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� Joint fluid DFT and surface reaction model could accurately predict surface charge density and f potential of rock.
� The pore size effect became negligible with the increasing surfactant concentration.
� The upper limit of charge regulation performance emerges as the surfactant concentration increases.
� The f potential exhibits less negative with the increasing surfactant concentration due to the electrostatic screening.
� The chain length effect is significant in cationic surfactants systems, while anionic surfactants’ behavior is similar to simple salt.
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a b s t r a c t

The surface charge density and f potential of rock play an essential role in chemical enhanced oil recovery
(CEOR), but the electrochemical properties of rock surfaces are difficult to predict under different reser-
voir conditions. Therefore, a new method was proposed combining fluid density functional theory (fluid
DFT) and the surface reaction model. The surface charge density and f potential of silica pores under dif-
ferent conditions were predicted, in which the effects of pH, pore size (d), surfactant chain length (N), sur-
factant type, and concentration on the charge regulation of silica pores were thoroughly investigated. The
surface tends to be more negatively charged with increasing pH and surfactant concentration. Moreover,
the pore size effect is not negligible in charge regulation, but there is a critical pore size (CPS) that
decreases as the surfactant concentration and pH increase. The difference between anionic and cationic
surfactants is also investigated, which display different behaviors under nanoconfinements. The anionic
surfactants’ behavior is similar to that of the simple salt. Furthermore, the f potential of silica pores
increased as the surfactant concentration increased due to electrostatic screening, which is consistent
with the results of molecular dynamics (MD) simulations and experiments.

� 2023 Elsevier Ltd. All rights reserved.
1. Introduction

With the increasing demand for petroleum resources, it has
become urgent to gradually improve the efficiency and economy
of oil recovery. It is traditionally considered that the surface
macroscopic properties of rock play a vital role in oil recovery, con-
sisting of permeability, wettability, roughness, etc. For instance,
the injection of low salinity water (Gandomkar and Rahimpour,
2015), gas (Gandomkar et al., 2022), and surfactant (Chowdhury
et al., 2022; Kamal et al., 2017) could induce wettability alterna-
tion, helping boost oil production. However, most studies only
focus on experimental phenomena in an open space, such as con-
tact angle and interfacial tension, which is obviously different from
real reservoir conditions, as the confined environment is neglected.
It has been found that the fluids in nanoconfinement are induced to
exhibit different properties compared with the bulk phase (Ritt
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et al., 2022; Nazari et al., 2020). Meanwhile, the interfacial electro-
chemical properties of rock surfaces, which are closely related to
oil recovery, have not received enough attention (Ong et al.,
2020; Nasralla et al., 2013). Having investigated how ionic strength
and pH affected the adhesion behavior and wettability of crude oil
on the mineral surface, Buckley et al. (Buckley et al., 1989) demon-
strated that increasing pH may result in a more negative charge
and f potential of the oil/water interface, and the expanding elec-
tric double layers due to the low saline brine could improve the
oil recovery (Alroudhan et al., 2016). Gandomkar et al. (Amiri
and Gandomkar, 2019) proposed that seawater injection led to a
negative charge at the oil/rock interface so that the repulsion
between rock and oil was increased, causing the oil to be displaced
from the rock surface. Moreover, Nasr-El-Din (Alotaibi and Nasr-El-
Din, 2011) and Jackson (Jackson et al., 2016) proposed that the
improvement in oil recovery was closely correlated to the f poten-
tial and surface charge. Therefore, it is important to develop a deep
understanding of fluid and rock properties, especially charge regu-
lation under confined conditions, including the two representative
descriptors, surface charge density and f potential of the rock sur-
face, which is beneficial to deep insights into chemical enhanced
oil recovery (CEOR).

