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Abstract: This study addresses the kinetics of silica nanoparticle adsorption on calcite from a solution
at three salinities: deionized water (DIW), synthetic seawater (SSW), and low salinity water (LSW).
The nanoparticle adsorption mechanisms and the effects on calcite dissolution are addressed. It was
shown that nanoparticle adsorption was best described with the second-order-kinetic model and
that silica nanoparticle adsorption reduced calcite dissolution. This was confirmed by measuring
the Ca2+ ion concentration, the pH, and by estimating the amount of calcite dissolved. This is
an important conclusion of this work, especially as LSW as an enhanced oil recovery technique
is a candidate for use in chalk fields. Less formation damage/dissolution of chalk when silica
nanoparticles are combined with LSW can lower the risk of reservoir subsidence. Intraparticle
diffusion and the pseudo-second-order models, indicated a reduction in the adsorption rate with
increasing nanoparticle concentration in LSW. This is explained by possible repulsive forces among
the nanoparticles as they diffuse from the bulk fluid onto the calcite surface. Ion charges reduce
the repulsion among the nanoparticles through shielding. However, an increasing nanoparticle
concentration reduces the shielding efficiency by the ions. Estimates of the surface forces confirmed
that nanoparticle–mineral interaction is less attractive in LSW as compared to SSW and DIW.

Keywords: chalk; silica NP; calcite dissolution; adsorption kinetics; intraparticle diffusion; kinetics of
NP/chalk interaction; interaction forces in presence of salt

1. Introduction

Nanofluids are colloidal dispersions of nanoparticles with sizes below 100 nm dispersed in a
suitable medium. Over the past decade, nanofluids have attracted a lot of attention for enhanced
oil recovery (EOR) from petroleum reservoirs [1–4]. The effectiveness of nanoparticles (NP) for
enhancing oil recovery has been investigated by many researchers [2,5–11]. Among the various
metal oxide nanoparticles, silica has emerged as a promising material for EOR due to: (1) ease of
surface functionalization, (2) good transport properties in the reservoir, and (3) wettability change
due to adsorption of silica nanoparticles on the rock surface [12–14]. In addition, silica nanoparticles
have found applications in fields such as CO2 reforming [15], removal of organic and inorganic
pollutants [16], drug delivery [17], environmental materials [18], among others. Since the incremental
oil recovery obtained from the application of silica nanoparticles is generally attributed to the
wettability alteration, the adsorption of nanoparticles on the rock surface is of primary importance for
modifying the rock surface from an oil-wet to a water-wet state.

While some studies have addressed the adsorption behavior of nanoparticles in sandstone
reservoirs [12,19–23], few investigations have addressed the applicability of nanoparticles to carbonate
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reservoirs [24–28]. Nazari Moghaddam et al. [29] addressed the applicability of nanoparticles in
altering the wettability of carbonate reservoirs. Al-Anssari, et al. [30] reported that silica nanoparticle
adsorption on the calcite surface is irreversible and it can cause wettability alteration from an
oil/mixed-wet to water-wet state. Their research group also reported that the silica nanofluid treatment
was more effective at elevated temperatures [24]. Monfared, et al. [31] studied silica nanoparticle
adsorption on calcite surfaces and the effect of salinity and pH on the adsorption process. However,
the adsorption of silica nanoparticles on the calcite mineral, which is the major constituent of chalk
reservoirs, is not well understood.

Chalk reservoirs are highly porous but have low permeability. Chalk reservoirs have pore throats
in the order of 0.2 µm [32]. The use of micro particles of silica could lead to a blockage of the pore throats
and hence nanoparticles with particle size of less than 100 nm are ideal for chalk reservoirs. Previous
work in our lab [33] addressed the adsorption of silica nanoparticles dispersed in different brines on
chalk surfaces and their effect on fluid/rock interaction especially during combined nanoparticle and
low salinity water injection. Low salinity water flooding has emerged as a cheap and environmentally
friendly technique for improving oil recovery [34–41]. Increased calcite dissolution induced by the
interaction between the injected low salinity water and calcite [42–45] during flooding may lead
to a loss of rock integrity [46]. However, we found that silica nanoparticles could reduce calcite
dissolution by ≈30% induced by low salinity flooding of chalk, in addition to increasing oil recovery
that can be achieved by low salinity flooding alone [33]. The adsorption behavior of nanoparticles
was studied during the flooding process. The present work focuses on the kinetic aspects of the
adsorption process on the calcite mineral. Batch adsorption experiments were carried out at three
salinities: deionized water (no added salts), seawater (high salinity) and low salinity water (at 1:10
seawater dilution). Additionally, the calcium ion concentration and pH were tracked during the batch
adsorption experiments to address the effect of nanoparticle adsorption on calcite dissolution.

2. Materials and Methods

The silica nanoparticles (DP9711) were obtained at 30% weight (wt.) concentration from Nyacol
Nano Technologies dispersed in deionized water (DIW). The nanofluids were prepared by diluting
the stock dispersion with appropriate fluids. While aggregation is an issue with nanoparticles in
general, the stability of the used nanoparticles (DP9711) in DIW, synthetic seawater (SSW), and low
salinity water (LSW) with 1:10 SSW dilution has been investigated previously [33]. We found that
after three months, particle size measurements were close to the initial measured values (within
5 nm). In addition, the nanofluids remained visually clear with no sign of sedimentation. Calcite
mineral powder of analytical grade was acquired from Riedel-de Haen AG (Hannover, Germany).
The specific surface area of the calcite powder (0.23 m2/g) has been determined previously in our
lab [34]. SSW (pH 7.45) and LSW (pH 7.32) were the brines used in this study. LSW at 1:10 dilution
was used based on our previous work for the assessment of the best dilution performance as an EOR
method [40,46]. The ionic composition of the brines is listed in Table 1.

Table 1. Ionic composition of brines.

