chalk and its effect on
ﬂuid/rock interactions has not been addressed previously. This work aims to address the adsorption
desorption mechanisms of silica NPs at different salinity conditions and suggest a synergy between
silica NPs and low salinity water ﬂooding of chalk reservoirs. The ﬁrst part of the study addresses
the stability of the used nanoﬂuids. Thereafter, static adsorption of the NPs on calcite at different
salinities is addressed. The adsorption of silica NPs on chalk surface is visualized by performing
scanning electron microscopy (SEM). Dynamic adsorption of NPs during injection into chalk and its
effect on ﬂuid/rock interaction was investigated. Finally, the effect of NP on the ﬂuid/rock interactions
during continuous nanoﬂuid injection in the presence of hydrocarbons is addressed. Three types of
cases are investigated, with silica NPs mixed with seawater or low salinity water (LSW) and with mix
injection as the third case. The last of these represents the situation for most oil ﬁelds, especially those
in the North Sea where primary ﬂooding has been with seawater. The ﬂuid/rock interaction has been
addressed here to shed light on the possible mechanisms, which may help in deciding when to apply
the technology. The results from this study suggests a synergy wherein adding a small amount of silica
NPs can improve the performance of low salinity ﬂoods by reducing the risk of matrix integrity loss
and reservoir subsidence in chalk reservoirs.
2. Materials and Methods
The silica NPs used in this study were provided by Nyacol Nano Technologies Inc. (Ashland,
MA, USA). The DP 9711 product was acquired at a 30 wt. % concentration in deionized water (DIW)
and with a pH of 3. The DP9711 product has a proprietary surface coating but Singh and Mohanty [45]
reported that DP 9711 is coated with polyethylene glycol. For ease, these NPs are referred to as DP in
this study. The NPs as claimed by the manufacturer have an average particle size of 20 nm. As and
when required, the NFs used in this study were prepared from the stock ﬂuid by diluting it with
appropriate brines. Stevns Klint (SK) outcrop chalk cores were used as the porous media. SK chalk is
99% pure biogenic with a high porosity range of 45–50% and a relatively low absolute permeability of
≈4 mD [36]. SK chalk matrix material and its petro-physical properties resembles chalk reservoirs,
which makes it useful in the analysis [46]. Calcite mineral powder acquired from Honeywell Riedel-de
Haen was of analysis grade with a surface area of 0.23 (m2 /g) calculated previously by the water
adsorption isotherm [47]. The model oil used in this study was n-decane (n-C10) acquired from
Merck (Drammensveien, Oslo, Norway). Stearic acid (SA) was added to n-decane at a concentration
of 0.005 mol/L to prepare the synthetic oil. The properties of the synthetic oil are listed in Table 1,
estimated from PVT Sim.
Table 1. Synthetic oil properties.
Temperature ◦ C

Viscosity (cP)

Density (g/mL)

20
50
70

0.92
0.5802
0.4812

0.73
0.7683
0.7525
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Zetasizer Nano ZSP from Malvern Instruments (Malvern, Worcestershire, UK) was used to
characterize the average hydrodynamic diameter and zeta potential of the NPs. Scanning electron
microscopy was performed on a Supra 35 VP SEM by Ziess (Oberkochen, Baden-Württemberg,
Germany) with an integrated EDXRF analyzer to visualize the adsorption of the NPs on the SK
chalk samples treated with NF. NP concentration during isothermal static adsorption tests and NP
dynamic adsorption in brines was measured using a dual beam UV-Vis 1700 spectrophotometer from
Shimadzu Corporation (Nakagyo-ku, Kyoto, Japan). The schematic of the core ﬂooding setup used in
this study is shown in Figure 1. The concentration of the cations in the efﬂuents was determined by a
Dionex ICS-5000 ion chromatograph from Thermo Fisher Scientiﬁc (Waltham, MA, USA). Inductive
coupled plasma and optical emission spectrometry (ICP-OES) was carried out by an Optima 4300 DV
from PerkinElmer (Waltham, MA, USA)to quantitatively determine the trace amounts of elements
eluted and to determine the NP concentration in the efﬂuent for chalk cores injected with DIW.

Figure 1. Schematic of the core ﬂooding setup.

2.1. Brines
Synthetic seawater (SSW) and LSW produced by a 1:10 dilution of SSW with DIW were the brines
used in this study. The ionic compositions of the brines are listed in Table 2.
Table 2. Ion concentration in the brines.
Ion

SSW (mol/L)

LSW (mol/L)

HCO3−
Cl–
SO4 2–
Mg2+
Ca2+
Na+
K+

0.002
0.525
0.0240
0.045
0.013
0.450
0.010

0.0002
0.0525
0.0024
0.0045
0.0013
0.045
0.0010
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2.2. Isothermal Static Adsorption
A series of batch adsorption experiments were performed at room temperature to address the
adsorption of the silica NPs on the calcite surface. The concentration of NPs was systematically
varied to address the effect of NPs’ concentration on the adsorption process. The experiments were
performed in DIW and SSW as the media for studying the effect of salinity on the adsorption process.
A known amount of mineral was added to NF at a predetermined concentration. The dispersion was
agitated on a rotary agitator for 24 h. Thereafter, the mineral was removed from the dispersion and
the concentration of the NPs in the ﬂuid was determined by measuring their absorption in a dual
beam spectrophotometer at 240 nm, comparing it with the constructed calibration curve and making
baseline corrections.
2.3. Dynamic Adsorption of NPs in Chalk Core
The objectives of the tests were to study the adsorption proﬁle of the NPs and their interaction
with the minerals (mainly calcite). The dried chalk cores were vacuum-saturated with DIW or brine
(LSW/SSW) and loaded into the core holder. A conﬁning pressure of 25 bar was applied, and injection
was performed at a constant ﬂow rate of 10 PV/day at room temperature. After injecting several
PVs of DIW/brine (pre-ﬂush), 1.5 pore volume (PV) of slug with LiCl tracer was injected. Thereafter,
the injection was switched to the original ﬂuid to conduct a post-ﬂush. For the tests SK1 & 2, the DIW
(ions free) was injected and the efﬂuent was analyzed for Ca to follow the calcite dissolution. Tests SK3
and 4 were performed with SSW and LSW, respectively. Details of the experiment are listed in Table 3.
Table 3. List of experiments to test dynamic adsorption of nanoparticles (NPs) in chalk.
Core Id

Porosity
(%)

Permeability
(mD)

Length (cm)

Dia (cm)

Pre/Post
Flush Fluid

Slug Composition

SK1

48.10

3.9

5.31

3.78

DIW

1 (g/L) DP in DIW
with 0.1M LiCl tracer

SK2

49.00

3.9

7.80

3.78

DIW

90 μL 0.1M HCl +
0.1M LiCl in DIW

SK3

51.71

3.9

3.9

3.78

SSW

1 g/L DP in SSW +
0.1M LiCl

SK4

47.38

3.9

3.35

3.78

LSW

1 g/L DP in LSW +
0.1M LiCl

2.4. Effect of Oil on the Interaction of the NPs and Mineral
The purpose of these tests to conﬁrm the interaction of NPs with mineral surface in presence of
synthetic oil (n-C10+ 0.005 M SA). The cores were ﬁrst dried at 100 ◦ C in a vacuum oven until the
weight stabilized. The cores were then vacuum-saturated with SSW and loaded in the core holder.
Several PVs of synthetic oil were ﬂooded into the core until initial water saturation (Swi) was obtained.
Thereafter, the cores were aged in synthetic oil for a period of two weeks at 50 ◦ C to render them oil-wet.
The experiments were performed at 70 ◦ C under a conﬁned pressure of 25 bar and against 10 bar of
back pressure in two stages. In order to mimic the ﬁeld status (water ﬂooded), different scenarios were
studied as shown in Table 4. The injection rates were small to be able to account for the kinetics of the
interaction. From our previous studies with LSW alone [43], two ﬂow rates were used 4 and 16 PV/day.
Thereafter, the injection was switched to NF and the ﬂow was at 4 and 16 PV/day. The details of the
experimental tests are listed in Table 4.
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Table 4. List of nanoﬂuid experiments with hydrocarbons.
Core Id

Porosity
(%)

Permeability
(mD)

Length
(cm)

Dia (cm)

Swi

Primary
Fluid

Secondary Fluid
(Nanoﬂuid)