Currently, multiscale methods have been carried out to investi-
gate the effect of surfactants or inorganic salts on rock surface
properties, consisting of quantum density functional theory (QDFT)
(Cao et al., 2021; El Haouti et al., 2019) and molecular dynamic
(MD) simulation (Aminian and ZareNezhad, 2019; Brkljača et al.,
2018; Koleini et al., 2018; Xu et al., 2021). Compared to MD simu-
lation, QDFT requires more time and economic costs, and the sim-
ulation results are usually obtained in a vacuum, with a significant
difference from actual conditions. In our previous work, QDFT was
employed to reveal the interaction type and strength among oil
components, in which the number of atoms does not exceed 300
(Xu et al., 2022). Predota et al. (Předota et al., 2016; Biriukov
et al., 2020) employed classical molecular dynamics simulations
to determine the f potential of rutile and quartz surfaces, with
the variables of temperature, salt types, and concentration, consis-
tent with experimental results. However, the atom charge in clas-
sical MD is usually fixed, that is, the surface charge density of metal
oxides is unchanged. Therefore, the classical MD ignored the
dynamic change in the interface property caused by the fluids.
Although the constant-potential molecular dynamic simulation
(Merlet et al., 2012; Bi et al., 2020) can describe dynamic charges,
the method requires too much time because the atom charges
must be fitted at each step. Therefore, the MD simulation cannot
describe the influence of the reservoir environment and additives
on the surface charge density and f potential simultaneously.
Therefore, there is an urgent need for a method to describe the
thermodynamics of the charge regulation of rock surfaces.

In our previous work, fluid density functional theory (fluid DFT)
was proven to be an efficient approach to describe the equilibrium
and transport properties of ions in nanoconfinement (Lian et al.,
2016; Lian et al., 2016), and chain connectivity was introduced to
investigate the interface behaviors of polymer solutions with dif-
ferent chain lengths (Yang et al., 2020). In our recent work
(Cheng et al., 2022), fluid DFT was extended to the oil recovery field
to investigate the competitive adsorption between surfactants and
polyelectrolytes, providing an efficient strategy for low-cost sur-
factant consumption. Taking the rock surface reaction into account,
the behaviors of surfactants in confined conditions could be deeply
understood. Therefore, the fluid DFT and surface reaction model
are combined to thoroughly explore the surface charge density
and f potential of the rock surface affected by different variables,
including pH, surfactant chain length, concentration, and pore size.
The structure of this work is as follows. First, the methodology,
including the coarse-grained surfactant model with different chain
2

lengths, the theoretical methods of fluid DFT, and the surface reac-
tion model, are briefly described. Second, the fluid DFT and surface
reaction model are combined to investigate the surface electro-
chemistry properties of the rock surface (represented by silica
pores), while the effects of pH in reservoirs, the types, chain length,
and concentration of surfactant, and pore size are thoroughly con-
sidered. Finally, we summarize the results, hoping to guide the
industry process of CEOR.

2. Methodology

2.1. Coarse-grained model

As shown in Fig. 1, the coarse-grained model of anionic surfac-
tant is established, and the molecules are simplified as identical-
sized hard spheres (Yang et al., 2020; Wu et al., 2011; Jiang
et al., 2011). In this work, the behaviors of both cationic and anio-
nic surfactants are considered. Each surfactant consists of one
charged head group and several neutral chain spheres, while the
charge of the head groups is set as �1 or + 1. The mono-charged
sphere is introduced as a corresponding counter ion. The charge
is mainly concentrated in head groups, as the electrostatic poten-
tial is displayed in Fig. S1. Similar to our previous work (Cheng
et al., 2022; Yang et al., 2020), each hard-sphere diameter is fixed
at 0.5 nm, and the temperature is set as 298 K. Due to the coarse-
grained model, molecular details and some interactions at the
atomic level were neglected, such as H-bonds and chemical bonds
formed between rock and surfactant, but the method is rational
enough to describe the charge regulation behaviors of surfactants
on the rock surface in nanoconfinements. Although real rock has
a wide pore size distribution and various pore shapes (Zeng
et al., 2021; Zhu et al., 2018), our work focused on a slit pore model
at the nanoscale, which has been proven to capture the essential
features of porous silica in electrolytes (Yang et al., 2020).

