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Hypothesis: We describe the deposition behavior of monodispersed silica nanoparticles on polystyrene
spherical particles by using modified pairwise DLVO (Derjaguin-Landau-Verwey-Overbeek) interaction
force profiles at pH values between two and twelve. Our modified model contains a new nonlinear charge
regulation parameter that considers redistribution of ions, which allows us to realistically express the
electrical double layer (EDL) interaction forces.
Experiments: Silanol-terminated silica nanoparticles (7.6 ± 0.4 nm), L-lysine-covered silica nanoparticles
(7.8 ± 0.4 nm), and polyallylamine hydrochloride-covered polystyrene (PAH/PS) particles (348 ± 1 nm)
were synthesized. Then, each type of silica nanoparticle was deposited on the PAH/PS particles at a range
of pH values.
Findings: Our new regulation parameter describes the realistic redistribution of charges governed by pH,
total salt concentration, ionic strength of solution, and separation distance of particles. We find that this
regulation parameter can be roughly approximated from the absolute values of theoretically calculated
surface charge density and potential distributions, as well as experimentally measured f-potentials.
Morphological analysis using electron microscopy of the experimental systems shows that the modified
pairwise DLVO interaction forces exceptionally describe the deposition behavior of the silica nanoparti-
cles physically adsorbed on the PAH/PS particle substrates.

� 2022 Elsevier Inc. All rights reserved.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcis.2022.01.076&domain=pdf
https://doi.org/10.1016/j.jcis.2022.01.076
mailto:ograeve@ucsd.edu
https://doi.org/10.1016/j.jcis.2022.01.076
http://www.sciencedirect.com/science/journal/00219797
http://www.elsevier.com/locate/jcis


S. Choi, R. Vazquez-Duhalt and O.A. Graeve Journal of Colloid and Interface Science 613 (2022) 747–763
1. Introduction

The synthesis of organic/inorganic hybrid nanoparticles has
been extensively studied for their applications in a variety of tech-
nologies, including battery systems, optics, biomedicine, and elec-
tronics [1–4]. For synthesis of these systems, it is typical for an
inorganic material to be decorated on an organic substrate, result-
ing in countless variations for different sizes, shapes, and types of
materials, and providing many options for the design of hybrid
materials. Generally, there are four strategies to prepare organic/
inorganic hybrid nanoparticles, namely deposition of ex situ syn-
thesized inorganic nanoparticles on a prepared organic substrate
by either covalent or noncovalent bonding [2–3,5–8], in situ
growth of inorganic nanoparticles by crystallization or precipita-
tion on the polymer substrate [9–14], in situ synthesis of polymer
particles in the presence of inorganic nanoparticles [15–18], and
simultaneous synthesis of both polymer and inorganic nanoparti-
cles [19–20]. The first strategy can result in controlled size and
shape of both the organic and inorganic components. However,
the deposited inorganic particles can undergo aggregation depend-
ing on the pH, ionic strength, and separation distance of the
nanoparticles, among others. These aggregated particles become
irreversibly bound and manifest behaviors of the aggregates
instead of the behaviors of single inorganic nanoparticles. Thus,
to gain control in such systems, the deposition behavior and sur-
face interactions of the inorganic nanoparticles must be explored.

One can normally discuss the aggregation behavior of colloidal
particles in terms of interaction energies or forces based on the
classical theory developed by Derjaguin, Landau, Verwey, and
Overbeek (DLVO) [21–23]. This theory assumes that particle inter-
actions are mainly dominated by van der Waals (vdW) and electri-
cal double layer (EDL) forces. EDL forces are described by the
Poisson-Boltzmann theory, which states that surfaces in aqueous
solutions maintain constant charge or constant potential, an unre-
alistic scenario for most cases [24]. In addition, the classic EDL
model and its derivatives fail to effectively describe the interaction
energy or force of asymmetric systems such as oppositely charged
surfaces [25]. For isolated particles in dilute solutions, the surface
charge density and surface potential are regulated by the adsorbed
ions on the surfaces, total salt concentration, pH and ionic strength
of the solution, inducing protonation and deprotonation of the ion-
izable chemical groups on the surfaces. In practical cases, the
charged surface density and surface potential vary when the col-
loidal particles approach each other, as this triggers redistribution
of ions on the surfaces. This phenomenon in which the surface
charge density is controlled by the redistributed ions is called
charge regulation [25–31].