Ion Synthetic Seawater (SSW) (mol/L) Low Salinity Water (LSW) (mol/L)

HCO3− 0.002 0.0002
Cl− 0.525 0.0525

SO4
2− 0.0240 0.0024

Mg2+ 0.045 0.0045
Ca2+ 0.013 0.0013
Na+ 0.450 0.045
K+ 0.010 0.0010
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The nanofluids were prepared at 1 g/L nanoparticle concentration in DIW, LSW, and SSW.
The average particle size (hydrodynamic radius) and zeta potential (Smoluchowski model) of the silica
nanoparticles were measured previously [33]. The zeta potential (Smoluchowski model) of calcite
mineral powder dispersed in different fluids was also measured using a Zetasizer Nano ZSP from
Malvern Instruments (Malvern, UK). The values are listed in Table 2.

Table 2. Particle size and Zeta potential of silica nanoparticles and calcite mineral. Deionized
water—DIW.

Material Dispersing
Fluid

Temperature
(◦C)

Hydrodynamic
Radius (nm) pH Zeta-Potential

(mV)

Silica nanoparticles DIW 25 18.76 6.0 −30.7
Silica nanoparticles DIW 50 19.29 - -
Silica nanoparticles DIW 80 19.7 - -
Silica nanoparticles LSW 25 18.96 7.2 −12.1
Silica nanoparticles LSW 50 19.1 - -
Silica nanoparticles LSW 80 19.35 - -
Silica nanoparticles SSW 25 28.18 7.3 −6.4
Silica nanoparticles SSW 50 28.77 - -
Silica nanoparticles SSW 80 44.06 - -

Calcite DIW 25 - 9.62 −23.4
Calcite LSW 25 - 8.39 −8.0
Calcite SSW 25 - 7.56 −3.7

2.1. Adsorption Experiments

Five grams of calcite powder was dispersed in 30 mL of nanofluid. The nanofluid was prepared
at a predetermined nanoparticle concentration and dispersion fluid salinity. The nanofluid-calcite
dispersion was placed in a 50 mL capped centrifuge tube. The tube containing the nanofluid and
the mineral was then agitated on a rotary agitator for the desired length of time. At the end of the
period, the mineral was removed from the fluid by centrifuging at 10,000 rpm and decanting the
supernatant fluid. The supernatant fluid was then filtered through a 0.22 µm filter, which allowed the
nanoparticles to pass through but not the larger calcite mineral particles. The remaining concentration
of the nanoparticles in the supernatant was determined by their absorbance in a dual beam UV/Vis
(Ultraviolet–visible) spectrophotometer (UV/Vis 1800 spectrophotometer from Shimadzu Corporation,
Kyoto, Japan) at 240 nm wavelength against DIW, comparing it with the calibration curves and making
baseline corrections. The supernatant nanoparticle concentration was then used to estimate the amount
of nanoparticles (adsorbate) adsorbed on the known amount of calcite mineral (adsorbent). A series
of adsorption experiments were performed with increasing time until equilibrium adsorption was
reached. To address the extent of calcite mineral dissolution, the pH of the supernatant was measured
using S220 SevenCompactTM pH/ion meter by Mettler-Toledo International Inc (Columbus, OH,
USA) calibrated with buffers of pH 7 and 10.1. The concentration of the Ca2+ in the supernatant
fluid was determined by Ion Chromatography (IC) using a Dionex ICS-5000 ion chromatograph from
Thermo Fisher Scientific (Waltham, MA, USA). Additionally, mineral dispersions prepared in different
fluids (without nanoparticles) were also analyzed for Ca2+ concentration and pH to obtain a baseline
for comparison.

2.2. Surface Forces

The interaction energies between the nanoparticle and calcite minerals affect the adsorption
of nanoparticle on the mineral. The theory of surface forces can be utilized to calculate
the interaction energies between the nanoparticles and calcite minerals based on the
Derjaguin–Landau–Verwey–Overbeek (DLVO) theory. As a result of the size difference between the
nanoparticles and mineral, the curvature of the mineral surface may be neglected and the interactions
can be modeled based on Sphere–Plate collector geometry. The net interaction (Vt) as a function of
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separation distance (h) is the sum of London–van der Waal interaction (VLVA) and Electric double layer
interaction (VEDLR), which can be calculated as:

Vt(h) = VLVA(h) + VEDLR(h), (1)

where kB is the Boltzmann constant (1.38 × 10−23 J K−1) and T is temperature. The contributions, as a
result of the different interactions in Equation (1) based on the constant potential approach, can be
calculated as follows [31,47,48]:

VLVA(h) = −
A132
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where ap is the silica particle radius (m) and A132 is the Hamaker’s constant calculated according to the
Lifshitz theory based on the refractive indices, dielectric constants, and the temperature [48]:
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where ε1(8), ε2(4.5), and ε3(80) represent the static dielectric constants of the interacting species (mineral
and nanoparticle) and the intervening media (water), respectively [49]. η1(1.66) [50], η2(1.45) [51],
and η3(1.33) [52] represent the refractive indices at 0.5876 µm wavelength of the interacting species
(mineral and nanoparticle) and the intervening media (water), respectively. The refractive index
can vary by approximately 7.9 × 10−3 between fresh water and salt water and its effect has been
neglected [53]. Hence, in this study, the same value of refractive index is assumed for all mediums.
ho is the Planck’s constant (6.626 × 10−34 J s) and ve is the main electron absorption frequency in the
ultraviolet region and its value is between 3–5 × 1015 s−1 [50]. The permittivity of free space ε0: 8.854
× 10−12 C2 J−1 m−1. ζp and ζs are the surface potentials of the nanoparticles and minerals, respectively,
which can be considered as the zeta potential. The estimation of the surface forces in this study was
performed at 25 ◦C. For DIW, the inverse Debye length can be taken as (9.6 × 10−7)−1 m−1 [54]. For
the saline mediums, the inverse Debye length (κ−1) depends on the salinity of the intervening medium
(LSW/SSW) and can be calculated as:

κ−1 =

√
ε0εwkBT

2e2 I
, (5)

where e is the elementary charge of an electron (C), kB is the Boltzmann constant, and I is the ionic
strength of the medium:

I =
1
2 ∑ ciZ2

i , (6)

where ci is the ion concentration of the ith species and Zi is the valence number of the ith species as
listed in Table 1. The data used for the surface force calculation has been has been listed in Table 2.
Finally, the total non-dimensionalized interaction energy (Vt,ND) can be calculated as follows:

Vt,ND(h) =
(VLVA(h) + VEDLR(h))

kB × T
. (7)
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3. Results and Discussions

Low salinity water injection has emerged as an EOR technique for chalk reservoirs [36–39].
LSW has also been shown to promote calcite dissolution [40,46] which can affect chalk matrix integrity
and lead to subsidence. However, our previous work [33] showed that silica nanoparticles have a
tendency to adsorb on calcite surface and reduce the solubility of calcite by about 30% during combined
silica nanoparticles and low salinity flooding of chalk. This work addresses nanoparticle adsorption
kinetics on calcite and its effect on fluid/mineral interaction. The adsorption of nanoparticles dispersed
in water at three salinities (DIW, LSW, and SSW) and its influence on calcite dissolution mechanisms
were investigated. The nanoparticle concentrations used were 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 LSW used in this work was
SSW diluted 1:10 by DIW. The selection of the LSW composition was based on our previous work as
well as that of other researchers based on its performance as an EOR injection fluid.

3.1. Adsorption Kinetics

The nanoparticle adsorption data obtained from the experiments described in Section 2.1 were
fitted to pseudo-first-order and pseudo-second-order models to address the order of the adoption
process. The linearized form of the pseudo-first-order and second-order models can respectively be
expressed as [31,55]:

ln
(
qeq − q(t)

)
= ln(qeq)− k1t, (8)

1
q(t)

=
1

k2q2
eq

+
t

qeq
, (9)

where q(t) and qeq are the experimentally obtained data of nanoparticle adsorption (mg/g) on calcite at
a given time (t) and equilibrium, respectively. k1 (1/h) and k2 (g/mg h) are the respective rate constants.
The linear fits for kinetic adsorption data in DIW and SSW are shown in Figure 1. Figure 1a,b, examine
the linearity fit with the data by ln(qeq-q(t)) vs. t and t/q(t) vs. t, respectively, for pseudo-first and
pseudo-second-order models. The slope and the intercept were used to estimate the rate constants
and equilibrium adsorption for both models (Table 3). It is shown in Figure 1a and Table 3 that
the R2 correlation values of the linear fits are poor (0.88–0.94) for both DIW and SSW. Additionally,
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 model (Figure 1b). The R2 values are close to 1 and the model
estimated equilibrium adsorption agrees well with the experimental data (Table 3). This indicates
that the pseudo-second-order model best describes the adsorption of silica nanoparticle on the calcite
surface. It is interesting to see that at elevated salinity, SSW, the adsorption rate is ≈3 times higher
than that for DIW and the equilibrium adsorption almost doubled.Nanomaterials 2019, 9, 213 6 of 15 
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Table 3. Summary of the fit parameters from the kinetic order data.

Pseudo-First-Order Model

Fluid Exp qe (mg/g) R2 k1: (1/h) Estimated qe: (mg/g)

DIW (nanoparticle conc 1 g/L) 2.41 0.88 0.055 0.312
SSW (nanoparticle conc 1 g/L) 4.75 0.94 0.2132.5 0.971
LSW (nanoparticle conc 1 g/L) 4.4 0.9025 0.1149 1.09319

LSW (nanoparticle conc 1.5 g/L) 4.75 0.9378 0.0066 0.88923

Pseudo-Second-Order Model

Fluid Exp qe (mg/g) R2 k2: (g/mg h) Estimated qe: (mg/g)

DIW (nanoparticle conc 1 g/L) 2.41 0.99 0.73 2.41955
SSW (nanoparticle conc 1 g/L) 4.75 1 2.5 4.76644
LSW (nanoparticle conc 1 g/L) 4.4 1 0.191 4.44

LSW (nanoparticle conc 1.5 g/L) 4.75 0.99 0.11 5.68

To address the adsorption of nanoparticles in LSW, two sets of kinetic adsorption experiments
were performed with two nanoparticle concentrations, 1 and 1.5 g/L, while the amount of the calcite
was kept constant. It was shown that the adsorption data with the pseudo-second-order model
for both nanoparticle concentrations fitted well. Figure 2a,b and Table 3 show the data fit, fitting
coefficients, and the estimated equilibrium adsorption. It is shown in Figure 2a and Table 3 that
R2 for the first order are poor (0.9–0.93) for both concentration of nanoparticles in LSW and the
model estimated equilibrium adsorption varies significantly from the experimentally observed level
of equilibrium adsorption. It is therefore concluded that similar to the adsorption of nanoparticles
from DIW and SSW, pseudo-second-order models describe the adsorption process well, as R2 ≈ 1 for
both the concentrations and the model estimated equilibrium adsorption is close to the experimental
equilibrium adsorption. It is interesting to note that as the nanoparticle concentration 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 concentrations) are lower than the rate estimated for DIW and SSW. This observation
is discussed in the following section. From the kinetic adsorption data discussed so far, it may be
concluded that the adsorption for silica nanoparticles from the three dispersing fluids (DIW, SSW, and
LSW) onto the calcite surface is a second-order process. The adsorption mechanism is discussed in the
following section.Nanomaterials 2019, 9, 213 7 of 15 
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3.2. Intraparticle Diffusion Model (IPD)