SK5
SK6
SK7

50.7
50
50.24

3.9
3.9
3.9

8.83
5.96
4.658

3.785
3.785
3.785

0.13
0.28
0.275

SSW
LSW
SSW

DP (1 g/L) in SSW
DP (1 g/L) in LSW
DP (1 g/L) in LSW

The efﬂuent ﬂuids were collected and analyzed for pH and ion concentration. The pressure drop
across the core was monitored. Since oil was produced, a rough estimation of potential recovery was
estimated. However, the recovered oil is not optimized but is just given as indication.
3. Results and Discussion
This section is divided into subsections to fulﬁl the objectives of this work. The subsections are:
(1) NF characterization to address their sizes and stability with different injection ﬂuids, the effect of
temperature on size, their zeta potential in the different waters. (2) Adsorption of NP onto the calcite
surface in different waters—i.e., the effect of the salinity on the adsorption. (3) Dynamic adsorption
of NPs during injection into chalk and its effect on ﬂuid/rock interaction and (4) Effect of NP on the
ﬂuid/rock interactions during continuous nanoﬂuid injection in the presence of hydrocarbons.
3.1. NF Characterization
NFs were characterized for particle size and zeta potential at different temperatures and in
various brines. The NFs were prepared in DIW, LSW and SSW. Particle-size measurements at different
temperatures and the zeta potential measurements at 25 ◦ C are presented in Figure 2. Figure 2a
shows the average hydrodynamic diameter of the NP, which was diluted with DIW, LSW and SSW
to obtain 1 g/L NP concentration. NFs prepared in DIW and LSW showed almost similar particle
size (the average size for the three temperatures, 25, 50 and 80 ◦ C was about 38.4 ± 0.6 nm). In SSW,
NPs displayed higher particle size of around 57 nm (25 and 50 ◦ C) and about 88 nm at 80 ◦ C. For higher
salinity (SSW), the average size at all temperatures was about 67 ± 0.3 nm, which is approximately
43% higher than the average particle size for all tested temperatures with DIW and LSW. One possible
reason for the difference in the measured zeta potential may be the compression of the double layer at
higher salinity. The measured surface zeta potential at 25 ◦ C for the NFs prepared in SSW was about
−6.4 mV compared with −30.73 and −12.13 mV for DIW and LSW, respectively. Grifﬁth, et al. [48]
stated a similar observation for DP9711 NFs. They observed that increasing the brine salinity did not
immediately increase particle size but that, after a certain point in time, a sudden rise in particle size
was seen. To address particle size and stability, DLS measurements were repeated after three months
from the preparation time. These tests showed that all measurements were close to the initial measured
values (within 5 nm). In addition, the NFs remained visually clear with no sign of sedimentation.
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Figure 2. (a) Average particle size of the NPs dispersed in deionized water (DIW), low salinity
water (LSW) and synthetic seawater (SSW) measured at varying temperatures. (b) Zeta potential
measurements (25 ◦ C) of the NPs in DIW, LSW and SSW.

3.2. Isothermal Static Adsorption
Static adsorption tests of NPs on a calcite surface were conducted with DIW and SSW. Figure 3a
shows that the adsorption of the NPs on the calcite surface increases with the NP concentration.
Figure 3a also shows that at a lower concentration of NPs prepared in SSW, adsorption is higher than
in DIW (≈40%). At higher NP concentrations, however, adsorption in SSW and DIW was almost the
same. Monafred, et al. [34] have reported an increase in adsorption of unmodiﬁed silica NPs on a
calcite surface with increasing salinity (0–0.2 M) of single salt (NaCl) brine at low NP concentrations
(0.4 and 0.6 g/L).
Zeta potential of the NPs becomes less negative in the presence of SSW ions (Figure 2) owing to
the compression of the double layer. This would lower the electrostatic repulsion and enhance the
adsorption. Figure 3b shows an SEM image of a chalk core which was vacuum-treated with 1 g/L NF
prepared in DIW. The image was taken along the injection plane. In DIW, the average size of NPs is
about 38 nm (at 25 ◦ C). However, some of the NPs may have been agglomerated during handling.
In general, NPs are shown to be spread on the chalk surface in a similar way to the observations made
by Monafred, et al. [34]. No pore throat blockage was observed from SEM imaging. The SEM images
were done on spots along horizontally cut core. However, they are small fractions of the whole core.

Figure 3. (a) Adsorption of silica NPs on Calcite surface. (b) SEM image of NPs adsorbed on chalk core
with DP 9711 nanoﬂuid at 1 g/L concentration prepared in DIW.
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3.3. Dynamic Adsorption
This section deals with the dynamic adsorption of NPs in chalk and its effect on ﬂuid/rock
interactions. Three salinities: DIW, LSW and SSW were used in the dynamic tests as outlined in
Section 2.3. The adsorption/transport behavior of the used Silica NPs (DP9711) in sandstones has been
addressed previously by some researchers [17,45,49]. They generally reported low adsorption of NPs
on sandstone minerals. To best our knowledge, the adsorption behavior of Silica NPs in chalk and its
effect on ﬂuid rock interactions has not been addressed previously. The ﬁrst test (SK1), was done with
a core saturated with DIW. After several PVs pre-ﬂush with DIW, a 1.5 PV slug containing LiCl tracer
(0.1 M) and NPs (1 g/L) was injected into the core, followed by post-ﬂush with DIW. The efﬂuent
ﬂuid was analyzed for the concentrations of NP, Ca and Li (tracer). The results are presented in
Figure 4. As shown, a difference of about 1 PV between the peak concentration of the tracer and the
peak concentration of NPs. It was also observed that the tracer peak concentration declined faster
than that for the NPs. The delay of NP decline may indicate interaction between the NP and core
surface. After about 11 PV of injection (from the start), the NP concentration showed a linear increase,
while the Li declined to a level close to zero concentration. The increased of NPs’ concentration after
11 PV, may indicate the NPs’ desorption.

Figure 4. (a) NP and tracer concentration proﬁle for SK1. (b) Efﬂuent pH proﬁle for SK1 (c) Efﬂuent Ca
concentration for SK1 (with NPs) and SK2 (without NPs).

Now the question is, why did the NP concentration decline below 0.01 g/L before the start of
the desorption process (at ≈11 PV)? The adsorption/desorption process may be related to the pH
of post ﬂowing ﬂuid in contact with calcite surface and adsorbed NPs. The efﬂuent pH proﬁle for
core SK1 is shown in Figure 4b. It is shown that the pH after nanoﬂuid slug increased steadily for
approximately 1 PV, and then steeply increased to a pH of about 10, before it started to decline to reach
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a pH of about 8.6. The highest pH coincided with the peak concentration of NP in the efﬂuent and the
desorption of NP from 11 PV (Figure 4a) coincided with the steady increase of the pH from about 8 to
about 9. Equation (1) may explain the associated increase of pH with calcite dissolution.
CaCO3 (calcite) + H2 O → Ca2+ + HCO3− + OH−

(1)

Therefore, as calcite dissolves, the pH increases. Increase of the pH increases the dissolution of
NPs (SiO2 ) according to the following equations:
SiO2 (s) + 2H2 O ↔ H4 SiO4

(2)

H4 SiO4 ↔ H3 SiO4− + H3 O+

(3)

Equation (2) shows the dissolution of SiO2 . Stumm and Morgan [50] stated that SiO2 solubility
increases at neutral to slightly alkaline pH ranges according to the above equation, producing silicic
acid, which is a weak acid. Silicic acid further dissociates and reduces the pH (Equation (3)).
The progression of this equation may have reduced the efﬂuent pH, as shown in Figure 4b.
The reduction of the pH to 8, may have resulted in more adsorption of NP on the calcite surface,
hence reduced the produced NPs in the efﬂuent (Figure 4a). As the pH started to increase, desorption
of NPs increased.
The increase of the pH from about 8 till about 9 at the termination point of the experiment (PV ≈ 18)
may be caused by calcite dissolution by Equation (1). These observations may be summarized as:
maximum NP concentration in the efﬂuent occurred at the highest pH (≈10) of this experiment. As the
pH declined, less concentration of NPs were detected in the efﬂuent until NPs reached minimum
at 11 PV (pH ≈ 8), after which, NP started to rise again and to reach 0.03 g/L (at the time of the
experimental termination). This counts for about 50% higher than the peak concentration of 0.02 g/L.
The dissolution of calcite can be inferred from the efﬂuent calcium concentration proﬁles. Since the
injected ﬂuid did not contain any calcium, the efﬂuent calcium observed may be attributed to the
calcite dissolution by Equation (1). A second test (SK2) was done without NPs to provide a baseline
for comparing the calcite dissolution in SK1. The pH of the slug without NPs in SK2 was adjusted to
be at the same pH level as that of nanoﬂuid in SK1. The calcium concertation in the efﬂuent from test
SK1 (with NP) and SK2 (without NP) is shown in Figure 4c. Calcite dissolution could be detrimental
to chalk matrix integrity, causing severe subsidence and this is a major concern for the operators of
chalk reservoirs. It is interesting to observe that calcium concentration during tests of SK1 and SK2,
Figure 4c, there is no signiﬁcant difference between the Ca in the two cases during DIW pre-ﬂush.
However, after the slug injection, the difference in the trend of Ca for the two experiments started to
increase. At 10–12 PV in the case of test ﬂuid with NP the calcium concentration was about 80% less
than that for the ﬂuid without NP.
The general mechanism may, then, be deduced as follow: the dissolution of calcite increases the
pH, which in turn reduces NP adsorption on the calcite surface. Monfared, Ghazanfari, Jamialahmadi
and Helalizadeh [34] have made similar observation where increasing the pH from around 7.5 to 10
reduced the adsorption of silica NPs on the calcite surface by about 33.33%. As mentioned earlier,
efﬂuent calcium was reduced by about 80% for brine with NPs. As the pH increases, the layer closer to
the calcite surface becomes less positive, so that NP adsorption decreases. As observed, more NPs
were produced when the pH reached about 10, with peak concentration at pH ≈ 10. SiO2 dissolves
in the alkaline range of the pH (Equation (2)). Dissociation of silicic acid (Equation (3)) increases the
negative ions and thereby reduces the adsorption process. In addition, the dissociation of (weak) silicic
acid slightly increases the acidity of the solution, which may again increase the adsorption of NPs.
The greater the NPs’ adsorption, the faster the pH decline, as observed in Figure 4a. As the desorption
process proceeded, the pH steadily increased until it reached about 9, which was the point where the
experiment was terminated. It is estimated that the adsorbed on the chalk about 0.46 mg per gram of
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chalk. This was obtained from the integrated area under the curve (Figure 4a) and the injected NPs.
This process was investigated further in saline environments by injecting SSW as base ﬂuid in SK3
and LSW as base ﬂuid in SK4. In SK3 test, both the pre-ﬂush and post-ﬂush was performed with SSW.
The nanoﬂuid slug with tracer was also prepared in SSW. The results for the test SK3 are shown in
Figure 5.

