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ABSTRACT: The adsorption of nanoparticles onto mineral surfaces is a major limitation for applications that require long
transport distances, such as enhanced oil recovery. This study investigates silica nanoparticle transport and adsorption in long
granular columns, with emphasis on the adsorption onto carbonate substrates, given the fact that carbonate reservoirs host more
than 60% of the world’s recoverable oil. The grain-scale particle—mineral interactions are characterized by zeta potential
measurements. lonic strength (especially potential-determining ions: Ca**, Mg**, CO,*", etc.) inherently influences the zeta
potential of carbonates. Derjaguin—Landau—Verwey—Overbeek analyses show that low surface potential and high ionic
concentration inhibit the electrostatic double-layer repulsion and lower the energy barrier of adsorption. Adsorption column
experiments simulate a variety of fluid chemistry conditions: pH, ionic concentration, and ion type. Alkaline and low-salinity
conditions favor silica nanoparticles transport in carbonate reservoirs. Both scanning electron microscopy images and
adsorption mass analyses suggest that the adsorption of nanoparticles onto carbonate substrates is multilayered. A two-term
adsorption model adequately captures the instantaneous adsorption and the subsequent kinetic adsorption. The instantaneous
adsorption constant delays particle transport, and the kinetic adsorption rate determines the concentration profile of
nanoparticles along the reservoir at the steady state. High advection velocity and low adsorption rate k; are required to deliver
high nanoparticle concentration to the far field in the reservoir.

Bl INTRODUCTION

Engineered nanoparticles can augment environmental reme-
diation and enhance oil recovery. In fact, previous studies have
shown that nanoparticles selectively capture pollutants
(groundwater and wastewater treatment' "), alter wettabil-
ity,s_7 reduce interfacial tension,” enhance spreading,m_12
and alter the rheological properties of suspensions.'>"*

The retention of nanoparticles onto mineral surfaces is a
major limitation for applications that require long transport
distances, such as oil recovery.ls_17 In addition, although small
size nanoparticles (10—100 nm) can easily fit through micron-
size pore throats,'® particle aggregation in unstable nanofluids
favors particle straining and clogging and aggravates transport
difficulties.*"”

Previous studies have investigated the transport and
retention of different types of nanoparticles in porous media,
such as metal oxide nanoparticles,”””' metallic nanopar-
ticles,”** carbon nanotubes,®* fullero,*® and silica nano-
particles.””*” In most cases, porous media are made of either
glass beads or quartz sand.”*”” Results show no significant flow
rate effects for silica nanoparticles.”> On the other hand, the
mineral composition and solution chemistry (i.e,, pH, ionic
strength, and type of cations) can readily alter nanoparticle
transport.”>*** Clay content in natural sediments is also an
important factor for nanoparticle transport.*’

Carbonate reservoirs host more than 60% of the world’s
recoverable oil and 40% of the world’s gas.”" There are only a
few studies on nanoparticle transport in carbonate reservoirs;*
some laboratory core flooding tests show a 10% increase in
enhanced oil recovery following the injection of nano-
fluids.*> ™ Once again, particle transport emerges as the
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limiting factor. Adsorption experiments with silica nano-
particles on calcite substrates highlight strong fluid chemistry
effects, in particular, lower pH, and higher ionic strength
enhances adsorption.”” Furthermore, core flooding tests show
higher adsorption of silica nanoparticles (with 2% NaCl) in
limestone and dolomite than in sandstone.”

This study aims to advance our understanding of nano-
particle transport and adsorption in carbonate reservoirs. We
present a comprehensive study including the characterization
of grain-scale interactions, the measurement of nanoparticle
transport in adsorption columns as a function of fluid
chemistry (pH, ionic concentration, and ion type), and both
grain-scale and macroscale analyses to gain physical insight
into underlying adsorption and transport processes. The
following section describes the tested materials and character-
ization protocols.