2.2. Theoretical method

2.2.1. Fluid density functional theory (Fluid DFT)
The restricted primitive model (RPM) describes the thermody-

namic properties of ions in an aqueous solution, in which the ions
are simplified as charged hard spheres, and the solvent environ-
ment is considered a continuum medium. In this model, the ion
density distribution is defined as Eq. (1):

qiðzÞ ¼ q0
i exp �bViðzÞ � bZiewðzÞ � bDlex

i ðzÞ� � ð1Þ
where q0

i is the bulk ion concentration, b ¼ 1= kBTð Þ, kB is the Boltz-
mann constant, T is the given temperature, Zi is the ion valence, e is
the elementary charge, and wðzÞ is the electric potential. Dlex

i ðzÞ is
the excess chemical potential, which is divided into four types:
hard-sphere repulsion, chain connectivity, direct Coulombic energy,
and electrostatic correlations; the details are described in the Sup-
porting Information (SI) (Yang et al., 2020). ViðzÞ is the hard-
sphere potential between ion spheres and the boundary wall (the
silica surface in this work) and is given by

ViðzÞ ¼
0;dwall�sphere � ri

2

1;dwall�sphere <
ri
2

(
ð2Þ

ri is the hard-sphere diameter, and the hard-sphere potential
between two spheres in an aqueous solution also follows this form.
The electrostatic potential wðzÞ of the system is obtained through
the Poisson equation

d2wðzÞ
dz2

¼ �qiðzÞ
e0er

ð3Þ



Fig. 1. (a) Schematic diagram of the surface reaction model and fluid DFT. (b) Schematic diagram of the surface potential and charge density (circled in red) determined by
combining fluid DFT (dotted line) and the surface reaction model (solid lines) at different pH values. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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in which e0 and er are the vacuum permittivity and dielectric con-
stant, respectively, and the boundary condition is defined as

wð0Þ ¼ wðdÞ ¼ w0 ð4Þ
where d is the pore width. To solve Eqs. (1) and (3)-(4) numerically,
an initial guess of the density profiles is carried out to obtain the
electrostatic potential wðzÞ and excess chemical potential Dlex

i ðzÞ.
Then, the new density profiles are obtained according to Eq. (1),
and the process must be repeated until convergence. From the ion
distributions and the electrical potential, the surface charge density
could be calculated according to the overall charge neutrality
condition

Q ¼ �
X
i

Zje
ZH=2
0

dzqi zð Þ ð5Þ
2.2.2. Surface-reaction model
Silica, the main component of sandstone (Aslan et al., 2016;

Alotaibi et al., 2011), is selected to represent the rock surface,
and the silanol (SiOH) on the rock surface undergoes protona-
tion/deprotonation reactions, as shown in Eqs. (6) and (7), with
equilibrium constants of KA and KB, respectively.

SiOH $ SiO� þ Hþ KA ð6Þ

SiOH þ Hþ $ SiOHþ
2 KB ð7Þ

where pKA ¼ � log KAð Þ ¼ 6:8 and pKB ¼ � log KBð Þ ¼ 1:7 (Andersen
et al., 2011; Mei et al., 2016).

Due to the protonation/deprotonation reactions existing on the
rock surface, the total number density of silicon components is
determinedby three parts, SiOH, SiO-, and SiOH2

+, as shown in Eq. (8).

Ntotal ¼ NSiOH þ NSiO� þ NSiOHþ
2

ð8Þ
Considering the protonation/deprotonation reaction equilibrium,
the charge density of the rock surface is given by:

Q ¼ FNtotalð KB½Hþ�2s � KA

KA þ Hþ� �
s þ KB½Hþ�2s

Þ ð9Þ
3

where F is the Faraday constant of 96,485C�mol�1, Ntotal is set as
8 nm�2 from previous work (Lian et al., 2019), and Hþ� �

s is defined
according to the Boltzmann equation:

Hþ� �
s ¼ C0expð� ziFw0

RT
Þ ð10Þ

in which C0 is the bulk concentration of Hþ� �
determined by the pH

of the solution, w0 is the surface potential, and zi is the valence
of + 1.

Based on the two methods mentioned above, the rock surface
potential and charge density could be obtained by solving the
intersection, as displayed in Fig. 1(b). The validity of the above pro-
cedure will be demonstrated below.
3. Results and discussion

3.1. The effect of pH on the surface charge density of silica nanopores.

In the process of enhanced oil recovery, a variety of surfactants
are usually applied in combination, which could simultaneously
meet the requirements of emulsification, stability, and salt resis-
tance. Therefore, both anionic and cationic surfactants are investi-
gated in this work.