Figure 5. (a) NP and tracer concentration proﬁle, (b) efﬂuent pH proﬁle and (c) efﬂuent Ca2+ and Mg2+
concentration for SK3 in SSW.

It can be seen in Figure 5a that unlike in test SK1, the NP concentration proﬁle for test SK3 follows
the tracer proﬁle closely. In addition, the NP production stops about 0.25 PV before the tracer. That is
unlike SK1, no NP was detected in the efﬂuent after the unreacted tracer has passed through the
chalk core. This together with high adsorption of the NPs observed in SSW during static adsorption
experiments may indicate strong irreversible adsorption of the NPs on the chalk surface. Integrating
the area under the curve in Figure 5a and comparing it to the known amount of NPs injected into
the core showed that about 86% of NPs were adsorbed on the chalk surface. Further, the efﬂuent pH
and ion concentration proﬁles for test SK3 in SSW are shown in Figure 5b,c respectively. At elevated
salinity conditions in SK3, the chalk surface and the contacting ﬂuid is at equilibrium [43] and therefore
ionic activity due to ﬂuid/rock interaction was expected to be low. For ease of comparison, the efﬂuent
concentration (Co) was normalized with respect to the injected concentration (Ci). It can be seen that
pH remains almost constant throughout test SK3 and the ion (Ca2++ and Mg2++ ) concentration in the
efﬂuents remain close to injected concentration. This forms the baseline for comparing the behavior at
low salinity condition in the next test SK4. In test SK4, both the pre-ﬂush and post ﬂush was performed
with LSW. The nanoﬂuid slug with tracer was also prepared in LSW. The results for test SK4 are shown
in Figure 6.
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Figure 6. (a) NP and tracer concentration proﬁle, (b) efﬂuent pH proﬁle and (c) efﬂuent Ca2+ and Mg2+
concentration for SK4 in LSW.

It can be seen in Figure 6a that with LSW, the NP breakthrough is delayed by 0.25 PV as compared
to the unreacted tracer. In addition, the NP production continues after the tracer production stops.
This is similar to test SK1 (ion free) and may indicate desorption of the NPs. It was estimated that 67.2%
of the NPs were adsorbed in the core in SK4 as compared to 86.2% in SK3. At low salinity conditions in
SK4, the NP concentration proﬁle is similar to DIW. This together with the high irreversible adsorption
observed with SSW indicates that salinity strongly inﬂuences the adsorption behavior of the NPs on
the chalk surface. The efﬂuent pH proﬁle for test SK4 shown in Figure 4c shows a sharp rise in pH
with NP production and the pH peak coincides with peak NP production. Thereafter the desorption
of NPs during the decline phase can be attributed to the dissolution of the NPs which produces a
weak silicic acid as per Equations (2) and (3). This supports the NP adsorption/desorption mechanism
proposed previously. However, the linear rise of NPs production in the efﬂuents as observed with DIW
(Figure 4a) was not observed with LSW in SK4. This may be due the heavy dissolution of chalk due to
DIW in SK1 which signiﬁcantly raised the pH to 10. The efﬂuent Ca2+ and Mg2+ proﬁles shown in
Figure 6c. The high levels of Ca2+ in the pre ﬂush stage suggest high calcite dissolution. However, after
the adsorption of NPs on the chalk surface, the Ca2+ falls by about 30%. In addition, the Mg2+ levels
fall below the injected concentration during the post ﬂush. This may be due to the incorporation of
magnesium into the calcite structure. This is discussed in detail in the later section.
From the results so far from static and dynamic adsorption of NPs on chalk surface (in the absence
of oil phase) indicated that NP adsorption in chalk could signiﬁcantly reduce calcite dissolution
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induced by low salinity injection. However, for the application of NPs to petroleum reservoirs, it is
essential to study the effect of NPs on chalk surface that is oil wet and the effect of NPs in the presence
of oil phase. This is addressed in the following section.
3.4. NPs Interaction with Chalk Mineral in Presence of Hydrocarbon
Nanoﬂuid are prepared in brines and some studies have investigated the combined role of
salinity and NPs on the wettability change process [51] and NP adsorption on mineral surfaces [52].
Hendraningrat and Torsæter [51] stated that nanoﬂuid ﬂooding is sensitive to water salinity especially
in the presence of divalent ion (Ca2+ and Mg2+ ). The effect of injection brine salinity on the recovery
process has been well documented in the literature [36,39,53–56]. As discussed in the previous section,
the adsorption of NPs on the mineral surface alters the rock surface hence ﬂuid/rock interactions.
The experiments were divided into two stages with brine alone and NPs dispersed in the selected
brine. The injection was performed at lower ﬂowrates that are closer to real ﬁeld cases and to give the
injected ﬂuid sufﬁcient residence time in the core for the interaction. Hamouda and Maevskiy [43]
and Hamouda and Gupta [41] previously studied the effect of low salinity composition on primary
and secondary recovery in SK chalk by systematically diluting the SSW. They found that LSW at a
1:10 SSW dilution was the optimum for the investigated brines for EOR. Therefore, LSW 1:10 dilution
of SSW is used here.
In the SK5 case, both primary and secondary stage the injection of the ﬂuid was SSW. For the
secondary stage, however, silica NPs (DP 1 g/L) was mixed with SSW. In SK6, primary stage was
performed with LSW followed by injection of NF (DP 1 g/L) prepared in LSW. The third scenario was
for SK7, where primary stage SSW was used, followed by NF prepared in LSW (DP 1 g/L). Those three
scenarios represent the various possible combinations.
The efﬂuent pH proﬁles were recorded for the SK5, SK6 and SK7 and are shown in Figure 7.
For SK5 (all SSW), the efﬂuent pH during primary and secondary stages were lower than the pH of
the injected SSW. This observation is similar to that previously made by Hamouda and Maevskiy [43].
In the case of SK6 (LSW and LSW with NPs) however, an interesting behavior was observed.
The efﬂuent pH was higher than the injection pH and continued rising until it stabilized at about
7.8. Increasing the ﬂow rate to 16 PV/day led to a slight increase in pH to around 7.95, after which it
stabilized at around 7.91. The increase in pH may be explained by calcite dissolution, in accordance
with the Equation (1).
The pH in the case of SK7 (SSW and LSW with NPs) shows that the pH remained below the
injected pH in primary stage. However, the pH increased slightly to about 7.56 when the injection was
switched to LSW with NF. When the NF injection rate was increased to 16 PV/day, the pH of SK6 and
SK7 stabilized at about 8.06 and 7.75, respectively. As expected, the pH was higher for SK6 case than
in the case of SK7.
The concentrations of Ca2+ and Mg2+ in the efﬂuents of SK5-7 are plotted in Figure 8. For ease of
comparison, efﬂuent concentration (Co) was normalized with respect to the injected concentration
(Ci). Figure 8a shows that the Ca2+ efﬂuent in SK5 was lower than the injected concentration during
primary stage and even more so during secondary stage. This may indicate slight calcite dissolution
with high injection salinity (SSW). This observation was also supported by the low pH recorded for this
SK5 in Figure 7a. The Mg2+ concentration in efﬂuent was close to the injected concentration. Where the
SK6 (all LSW) is concerned, however, the Ca2+ ion concentration during primary stage by LSW was
consistently higher, indicating calcite dissolution similar to the observation made during dynamic
adsorption experiments in SK4. This observation is supported by the high pH recorded during this
stage in Figure 7b. Along with the excess Ca2+ , there was a deﬁciency of Mg2+ in the efﬂuent. It is
well established that calcite has a tendency to accommodate Mg2+ in its structure [50]. The exchange
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between Ca2+ and Mg2+ may lead to the formation of complex calcium/magnesium minerals with
different ratios. The following reaction is for a 1:1 ratio (dolomite):
2CaCO3(s) + Mg2+ → CaMg(CO3 )2 + Ca2+

(4)

Figure 7. Efﬂuent pH proﬁles for SK5-SSW (a), SK6-LSW (b) and SK7-mixed (c).

Dolomitization has been previously observed by Petrovich and Hamouda [57] in the chalk
formations of the Ekoﬁsk ﬁeld. During primary stage by LSW, the ratio of the efﬂuent ion concentration
to the injected concentration reached 6.267 and 0.686 for Ca2+ and Mg2+ respectively at 16 PV/day.
When SK6 was switched to NF prepared in LSW, the ratio of Ca2+ to injected concentrations fell to 4.26
at the injection rate of 4 PV/day. Increasing the rate to 16 PV/day raised the Ca2+ concentration slightly
to 4.63, which is still below the Ca2+ concentration during primary stage by LSW. This reduction in
Ca2+ during NF injection (almost 30%) coincided with a comparative increase in levels of Mg2+ to
0.86 at 4 PV/day and 0.85 at 16 PV/day. These observations may indicate a reduction in calcite
dissolution and the formation of calcium/magnesium minerals. The increased amount of Mg2+ was
not signiﬁcant enough to indicate reduced magnesium/calcium exchange. It is therefore possible that
the reduction in Ca2+ was caused by reduced calcite dissolution during NF injection. Increasing the
rate to 16 PV/day, the Ca2+ concentration stabilized at around 4.6. This also represents a 25% reduction
of Ca2+ production compared with the 4 PV/day ﬂow rate during primary stage. With primary stage in
the SK7 case, the efﬂuent ion concentration proﬁles were close to the injected concentration. When the
SK7 was switched to NF prepared in LSW, the Ca2+ and Mg2+ ions were initially high. Two main
possibilities exist for the increase of Ca2+ and Mg2+ : (1) production of trapped SSW from the ﬁrst stage
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and/or (2) dissolution of possible calcium sulfate formed during the ﬁrst stage. The latter may sound
more realistic because of a rapid reduction in Ca2+ and Mg2+ concentrations. Thereafter, the Ca2+
concentration was around 1.5 at 4 PV/day. The Ca2+ concentration during this stage is almost three
times lower than at the same stage in SK6. When increasing the injection rate to 16 PV/day, the Ca2+
concentration ﬂuctuates between 2.9 and 1.16. This concentration at 4 PV/day is almost three times
lower than during the same stage in SK6. The differential pressure drop (dP) data recorded for SK5-7
is shown in Figure 9.