Studies have used the linearized Poisson-Boltzmann model,
which introduces a parameter to describe the charge regulation
behaviors for both symmetric and asymmetric surfaces in solution
[26–32]. In this model, symmetric surfaces are described as having
the same charge densities or potentials, while asymmetric surfaces
bear different charge densities or potentials. The model expresses
charge regulation by assuming that the value of the regulation
parameter remains constant when the two surfaces approach each
other. This is called the constant regulation approximation and
valid for situations in which there is low ionic strength and low
potential. Its derivation originates from the linearized Poisson-
Boltzmann equation and Debye-Hückel approximation [33].
Although this model has been considered a leap forward, an
extended model to describe more complex situations is still
unavailable. This may include systems having asymmetric parti-
cles, for example, an EDL interaction between a slightly charged
amine-functionalized polymer particle and a fully charged silica
nanoparticle at high pH. To efficiently describe practical cases like
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this one, the EDL interaction force term should be governed by a
charge regulation model that describes the redistribution of ions
near the surface depending on pH, total salt concentration, ionic
strength of solution, and separation distance.

In this study, we describe the deposition behavior of inorganic
silica nanoparticles on oppositely charged submicron-sized poly-
meric particles, together with a generalized pairwise EDL interac-
tion model that is valid for both symmetric and asymmetric
cases. A regulation parameter as a function of pH and functional
groups on particle surfaces is introduced for symmetric systems.
Our analysis includes the development of (i) a nonlinear relation-
ship between surface charge and surface potential under realistic
charge regulation conditions and a nonlinear Poisson-Boltzmann
model; and (ii) a method to find the diffuse layer potential by con-
sidering the diameter of the dominant ionic component near the
surfaces. To compare and verify that our model effectively
describes a wide range of practical cases, including low and high
ionic strength solutions and low and high surface potentials, two
different monodisperse silica nanoparticles, silanol-terminated sil-
ica nanoparticles and L-lysine-covered silica nanoparticles, and
uniform-sized polyallylamine hydrochloride (PAH)-covered poly-
styrene (PS) particles, were experimentally prepared. For the case
of the silanol-terminated silica nanoparticles, we scrutinize the
vdW and EDL interaction forces for (1) two silanol-terminated sil-
ica nanoparticles (symmetric system) and (2) silanol-terminated
silica nanoparticles on PAH/PS particles (asymmetric system). For
the case of the L-lysine-covered silica nanoparticles, we scrutinize
the vdW and EDL interaction forces of (3) two L-lysine-covered sil-
ica nanoparticles (symmetric system) and (4) L-lysine-covered sil-
ica nanoparticles on PAH/PS particles (asymmetric system). Since
the calculated values used in our analysis correspond to the force
between two particles of interest, if the concentration of the parti-
cles is high, these two particles will also interact with other parti-
cles in the same system, resulting in a significant deviation
between the experimental results and theoretical model. There-
fore, dilute solutions are used in this work to minimize the error
between the experiment and the model [24–25]. Also, non-DLVO
forces are ignored.
2. Experimental methodology

The procedure to prepare the PAH/PS particles covered with
silanol-terminated silica nanoparticles [Figure SF1(a), page S2] or
with L-lysine-covered silica nanoparticles [Figure SF1(b), page S2]
is illustrated in Supplementary Information.

Materials: Styrene (�99%, contains 1% of 4-tert-butylcatechol as
a stabilizer), potassium persulfate (�99.0%), tetraethyl orthosili-
cate (TEOS, 98%), L-lysine (�98%), cyclohexane (99.5%, anhydrous),
ammonium hydroxide solution (NH4OH, 28.0–30.0%), ammonium
chloride (NH4Cl, �99.5%), hydrochloric acid (HCl, 37%), sodium
hydroxide (NaOH, >98%, pellets), poly(allylamine) hydrochloride
(PAH, Mw: 5,000–15,000 g/mol), and sodium chloride (NaCl,
�99.5%) were purchased from Sigma-Aldrich (St. Louis, MO). All
chemical reagents except styrene were used without further purifi-
cation. Relevant pH adjustments for the solutions were controlled
with either HCl or NaOH solutions. Deionized water was used for
all experiments.