In this part, the surfactant with chain length N = 16 is selected
as an example for research, and the effect of chain length will be
discussed next. As shown in Fig. 2, the surface charge density of sil-
ica pores tends to be more negative as the pH increases, which is
consistent with the experimental results reported for different sil-
ica samples (Murota and Saito, 2022; Salis et al., 2010). This phe-
nomenon is attributed to the deprotonation of SiOH, in which the
number of SiO- with a negative charge increases with pH.

While its concentration and pH conditions are fixed, the abso-
lute value of surface charge density increases with pore size, but
the effect of pore size becomes negligible after reaching critical
size. Therefore, the pore size effect could be found in both systems,
which was relatively weak in the anionic surfactant systems com-
pared to that in cationic surfactant systems. As shown in Fig. 2(a),
the surface charge density has almost no change after d is enlarged
to 5 nm, which indicates that the electric double layers (EDLs) of



Fig. 2. The surface charge density with pH under different d at a concentration of N = 16: anionic surfactant (a) 0.001 M, (b) 0.01 M, (c) 0.1 M; cationic surfactant (d) 0.001 M,
(e) 0.01 M, (f) 0.1 M.
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the slit pore are independent while the pore size is large enough, so
that the surface charge density approaches an asymptotic limit.
After making comparisons among different concentrations, it could
be found that the pore size effect is gradually reduced as the con-
centration increases, and the critical pore size (CPS) is 2.5 nm
(0.1 M) compared to 5 nm (0.001 M) at pH = 8. The larger the sur-
factant concentration is, the smaller the critical pore is, which is
correlated with the reduced Debye length as the surfactant concen-
tration increases. Different from anionic surfactant systems, the
CPS is relatively larger in cationic surfactant systems, the critical
d is �25 nm (0.001 M), and the CPS is still 10 nm when the concen-
tration reaches 0.1 M. This phenomenon is attributed to the differ-
ence in charged head groups, and there is electrostatic repulsion
between the negatively charged wall and head groups of the anio-
nic surfactant. Therefore, the effect of charge regulation mainly
4

depends on the counterion in anionic surfactant systems. For catio-
nic surfactants, the positive charge is provided by head groups, and
the steric effect of the neutral chain should be considered, which is
much more complicated than that in anionic surfactant systems.
Therefore, the CPS is relatively larger than that in cationic surfac-
tant systems. When N = 2, the gap in the pore size effect is further
narrowed, as shown in Fig. S2, which also proves the viewpoint
mentioned above.
3.2. The effect of neutral chain length on the surface charge density of
silica nanopores.

As mentioned in Section 3.1, the effect of neutral chain length
should be given more attention. Therefore, the surface charge den-
sity after introducing different chain-length surfactants is investi-



Fig. 3. The surface charge density with pH is regulated by different chain length (N = 2, 4, 8, 16) surfactants in 1 nm and 50 nm slit pores: anionic surfactant (a) 0.01 M (b)
0.1 M; cationic surfactant (c) 0.01 M (d) 0.1 M.
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gated. As shown in Fig. 3(a), it is found that the surface charge den-
sity has little correlation with the chain length of surfactants while
the anionic surfactant concentration is relatively lower, since the
concentration is low, the intermolecular interaction among surfac-
tants is weak, and the distributions of charged head groups and
counter ions are similar in both systems. In Fig. 3(b), the effect of
chain length gradually emerges as the anionic surfactant concen-
tration increases, but the difference is still not significant. For
cationic surfactants, it is obvious that the chain length plays a vital
role in charge regulation because the positively charged head
groups are connected with the neutral chain length. The shorter
the neutral chain length is, the easier it is for the surfactant to enter
the pores to interact with the negative pore wall. Therefore, the
neutral chain length effect cannot be neglected in cationic surfac-
tant systems.

To demonstrate the effect of chain length, we directly obtain the
density distribution of different species at the interface based on
fluid DFT, as shown in Figs. 4 and 5. In this section, we use
pH = 8 as an example and explore the density distribution of
charged head groups, neutral side chains, and counter ions along
the z-direction of the nanopore. The f potential at this pH is
obtained as the initial parameter based on combining the fluid
DFT and surface reaction model.