Figure 8. Efﬂuent Ca2+ and Mg2+ concentrations for SK5-SSW (a), SK6-LSW (b) and SK7-mixed (c).

At 4 PV/day with SSW injection in SK5, the pressure drop stabilized at about 1.79 bar. When the
injection rate was increased to 16 PV/day, the dP increased and stabilized at around 3.70 bar. After the
injection ﬂuid was switched to NF prepared in SSW, the pressure rose steadily from 0.68 to 2.17 bar.
van Oort, et al. [58] stated a general rule of thumb that, if the particle size of the suspended solids
exceeds one-third of the pore diameter, the particles will cause plugging behavior. The average pore
size of the SK chalk used in this study is around 200 nm [59]. The size of the NPs in SSW was shown
earlier to be 88.1 nm at 80 ◦ C. It is possible that some of the smaller pore throats are blocked by the NPs.
For SK6 however, the recorded dP for NF (in LSW) was 0.439 bar, which is almost three times lower
than the dP recorded for LSW injection in the ﬁrst stage. The measured particle size of the NPs in LSW
is about 38 nm, which is signiﬁcantly lower than the average pore throat of the chalk used. The recorded
dP at 16 PV/day was slightly higher for the NF compared with LSW alone. However, the difference
(≈0.04 bar) is within the uncertainty range of the measured dP (±0.1 bar). The resistance to ﬂow
was therefore lower at the low ﬂow rate. A similar observation was made with SK7 where, at the
lower ﬂow rate (4 PV/day), the dP during NF injection was less than half that from SSW injection.

Appl. Sci. 2018, 8, 1093

14 of 18

However, the pressure drop at the higher ﬂow rate was slightly (≈0.5 bar) higher during NF injection,
with a decreasing trend. The decreasing pressure trend observed in SK7 during 16 PV/day injection of
nanoﬂuid was not observed for the same stages in ﬂood SK5 and 6 wherein the salinity of the ﬂuid was
constant throughout the experiment, with only addition of NPs. However, in SK7, the ﬂuid salinity is
switched from SSW to LSW (with NP). Two mechanisms take place: (1) adsorption of NP on the chalk
surface, hence reduced calcite dissolution and (2) disturbance of ﬂuid rock equilibrium due to low
salinity. As the injection rate is increased to 16 PV/day, the swept region with LSW + NPs increased,
hence reduced pressure. This is evident in Figure 8c wherein at 16 PV/day, a decreasing trend in Ca2+
production was observed. The decrease in Ca2+ may be explained based on reduced dissolution of
calcite and dilution factor due to increased sweep. In addition to the main objective, an incremental oil
obtained from nanoﬂuid injection in SK5-7 as shown in Figure 10. As mentioned earlier, the recovery
here is not optimized to account properly for EOR, but as a matter of observation compared to our
previous studies with LSW alone.

Figure 9. Differential pressure drop (dP) proﬁle for SK5-SSW (a), SK6-LSW (b) and SK7-mixed (c).

The incremental recovery was greater in the case of SK6 (0.824%) than with SK5 (0.15%).
The highest incremental recovery was observed when the ﬂuid was switched to NF prepared in
LSW (1.05% for SK7 experiment).
In summary, the results from this work suggests a possible synergistic effect between low salinity
ﬂooding and silica nanoparticles wherein adding a relatively small amount of silica nanoparticles to
the injected water can improve the ﬂood performance and reduce the risk of disturbing the integrity of
the chalk. Seawater has been injected as a primary recovery EOR method in most of North Sea oil ﬁelds.
LSW injection for enhanced oil recovery could disturb the chalk integrity due to calcite dissolution.
This is a major concern for chalk reservoir operators. As outcome of this work by incorporating silica
NPs in the injected water encourages applying LSW. The current work is done with model oil in order
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to investigate the potential for ﬁeld application. However, as demonstrated here it is dependent on
ﬂuid composition i.e., we recommend test related to each individual ﬁeld ﬂuid.

Figure 10. Tentative observation of incremental recovery from SK5-SSW, SK6-LSW and SK7-mixed.

4. Conclusions
This work addresses static and dynamic adsorption of silica NPs on chalks and their ﬂuid/rock
interactions during low salinity ﬂowing tests. Based on the results from this study the following
conclusions can be stated:
1.
2.
3.

4.

5.

6.

Silica NPs showed an adsorption afﬁnity to calcite surface. Salinity was shown to enhance the
adsorption by about 40%.
Dynamic adsorption of the NPs in the chalk core showed high irreversible adsorption at elevated
salinity (SSW) and desorption of NPs was observed in low salinity and ion free condition.
Adsorption/desorption mechanisms for the NPs have been proposed. Further, it can be concluded
that NPs adsorption during these experiments led to signiﬁcant reduction of calcite dissolution
both in DIW and LSW.
In spite of the NPs afﬁnity to adsorb on the chalk surface, no pore throat blockage was
observed from SEM imaging. The SEM images were done on spots along horizontally cut
core. However, they are small fractions of the whole core. Further the differential pressure drop
across the chalk core during nanoﬂuid injection also indicated reduced resistance to ﬂow wherein
lower pressure drop was recorded, compared to with injection of LSW alone.
The nanoﬂuid at 1 g/L prepared in LSW reduced the produced calcium ion concentration by
about 30% as compared to the case of LSW alone. This indicates that silica NF hinders calcite
dissolution i.e., has less effect on chalk matrix integrity which is one of the major concern in chalk
reservoir, if low salinity for EOR is to be employed.
The combination of silica NPs with low salinity EOR technique reduces the risk of matrix integrity
loss and the subsidence degree of the water ﬂooded chalk.
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Several research works have shown the potential of incremental oil recovery by low salinity water (LSW) injection. The research in this area has also shown that LSW interaction with rock’s mineral (sandstone and chalk)
raises the potential for formation damage by produced ﬁnes. The objectives of this work are to address the
adsorption of silica nanoparticles (NPs) on sandstone and their eﬀect on ﬂuid/rock interaction during LSW
ﬂooding. Isothermal static adsorption of NPs on sandstone minerals surfaces showed a higher adsorption aﬃnity
on quartz surface compared to kaolinite. This was also shown by scanning electron microscope images. The
adsorption of NPs was enhanced by increasing salinity. To investigate the dynamic adsorption, a co-injection of
about 0.033 g NPs slug with tracer (about 0.13 g of LiCl2) as a reference. The estimated irreversible adsorption of
NPs in the berea ﬂooding of core was about 35%. While estimated desorption of the ﬂooded core was about
21.2%. Detailed mass balance analysis is included. It was observed that the adsorption/desorption processes of
silica NPs are inﬂuenced by the pH wherein increased alkalinity favors NP desorption. NP adsorption on the
mineral surface during combined LSW and NP ﬂooding was shown to reduce mineral dissolution, ion exchange,
loss of cementing mineral and reduced resistance to ﬂow compared to LSW alone. Surface forces estimation
showed that combining LSW with NPs reduced the repulsion between ﬁnes and berea. The work here demonstrated the synergistic eﬀect of combining the two technologies of LSW and nanoparticles where the probability
of formation damage in sandstone reservoirs is reduced.
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1. Introduction

Table 2
Synthetic oil properties.

Use of nanoparticles (NPs) has emerged as an Enhanced Oil
Recovery (EOR) technique during the past decade. Nanoﬂuids (NF)
which are dispersions of NPs typically under the size of 100 nm in a
base ﬂuid have been studied as an injection ﬂuid for improving oil
recovery from petroleum reservoirs. The main advantage of NPs is their
size and high surface area which allows them to pass through the pore
network in the reservoirs and be eﬀective at relatively low volume
concentration as compared to other EOR agents [1]. Among the various
type of NPs, special attention has been paid to silica NPs due to their
hydrophilic nature and ease of surface functionalization [2]. Silica NPs
can alter the wettability of the oil wet rock surface towards more water
wet and this has been attributed and studied as the main mechanism
that improves recovery due to application of Silica NPs [3–6]. In addition, core ﬂood studies conducted by diﬀerent research groups have
shown the silica NPs can increase recovery in sandstone reservoirs
[3,7–10]. Another popular EOR technique for sandstone reservoirs is
use of low salinity water injection [11–13]. This techniques generally
involves altering or lowering the salinity to injection brines. However,
lowering the salinity of injection brine can have detrimental eﬀects.
Khilar and Fogler [14] identiﬁed the existence of a Critical Salt Concentration (CSC) for permeating ﬂuids in berea sandstones below which
clay particles get released and cause formation damage. Formation
damage by lowering brine salinity has also been reported and studied
by other researchers [15–17] and thus choosing optimum brine salinity
in low salinity projects is limited by the CSC [18]. Thus ﬂuid/rock interactions are very important during low salinity ﬂooding. Arab and
Pourafshary [18] investigated diﬀerent NPs as surface modiﬁers by
soaking the porous medium in NFs and then testing the ability of the
modiﬁed porous medium to hinder the transport of artiﬁcial ﬁnes in
water saturated porous medium. They suggest that combining low
salinity and with NPs may help overcome the detrimental eﬀects of
formation damage associated with low salinity ﬂooding. The current
study investigates the adsorption of silica NPs on sandstone minerals
and its eﬀect on ﬂuid/rock interactions during oil recovery by low
salinity ﬂooding. It has been shown that the adsorption of silica NPs on
sandstone mineral surface can reduce mineral dissolution and formation damage in berea sandstones.