Synthesis of silanol-terminated silica nanoparticles: NH4Cl�NH3

buffer solution of pH 9.0 was prepared by adding 10 mM NH4Cl
to 0.1 M NH4OH solution. A volume of 350 mL of the NH4Cl�NH3

buffer solution was heated to 60 �C in a round flask, and a mixture
of TEOS (100 mL) and cyclohexane (50 mL) was added [34–35]. The
solution was stirred vigorously for 24 h and then cooled to room
temperature. The aqueous layer containing silanol-terminated sil-
ica nanoparticles on the bottom of the reactor was collected, fil-
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tered with water of pH 6.5 by using an aluminum oxide filter mem-
brane (pore size: 0.02 lm, Anodisk, Whatman�, GE Healthcare,
Chicago, IL), which has straight porous channels. Then, the filtered
sample was diluted to 1.0 � 10-5 wt% with water of the same pH
and redistributed by ultrasonication for 15 min. The pH of this
solution was 6.7.

Synthesis of L-lysine-covered silica nanoparticles: A mass of 28 mg
of L-lysine was dissolved in 28 mL of water in a reactor at 351 K.
Then, 2.0 g of TEOS were injected into the mixture, and the mixture
was vigorously stirred for 24 h and cooled to room temperature
[36–39]. To remove the impurities (i.e., free L-lysine and ethanol)
the solution was filtered using an aluminum oxide membrane.
The filtered sample was diluted to 1.0 � 10-5 wt% with water and
redistributed by ultrasonication for 15 min. The measured pH of
this solution was 7.3.

Synthesis of sulfate-terminated polystyrene particles: The styrene
precursor was washed 4 times with a solution of 1.0 M NaOH to
remove the 4-tert-butylcatechol inhibitor. Then, the washed styr-
ene was dried with magnesium sulfate before use. The anionic
polystyrene (PS) particles consisting of sulfate-ended chains were
prepared by soap-free emulsion polymerization [40]. A mass of
10 g of purified styrene was vigorously mixed with 190 g of water
in a three-necked flask for an hour under nitrogen atmosphere at
348 K. Then, 10 g of water containing 0.10 g of potassium persul-
fate were injected into the reactor to initiate the chain-growth
polymerization and incubated for 24 h. The PS particle suspension
was washed 7 times with excess water by a sequence of ultrason-
ication and centrifugation to eliminate impurities such as unre-
acted sulfate molecules, styrene monomers, dimers, and trimers.
The concentration of the purified PS particle suspension was
diluted to 0.10 wt% with water, and then the solution was mixed
by ultrasonication for 15 min. The measured pH of this solution
was 7.2.

Physisorption of PAH on sulfate-terminated PS particles: In order
to coat a PAH monolayer on the sulfate-terminated PS particles,
1.0 mL of 20 wt% PAH water solution was poured into 30.0 mL of
the 0.10 wt% PS particle suspension, and then the mixture was vig-
orously stirred for 24 h at room temperature [41–45]. The solution
was microfiltered 5 times with excess water by using a cellulose
acetate membrane filter (pore size: 0.20 lm, Advantec MFS, Inc.,
Dublin, CA) to remove free PAH molecules. The purified sample
was diluted to 1.0 � 10-5 wt% with water, and the measured pH
was 6.7.

Deposition of silica nanoparticles on PAH/PS particles: A 1.0 mL
suspension of 1.0 � 10-5 wt% silica nanoparticles was incorporated
into 10 mL of the PS particle solution and vigorously stirred for
10 s. Then, the pH of each mixture was adjusted to 2, 4, 6, 8, 10,
and 12 with 0.1 mM of HCl solution to lower the pH or 0.1 mM
of NaOH to increase the pH of each mixture. After mixing for 6 h
at room temperature, each sample was microfiltered 3 times with
water of the same pH by using a cellulose acetate membrane filter.