B EXPERIMENTAL STUDY: MATERIALS AND
PROCEDURES

Materials. Experiments use 10 nm silica nanoparticles (Sigma-
Aldrich). The average aggregate size in dispersion is 74 + 18 nm
(dynamic light-scattering method—Zetasizer ZS). We prepare all
nanofluids with a mass concentration of Cy = 2 g/L in agreement with
potential engineering applications such as enhanced oil recovery and
sonicate suspensions for 40 min to break weak bonds between
particles and enhance dispersion (Fisher Scientific Model 505 Sonic
Dismembrator). We adjust the pH with either HCI or NaOH.
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The porous medium is made of carbonate sand. The crushed
Jeddah sand contains 47% calcite and 53% dolomite, the particle size
ranges between 0.25 and 0.43 mm, and the specific surface is 36.2
cm®/g. For comparison, we also run tests on a packing of uniform
silica sand to simulate a siliceous reservoir.

Zeta Potential Measurements. The zeta potential provides
quantitative information needed for the analysis of suspension
stability (particle—particle interaction) and adsorption (particle—
surface interaction). We use electrophoretic mobility to determine the
zeta potential of the silica nanoparticles and carbonate powder
crushed to d < 50 pum (Zetasizer Nano ZS, Malvern Instruments).

Adsorption Column Experiments. Figure 1 shows a sketch of
the adsorption column (length L = 150 cm, inner diameter of 6.35
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Figure 1. Adsorption column—components.

mm), the peristaltic pump at the inlet (constant flow rate of 1 mL/
min), and the fraction collector at the outlet (model 2110, Bio-Rad).
The pore volume in the sand-filled adsorption column is 18 cm®. We
use UV—vis spectroscopy (Cary S00 UV—vis—NIR spectrophotom-
eter, Agilent Technologies) to determine the concentration of
nanoparticles in each test tube in the effluent collector. Calibration
tests show a linear relationship between absorbance at a wavelength of
212 nm and nanoparticle concentration C [g/L].

All column experiments follow the same test protocol: (1) inject 90
mL of the test solution without nanoparticles to condition the sand
column, (2) inject 90 mL of the nanofluid, and (3) inject 90 mL of
the test solution without nanoparticles to flush the sand column.
Finally, we collect sand samples from the inlet and the outlet, dry
them in an oven (10S °C, overnight), and image them using scanning
electron microscopy (SEM) (Quanta 600 FEG).

B RESULTS

We report first experimental results for the surface charging
characteristics of silica particles and carbonate powders,
followed by the measurements gathered in adsorption column
experiments.

Zeta Potential of Silica and Carbonate. A diffused
counterion cloud forms around a charged particle submerged
in water. The zeta potential { at the shear plane provides
critical information needed to analyze the electrostatic
interactions between particles, suspension stability, and
adsorption of particles on mineral substrates.

Figure 2a shows the zeta potential of silica nanoparticles as a
function of pH. The silica nanoparticles have a high negative
charge in alkaline conditions and become slightly positively
charged as pH < 4.

Figure 2b,c present the effect of ionic concentration on the
zeta potential of silica nanoparticles and carbonate powder.
The concentration of NaCl has a negligible effect on the zeta
potential of both substrate materials until its concentration
exceeds 0.01 M; then, the zeta potential reduces toward 0 mV
as the ionic concentration approaches 1 M (Figure 2b). In the
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Figure 2. Zeta potential of silica and carbonate. (a) Effect of pH:
silica nanoparticles. (b) Effect of NaCl concentration: silica
nanoparticles and carbonate powder. (c) Effect of CaCl, concen-
tration: silica nanoparticles and carbonate powder.

presence of divalent Ca®*, the zeta potential of carbonate
powder and silica nanoparticles changes at low concentration
(c=107* M) and becomes positive when ¢ = 1 M for silica and
¢ =0.01 M for carbonate (Figure 2c).

Adsorption Column Experiments. Figure 3 shows the
breakthrough curves in terms of the effluent concentration
normalized by the influent concentration versus the injection
volume V. The reference signature shown as a dashed line
corresponds to the injection of 0.5 M NaCl solution without
nanoparticles into the adsorption column saturated with
deionized water; this data set provides a reference curve for
advection—dispersion transport without adsorption and allows
us to compute the dispersion coefficient D for solutions in
these porous media.