Temperature °C

Viscosity (cP)

Density (g/ml)

20
50
70

0.92
0.5802
0.4812

0.73
0.7683
0.7525

this study was n-decane acquired from Merck. N,N-Dimethyldodecylamine (NN-DMDA) was added to n-decane at a concentration of
0.01 mol/l to prepare the synthetic oil. The properties of the synthetic
oil (estimated from PVT Sim) are listed in Table 2.
Zetasizer Nano ZSP from Malvern instruments was used to characterize the average size and zeta potential of the NPs. Scanning electron microscopy was performed on a Supra 35 V P SEM with an integrated EDXRF analyzer to visualize the adsorption of the NPs on the
berea core pieces treated with NF. NP concentration during static isothermal adsorption tests and in the eﬄuents from core ﬂoods were
determined using a dual beam UV–vis 1700 spectrophotometer from
Shimadzu Corporation. The schematic of the core ﬂooding setup used in
this study is shown in Fig. 1. The concentration of cations in eﬄuents
produced from core ﬂoodings was determined by a Dionex ICS-5000 Ion
Chromatograph (IC) from Thermo Fisher Scientiﬁc.
2.1. Brines and nanoﬂuid
Synthetic seawater (SSW) and Low Salinity Water (LSW) at 1:10
dilution of SSW were the used brines. Their ionic compositions are
listed in Table 3. The particles size (average hydrodynamic diameters)
and zeta potential exhibited by the NPs in NFs prepared in LSW and
SSW are listed in Table 4. At the NPs concentration (1 g/l) used in this
study, we did not observe any aggregation behavior. Particle size
measurements made after 3 months of nanoﬂuid preparation were
within ± 5 nm of the original measurements for all nanoﬂuids including in seawater (high salinity). Griﬃth, Ahmad, Daigle and Huh
[20] made a similar observation (by observing particle size with time)
only for very high concentration (200 g/l) in high salinity (20 wt.% API
brine).
2.2. Adsorption of NPs on minerals

2. Materials and methods
The adsorption behaviour of the NPs on the mineral surfaces in
sandstones were investigated by two approaches: (1) static isothermal
adsorption on individual mineral powders and (2) dynamic adsorption
of NPs in berea core during low salinity ﬂooding. A series of batch
adsorption experiments were performed at room temperature to study
the static isothermal adsorption of the used NPs on quartz and kaolinite
mineral surface. The experiments were performed in DIW and SSW as
the media to address the eﬀect of salinity on NPs’ adsorption. 0.15 g of
mineral was added to NF prepared at a particular concentration and
salinity. This ﬂuid was then agitated (in a rotary agitator) for 24 h.
Thereafter, the minerals were removed from the ﬂuid. The remained
concentration of NPs in the ﬂuid was determined by measuring its
absorption in a dual beam spectrophotometer at 240 nm wavelength,
comparing it with the constructed calibration curve and making baseline corrections for the contribution of minerals [21].
The dynamic adsorption of NPs was addressed by injecting a slug of
NPs with into a berea core. A dried berea core was vacuum saturated
with LSW and loaded in to the core holder (Fig. 1). Conﬁning pressure
of 25 bar was applied on the core and the injection of the ﬂuid was
performed at a constant ﬂow rate of 10 pore volumes (PV)/day at room
temperature. The details of the core used is listed in Table 5. Multiple
PV of LSW was injected into the core. Thereafter, 1.5 PV slug of NF (1 g/
l DP in LSW + 0.1 mol/l LiCl tracer) was injected into the core followed
by post ﬂush with LSW. The produced eﬄuents were collected at

The Silica NPs (DP 9711) used in this study were provided by
Nyacol Nanotechnologies. The NPs were obtained at 30% wt. concentration, dispersed in Deionized Water (DIW) and pH 3. For ease,
these NPs are referred to as DP in this study. The NPs are spherical and
surface functionalized with a proprietary coating. The NPs have an
average particle size of 20 nm as claimed by the manufacturer. The NFs
used in this study were prepared from the stock ﬂuid by diluting it with
appropriate brines. Berea outcrop cores were used as the porous media.
The mineral composition of the used cores is listed in Table 1. Analysis
grade quartz and kaolinite mineral powders were acquired from Sigma–Aldrich with chemical compositions: SiO2 and Al2O7Si2·2H2O, respectively. The speciﬁc surface area of the used mineral powders are
0.62 m2/g and 8.56 m2/g, respectively which has been calculated previously by the water adsorption isotherm [19]. The model oil used in
Table 1
Mineral composition of berea sandstone cores.
Mineral

Semi-quantitative (%)

Quartz
Kaolinite
Muscovite
Microline

94
1
1
1
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Fig. 1. Schematic of the core ﬂooding setup.

regular intervals. The eﬄuents samples were analysed for NP concertation using the method outlined previously (UV–vis) and the pH
was recorded. The concertation of cations produced was determined by
IC.

Table 3
Ion concentration the brines.
Ion
3–

HCO
Cl–
SO42–
Mg2+
Ca2+
Na+
K+

SSW (mol/l)

LSW (mol/l)

0.002
0.525
0.0240
0.045
0.013
0.450
0.010

0.0002
0.0525
0.0024
0.0045
0.0013
0.045
0.0010

2.3. Core preparation and oil recovery experiments
The berea cores were dried at 100 ᵒC in a vacuum oven until the
weights were stabilized. Then the cores were vacuum saturated with
SSW and loaded in the core holder. The cores were ﬂooded with model
oil to establish initial water saturation (Swi). Thereafter the cores were
aged in model oil for a period of two weeks at 50 ᵒC to render them oil
wet. The ﬂooding experiments were performed at 70 ᵒC under 25 bar
conﬁnement pressure and against 10 bar of back pressure in two stages:
(1) primary recovery was done by ﬂooding with the particular brine at
two ﬂowrates: 4 and 16 PV/day and (2) secondary recovery was done
by switching the ﬂood with NF, again the ﬂooding was performed at 4
and 16 PV/day. The details of all the core ﬂooding experiments are
listed in Table 5. The amount of oil produced and the diﬀerential
pressure drop (dP) across the core as ﬂooding progressed were recorded. The concentration of NPs in the produced eﬄuents was determined by the method outlined previously (UV–vis). The pH of the
water produced was measured and the concentration of cations produced as ﬂooding progressed was determined by IC.

Table 4
Particle size and zeta potential of silica NPs in diﬀerent mediums.
Dispersing
ﬂuid

Temperature ( ͦ C)

Average hydrodynamic
diameters (nm)

Zetapotential
(mV)

DIW
DIW
DIW
LSW
LSW
LSW
SSW
SSW
SSW

25
50
80
25
50
80
25
50
80

37.52
38.57
39.4
37.91
38.18
38.7
56.35
57.54
88.11

−30.73
N/A
N/A
−12.13
N/A
N/A
−6.4
N/A
N/A

Table 5
List of core properties and ﬂooding details.
Core Id

Porosity (%)

Permeability (mD)

Lenght (cm)

Dia (cm)

Type

Swi

Flooding sequence

BR1
BR2

20.25
20.9

200–220
200–220

9
9

3.78
3.78

Dynamic adsorption
Recovery

N/A
0.250

LSW - 1.5 PV Slug (DP 1 g/l + Tracer in LSW) - LSW
SSW DP (1 g/l) in SSW
LSW DP (1 g/l) in LSW
SSW DP (1 g/l) in LSW

BR3

20.6

200–220

9

3.78

Recovery

0.293

BR4

20.25

200–220

9

3.78

Recovery

0.218
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[28,30]. The dielectric constant of water(ε3) equal to 78 [18,23] and its
refractive index(η3):1.33. Based on Eq. (7), the Hamaker constant was
calculated to: 2.3 × 10-21 J). This value is in close agreement with
Hamaker constant reported by Arab and Pourafshary [18] for a similar
case. The permittivity of free space ε0: 8.854 × 10-12 C2 J-1 m-1. ζp and
ζs are the surface potentials of the particles and the surface respectively
which can be considered as the zeta potential [23].The surface forces
estimation in this study are performed at 70 °C. Therefore the measured
zeta potential values at room temperature are corrected to 70 °C based
on correlation for common minerals from previous studies [27,31]:

2.4. Fines mineral interactions
Fines are solid mineral particles of sandstone that lose their coherence due to water-mineral interaction and become mobilized with
the ﬂowing ﬂuids. The mobilization of ﬁne particles is referred to as
ﬁne migration which can lead to formation damage in sandstone reservoirs. The theory of surface forces can be utilized to characterize the
interaction between ﬁne-mineral based on the Derjaguin-LandauVerwey-Overbeek (DLVO) theory. The DLVO theory combines the eﬀect
of attraction due to van der Waals interaction and the electrostatic repulsion due to the double layer of counter ions around charged surfaces
in a medium. Due to the size diﬀerence between the ﬁne particles and
the mineral surfaces, the curvature of the mineral surfaces may be
neglected and the interactions can be modelled as Sphere - Plate collector geometry [18,22–25]. The net force acting on a ﬁne particle
approaching a mineral surface is the sum of van der Waals attraction,
electric double layer repulsion and Born repulsion:

Vt (h) = VLVA (h) + VEDLR (h) + VBR (h)

ζ (T ) = (0.01712(T −T0) + 1) ∙ζ (T0)

(1)

κ −1 =

Where, V is the potential of interaction as a function of separation
distance (h) between the ﬁne particle and the mineral surface. The
subscripts t, LVA, EDLR and BR denote total, London-van der Waal interaction, electric double layer interaction and Born Repulsion, respectively. The interaction potential can be represented in non-dimensional (ND) form as follows:

Vt , ND (h) =

I=

A132 ⎡ 2(1 + H )
H ⎞⎤
+ ln ⎛
6 ⎢
⎝ 2 + H ⎠⎥
⎣ H (2 + H )
⎦

(3)

Experimental results are divided into three main sections. The ﬁrst
section deals with the static and dynamic adsorption of NP on the minerals. The second section addresses the synergy between NP and LSW
for enhancing incremental oil recovery. The ﬂuid/rock interaction with
and without NPs and the salinity of the carrier ﬂuid are discussed. The
third section deals with surface modiﬁcation of berea rock due to NP
adsorption and its eﬀect on interaction between the produced ﬁnes and
minerals in presence of NPs. In this section DLVO theory was applied to
address the diﬀerent interaction potentials.