Characterization: A field emission scanning electron microscope
(FE-SEM, Zeiss Sigma 500, Carl Zeiss AG, Oberkochen, Germany)
and a transmission electron microscope (TEM, JEOL 1200 EX II,
JEOL Ltd., Tokyo, Japan) were used to observe the morphology of
the powders. A drop of suspension was placed on aluminum foil
and dried in a vacuum oven at room temperature for a week to
minimize the thermal effect on the pairwise EDL forces between
all particles and to maintain the original morphology of the parti-
cles. Temperature is one of the controlling parameters of surface
charge. If the sample is dried at higher temperature, charge redis-
tribution occurs at the particle surfaces. The potential profile also
changes and the modified value of the EDL force initiates the
movement of the attached silica nanoparticles, changing the mor-
phologies of the nanoparticles physically adsorbed on the PS parti-
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cles. The samples for SEM were not sputter-coated since this may
affect the original morphology of the silica nanoparticles. The
hydrodynamic size distributions and the f -potentials of all the
particle suspensions were measured using dynamic light scattering
(DLS, Nanotrac Wave II, Microtrac, Inc., Montgomeryville, PA) [46–
57]. All particle suspensions were ultrasonicated for 10 min before
measurements using DLS.

3. Theoretical model

In this section, the modified pairwise DLVO interaction force
model is discussed with the assumption that the total interaction
force [FDLVO(D)] is a sum of the vdW force [FvdW(D)] and the EDL
force [FEDL(D)]:

FDLVO Dð Þ ¼ FvdW Dð Þ þ FEDL Dð Þ ð1Þ
where D is the separation distance between surfaces [21–23].

The vdW interaction force term between spheres used in this work
was computed as described in Supporting Information (pages S3-
S6). The modified EDL force model is valid for both symmetric
and asymmetric spherical particles having low and high surface
potentials, under low and high ionic strength of solutions at differ-
ent pH values. In this study, the symmetric systems include solu-
tions of silanol-terminated silica nanoparticles and L-lysine-
covered silica nanoparticles, for which we analyze the surface
interactions between two silanol-terminated silica nanoparticles
and between two L-lysine-covered silica nanoparticles. The asym-
metric systems include mixed solutions of PAH/PS particles with
silanol-terminated silica nanoparticles and PAH/PS particles with

L-lysine-covered silica nanoparticles.

3.1. EDL interaction forces for symmetric and asymmetric systems

We introduce a regulation parameter pi, based on the nonlinear
Poisson-Boltzmann model, to the EDL interaction energy for either
symmetric or asymmetric isolated plates. Then, these EDL energies
are converted to EDL interaction forces between two spherical par-
ticles by using the Derjaguin approximation [25].

3.1.1. Nonlinear charge regulation relation between surface charge
density and surface potential

Derivations of the charge regulation relations between the sur-
face charge density and surface potential are presented in Support-
ing Information (pages S7-S12) for the silanol-terminated silica
nanoparticles [Equation (SE13)], L-lysine-covered silica nanoparti-
cles [Equation (SE19)], and PAH/PS particles [Equation (SE24)].
These charge regulation equations are still unrealistic because of
the effects of total salt concentration and ionic strength of the solu-
tion, which also change as the pH of the solution is varied. More-
over, since both the surface charge density and surface potential
are unknown in these equations, we need one more independent
equation to solve the relation between surface charge density
and surface potential at specific pH values.

The surface charge is regulated by proton concentration on the
surface and by all co-ions and counter-ions in solution, which
affects the charge balance within the EDL and changes the proton
concentration profile. Thus, the second relation between surface
charge density and surface potential should be dependent on total
ionic concentrations on the surface. The well-known Poisson equa-
tion describes a Laplacian of the potential as a function of the dis-
tance � away from the surface [25] and the ionic concentration
profile Cx,i as:

r2w ¼ d2w
dx2

¼ � ziqCx;i

eoer
ð2Þ
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where eo is the permittivity of vacuum and er is the relative permit-
tivity of water at room temperature. Since the ionic concentration
follows a Boltzmann’s distribution, one can combine Equation
(SE4) in Supplementary Information and Equation (2), resulting in
the Poisson-Boltzmann equation [25]:

d2w
dx2

¼ � qNA

eoer

X
i

ziC1;ie
�ziqwx

kBT ð3Þ

This Poisson-Boltzmann equation governs the electrostatic
potential distribution for a charged surface, which is immersed in
an electrolyte solution [58–61]. From Equation (3), the Grahame
equation is obtained [25]:

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8eoerkBTNAC1 � 103

q
sinh

qwo

2kBT

� �
ð4Þ

This equation shows that there is, indeed, a second relation
between surface charge density and surface potential, which
depends on the total concentration of salts C1. All the variables
required to compute values for this relation are listed in
Table ST3 (page S13 of Supplementary Information).