As the anionic surfactant is introduced, it is found that the den-
sity profiles of charged species, including head groups and counter
ions, are similar in these systems with low concentrations, as men-
tioned above. The concentration of head groups near the pore wall
is negligible compared to that of counter ions because of the repul-
sion between the pore wall and head groups, in which the charge
5

regulation behaviors are similar to those of the simple salt. When
the surfactant concentration increases, the counter ions are more
dominantly distributed at the interface compared to head groups,
and the density of counter ions at the interface follows
N = 16 > N = 8 > N = 4 > N = 2, as shown in Fig. 4(b)-(c). The longer
the chain length is, the more counter ions there are at the interface.
To ensure the local electrical neutrality of the interface induced by
counter ions, the rock surface in N = 16 systems should behave
with more negative charges; therefore, the surface charge density
of N = 16 is the most negative. By comparing the density profiles
between head groups and neutral chain species, it could be found
that the neutral chain tends to interact with the surface. Since the
interface is negatively charged, the head groups are repulsed by the
electrostatic effect. The neutral chain is close to the surface
through the nonelectrostatic effect, which has been proven by
MD simulation (Zhong et al., 2013; Tummala et al., 2011). More-
over, there are also interactions among neutral chains, so it is rel-
atively difficult for the head groups of the N = 16 surfactant to
access the surface because of the steric hindrance formed by the
neutral chain.

In cationic surfactant systems, the difference in the density dis-
tribution of head groups is significantly contrary to anionic surfac-
tants, and the effect of counter ions is neglected. Because the short
surfactant could enter the pore with a low energy barrier, the den-
sity distribution of head groups follows N = 2 > N = 4 > N =
8 > N = 16. Therefore, the N = 2 systems show a more negative sur-
face charge to maintain the local electrical neutrality, consistent
with Fig. 3(c)-(d). Different from the anionic surfactant systems,
the head groups are closer to the pore wall than the neutral chains



Fig. 4. (a) Density profiles of head groups and counter ions of anionic surfactants (N = 2–16) under 0.001 M; Density profiles of (b) head (c) counter ions and (d) neutral chains
of surfactant (N = 2–16) under 0.1 M. (d = 50 nm is fixed).
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by comparing Fig. 5(b)-(c); therefore, the anionic surfactant may
be adsorbed on the negative pore wall by electrostatic attraction
during the EOR process.
3.3. The nanoconfinement behavior in silica nanopores.

Although the density distributions of each species at 50 nm
have been investigated, the confinement effect of nanopores at dif-
ferent scales is still unclear due to their complex pore structures.
Especially at the subnanoscale, fluids are induced to exhibit differ-
ent properties deviating from the bulk phase (Nazari et al., 2020).
Therefore, exploring the phase behaviors of each species under
other pores is important.

As shown in Fig. 6(a), there are almost no anionic surfactants in
the 1 nm slit, although the concentration of the bulk phase is 0.1 M,
which is easily understood because the entry barrier is difficult to
overcome due to the electrostatic repulsion effect between the
negatively charged rock surface and head groups. As the pore size
increases, some surfactant molecules enter the slit. The surfactant
concentration is similar to that of the bulk, while d is larger than
5.0 nm. As shown in Fig. 6(c)-(d), the bulk concentrations of the
head groups and neutral chains in the slit are almost identical, with
a concentration of 0.1 M and 1.5 M, respectively.

As shown in Fig. 7, contrary to the anionic surfactant, the catio-
nic surfactant could enter the 1 nm pore, but the concentration of
head groups in pores is 0.02 mol/L, different from the bulk phase.
With increasing pore size, the surfactant concentration far from
the pore wall gradually approaches the bulk phase. When
d = 50 nm, the bulk concentration of head groups and neutral
6

chains in the pore is 0.1 M, and 1.5 M, respectively, in which the
pore is similar to the open space, and the nanoconfinement effect
may be neglected. These results also proved the rationality of the
pore size range.
3.4. The effect of surfactant concentration on surface properties of
silica nanopores.