The proposed model of Weber and Morris [56] has been applied in previous studies to understand
adsorption mechanisms. The linear relationship between q(t) and t0.5 indicates the contribution of
intraparticle diffusion. Wu et al. [57] used the fractional approach to equilibrium change to determine
the IPD contribution to the adsorption kinetics as follows:

qt = K t0.5 + C, (10)
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qeq = K t1.5
eq + C. (11)

Rearrangement yields,
qt

qeq
= 1− Ri

[
1−

(
t

teq

)0.5
]

, (12)

where

Ri = K
teq

0.5

qeq
, (13)

Here, Ri is defined as the initial adsorption factor, K (mg/g h0.5), qt (mg/g), qeq (mg/g), t (hr), teq

(hr), and C (mg/g) are the intraparticle diffusion rate, adsorbed amount at time t, adsorbed amount at
equilibrium, time (h), the time to reach equilibrium, and initial adsorption amount (intercept). Ri may
also be expressed as the ratio of the initial adsorption to equilibrium adsorption amounts, which is
used in this work

Ri = 1− C
qeq

. (14)

From Equation (14), if C = 0, that means there is no initial adsorption in the system.
Figure 3 shows the characteristic curves for DIW (nanoparticle conc 1 g/L), LSW (nanoparticle

conc 1 g/L), LSW (nanoparticle conc 1.5 g/L), and SSW (nanoparticle conc 1 g/L) systems. Table 4
shows the classified adsorption characteristic according to Wu et al. [57]. In the case of DIW,
LSW (1 g/L) and LSW (1.5 g/L) adsorption is classified as strong initial adsorption. That is, all
the systems follow strong initial adsorption behavior except SSW (1 g/L), which is shown to be
approaching complete initial adsorption, where qe 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.
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Table 4. Summary of initial adsorption of intraparticle diffusion model (IPD) model.

Fluid_Nanoparticle Conc. C (mg/g) K (mg/g h0.5) Ri teq(hrs)_Adsorption Characterization

DIW_1.0 g/L 1.8 0.16 0.25 49 (hrs)_ Strong initial adsorption
LSW_1.0 g/L 2.13 0.51 0.52 49(hrs)_Strong initial adsorption
LSW_1.5 g/L 4.29 0.19 0.24 49(hrs)_Strong initial adsorption
SSW_1.0 g/L 4.56 0.036 0.037 16(hrs)_near complete initial adsorption

The reduced Ri in LSW, as the nanoparticle concentration increases from 1 to 1.5 g/L to almost
half may be explained by repulsive forces among the nanoparticles as they diffuse from the bulk fluid
towards the calcite surface. In other words, the effect of ion charges could help to reduce the repulsive
forces. However, the efficiency of the ion charges in shielding nanoparticles and reducing the repulsive
forces among them is reduced as the nanoparticle concentration increases. This may also explain the
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lower adsorption rate observed for LSW with nanoparticles at 1.5 g/L during our investigation of the
adsorption kinetic order in the earlier section.

Another interesting observation is that Ri is almost equal in both DIW and LSW (1.5 g/L), which
may support the above hypothesis. That is to say, in the presence of dissolved salts, the ions work
as a barrier reducing the adsorption rate and in the absence of salt ions (DIW) the repulsive force
among the nanoparticles reduces the adsorption rate. This is an interesting phenomenon worth
further investigation.

It is shown in Figure 4 that the total interaction energies, estimated by the DLVO theory, between
nanoparticle and calcite mineral remain attractive at all separations in DIW and SSW. However, in the
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 the SSW and DIW systems.
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3.3. Fluid/Mineral Interaction

Two main chemical processes may take place between fluids and mineral (CaCO3). Those are
dissolution and adsorption, as presented below:

CaCO3 + H2O 
 Ca2+ + HCO−3 + OH−, (15)

2CaCO3 + H2O + NP 
 CaCO3 −NP + Ca2+ + HCO−3 + OH−. (16)

As shown in Equation (15), dissolution of calcite increases the pH. The adsorption process may be
presented by Equation (16), where OH− and HCO3

− are among the reaction products. The above two
reactions indicate an increase in the fluids’ pH due to calcite dissolution.

The pH values with the dispersed nanoparticles in DIW, LSW, and SSW are 6.0, 7.2, and 7.3,
respectively. The pH ranges vary depending on the fluid in which the adsorption and dissolution are
taking place. That is, the pH is not controlled but the pH was monitored during the progression of the
experiments. The changes in the pH with time during the experiments for the different dispersing
fluids with and without nanoparticles are shown in Figure 5. The order of the pH values from highest to
lowest for nanoparticle dispersing fluids are DIW > LSW(nanoparticle conc 1 g/L) > LSW(nanoparticle
conc 1.5 g/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 may be explained by
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the formation of silanol, as a result of the dissociation of water molecules to form silanol groups and
reduce the pH [58]:

−SiOH 
 −SiO− + H+. (17)
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In spite of the reduction of the pH, the dissolution of calcite is also reduced (this is 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 an insignificant
decrease in the pH, as discussed above. The second factor is the adsorption of the nanoparticles on the
calcite surface which affects the dissolution and perhaps the formation of silanol.