By using the optimize.root() function from the SciPy package of
Python, the solution of each pH-dependent charge regulation
model [Equations (SE13), (SE19), and (SE24) in Supplementary
Information] and the Grahame equation [Equation (4)] results in
a pair of roots of r and wo with respect to pH of the solution for
each symmetric surface. These relations between surface charge
density and surface potential are valid for isolated surfaces and
both low and high potential cases because the Grahame equation
is based on a nonlinear Poisson-Boltzmann equation. However,
the ionic strength of the solution is not considered in this model.
Moreover, this charge regulation model does not describe the
changes in surface charge density and surface potential for the
two surfaces upon approach. Therefore, we should introduce a reg-
ulation parameter under this nonlinear charge regulation relation
so that both the surface charge density and the surface potential
are affected by the ionic strength of the solution and the separation
distance.

3.1.2. Regulation parameter
For large separations (D?1), a local linearization of the charge

and potential relation permits an arbitrary value and approxima-
tion of p(D) [26,32]:

pi ¼ lim
D!1

Pi Dð Þ ¼ Cdl;i

Cdl;i þ Cin;i
ð5Þ

where pi is the regulation parameter for plate i, Cdl,i is the diffuse
layer capacitance of the plate i, and Cin,i is the inner layer capaci-
tance of plate i (described on page S14 of Supplementary Informa-
tion). When the surface charge of two particles approaching each
other is constant, then p(D) = 0; when the surface potential of
two particles approaching each other remains constant, then p
(D) = 1. Thus, the constant regulation approximation allows one
to describe the charge regulation behavior of two surfaces
approaching each other with a single arbitrary regulation parameter
between 0 and 1 [21–22,26–32]. This regulation parameter depends
on the capacitance within the Stern layer of the EDL [29]. The dif-
fuse layer capacitance is obtained from:

Cdl;i ¼ @rdl;i

@wdl;i
¼ e0erj cosh

qwdl;i

2kBT

� �
ð6Þ

where wdl,i is the diffuse layer potential at the outer Helmholtz
plane. The location of the outer Helmholtz plane is determined
using a straightforward definition by Stern [62]:

d ¼ 2rwater þ rhydrated ion ð7Þ
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where d is the distance at the outer Helmholtz plane away from the
surface, rwater is the radius of a water molecule (0.138 nm), and rhy-
drated ion is the radius of the dominant counter-ions near the isolated
surface. The radii of hydrated ions [25] used are listed in Table ST4
of Supplementary Information (page S14). Once the co-ion and
counter-ion profiles are known from the Boltzmann equation
[Equation (SE4) in Supplementary Information], one can determine
the dominant counter-ions near the solid/liquid interface, as listed
in Table 1.

Now, we need the potential profile as a function of the dis-
tance � to calculate the diffuse layer potential. For a monovalent
electrolyte, the potential profile wx,i at a distance � away from
the surface is defined as [25]:

wx;i ¼
2kBT
q

ln
1þ tanh qwo;i

4kBT

� �n o
e�jx

1� tanh qwo;i
4kBT

� �n o
e�jx

2
4

3
5 ð8Þ

where j is the inverse Debye screening length defined by [25]:

j ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
i
q2z2i C1;iNA � 103

eoerkBT

vuut
ð9Þ

The potential profile of Equation (8) is governed by the surface
potential based on the nonlinear charge regulation relation and the
ionic strength of the solution. With the given conditions, d is incor-
porated as � into Equation (8) to find the diffuse layer potential
wdl,i of plate i.
3.1.3. Generalized EDL interaction force
An integration over the separation distance yields the pairwise

EDL interaction energy between two plates i and j:

WEDL;planes Dð Þ ¼ R1
D

QðD0Þ dD0 ¼

¼ eoerj
2wo;iwo;j e�jDþ 2pi�1ð Þw2

o;jþ 2pj�1ð Þw2
o;i

h i
e�2jD

1� 2pi�1ð Þ 2pj�1ð Þ e�2jD

ð10Þ

where pi and pj are the regulation parameters of two different
plates, i and j, respectively [22,33]. Even though Equation (10) is
originally derived from the linearized Poisson-Boltzmann equation
within the Debye-Hückel approximation, the EDL interaction
energy is affected by the regulation parameter based on a nonlinear
charge-potential relation. Thus, Equation (10) indeed describes the
EDL interaction energy of either symmetric or asymmetric plates
with realistic charge regulation behaviors, which are determined
by pH, total concentration of salts, ionic strength of the electrolyte
solution, and the separation distance. This model is also valid for
low to high ionic strength of the solution and low to high surface
potential cases. The EDL interaction force FEDL,spheres(D) between
two spheres can be obtained by the Derjaguin approximation:

FEDL;spheres Dð Þ ¼ 2p RiRj

Ri þ Rj
WEDL;planes Dð Þ ð11Þ

By incorporating the vdW force from Equation (2) and the EDL
force from Equation (11) into Equation (1), the pairwise DLVO
interaction force profiles as a variation of pH are obtained for either
symmetric or asymmetric spheres. What we are interested in are
the force profiles for the two different asymmetric cases: (i) a
silanol-terminated silica nanoparticle and a PAH/PS particle and
(ii) an L-lysine-covered silica nanoparticle and a PAH/PS particle.
Thus, the regulation parameters and the surface potential values
for all three symmetric surfaces are required as defined in Equation
(10). Additional variables required to compute the regulation
parameters of plate i and the EDL interaction force between two
particles are listed in Table ST5 (page S15 of Supplementary Infor-



Table 1
Dominant counterion species and distance at outer Helmholtz plane away from the surface of a particle with respect to pH of solution.

pH Silanol-terminated silica nanoparticles L-lysine-covered silica nanoparticles PAH/PS particles

Dominant counterions (a) d (nm) (b) Dominant counterions (a) d (nm) (b) Dominant counterions (a) d(nm) (b)

2 Cl- 0.61 Cl– 0.61 Cl– 0.61
4 H+ 0.56 Cl– 0.61 Cl– 0.61
6 H+ 0.56 H+ 0.56 Cl– 0.61
8 Na+ 0.63 Na+, H+ 0.61(c) OH– 0.66
10 Na+ 0.63 Na+ 0.63 OH– 0.66
12 Na+ 0.63 Na+ 0.63 OH– 0.66

(a) Dominant counterion species at outer Helmholtz plane.
(b) Distance at the outer Helmholtz plane away from the surface of a particle.
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mation). The entire calculation procedure of this work is diagram-
matically represented in Figure SF2 (page S16 of Supplementary
Information).

3.2. Summary of model contributions

The most recent regulation parameter model is based on a sim-
ple charge regulation effect with constant regulation under the
Debye-Hückel approximation [21–22,28–29,31,61]. It makes use
of a mathematical relationship between the regulation parameter
and the diffuse layer potential, with values that can be determined
by direct measurements of the pairwise interaction force and
capacitances Cdl, Cin, Cbi, and Cs [29]. For computational simplicity,
the Grahame equation is used based on a direct relationship
between surface charge density and diffuse layer potential, instead
of surface potential. Even though this approach agrees well with
experimental results, it has limitations to appropriately describe
realistic charge regulation behaviors of a larger variety of colloidal
systems.

To properly estimate the pairwise EDL interaction forces under
realistic charge regulation behaviors for more practical cases, our
proposedmodel introduces amathematical procedure to determine
the regulation parameterwithout any experimentalmeasurements.
To improve the regulation parameter model, our contributions
include (i) a nonlinear relationship between surface charge and sur-
face potential based on the charge regulation effect occurring over a
wide range of pH values using nonlinear Poisson-Boltzmann theory,
and (ii) amethod to define the diffuse layer potential by considering
the size of dominant ionic species near surfaces.