Silica Sand. Figure 3a shows the results of a limited study
conducted with the column filled with silica sand; although
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Figure 3. Breakthrough curves for adsorption column tests. Dashed
lines are reference curves and solid lines are model fittings. (a)
Breakthrough curves for nanoparticle injections with pH = 3 and pH
= 10 solution in silica porous media. (b) Breakthrough curves for
nanoparticle injections with pH = 3 and pH = 10 solution in
carbonate porous media. (c) Breakthrough curves for nanoparticle
injections with pH = 10 solution in carbonate porous media. Ionic
conditions of nanofluids are no salt, 0.01 M NaCl, 0.01 M CaCl,, and
0.6 M NaCl

these tests were run for comparison only, results are relevant to
siliceous reservoirs. Breakthrough curves correspond to
nanofluids prepared at pH = 3 and pH = 10. The mass of
nanoparticles transported through the adsorption column is
the integral of breakthrough curves: the nanofluid prepared at
pH = 10 exhibits limited adsorption (2% of the input mass),
whereas the nanofluid at pH = 3 experiences severe adsorption
(17% of the input mass). The limited absorption of
nanoparticles at pH = 10 is reversible and large amounts of
nanoparticles are recovered after flushing with pH = 10
solution without nanoparticles. This is not the case in the pH =
3 test where only a minor amount of nanoparticles is released
during flushing a clean pH = 3 solution. SEM images after the
pH = 3 test show nanoparticles coating the silica sand surfaces
(Figure 4).

Silica NPs

Figure 4. SEM images of silica sand grains. (a) Clean silica sand grain.
(b) Silica sand after pH = 3 nanofluid injection and flushing. See high-
resolution images in Supporting Information S3.

Carbonate Sand. Figure 3b shows the breakthrough curves
for nanoparticle transport through carbonate porous media at
pH = 3 and pH = 10. Calcite and dolomite dissolution at pH =
3 releases Ca** and Mg into the aqueous solution, the pH
reaches pH = 7.6 at the outlet, and there is more severe
adsorption of nanoparticles compared to that during the test at
pH = 10 solution. The insoluble minerals released during the
test at pH = 3 may explain the high normalized nanoparticle
concentration C/Cy > 1 during the early stages of flushing.

Figure 3c presents the breakthrough curves for nanofluid
injections through carbonate sand where the salt concentration
in injected nanofluids is no salt, 0.01 M CaCl,, 0.01 M NaCl,
and 0.6 M NaCl. The addition of salts to nanofluids enhances
the adsorption of nanoparticles. Bivalent CaCl, causes more
adsorption compared with monovalent NaCl at the same salt
concentration 0.01 M. There is no nanoparticle breakthrough
in the experiment with the 0.6 M NaCl nanofluid, indicating
that all nanoparticles remained adsorbed in the carbonate
porous medium (Figure 3c).

SEM images of carbonate sand grains recovered from the
inlet and the outlet after nanofluid injections suggest
monolayer adsorption for nanofluids with no salt and a
multilayer adsorption for nanofluids with 0.01 M CaCl, and
0.6 M NaCl (Figure 5). Carbonate sand grains recovered near
the outlet after the injection of the 0.6 M NaCl nanofluid are
clean; this confirms that all nanoparticles are adsorbed along
the column before reaching the outlet.

B ANALYSES AND DISCUSSION

Experimental results highlight the differences in silica and
carbonate electrostatic interactions as a function of pH and
ionic strength, ensuing implications on nanoparticle adsorp-
tion.