As shown in Fig. 8, the effect of the surfactant concentration on
the surface charge density is investigated. Taking the N = 16 anio-
nic surfactant and d = 1 nm as an example, the absolute value of the
surface charge density decreases with decreasing surfactant con-
centration, which is consistent with our previous work (Yang
et al., 2020). For example, when pH = 8, the surface charge density
is �0.1043C/m2 at 0.1 M, compared to �0.018C/m2 at 0.001 M. At
relatively higher concentrations, the counter ions more easily par-
ticipate in surface charge regulation, while the confined space is
unchanged. As shown in Fig. 8(c)-(d), the correlation between
cationic surfactant concentration and surface charge density shows
similar trends with the anionic surfactant, but the surface charge
density in anionic surfactant systems is more negative than that
in cationic surfactant systems, which is attributed to the energy
barrier difference between positively charged mono counter ions
and the head groups. As described in Figs. 4(c) and 5(b), the density
of anionic surfactants’ counter ions is larger than that of cationic
surfactants’ head groups; therefore, the surface charge density is
more negative in anionic surfactant systems.

Taking the surface reaction model into account as Eq. (9), the
factor that directly determines surface charge density is the proton



Fig. 5. (a) Density profiles of head groups and counter ions of cationic surfactants (N = 2–16) under 0.001 M; Density profiles of (b) head (c) counter ions and (d) neutral
chains of surfactant (N = 2–16) under 0.1 M. (d = 50 nm is fixed).

J. Xu, J. Cheng, J. Yang et al. Chemical Engineering Science 275 (2023) 118718
concentration, Hþ� �
. Therefore, surfactants with different concen-

trations induce variable behaviors of surface charge density by
affecting the surface proton concentration. Fig. 9(a) shows that
Hþ� �

decreases with the surfactant concentration, which promotes
the deprotonation reaction of silica pores considering reaction
equilibrium so that the negative species of SiO- increase, resulting
in more negative surface charge density. It is obviously indicated
that the proton concentration is significantly affected by pore size
under low surfactant concentrations, and the proton concentration
is reduced from 7:05� 10�6M to 3:78� 10�6M when d changes
from 1 nm to 50 nm with a surfactant concentration of 0.001 M.
When the surfactant is 0.1 M, the proton concentration shows less
change after d exceeds 2.5 nm, which is consistent with the CPS.
The correlation between the surface proton concentration and
cationic surfactant concentration is similar to that of anionic sur-
factant systems, as shown in Fig. S3.

Furthermore, the f potential is the factor that directly affects
Hþ� �

under a fixed pH according to Eq. (10). Therefore, we investi-
gate the effect of the surfactant concentration on the f potential. As
shown in Fig. 9(b), the absolute value of the f potential decreases
as the concentration of the surfactant increases. However, the
absolute value of the surface charge density becomes higher, as
mentioned above. According to previous work (Gilbert and
Ehrenstein, 1969; Mozhayeva and Naumov, 1970; McLaughlin
et al., 1971; McLaughlin et al., 1981), the ions in an aqueous solu-
tion could affect the f potential not only by binding to the counter
7

charge on the surface but also by exerting a screening effect. There-
fore, we considered that this phenomenon might be related to the
charge screening effect under different surfactant concentrations.

It is well known that the Debye length, kD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e0erRT=

P2
i F

2z2i ci0
q

,

is significantly dependent on the surfactant concentration in aque-
ous solution (Kato et al., 2018). The kD are 9.61 nm, 3.04 nm, and
0.96 nm, respectively, while the surfactant ranges from 0.001 M,
0.01 M to 0.1 M. The Debye length differed approximately tenfold,
which indicates that the ions in the much smaller area near the
rock surface have effects on the surface, although the ion concen-
tration increases; thus, the f potential becomes less negative. Since
both surface charge density and f potential are affected by solution
conditions, the surface charge density is positively correlated with
f potential at a given concentration. When the concentration of
ions in the system changes, the lower ion concentration results
in less electrostatic shielding, causing a larger surface potential
(Ong et al., 2020). Similar to our work, Predota et al. (Předota
et al., 2016; Biriukov et al., 2020) carried out molecular dynamics
simulations to investigate the effect of inorganic salt concentration
on the f potential of SiO2 (101), in which they found that the f
potential tended to be more negative as the NaCl concentration
decreased, which is consistent with the experimental results
obtained by Leroy et al. (Leroy et al., 2013). Moreover, Buckley
et al. (Buckley et al., 1989) also proposed that the zeta potential
of the glass/oil interface was reduced as the Na+ concentration
increased. Therefore, the validity of our model could be proven