First, we show the nonlinear relation between surface charge
and surface potential for all possible equilibrium acid-base reac-
tions of a single functional group and multi-functional groups on
the surfaces of particles in the pH range from 2 to 12. This method
is valid for more practical situations such as low to high pH and
low to high electrolyte concentration. Second, considering the size
of dominant ions near surfaces allows us to define the diffuse layer
potential in the outer Helmholtz plane. The values (surface charge
density, surface potential, and diffuse layer potential) determined
by these two methods are used to find the regulation parameters,
which describe the pairwise EDL interaction forces of particles
under a realistic charge regulation effect. If the concentration of
particles in solution is dilute, this generalized EDL interaction force
model is valid for low to high pH, low to high electrolyte concen-
tration, single to multi-functional surface groups, symmetric sys-
tems, and asymmetric systems. This is because the primary
assumption of the mathematical description of the pairwise inter-
action force is that the two interacting particles are not under any
external forces [25].
4. Results and discussion

An appropriate theoretical description of the interaction ener-
gies and forces for particles in suspension, which includes effects
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associated with particle morphologies and surface chemistry, is
crucial to avoid a significant deviation from real results [23]. First,
both the vdW and EDL terms depend on geometry of the particles,
which can be defined by size, shape, surface roughness, and den-
sity. Particularly, the surface roughness must not be ignored for
the vdW interaction term since the strength of this interaction
extends meaningfully from 0.2 to 1 nm away from the surface
[23,63–66]. For example, surface roughness of spherical particles
greater than 1 nm causes uneven vdW interactions between the
surface of a sphere and that of another sphere, resulting in a drastic
decrease in the pairwise vdW interaction. Second, a deep under-
standing in protonation and deprotonation of the functional groups
on the surface of the colloidal spheres allows defining how many
specific chemical groups are ionized and contribute surface charge
density at a given pH and ionic strength. Thus, to justify that all the
colloidal particles used in this work are ideal for our theoretical
model, morphological studies using electron microscopy tech-
niques are presented in Supporting Information (pages S17-S26).
4.1. Nonlinear charge regulation relationship between surface charge
density and surface potential

In this section, we analyze the changes in both surface charge
density and surface potential with respect to pH from the perspec-
tive of Boltzmann’s distribution of each ionic species on the sur-
face. Surface charge density and surface potential are computed
by the charge regulation equations [Equations (SE13), (SE19), and
(SE24) in Supplementary Information] and the Grahame equation
[Equation (4)] and plotted in Fig. 1. The raw data for this figure is
available in Table ST6 in Supplementary Information (pages S27-
S29). Fig. 1(a) shows the surface charge density of the silanol-
terminated silica nanoparticles, L-lysine-covered silica nanoparti-
cles, and PAH/PS particles with respect to pH. Fig. 1(b) presents
the same information with reduced axes for clarity at small values.
To discuss further the surface charge density behaviors of these
colloidal particles, we explore the shifts of the ionic concentrations
in log scale between the bulk solution and the solution on the sur-
face of each particle as a variation of pH, as displayed in Fig. 2 (raw
data information available on page S30 of Supplementary Informa-
tion). In this figure, we compare the changes in the bulk ionic con-
centration of each species [Fig. 2(a)] with the changes in each ionic
concentration on the surface of the silanol-terminated silica
nanoparticles [Fig. 2(b)], the L-lysine-covered silica nanoparticles
[Fig. 2(c)], and the PAH/PS particles [Fig. 2(d)]. Each ionic concen-
tration on the surface is computed using the Boltzmann equation
[Equation (SE4) in Supplementary Information] with the calculated
surface potential. Each plot is divided into several regions depend-
ing on changes in the slope of the ionic concentration with respect
to pH.

Surface charge density of silanol-terminated silica nanoparticles:
As seen in Fig. 1(a), at pH 2 the surface of the silanol-terminated
silica nanoparticles is very slightly positive (+0.17 lC/m2) because
a few protonated silanol groups bear positive charge and most of