Silica and Carbonate Surface Charge. Protons H" and
hydroxyl OH™ neutralize free bonds in SiO,*” tetrahedrons on
silica particles to form silanol groups [Si(OH),]. Therefore, H*
and OH™ behave as potential-determining ions,***” and the
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Figure 5. SEM images of carbonate sand grains after nanofluid injection and flushing. (a) Clean carbonate. (b) From outlet pH = 3. (c) From
outlet pH = 10. (d) From outlet pH = 10 and ¢(CaCl,) = 0.01 M. (e) From inlet pH = 10 and ¢(NaCl) = 0.6 M. (f) From outlet pH = 10 and
¢(NaCl) = 0.6 M. High-resolution images are available in Supporting Information S3.

surface charge of silica particles is a function of the fluid pH
(Figure 2a). Differences between the response to Na* and Ca**
ions agree with the binding affinities of alkali cations on silica
surfaces: Ca** > Mg** > K* > NH,* > Na* > Li*.**

Calcite dissolution releases lattice ions Ca** and CO;*",
which are potential-determining ions in carbonates. Exper-
imental results show that Ca®* concentration has a pronounced
influence on the zeta potential of carbonates (Figure 2c).
Although pH determines the equilibrium concentration of
Ca’ and CO;*" in aqueous solutions, protons H' and
hydroxyl OH™ themselves are not potential-determining ions
for calcite.*'

Grain Scale Adsorption Behavior. Gravitational and
drag forces are negligible compared to the electrical
interparticle forces that nanoparticles experience.*” The total
particle interaction energy Uy adds the London—van der Waals
interaction energy Uypyw and the electrostatic double-layer
energy Ugpy,

Ur = Uypw + Ugpe (1)

Sand grains are >1000 times larger than nanoparticles, so we
analyze their interaction as a sphere of radius R at a distance a
from a flat surface. The van der Waals interaction energy is'"*

Ay|R R
Uypw = ——| = + +ln( 2 )}

6la a+2R a+ 2R (2)
where the Hamaker constant Ay [J] combines the
permittivities of the fluid and solids involved. The electrostatic
double-layer interaction energy for a sphere next to a flat
surface in a 1:1 electrolyte solution with concentration ¢ [mol]

. 43—45
is

2
A €V \ kT
Ugp; = 647Rey€, tanh| — [tanh| — [[ — —Ki
EDL oé-tan (4kT) an (4kT e exp(—ka)
)

where ¢, is the relative dielectric permeability [—], w; is the
sphere surface potential [mV], y; is flat surface potential
[mV], and the Debye length k" is

= ( gosrkiz” ]
2N,ey"c (4)

The universal constants are the Avogadro number N, = 6.02
X 10%, Boltzmann constant k = 1.38 X 107> m* kg's™> K™/,
and the elementary charge ¢, = 1.602 X 107" C and T is
temperature [K].

Let us use the measured zeta potentials instead of surface
potentials to calculate electrostatic interactions and accept that
the interparticle distance is measured from the shear planes.
Figure 6 presents the normalized total energy Ur/(kT) versus
the normalized distance xa for nanoparticle-to-substrate
interaction computed using eqs 1—3. The energy barrier for
adsorption decreases as the ionic concentration increases
(Figure 6a) and the zeta potential decreases (Figure 6b).

The pore fluid pH determines the zeta potential of silica.
Both silica sand and nanoparticles exhibit a highly negative zeta
potential at pH = 10 and {4, = —62 mV, and strong
electrostatic repulsion prevents adsorption (Figure 3a). At pH
= 3, the zeta potential is low in both silica sand and
nanoparticles, {, = +3 mV, the energy barrier diminishes
(Figure 6b), and some adsorption takes place, which is driven
by van der Waals attraction (Figure 3a).

On the other hand, high ionic concentration in the pore
fluid lowers the zeta potential of carbonate (Figure 2b,c) and
suppresses electrostatic repulsion (Figure 6b), thus promoting
adsorption (Figure 3c). The high adsorption and the lack of
nanoparticle breakthrough in the experiment with 0.6 M NaCl
nanofluid point to shielding of double-layer repulsion and the
tendency to aggregation.

Nanoparticle adsorption is more pronounced for the CaCl,
solution than the NaCl solution at the same concentration ¢ =
0.01 M because the potential-determining Ca®* ion reduces the
surface potential of calcite more effectively than Na* (note: the
charged carbonate surface has {_ponae = +6 mV for 0.01 M
CaCl, solution, vs { ponate = —24 mV for the 0.01 M NaCl
solution). The carbonate rock releases Ca** ions when low-pH
fluids invade the reservoir; therefore, nanoparticle adsorption is
higher for the pH = 3 than for the pH = 10 nanofluid.