6

(5)

Where,

h
ap

(6)

And, ap is the particle radius (m). A132 is the Hamaker’s constant for
the sphere and plate collector. For the mineral-ﬁne system with water
as the intervening medium, the Hamaker constant can be calculated
based Lifshitz theory as follows [26,27]:

3.1. Adsorption of NP on mineral
Literature indicates some debatable with regards to Silica NP adsorption on sandstone minerals. Metin, Baran and Nguyen [32] reported that the adsorption of surface functionalized silica NPs on quartz
mineral surfaces was insigniﬁcant. Other researchers reported signiﬁcant adsorption of silica NPs on sandstones [33–36]. Isothermal
static adsorption tests were carried out to investigate the adsorption of
NPs on mineral powders (quartz and kaolinite). The eﬀect of salinity
was addressed in presence and absence of absence of salt; SSW and
DIW, respectively. The results are shown in Fig. 2.
Fig. 2 shows that the NPs have greater aﬃnity to adsorb on quartz
than on kaolinite surface and increasing NPs’ concentration increases
the adsorbed amount per unit surface area of the minerals. In all experiments, the volume of NF was kept at 30 ml and the added amount of
mineral was kept at 0.15 g. It is also shown that higher adsorption occurred in SSW environment. The measured zeta potential of the NPs in
SSW was -12.13 mV which is about 2.5 times less negative than that in
the case of NPs in DIW (-30.73 mV) as shown in Table 4. The diﬀerence
in the zeta potential may has been caused by compression of the double

3
ε − ε3 ⎞ ⎛ ε2 − ε3 ⎞
Kb T ⎛ 1
4
⎝ ε1 + ε3 ⎠ ⎝ ε2 + ε3 ⎠
+

(10)

3. Results and discussions
(4)

A
σ
8+H
6−H ⎤
VBR (h) = 132 ⎜⎛ ⎟⎞ ⎡
+
7
7560 ⎝ ap ⎠ ⎢
H7 ⎥
⎣ (2 + H )
⎦

⎜

1
∑ ci Zi2
2

Where, ci is the ion concertation of the i species and Zi is the valence
number of the ith species. The concertation of the individual ion species
in LSW and SSW is listed in Table 3. In Eq. (5), σ is the atomic collision
diameter and is equal to 0.5 nm [23]. The born repulsive potentials are
formed when the particle approaches point of contact with the mineral
resulting in overlap of electron clouds. Hence it is a short-range interaction and thus calculated only when the distance of separation is less
than 1 nm.

(2)

ε 0 ε3ap ⎡
1 + exp (−κh)
⎞ 2ζ p ζs ln
VEDLR (h) = ⎛
+ (ζ p2 + ζ P2 ) ln (1−exp (−2κh))⎤
⎥
⎢
1−exp (−κh)
⎝ 4 ⎠⎣
⎦

A132 ≈

(9)

Where, e is the elementary charge of an electron (C) and I is the ionic
strength of the medium:

Where, kB is the Boltzmann constant (1.38 × 10−23 J K-1) and T is
temperature. The contributions due to the diﬀerent types of interactions
in Eq. (1) can be calculated as follows [18,22,23]:

H=

Ɛ 0 ε3 kB T
2e 2I

th

Vt (h)
kB * T

VLVA (h) = −

(8)

Where, T and To are interpolation and measurement temperature respectively in Kelvin. ζ(To) is the zeta potential measured at To. κ is the
inverse Debye length which is aﬀected by the salinity of the intervening
medium. For SSW and LSW, the inverse Debye length can be calculated
by:

⎟⎜

⎟

(η12 − η32 )(η22 − η32 )
3hove ⎛
⎜
8√2 ⎜ ((η 2 + η 2 )(η 2 + η 2 )) 12 (η 2 + η 2 ) 12 + (η 2 + η 2 ) 12
2
3
1
3
3
2
3
⎝ 1

(

)

⎞
⎟
⎟
⎠
(7)

Where ε1, ε2 and ε3 represents the static dielectric constants and η1, η2
and η3 represents the refractive index of the interacting species (mineral
and ﬁne) and the intervening media: water. ho is the Planck’s constant
(6.626 × 10−34 J s) and ve is the main electron adsorption frequency in
the ultraviolet region and its value is between 3–5 × 1015s-1 [26]. Berea
sandstone used in this study is mostly composed of quartz (94%) which
has a static dielectric constant (ε1) of about 4.5 and refractive index
(η1):1.4298 [28,29]. The ﬁne particles produced from berea sandstones
mostly consist of clay particles mostly kaolinite mineral [23] which has
a dielectric constant (ε2) of about 11.8 and refractive index(η2): 1.362
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Fig. 2. Speciﬁc adsorption (mg/m2) of two concentrations of NPs (0.5 and 1 g/
l) on quartz and kaolinite minerals in DIW and SSW environment.

layer at higher ionic strength (SSW). Hence, the electrostatic repulsion
between the NP and the mineral decreases causing more adsorption of
NPs. Similar observation has been made previously for diﬀerent modiﬁed silica NPs [33]. Zhang et al. [36] also identiﬁed that strong repulsion exists between NPs and sand particles at low salinity. They
reported that adsorption of NPs increases with less clay content. The
SEM image (Fig. 3) visually shows that more NPs adhere/adsorb on
quartz surface compared to kaolinite. Thus increasing the clay content
may aﬀect the overall adsorption of NPs. The SEM image is for a berea
core treated with 1 g/l NF prepared in DIW. The core was cleaved and
imaged along the ﬂooding plane. Adsorption of NPs on the mineral
surface was shown to be well spread that may indicate a monolayer like
coverage. There was some in situ aggregation of the NP which may be
due to drying and handling processes of the core before taking the SEM
image. However, the image did not show pore throat blockage hence
permeability impairment is not expected. SEM image conﬁrmed the
preferential adsorption of NPs obtained by the static adsorption tests.
Dynamic adsorption of NPs dispersed in the low salinity water
ﬂooding of berea sandstone is shown in Fig.4(a): BR1. The core was
saturated with LSW, loaded into the core holder and several PVs of LSW
was injected into the core. Thereafter, 1.5 PV of NF (1 g/l DP in LSW
with LiCl tracer) was injected into the core followed with post ﬂush by
LSW. The eﬄuent samples were collected and analysed for NP concentration (UV/Vis spectrometry), pH and the produced relative cations
concentration (Na+ and K+) as shown in Fig. 4(a), (b) and (c), respectively.
Fig. 4(a) shows that the breakthrough of the Li tracer and NPs occurred almost simultaneously. The NP concentration proﬁle shows a
longer tail compared to the tracer. This may indicate possible interaction of NPs with the core’s minerals. The amount of NPs irreversibly
adsorbed in the core was calculated from the mass balance by integrating the produced area under the NP concentration curve in

Fig. 4. (a) NP and tracer concertation (b) Eﬄuent pH proﬁles and (c)
Concertation of cations in eﬄuents from ﬂood BR1.

Fig. 4(a) and the known injected amount of NPs into the core. The
produced concentration proﬁle, may be divided into three regions: A, B
and C. Table 6 shows the analysis of NP production in these three regions.
Where, cinj and Vsl refers to the injected concentration and slug
volume of the nanoﬂuid. coA(V), coB(V) and coC(V) are the produced NP
concentration functions with respect to produced eﬄuent volume (V) in
regions A, B and C respectively. These were obtained from polynomial
regression ﬁtting of the concentration curves in Fig. 4(a). The R2 for the
ﬁts varied between 1-0.99. A1-A2, B1-B2 and C1-C2 refer to the limits
of region A, B and C respectively. In Fig. 4(a), the amount of NPs
produced in region A is termed here as excess NP, since the breakthrough coincided with the breakthrough of the tracer, i.e. un-interacted with the rock minerals (mAo). In region B, almost a plateau of NP
produced concentration is established. This may indicates that an
equilibrium between the adsorbed NP on sandstone minerals and desorbed concentration in the ﬂowing ﬂuid. At equilibrium period by the
end of region B, 43.49% of the total available NPs (mNP ) were estimated
which may be considered to be equal to the adsorbed NPs on the
sandstone minerals. In another way it may be considered as the maximum reversible adsorption up till that period of time (end of region B).
During NPs’ production region B, the tracer concentration reached a

Fig. 3. SEM image of NP adsorbed on mineral surfaces on a berea core. Magniﬁed view of the NP adsorbed on quartz surface on the right.
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4KAlSi3O8 (s)(orthoclase) + 22H2 0(aq) → Al 4 Si 4 O10 (s)(kaolinite)

Table 6
Analysis of NPs production in Fig. 4 (a).