Figure 6 shows the supernatant Ca2+ and surface coverage with nanoparticles as a function of time
in the cases of DIW and SSW. The contact barrier between the mineral and DIW is well demonstrated
in Figure 6a. When the percentage coverage of the surface by the nanoparticles reached the equilibrium
phase, the Ca2+ concentrations reached a steady state at about 49 h. The Ca2+ concentration was
reduced (from ≈0.003 to ≈0.0015 mol/L) by about 50% with nanoparticle adsorption. In the case of
SSW, Figure 6b demonstrates a reduction in Ca2+ (≈ 0.0046 to 0.0041) of about 10% after 16 h, when the
adsorption of the nanoparticle reached equilibrium for the percentage calcite surface coverage of about
27%. It is interesting to observe that the Ca2+ concentrations decline rather than increase as a result of
the solubility. Figure 7 for LSW (1 and 1.5 g/L nanoparticle concentration) shows similar observations
as for SSW. The Ca2+ concentrations decline after a concentration spike (without nanoparticles) reaching
≈0.011 mol/L compared to≈0.0046 mol/L (with nanoparticles). The two most important observations
are that Ca2+ shows declining trends in both cases, LSW and SSW, as well as a higher initial spike in
Ca2+ concentration in the case of LSW compared to that of 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 [59]:

2SiOH + Ca2+ 

(
−SiO−

)
2Ca2+ + 2H+. (18)
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Equation (18) could support the reduction in Ca2+. However, Janusz, Patkowski, and
Chibowski [59] previously measured the Ca2+ uptake by silica in solutions of ionic strength similar
to the LSW used in the present study. They estimated an uptake capacity of ≈0.0016 µmol/L 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
SO4

2− 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 the case of SSW (Figure 6b) may be the result of the higher SO4

2− ion 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 the DIW, where SO4

2− is absent. We therefore believe that the second mechanism is the
cause of this observation.

Figure 7 shows that as the nanoparticle concentration in LSW was increased from 1 to 1.5 g/L,
the Ca2+ concentration was further reduced at the onset of nanoparticle adsorption. As the adsorption
progresses, the Ca2+ concentration for the case of 1.5 g/L almost reached the same concentration as
in the case of 1 g/L. Near the end of the experiment, in both cases the Ca2+ concentration reached
a level close to the Ca2+ concentration in LSW. The observed decrease in Ca2+ concentration may
be related to the intraparticle diffusion phenomenon (discussed earlier) occurring after reaching the
maximum calcite surface coverage by the nanoparticles. In both cases, Ca2+ concentration reduction
continues (Figure 7) reaching the lowest Ca2+ concentration almost at the same rate until it reached the
level of Ca2+ concentration in LSW. The Ca2+ concentration after the nanoparticle surface coverage
reached maximum (about 49 h, Table 4) was about 1.3 times higher for nanoparticle at 1 g/L (≈0.0032
mol/L) than that for 1.5 g/L (≈0.0024 mol/L). The amount of calcite dissolved was estimated from
the areas under the produced Ca2+ concentration curves in Figure 7 (with and without nanoparticles).
The results are shown in Figure 8, where it demonstrates that an increasing nanoparticle concentration
led to a lower amount of calcite dissolution. This can have profound implications when designing
LSW flooding of chalk reservoirs.
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4. Conclusions

This study addressed the kinetics of silica nanoparticle adsorption dispersed in three saline waters
(DIW, SSW, and LSW). Additionally, the dynamic calcite dissolution related to the progression of
nanoparticle adsorption was addressed. On the basis of the observation and analysis made in this
study, the following conclusions were made:

1. The adsorption of silica nanoparticles on calcite is best described with a pseudo-second-order
model.

2. Both the rate of adsorption and the level of equilibrium adsorption increase substantially as the
salinity increases from DIW to SSW.

3. The reduction by half of Ri in LSW as the nanoparticle concentration increases from 1 to 1.5 g/L
may be explained by repulsive forces among the nanoparticles as they diffuse from the bulk fluid
towards the calcite surface. This may also explain the lower adsorption rate observed for LSW
with nanoparticles at 1.5 g/L during the investigation of adsorption kinetic order. The almost
equal Ri in both DIW and LSW (1.5 g/L) supports the above hypothesis; where the presence of
salt ions (in the LSW) acts as a barrier reducing the adsorption rate, and in the absence of salt
ions (in the DIW), the repulsive forces among nanoparticles reduce the adsorption rate.
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4. The estimation of the surface forces based on the DLVO theory showed that with nanoparticles in
LSW, the interaction between nanoparticles and calcite mineral is less attractive in comparison
with SSW and DIW.

5. Adsorption of silica nanoparticles reduces calcite dissolution. This was confirmed by the Ca2+ ion
concentration, pH, and lower dissolution observed at increased nanoparticle concentrations. Mass
balance based on the analyzed Ca2+ profile demonstrates the increased dissolution reduction with
increasing nanoparticle concentration. This is an important outcome especially when LSW is a
candidate for EOR in chalk fields, where less formation damage/dissolution of chalk is expected
when silica nanoparticles are combined with LSW.

Author Contributions: A.A.H. and R.A. designed the study. The experiments were performed by R.A.
The analysis was done by both authors. The manuscript was written by A.A.H. and R.A.

Funding: This research received no external funding.

Acknowledgments: The authors would like to thank the University of Stavanger (UiS), Norway, for funding this
study. The authors thank Lutz Eichacker (UiS) for providing access to DLS equipment. Finally, the authors thank
NYACOL®Nano Technologies Inc. for supplying DP9711 nanofluid used in this study.

Conflicts of Interest: The authors declare no conflict of interest. The funding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the
decision to publish the results.

References

1. Ayatollahi, S.; Zerafat, M.M. In Nanotechnology-assisted eor techniques: New solutions to old challenges.
In Proceedings of the SPE International Oilfield Nanotechnology Conference and Exhibition, Noordwijk,
The Netherlands, 12–14 June 2012.