Strong adsorption results in multilayer adsorption as
confirmed using SEM images (Figure S). Table 1 summarizes
the adsorption data for silica nanoparticles in carbonate sand
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Figure 6. Silica particle—surface interaction energy in 1:1 electrolyte
solution calculated with DLVO theory. (a) Effect of ionic
concentration (constant surface potential: —20 mV). (b) Effect of
surface potential (constant ionic concentration: 0.01 M).

Table 1. Mass Analyses for the Adsorption of Silica
Nanoparticles in Carbonate Porous Media”

0.01 M 0.01 M 0.6 M

no salt CaCl, NaCl NaCl
injection mass [g] 0.18 0.18 0.18 0.18
collected mass [g] 0.125 0.063 0.094 0
trapped mass [g] 0.055 0.117 0.086 0.18
adsorption proportion 30 65 48 100
(%]
total surface area A, 2860 2860 2860 2860
[em?]
adsorgtion area” Ay 2887 6142 4515 9449
[em?]
ratio Axg/A, 1.01 2.15 1.56 330

“Injection fluid: pH = 10 “For monolayer adsorption, the coated
adsorption area A,y is a function of trapped mass M,, nanoparticle
diameter d, and density p: Axp = 6M,/(prd).

experiments. In fact, the ratio between the adsorption area and
the available surface area in the adsorption column A,4/A, is
larger than 2 for experiments with 0.01 M CaCl, and 0.6 M
NaCl

Macroscale Transport Model. Mass balance requires that
the variation of particle concentration at a given location x
during nanofluid injection combines the contribution by
dispersion, advection and the rate of adsorption (see
Supporting Information S2 for the derivation)

oC , poS _ o°C _ aC

ot e ot ox® Ox ()

The variables in this equation are the nanoparticle
concentration in the fluid C [kg/m’], the mass of adsorbed

nanoparticles per unit mass of substrates S [kg of adsorbed
particles/kg of grain minerals], the dispersion coefficient D
[m?/s], the advection velocity v [m/s], the mineral density p
[kg/m?], and the void ratio e [—].

We adopt a two-term adsorption model S = §; + S, to
capture the concentration-dependent instantaneous adsorption
(S;) and subsequent kinetic adsorption (S;)

%, = EC and S, = EC
o  p p (6)

with proportionality factors being the adsorption rate k; [s™']
and the instantaneous adsorption constant K, [—]. Therefore,
the total adsorption S is

oS oC
L = i(klc + kz—)
o p ot (7)

Finally, the expression for time-varying concentration in
advection—dispersion—adsorption transport becomes (modi-

fied from ref 46)

2

e
ot Ox Ox (8)

Figure 3a—c shows fitted breakthrough curves using eq 8.
The advection velocity v is known from the imposed injection
rate (v = 0.138 cm/s). The dispersion coefficient D is inferred
by matching the breakthrough curve for the 0.5 M NaCl
solution without nanoparticles (D = 0.14 cm’/s—see
Supporting Information S1 for the procedure to determine
the dispersion coefficient). The fitted adsorption rate k; and
the instantaneous constant K, for nanofluids are listed in Table

2.

(1+K,)

Table 2. Adsorption Parameters Used in the Model

instantaneous
ionic adsorption  adsorption constant
mineral pH strength  rate k; [s7'] K, [-]
silica pH=3 no salt 6% 107° 1
pH = 10 0 02
carbonate  pH =3 no salt 2%x107° 2.2
pH =10 no salt 6% 107° 14
0.01 M 1x 107 2
NaCl
0.01 M 2.5%x107* 2.7
CaCl,