Fig. 6. Density profiles of head groups (black) and neutral chain groups (red) of
N = 16 anionic surfactants and counter ions (blue) in rock pores at 0.1 M. 1.0 nm, (b)
2.5 nm, (c) 5.0 nm and (d) 50.0 nm. (The colored beads representing different
species are the same in Fig. 1.) (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 7. Density profiles of head groups (black) and neutral chain groups (red) of
N = 16 cationic surfactants and counter ions (blue) in rock pores at 0.1 M. (a) 1.0 nm,
(b) 2.5 nm, (c) 5.0 nm and (d) 50.0 nm. (The colored beads representing different
species are the same in Fig. 1.) (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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by the experiment and MD simulation. Meanwhile, our method has
more advantages than MD, especially in computational efficiency,
as shown in Table S1.

To further reveal the effect of the surfactant concentration on
the surface electrical properties, a series of concentration gradients
are investigated, in which d is fixed at 50 nm, so that the size effect
could be negligible. The normalized f potential and Debye length
are shown in Fig. 10, with 0.001 M as a reference. The correlation
between the concentration and f potential shows a similar trend
as that between the concentration and Debye length, which vali-
dates the conclusion mentioned above that increasing the surfac-
tant concentration causes a less negative f potential through
electrostatic screening. Moreover, it should be noted that the sur-
factant concentration has little effect when the concentration is
more than 0.04 M, especially compared to the concentration rang-
ing from 0.001 M to 0.01 M. Therefore, the charge regulation per-
formance of the surfactant is not linearly correlated with its
concentration, and there is an upper regulation limit. Taking
0.1 M and 0.4 M, for example, when the anionic surfactant concen-
tration is increased by three times, the f potential decreases by
8

only 6%. As shown in Fig. 10, the change in the normalized f poten-
tial in cationic surfactant systems is relatively smaller than that in
anionic surfactant systems because there is an interaction among
the neutral chains of the cationic surfactant, and the charge regu-
lation behavior is different from the effect of mono ions in anionic
surfactant systems. Furthermore, the correlation between concen-
tration and normalized f potential provides an effective theoretical
prediction method for balancing the cost and charge regulation
performance of surfactants.

4. Conclusion

In this work, the method of combining fluid DFT and a surface
reaction model is used to investigate the effect of both anionic
and cationic surfactants’ chain length, concentration, and pore size
on the surface charge density and f potential of silica nanopores,
which are listed as follows.

1. The surface charge density becomes more negative with
increasing pH due to the deprotonation reaction, causing the
number of negative species to increase. The pore size effect



Fig. 8. The surface charge density with pH as the N = 16 surfactant concentration changed. (a) d = 1 nm; (b) d = 50 nm.

Fig. 9. (a) Surface proton concentration, (b) f potential with N = 16 anionic surfactant concentration.
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plays an important role in surface charge density, but the sur-
face charge density approaches an asymptotic limit after
exceeding CPS, in which the EDLs are negligible compared to
pore size, and the pore size effect is less significant at high sur-
factant concentration and pH conditions.

2. The chain length effect is significant in cationic surfactant sys-
tems compared to anionic surfactants, and the effect of anionic
surfactants is similar to that of simple salts due to the electro-
static repulsion between the pore wall and head groups. In
cationic surfactant systems, the chain length causes a difference
in steric hindrance to enter the pore. The shorter the neutral
chain length is, the more negative the surface charge density.
9

3. The surface charge density becomes more negative as the sur-
factant concentration increases, but the f potential tends to be
less negative, which could be attributed to the strong electro-
static screening. The normalized f potential and Debye length
have been calculated to exhibit the correlation between the
charge regulation performance and concentration of the surfac-
tant, and the surface properties tend to be stable as the surfac-
tant concentration increases.

The results are validated by previous MD simulations and
experimental results, which proved the efficiency and accuracy of
this method. This work demonstrates that the process of combin-



Fig. 10. The normalized f potential (solid black line) and Debye length (blue dotted
line) with different surfactant concentrations. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)

J. Xu, J. Cheng, J. Yang et al. Chemical Engineering Science 275 (2023) 118718
ing fluid DFT and a surface reaction model could properly describe
the surface electrochemical properties of silica pores under differ-
ent reservoir conditions, hoping to guide the EOR process.
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