2. Zhang, H.; Nikolov, A.; Wasan, D. Enhanced oil recovery (eor) using nanoparticle dispersions: Underlying
mechanism and imbibition experiments. Energy Fuels 2014, 28, 3002–3009. [CrossRef]

3. Saboorian-Jooybari, H.; Dejam, M.; Chen, Z. Heavy oil polymer flooding from laboratory core floods to pilot
tests and field applications: Half-century studies. J. Pet. Sci. Eng. 2016, 142, 85–100. [CrossRef]

4. Chávez-Miyauchi, T.S.E.; Firoozabadi, A.; Fuller, G.G. Nonmonotonic elasticity of the crude oil–brine
interface in relation to improved oil recovery. Langmuir 2016, 32, 2192–2198. [CrossRef] [PubMed]

5. Behzadi, A.; Mohammadi, A. Environmentally responsive surface-modified silica nanoparticles for enhanced
oil recovery. J. Nanoparticle Res. 2016, 18, 1–19. [CrossRef]

6. Hendraningrat, L.; Torsæter, O. A stabilizer that enhances the oil recovery process using silica-based
nanofluids. Transp. Porous Media 2015, 108, 679–696. [CrossRef]

7. Ogolo, N.; Olafuyi, O.; Onyekonwu, M. Enhanced oil recovery using nanoparticles. In Proceedings of the
SPE Saudi Arabia Section Technical Symposium and Exhibition, Al-Khobar, Saudi Arabia, 8–11 April 2012.

8. Shahrabadi, A.; Bagherzadeh, H.; Roostaie, A.; Golghanddashti, H. Experimental investigation of hlp
nanofluid potential to enhance oil recovery: A mechanistic approach. In Proceedings of the SPE International
Oilfield Nanotechnology Conference and Exhibition, Noordwijk, The Netherlands, 12–14 June 2012.

9. Ortega, D.J.S.; Kim, H.B.; James, L.A.; Johansen, T.E.; Zhang, Y. The effectiveness of silicon dioxide SiO2

nanoparticle as an enhanced oil recovery agent in ben nevis formation, hebron field, offshore eastern canada.
In Proceedings of the Abu Dhabi International Petroleum Exhibition & Conference, Abu Dhabi, UAE,
7–10 November 2016.

10. Haroun, M.R.; Alhassan, S.; Ansari, A.A.; Al Kindy, N.A.M.; Abou Sayed, N.; Kareem, A.; Ali, B.; Sarma, H.K.
Smart nano-eor process for abu dhabi carbonate reservoirs. In Proceedings of the Abu Dhabi International
Petroleum Conference and Exhibition, Abu Dhabi, UAE, 11–14 November 2012.

11. Agista, M.; Guo, K.; Yu, Z. A state-of-the-art review of nanoparticles application in petroleum with a focus
on enhanced oil recovery. Appl. Sci. 2018, 8, 871. [CrossRef]

12. Hendraningrat, L.; Li, S.; Torsæter, O. A coreflood investigation of nanofluid enhanced oil recovery. J. Pet.
Sci. Eng. 2013, 111, 128–138. [CrossRef]

http://dx.doi.org/10.1021/ef500272r
http://dx.doi.org/10.1016/j.petrol.2016.01.023
http://dx.doi.org/10.1021/acs.langmuir.5b04354
http://www.ncbi.nlm.nih.gov/pubmed/26840555
http://dx.doi.org/10.1007/s11051-016-3580-1
http://dx.doi.org/10.1007/s11242-015-0495-8
http://dx.doi.org/10.3390/app8060871
http://dx.doi.org/10.1016/j.petrol.2013.07.003


Nanomaterials 2019, 9, 213 13 of 15

13. Maghzi, A.; Mohammadi, S.; Ghazanfari, M.H.; Kharrat, R.; Masihi, M. Monitoring wettability alteration
by silica nanoparticles during water flooding to heavy oils in five-spot systems: A pore-level investigation.
Exp. Therm. Fluid Sci. 2012, 40, 168–176. [CrossRef]

14. Li, S.; Torsæter, O. Experimental investigation of the influence of nanoparticles adsorption and transport on
wettability alteration for oil wet berea sandstone. In Proceedings of the SPE Middle East Oil & Gas Show
and Conference, Manama, Bahrain, 8–11 March 2015.

15. Lovell, C.E.; Scott, J.; Amal, R. Ni-sio2 catalysts for the carbon dioxide reforming of methane: Varying
support properties by flame spray pyrolysis. Molecules 2015, 20, 4594–4609. [CrossRef]

16. Walcarius, A.; Mercier, L.J.J. Mesoporous organosilica adsorbents: Nanoengineered materials for removal of
organic and inorganic pollutants. J. Mater. Chem. 2010, 20, 4478–4511. [CrossRef]

17. Slowing, I.I.; Vivero-Escoto, J.L.; Wu, C.-W.; Lin, V.S. Mesoporous silica nanoparticles as controlled release
drug delivery and gene transfection carriers. Adv. Drug Deliv. Rev. 2008, 60, 1278–1288. [CrossRef] [PubMed]

18. Di Credico, B.; Bellobono, I.R.; Arienzo, M.; Fumagalli, D.; Redaelli, M.; Scotti, R.; Morazzoni, F. Efficacy of
the reactive oxygen species generated by immobilized TiO2 in the photocatalytic degradation of diclofenac.
Int. J. Photoenergy 2015, 2015, 919217. [CrossRef]

19. Zhang, T.; Murphy, M.J.; Yu, H.; Bagaria, H.G.; Yoon, K.Y.; Nielson, B.M.; Bielawski, C.W.; Johnston, K.P.;
Huh, C.; Bryant, S.L. Investigation of nanoparticle adsorption during transport in porous media. SPE J. 2015,
20, 667–677. [CrossRef]

20. Zhang, T.; Murphy, M.; Yu, H.; Huh, C.; Bryant, S.L. Mechanistic model for nanoparticle retention in porous
media. Transp. Porous Media 2016, 115, 387–406. [CrossRef]

21. Li, S.; Torsæter, O. The impact of nanoparticles adsorption and transport on wettability alteration of water
wet berea sandstone. In Proceedings of the SPE/IATMI Asia Pacific Oil & Gas Conference and Exhibition,
Muscat, Oman, 26–28 January 2015.