+ 8H 4 SiO4 (aq) + 4K+ (aq) + 4OH− (aq)

Total NP injected (g)

mNPi

mNPi = cinj * Vsl

Excess NP produced in region A (g)

mAo

mAo = ∫A1 coA (V ) dV

Total NP available for adsorption
(g)
Total NP produced in equilibrium
region B (g)
Total NP adsorbed in core till end
of region A (g): reversibly
adsorbed NP
Total NP produced during
desorption phase in region C
(g)
Amount of NP irreversibly
adsorbed in the core (g)
NP production in region B (%)

mNP

mNP = mNPi−mAo

mBo

mBo = ∫B1 coB (V ) dV

0.013921

mrev

mrev = mNP −mBo

0.018082

mCo

mCo = ∫C1 coC (V ) dV

0.006767

mirr

mirr = (mrev−mCo)

0.011315

NPBo

NPBo =

mBo
mNP

43.49

Desorption in region C (%)

DspC

DspC

mCo
mNP

21.15

Total irreversible adsorption/
remained in core (%)

Adsirr

A2

B2

C2

Adsirr

( ) * 100
=(
) * 100
=(
) * 100
mirr
mNP

0.032715

(13)

0.000712

It is shown in Fig. 4(c) that during initial LSW injection, K+ in the
eﬄuent was high (Co/Ci ≈2). This was followed by a decrease to ≈
1.35 relative concertation. After injection of NF slug, K+ increased to
about 1.5, which coincides with the pH rise in the eﬄuent, which may
be explained based on Eq. (13). Thereafter, the K+ concentration
showed a downward trend which is accompanied the fall in pH. The pH
reduction could be due to the contribution of NP dissolution as per Eqs.
(11) and (12) and/or reduced mineral dissolution. During the post
ﬂush, the K+ concentration stabilized at around 0.8 relative to injected
concentration. This may indicate that, the in-situ adsorption of NPs on
the berea rock surface may have reduced K-feldspar dissolution thus
reducing ﬁnes production [23,39,40] therefore reduce formation damage. Hamouda, Valderhaug, Munaev and Stangeland [39] also stated
that LSW injection leads to possible ion exchange represented by the
following equation:

0.032003

35.36

4KAlSi3O8 (s)(orthoclase) + Na+ (aq) → K+ + NaAlSi3 O8 (s )(albite )
(14)

peak, after which it declined. This indicates the injected NF slug with
the tracer has passed through the core. Integrating the area under the
tracer production curve showed that almost all the injected amount of
the tracer was produced. Further, the tracer production stopped at
10.75 PV while the NP production continued up to 11.5 PV. Combining
these two observations, it can be inferred that the NPs produced in
region C were, most likely due to desorbed NPs. The NF slug injection
length was 1.5 PV. The unreacted tracer production length was 2.75 PV
(7.75 to 10.5 PV) and the NPs production length was 3.5 PV (7.75 to
11.25 PV). The ratio of NPs to tracer production volume was approximately 1.3. Thus NPs production takes approximately 30% longer time
to cease production after the slug has passed through the core. This
strengthens desorption of NPs during region C. As shown (Table 6),
21.15% or approximately 1/5th of the available NPs were desorbed
(Dspc) in region C. The maximum irreversible adsorption (Adsirr) in the
core was 35.36%. This indicates that irreversible adsorption of NPs
exceeds the reversible adsorption of NPs.
The pH of the eﬄuent is plotted along with the NP concentration as
shown in Fig. 4(b). During the initial injection of LSW, the pH remained
stable at about 7. The pH, then, increased after NP injection. Thereafter,
the pH fell down in the region in which NP desorption is inferred from
the diﬀerence in NP and Tracer concertation curves (region C). This
may be related to the dissolution of adsorbed NPs in accordance with
the following equations [37,38]:

SiO2 (s ) + 2H2 O ↔ H4 SiO4

(11)

H4 SiO 4 ↔ H3 SiO4− + H3 O+

(12)

The above reaction leads to reduction of Na+ during the initial LSW
injection. However, after the NF slug injection, the Na+ relative concentration in the eﬄuent was about 1.1. This may indicate suppression
of ion exchange based on Eq. (14). Thus, the investigated slug injection
of NPs into the berea sandstone suggests that the NPs adsorb on the
surface of berea and aﬀect the ﬂuid/rock interactions during low salinity ﬂooding.
From the static and dynamic adsorption of NP, two main observation can be inferred: (1) Salinity enhances the adsorption of NPs on
minerals and (2) Combining NPs with Low salinity may reduce ﬁnes
migration and formation damage during low salinity ﬂooding in berea
sandstones. The validity of these eﬀect of silica NPs during oil recovery
from berea sandstone is investigated in the following section.
3.2. Eﬀect of NPs on oil recovery during low salinity ﬂooding
Many researchers have identiﬁed that, injection of low salinity brine
may lead to enhanced release of ﬁnes which can cause formation damage [41–43]. In the previous section, adsorption of the NPs on
sandstone minerals was addressed. In this section, the eﬀect of NP adsorption during the recovery process and its eﬀects on the mineral
water interaction is addressed. The ﬂooding was divided into two
stages: primary recovery (brine alone) and secondary recovery (NP
dispersed in brine). To systematically address the eﬀect of NPs on low
salinity ﬂooding, three recovery schemes were compared. Table 5,
summarizes, the followed ﬂooding schemes for the three cases (BR2,
BR3 and BR4). The ﬂooding were performed at two ﬂow rates 4 PV/day
(0.06 ml/min) and 16 PV/day (0.24 ml/min). In the case of BR2, both
primary and secondary ﬂooding were done with SSW, however, in the
secondary recovery, silica NPs at 1 g/l was mixed with SSW. For BR3,
primary recovery was performed with LSW and secondary recovery
ﬂooding with silica NPs at 1 g/l prepared in LSW. Finally, for BR4,
primary recovery was performed with SSW followed by secondary recovery with silica NPs at 1 g/l concentration in LSW. The obtained oil
recovery proﬁles for ﬂoods BR 2-4 are plotted in Fig. 5.
It is shown in Fig. 5 that for all the ﬂooding experiments, most of the
oil was recovered within the ﬁrst PV water injection at 4 PV/day injection rate. Increasing the rate to 16 PV/day led to increment in recovery (≈ 0.63%) in the BR2 experiment with SSW but not for experiments BR3 and BR4. For primary recovery (without NPs) SSW was
more eﬀective, BR2 and BR4, compared to primary recovery by LSW
(BR3). However, when the ﬂooding was switched to NF (1 g/l DP prepared in LSW) in BR3, incremental recovery of ≈0.69% was observed.
Secondary recovery with NF in experiments BR2 and BR4 did not lead

Eq. (11) shows the dissolution of SiO2. Stumm and Morgan [37]
stated that SiO2 solubility increases at neutral to slightly alkaline pH
ranges in accordance with the above equations, producing silicic acid.
This weak acid further dissociates and reduces the pH (Eq. (12)) which
was observed during desorption of NPs. The adsorption/desorption of
silica NPs in low salinity environment in chalks showed similar behaviour [38]. Therefore it maybe concluded that the desorption of NPs is
inﬂuenced by the pH wherein increased alkalinity favours the NP desorption.
The eﬄuents were analysed for the produced cation concentrations
for the diﬀerent injection stages, Fig. 4(c). The concentration of cations
in the eﬄuent (Co) has been plotted relative to the injected concertation (Ci). Hamouda, Valderhaug, Munaev and Stangeland [39] have
previously investigated mechanisms during LSW ﬂooding. They stated
that LSW injection leads to mineral dissolution such as for example Kfeldspar as presented by the following equation:
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may reduce ﬁnes migration and formation damage. The diﬀerential
pressure drop during the ﬂooding was recorded (Fig. 6) to give a qualitative indication of the resistance to ﬂow in the porous medium and
thereby the ﬁnes migration.
It can be seen in Fig. 6 that the recorded pressure drop during primary recovery is lower for experiment BR2 (SSW) compared to BR3
(LSW). The cores were of similar dimension and PVs. Hence the ﬂowrates at 4 and 16 PV/day for both the cores was similar. Previous studies
have shown that lowering the salinity of brines may lead to release of
ﬁnes and formation damage in berea sandstones [23,46]. Tang and
Morrow [40] also suggested that low salinity water injection could lead
to release of ﬁnes in sandstones. The higher observed pressure drop due
to LSW injection could thus be an indication of increased release of
ﬁnes. Hamouda and Valderhaug [13] made a similar observation of
increased pressure drop during low salinity injection. On switching the
ﬂood to NF in BR2 at 4 PV/day, the pressure drop increases slightly to
0.015 bar from 0.013 bar. At 16 PV/day the recorded pressure drops
with and without NPs were about the same: 0.097 and 0.096 bar, respectively. SEM imaging in Fig. 3 showed that the NP adsorption did
not lead to blockage of pore throats. However, particle size measurements showed that the NP exhibit a higher size in SSW. The increased
size could hinder the ﬂow of NPs through the core and thus exhibit the
slightly higher pressure drop in BR2. On switching the ﬂood to NF in
BR3, the pressure drop ﬂuctuated between 0.013 and 0.017 bar, which
was lower than the pressure drop during primary recovery at 4 PV/day,
0.021 bar. This may, qualitatively indicate reduction of the produced
ﬁnes. Huang et al. [47] reported that for a sand pack treated with silica
NPs, the pressure drop across was 10% lower (improving water injectivity) than of a sand pack without NP. In addition, Arab and
Pourafshary [18] stated that porous media that has been treated with
NPs adsorbs ﬁnes particles. Finally for combined ﬂooding BR4
(Fig. 6(c)), the recorded pressure drops was lower than during NF injection at 4 PV/day. It was estimated that the water injectivity improved by 19 and 28% respectively for ﬂood BR 3 and 4 respectively. At
16 PV/day, the pressure drops were almost equal. Thus the recorded
pressure drops in Fig. 6 may indicate a reduction in the produced ﬁnes
by combining low salinity and NPs. The NP concentration in the efﬂuents during ﬂoods BR 2-4 is shown in Fig. 7.
It is shown in Fig. 7 that for BR2 (NF in SSW) that the eﬄuent NP
concentration reached a peak of 0.28 g/l as compared to the peak of
0.67 g/l for BR3 (NF in LSW). This indicates higher adsorption of NP in
the core at elevated salinity similar to observations made in the previous section with static adsorption tests. Increasing NF injection rate to
16 PV/day, the eﬄuent NP concentration fell for both BR2 and BR3
which suggests that NP adsorption increases with higher injection rate.
This may be due to diversion of NPs to un-swept parts of the core. For
combined ﬂooding in BR4, the NP eﬄuent concentration was around
0.5 g/l which is intermediate between BR 2-3. This may be due to the
presence to residual SSW from the primary stage which enhanced the
adsorption of NPs onto the core’s minerals. The pH of the eﬄuents
during for the performed ﬂooding is shown in Fig. 8.
During primary recovery by SSW (BR2), eﬄuent pH was slightly
lower than injected pH. This reduction in pH has been reported by other
researchers earlier [48,49]. The pH observed during ﬂood BR3 (all
LSW) is slightly higher than the injected pH. This behaviour is typical to
low salinity ﬂoods and has been reported previously [13]. On switching
to NF in SSW in ﬂood BR2, rise in pH was observed. A similar rise in pH
was observed for ﬂood BR3 with NF in LSW. For combined ﬂood BR 4,
the pH remain lower than injected pH for primary recovery by SSW.
Thereafter, the pH rises when the ﬂood is switched to NF prepared in
LSW. The rise in pH after NP injection is similar to the observation
made during NP slug injection (Fig. 4b). The cations produced during
ﬂoods BR 2-4 are shown in Fig. 9.
The cation concentrations for experiment BR2, minor changes of the
relative cations’ concentrations (Na+, K+ and Ca2+) at the diﬀerent
stages. For Na+, K+ and Ca2+, the average relative concentrations are