Experimental results and analytical models show both a
delay in breakthrough and a change in the plateau
concentration as a function of pH and ionic strength. The
adsorption rate k; increases when multilayer adsorption takes
place. Multilayer adsorption relies on particle—particle
interaction and will be weaker than particle—mineral
adsorption in most cases. On the other hand, the
concentration-dependent instantaneous adsorption controls
the delay in nanoparticle breakthrough. Decreasing the zeta
potential and increasing the ionic strength favor particle-to-
mineral adsorption and lead to a higher equilibrium constant
K,
Reservoir Implications. Experimental results and model-
based analyses reported above help analyze the interplay
between adsorption, dispersion, and advection during nano-
particle transport through porous media. Clearly, mineralogy,
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fluid chemistry, and injection conditions affect the ability to

transport nanoparticles over long distances in reservoirs.
Table 3 summarizes the dimensionless ratios that govern the

transport—adsorption behavior of nanoparticles at the reservoir

Table 3. Governing Dimensionless Ratios

dimensionless
ratios physical meaning
x/L relative position
C,.+/Co concentration C, at position x and time ¢ relative to the
input concentration C,
tp = vt/L time ¢ relative to the duration of advection L/v
B =vL/4D  role of advection relative to the role of dispersion
K, =k, L/v  adsorption rate relative to advection rate
K, instantaneous adsorption constant
(@ 1
08
L\? 06 Z—f = 0 (steady state)
(@]
04
02 [ t=0.18 0.37 055\ 074\  0.92
0 . ) ,
0 0.2 04 0.6 0.8 1
xIL
(b) 1
08
,06 | K=t
Q
Coa | Ki=2
02 r K=3
o Ly
0 0.2 04 0.6 0.8 1
xIL

Figure 7. Nanoparticle transport vs distance. (a) Evolution of
nanoparticle concentration along the reservoir. The concentration
profile approaches the steady-state solution as t;, increases (K; = 1, K,
= 0.2, and B = 36). (b) Influence of dimensionless adsorption rate K;
on the steady-state concentration profiles. K; = 1, 2, and 3 (B = 36).

scale. The dimensionless solutions plotted in Figure 7a show
the evolution of nanoparticle concentration along the reservoir
(K; = 1, K, = 02, and B = 36). The concentration profile
approaches the steady state (0C/dt = 0) as dimensionless time
tp increases. The steady state is a state of continuous
adsorption and applies while pore topology changes remain
small.

The instantaneous adsorption delays the transport process.
A high instantaneous adsorption constant K, requires more
nanofluid injection to reach the steady state; however, it does
not change the concentration profile in the steady state. On the
other hand, Figure 7b shows the influence of the dimensionless
adsorption rate K; = k;L/v on the steady-state concentration
profile (K; = 1, 2, and 3): a higher advection velocity v and
lower adsorption rate k; render a small value of K;, which

benefits the delivery of high nanoparticle concentration to the
far field in the reservoir.

B CONCLUSIONS

We investigated the transport of silica nanoparticles in a long
granular column, with emphasis on the adsorption onto
carbonate substrates. Notable conclusions from this study are
listed below.

o The zeta potential is pH-dependent in silica, but it is
controlled by ions such as Ca**, Mg**, and CO;*” in
carbonates. On the other hand, high salt concentration
collapses the double layer around silica and carbonate.
In combination, lower surface potential and higher ionic
concentration inhibit the electrostatic double-layer
repulsion and lower the energy barrier of adsorption.

e Breakthrough curves confirm adsorption trends that are
consistent with zeta potential measurements and
Derjaguin—Landau—Verwey—Overbeek (DLVO) anal-
yses. There is high adsorption of nanoparticles in low-
pH solutions in silica sand and high-salinity solutions in
carbonate sand. Conversely, alkaline and low-salinity
conditions favor silica nanoparticles transport in
carbonate reservoirs.

e The adsorption of nanoparticles onto carbonate
substrates is multilayered. A two-term adsorption
model adequately captures instantaneous adsorption
and the subsequent kinetic adsorption.

e High advection velocity and a low adsorption rate are
required to deliver a high concentration of nanoparticle
to the far field in the reservoir.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.energy-
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Determination of the dispersion coeflicient D, derivation
of the advection—dispersion—adsorption equations, and
high-resolution SEM images (PDF)
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