22. Abhishek, R.; Hamouda, A.A.; Murzin, I. Adsorption of silica nanoparticles and its synergistic effect on
fluid/rock interactions during low salinity flooding in sandstones. Colloids Surf. A Physicochem. Eng. Asp.
2018, 555, 397–406. [CrossRef]

23. Abhishek, R.; Hamouda, A.A. Effect of various silica nanofluids: Reduction of fines migrations and surface
modification of berea sandstone. Appl. Sci. 2017, 7, 1216. [CrossRef]

24. Al-Anssari, S.; Wang, S.; Barifcani, A.; Lebedev, M.; Iglauer, S. Effect of temperature and sio 2 nanoparticle
size on wettability alteration of oil-wet calcite. Fuel 2017, 206, 34–42. [CrossRef]

25. Roustaei, A.; Bagherzadeh, H. Experimental investigation of SiO2 nanoparticles on enhanced oil recovery of
carbonate reservoirs. J. Pet. Explor. Prod. Technol. 2015, 5, 27–33. [CrossRef]

26. Abhishek, R.; Kumar, G.S.; Sapru, R. Wettability alteration in carbonate reservoirs using nanofluids. Pet. Sci.
Technol. 2015, 33, 794–801. [CrossRef]

27. Abhishek, R.; Bagalkot, N.; Kumar, G.S. Effect of transverse forces on velocity of nanoparticles through a
single fracture in a fractured petroleum reservoir. Int. J. OilGas Coal Technol. 2016, 12, 379–395. [CrossRef]

28. Nwidee, L.N.; Al-Anssari, S.; Barifcani, A.; Sarmadivaleh, M.; Lebedev, M.; Iglauer, S. Nanoparticles influence
on wetting behaviour of fractured limestone formation. J. Pet. Sci. Eng. 2017, 149, 782–788. [CrossRef]

29. Nazari Moghaddam, R.; Bahramian, A.; Fakhroueian, Z.; Karimi, A.; Arya, S. Comparative study of using
nanoparticles for enhanced oil recovery: Wettability alteration of carbonate rocks. Energy Fuels 2015, 29,
2111–2119. [CrossRef]

30. Al-Anssari, S.; Barifcani, A.; Wang, S.; Iglauer, S. Wettability alteration of oil-wet carbonate by silica nanofluid.
J. Colloid Interface Sci. 2016, 461, 435–442. [CrossRef] [PubMed]

31. Monfared, A.D.; Ghazanfari, M.; Jamialahmadi, M.; Helalizadeh, A. Adsorption of silica nanoparticles onto
calcite: Equilibrium, kinetic, thermodynamic and dlvo analysis. Chem. Eng. J. 2015, 281, 334–344. [CrossRef]

32. van Oort, E.; Van Velzen, J.; Leerlooijer, K. Impairment by suspended solids invasion: Testing and prediction.
SPE Prod. Facil. 1993, 8, 178–184. [CrossRef]

33. Abhishek, R.; Hamouda, A.; Ayoub, A. Effect of silica nanoparticles on fluid/rock interactions during low
salinity water flooding of chalk reservoirs. Appl. Sci. 2018, 8, 1093. [CrossRef]

http://dx.doi.org/10.1016/j.expthermflusci.2012.03.004
http://dx.doi.org/10.3390/molecules20034594
http://dx.doi.org/10.1039/b924316j
http://dx.doi.org/10.1016/j.addr.2008.03.012
http://www.ncbi.nlm.nih.gov/pubmed/18514969
http://dx.doi.org/10.1155/2015/919217
http://dx.doi.org/10.2118/166346-PA
http://dx.doi.org/10.1007/s11242-016-0711-1
http://dx.doi.org/10.1016/j.colsurfa.2018.07.019
http://dx.doi.org/10.3390/app7121216
http://dx.doi.org/10.1016/j.fuel.2017.05.077
http://dx.doi.org/10.1007/s13202-014-0120-3
http://dx.doi.org/10.1080/10916466.2015.1014967
http://dx.doi.org/10.1504/IJOGCT.2016.077298
http://dx.doi.org/10.1016/j.petrol.2016.11.017
http://dx.doi.org/10.1021/ef5024719
http://dx.doi.org/10.1016/j.jcis.2015.09.051
http://www.ncbi.nlm.nih.gov/pubmed/26414426
http://dx.doi.org/10.1016/j.cej.2015.06.104
http://dx.doi.org/10.2118/23822-PA
http://dx.doi.org/10.3390/app8071093


Nanomaterials 2019, 9, 213 14 of 15

34. Hamouda, A.A.; Rezaei Gomari, K.A. Influence of temperature on wettability alteration of carbonate
reservoirs. In Proceedings of the SPE/DOE Symposium on Improved Oil Recovery, Tulsa, OK, USA, 22–26
April 2006.

35. Hamouda, A.; Valderhaug, O.; Munaev, R.; Stangeland, H. Possible mechanisms for oil recovery from
chalk and sandstone rocks by low salinity water (lsw). In Proceedings of the SPE Improved Oil Recovery
Symposium, Tulsa, OK, USA, 12–16 April 2014.

36. Zahid, A.; Shapiro, A.A.; Skauge, A. Experimental studies of low salinity water flooding carbonate: A new
promising approach. In Proceedings of the SPE EOR Conference at Oil and Gas West Asia, Muscat, Oman,
16–18 April 2012.