Fig. 5. Oil recovery proﬁles for ﬂoods (a) BR2, (b) BR3 and BR4.

Fig. 6. Diﬀerential pressure drop proﬁles for ﬂoods (a) BR2, (b) BR3 and BR4.

to incremental recovery. Incremental recovery by silica NFs in sandstones have been reported previously by many studies [9,44,45]. These
studies were performed at higher ﬂow rates to enable better sweep of
the used cores and address the incremental recovery by NFs. However,
the objective of this study is to address the eﬀect of NP adsorption on
ﬂuid/rock interactions during low salinity ﬂooding. Therefore, the experimental design involved ﬂooding performed at lower ﬂowrates that
is closer to real ﬁeld cases and to give the injected ﬂuid greater residence time in the core. However, a possible shortcoming of using
lower ﬂow rates is that it could lead to an un-swept zone, especially in a
high permeability cores like berea as evidenced by the low overall recovery (average recovery of about 20%) shown in ﬂoods BR 2–4. The
eﬄuent ﬂuid was analysed for: (1) pH (2) NP concertation and (3)
concentration of cations produced due to ﬂuid/rock interaction. In the
previous section, it was indicated that combining LSW with silica NPs
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Fig. 9. Relative concertation of K+ and Na+ and Ca2+in eﬄuents for ﬂoods (a)
BR2, (b) BR3 and BR4.

Fig. 7. Eﬄuent NP concentration proﬁle for ﬂoods (a) BR2, (b) BR3 and BR4.

relative. This suggests possible ion exchange by Eq. (14). However,
when the ﬂood was switched to NF, the K+ relative concentration fell
and stabilized at around 0.85 and 0.66 at injection rate of 4 and 16 PV/
day respectively. Further the Na+ relative concertation also rose to 0.94
and 0.95 at injection rate of 4 and 16 PV/day respectively. This may
suggest that both mineral dissolution and ion exchange were reduced
by the NF and this reduction was observed to be larger at higher
ﬂowrate. This coincides NP adsorption increases at the higher ﬂowrate
in Fig. 6(b).
Unlike BR2 (all SSW), high Ca2+ production is observed during
primary recovery by LSW in BR3. Hamouda and Valderhaug [13] reported the same observation and suggested the presence and dissolution
of cementing material (CaCO3) in the core. Previous work in our lab has
shown that the used silica NPs can signiﬁcantly lower the dissolution of
calcite [38]. As the ﬂood is switched to the NF, the Ca2+ levels fell and
ﬂuctuated between 4.65 and 0.62. Further reduction in Ca2+ levels was
observed when NF injection rate was increased to 16 PV/day (ﬂuctuation between 2.64 and 0.49). This conﬁrms the previously stated observation of increasing eﬀect of NP at higher ﬂowrate. Thus combining
LSW with the used NPs reduces the mineral dissolution induced by
injecting LSW alone and also reduce loss of cementing mineral. This
may explain the reduction in pressure drop observed in Fig. 5(b) due to
reduction of ﬁnes caused by adsorption of NP of berea surface. During
combined ﬂooding in BR4, the relative concentrations of all the ions
were close to 1 during primary recovery by SSW. During secondary
recovery by NF in LSW, initially the ions are high perhaps due to residual SSW from previous stage. Thereafter both K+ and Ca2+ showed a
decreasing trend. This conﬁrms the conclusions made in the above
cases.

Fig. 8. Eﬄuent pH proﬁles for ﬂood (a) BR2, (b) BR3 and (c) BR4.

0.9, 0.5 and 0.4, respectively. The changes within the average concentration are extremely small to be explained within a reasonable
accuracy.
In the case of experiment BR3 (LSW), initially high relative concentrations of Na+, K+ and Ca2+ was produced perhaps due to residual
SSW in the core during establishing initial water saturation. As the
primary ﬂood progressed, K+ relative concentration stabilized at 1.6
and 1.37 at 4 and 16 PV/day respectively. Additionally, the increase in
pH observed during these stages in Fig. 8(b) may suggest mineral dissolution of K-feldspar as per Eq. (13). During this stage the Na+ concentration is lower than the injected concentration by about 0.2

3.3. Berea surface modiﬁcation by NP adsorption
The adsorption of NPs modiﬁed the berea surface. The eﬀect of the
surface modiﬁcation on the interaction between the ﬁnes and berea was
modelled based on the DLVO theory. The zeta potential of berea
powder aged in synthetic oil and dispersed in SSW and LSW corresponds to the primary recovery stages in ﬂoods BR2 and BR3 respectively. The oil aged berea was further treated with NF at 1 g/l concentration in SSW and LSW. The modiﬁed mineral was recovered and
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4. Conclusions

Table 7
Zeta potential and size measurements of modiﬁed berea minerals and ﬁnes.
Mineral

Zeta potential (mV)

Berea aged in oil and dispersed in SSW
Berea aged in oil and dispersed in LSW
Berea aged in oil and then treated with NP and dispersed in
SSW
Berea aged in oil then treated with NP and dispersed in
LSW
Fines in SSW
Fines in LSW

−7.67
−18.1
−8.91

This study addresses adsorption of silica NPs on the berea sandstone’s minerals and its eﬀect on ﬂuid/rock interactions during low
salinity water ﬂooding. In summary, this work demonstrated the synergistic eﬀect by combining the two technologies of LSW and nanoparticles by reducing the probability of formation damage. The following are the conclusions:

−21.2
−5.89
−13.7

1 The silica NPs showed higher adsorption aﬃnity towards quartz
compared to kaolinite. Static adsorption and SEM images conﬁrmed
that the preferential adsorption aﬃnity on quartz as well as the
spread of NPs on the surface. In addition, it is shown that the adsorption of NPs on minerals was enhanced at higher salinity (SSW).
2 It is interesting to observe the dynamic adsorption behaviour of the
dispersed silica NPs in LSW. Three regions were identiﬁed and
correlated to the injected NPs’ slug volume and the tracer proﬁle.
The adsorbed NPs on the berea surface was about 35% wt. The estimated desorption was about 21.2%wt. This may indicate a strong
adherence of the nanoparticles on the mineral surface. It is also
indicated that the adsorption/desorption of silica NPs is inﬂuenced
by the pH wherein increased alkalinity favours the NP desorption as
in low salinity environment.
3 During secondary recovery by NFs, it was shown that NP adsorption
reduces mineral dissolution, ion exchange process and loss of cementing minerals caused by LSW injection. Lower pressure drop was
observed during injection of NFs. These observations indicate that
silica NPs may reduce formation damage associated with low salinity water injection in sandstone reservoirs.
4 Modifying the minerals with silica NPs make the interaction energy
more attractive for both LSW and SSW. The change is more pronounced for the case of LSW compared to that with SSW.

Size classes of the ﬁne particles
Radius of ﬁne particles (nm)

Intensity (%)

233.8
68.57
2687

73.0
24.2
2.8

Fig. 10. Calculated interaction potential between the ﬁnes and the mineral at
70 °C.

dispersed in SSW and LSW after which zeta potential measurements
were performed to correspond to the secondary recovery stage of ﬂoods
BR2 and BR3. The size of the ﬁnes eluted from ﬂooding berea has been
reported by Abhishek and Hamouda [33]. The zeta potential and size
measurement are listed in Table 7.
The interaction potential between the ﬁne particles and the porous
media was calculated assuming sphere plate collector model presented
in Section 2.4. Since the ﬁnes have separate size classes, the interaction
potential was calculated for each size class and summed on a weighted
basis:
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