37. Mahani, H.; Keya, A.L.; Berg, S.; Bartels, W.-B.; Nasralla, R.; Rossen, W.R. Insights into the mechanism of
wettability alteration by low-salinity flooding (lsf) in carbonates. Energy Fuels 2015, 29, 1352–1367. [CrossRef]

38. Al-Nofli, K.; Pourafshary, P.; Mosavat, N.; Shafiei, A. Effect of initial wettability on performance of smart
water flooding in carbonate reservoirs—an experimental investigation with ior implications. Energies 2018,
11, 1394. [CrossRef]

39. Wang, X.; Alvarado, V. Kaolinite and silica dispersions in low-salinity environments: Impact on a
water-in-crude oil emulsion stability. Energies 2011, 4, 1763. [CrossRef]

40. Hamouda, A.A.; Gupta, S. Enhancing oil recovery from chalk reservoirs by a low-salinity water flooding
mechanism and fluid/rock interactions. Energies 2017, 10, 576. [CrossRef]

41. Rezaei Gomari, S.; Joseph, N. Study of the effect of clay particles on low salinity water injection in sandstone
reservoirs. Energies 2017, 10, 322. [CrossRef]

42. Omekeh, A.V.; Friis, H.A.; Fjelde, I.; Evje, S. Modeling of ion-exchange and solubility in low salinity water
flooding. In Proceedings of the SPE Improved Oil Recovery Symposium, Tulsa, OK, USA, 14–18 April 2012;
p. 13.

43. Alagic, E.; Spildo, K.; Skauge, A.; Solbakken, J. Effect of crude oil ageing on low salinity and low salinity
surfactant flooding. J. Pet. Sci. Eng. 2011, 78, 220–227. [CrossRef]

44. Mahani, H.; Keya, A.L.; Berg, S.; Bartels, W.-B.; Nasralla, R.; Rossen, W. Driving mechanism of low salinity
flooding in carbonate rocks. In Proceedings of the EUROPEC 2015, Madrid, Spain, 1–4 June 2015.

45. Patwardhan, S.D.; Singh, D.; Abhishek, R.; Suresh Kumar, G. Modelling of mineral precipitation in fractures
with variable aperture. ISH J. Hydraul. Eng. 2017, 23, 203–211. [CrossRef]

46. Hamouda, A.A.; Maevskiy, E. Oil recovery mechanism (s) by low salinity brines and their interaction with
chalk. Energy Fuels 2014, 28, 6860–6868. [CrossRef]

47. Bhattacharjee, S.; Elimelech, M.J.J. Surface element integration: A novel technique for evaluation of dlvo
interaction between a particle and a flat plate. J. Colloid Interface Sci. 1997, 193, 273–285. [CrossRef]

48. Dunphy Guzman, K.A.; Finnegan, M.P.; Banfield, J.F. Influence of surface potential on aggregation and
transport of titania nanoparticles. Environ. Sci. Technol. 2006, 40, 7688–7693. [CrossRef]

49. Israelachvili, J.N. Intermolecular and Surface Forces; Academic Press: Cambridge, MA, USA, 2011.
50. Ghosh, G. Dispersion-equation coefficients for the refractive index and birefringence of calcite and quartz

crystals. Opt. Commun. 1999, 163, 95–102. [CrossRef]
51. Malitson, I. Interspecimen comparison of the refractive index of fused silica. JOSA 1965, 55, 1205–1209.

[CrossRef]
52. Hale, G.M.; Querry, M.R. Optical constants of water in the 200-nm to 200-µm wavelength region. Appl. Opt.

1973, 12, 555–563. [CrossRef]
53. Temple, S.J.J. Effect of salinity on the refractive index of water: Considerations for archer fish aerial vision.

J. Fish Biol. 2007, 70, 1626–1629. [CrossRef]
54. Khilar, K.C.; Fogler, H.S. Migrations of Fines in Porous Media; Springer Science & Business Media: New York,

NY, USA, 1998; Volume 12.
55. Ho, Y.-S.; McKay, G.J.P. Pseudo-second order model for sorption processes. Process Biochem. 1999, 34, 451–465.

[CrossRef]
56. Weber, W.; Morris, J. Removal of biologically-resistant pollutants from waste waters by adsorption.

In Proceedings of the First International Conference on Water Pollution Research; Pergamon Press Oxford: Oxford,
UK, 1962; pp. 231–266.

http://dx.doi.org/10.1021/ef5023847
http://dx.doi.org/10.3390/en11061394
http://dx.doi.org/10.3390/en4101763
http://dx.doi.org/10.3390/en10040576
http://dx.doi.org/10.3390/en10030322
http://dx.doi.org/10.1016/j.petrol.2011.06.021
http://dx.doi.org/10.1080/09715010.2016.1241725
http://dx.doi.org/10.1021/ef501688u
http://dx.doi.org/10.1006/jcis.1997.5076
http://dx.doi.org/10.1021/es060847g
http://dx.doi.org/10.1016/S0030-4018(99)00091-7
http://dx.doi.org/10.1364/JOSA.55.001205
http://dx.doi.org/10.1364/AO.12.000555
http://dx.doi.org/10.1111/j.1095-8649.2007.01432.x
http://dx.doi.org/10.1016/S0032-9592(98)00112-5


Nanomaterials 2019, 9, 213 15 of 15

57. Wu, F.-C.; Tseng, R.-L.; Juang, R.-S. Initial behavior of intraparticle diffusion model used in the description
of adsorption kinetics. Chem. Eng. J. 2009, 153, 1–8. [CrossRef]

58. Iler, R.K. Chemistry of Silica—Solubility, Polymerization, Colloid and Surface Properties, and Biochemistry; Wily:
Hoboken, NJ, USA, 1979.

59. Janusz, W.; Patkowski, J.; Chibowski, S. Competitive adsorption of Ca2+ and Zn(II) ions at monodispersed
SiO2/electrolyte solution interface. J. Colloid Interface Sci. 2003, 266, 259–268. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.cej.2009.04.042
http://dx.doi.org/10.1016/S0021-9797(03)00469-7
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Adsorption Experiments 
	Surface Forces 

	Results and Discussions 
	Adsorption Kinetics 
	Intraparticle Diffusion Model (IPD) 
	Fluid/Mineral Interaction 

	Conclusions 
	References