Fig. 1. (a)-(b) Surface charge density profiles as a function of pH, (c) surface potential as a variation of pH, and (d) surface charge density versus surface potential for silanol-
terminated silica nanoparticles, L-lysine-covered silica nanoparticles, and PAH/PS particles.
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the silanol groups are neutral due to high concentration of protons
in the solution. At pH between 2.0 and 2.5, there is a charge inver-
sion from slightly positive to slightly negative with an increase in
pH [Fig. 1(b)]. Region I of Fig. 2(b) shows that the ionic concentra-
tion on the surface is very similar to the behavior shown in Fig. 2(a)
at the same pH range (i.e., from 2 to 4) for ½Hþ�0, ½Cl��0, and ½OH��0.
In both figures, the value at pH 2 is the same and the slopes of all
three curves point in the same direction for each of the ionic spe-
cies. This is expected because the rates of change of ½Hþ�0, ½Cl��0,
and ½OH��0 on the surface with respect to pH are very close to that
of each bulk ionic concentration of the ½Hþ�1, ½Cl��1, and ½OH��1, as
seen by comparing Fig. 1(a) and 2(b). Referring to Fig. 1(a) from pH
4 to 7, the surface charge density is constant even though the con-
centration of protons ½Hþ�1 in the solution, which decreases with
increase in pH, is much lower at pH 7 compared to pH 4. Region
II of Fig. 2(b) shows that the ionic concentration profiles on the sur-
face do not follow the bulk ionic concentration profiles, shown in
Fig. 2(a), between pH 4 and 7. In region II, an increase in pH does
not change ½Hþ�0 and ½OH��0, whereas in the bulk the ionic concen-
tration of ½Hþ�0 decreases and that of ½OH��0 increases with increas-
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ing pH. Because the density of SiO� on the silica surface does not
change from pH 4 to 7 in Fig. 1(a), the concentration of the only
counterion, H+, on the silica surface in Region II of Fig. 2(b) must
be constant as well. If ½Hþ�0 is constant, ½OH��0 must also be con-
stant, since the auto-ionization of water molecules obeys pH + p
OH = 14 everywhere in the aqueous solution at room temperature.
We refer to this as the buffer capacity (i.e., the capacity to protect
the volume close to the surface from changes in ionic concentra-
tion of protons and hydroxide anions on the surface). On the other
hand, ½Cl��0 changes sensitively by the change in pH to meet local
charge balance, which shows that this ionic species is not buffered.

From pH 7 to 11 in Fig. 1(a), as additional NaOH is added to the
solution, there is an increase in the absolute value of the surface
charge density of the silanol-terminated silica nanoparticles (i.e.,
the surface charge density becomes more negative). Since this neg-
ative surface charge density is high enough to strongly attract
more protons and sodium cations near the surface, ½Hþ�0 and
½Naþ�0 show shifts to higher concentrations when comparing the
bulk concentrations in Fig. 2(a) with those on the surface in
Fig. 2(b). Above pH 11, the surface charge density reaches its max-



Fig. 2. Concentration profiles of sodium ions, hydroxide ions, chloride ions, and protons with respect to pH from acidic to basic for (a) bulk solutions, (b) on the surface of
silanol-terminated silica nanoparticles, (c) on the surface of L-lysine-covered silica nanoparticles, and (d) on the surface of PAH/PS particles.
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imum (negative) value, which means that all the silanol groups on
the surface are fully deprotonated and exert the maximum charge.
As plotted in region IV of Fig. 2(b), ½Naþ�0 is constant above pH 11.
Although more NaOH is added into the solution, the surfaces of the
silanol-terminated silica nanoparticles do not accept more sodium
cations. Instead, more sensitive changes of ½Hþ�0 and ½OH��0 are the
source of the surface buffer capacity of this sodium ion.

Surface charge density of L-lysine-covered silica nanoparticles: In
Fig. 1(a), the surface charge density of the L-lysine-covered silica
nanoparticles is weakly positive between pH 2 to 5. This is because
the surface contains more a�NH þ

3 than a - COO� in this acidic
environment. Thus, this weakly positive surface charge slightly
repels protons and attracts more chloride anions and hydroxide
ions near the surface. As seen in region I of Fig. 2(c), compared to
the bulk ionic concentration distributions in Fig. 2(a), a shift of
½Hþ�0 to a lower concentration and shifts of ½Cl��0 and ½OH��0 to
higher concentrations support these ion redistributions. Fig. 1(b)
shows that the surfaces of the L-lysine-covered silica nanoparticles
undergo a charge inversion from slightly positive to very weakly
negative between pH 5 and 6. This indicates that the number of
a - COO� starts slightly exceeding that of a - NH þ

3 in this pH
range. However, the overall numbers of both are almost equal. As
seen in region II of Fig. 2(c), both ½Hþ�0 and ½OH��0 are almost con-
stant, even when their bulk concentrations ½Hþ�1 and ½OH��1,
change by two orders of magnitude. Instead, ½Cl��0 changes rapidly,
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contributing to the buffer capacity for ½Hþ�0 and ½OH��0 near the
surface in region II. This indicates that both a - NH þ

3 and
a - COO� on the surface of the L-lysine-covered silica nanoparticles
are fully ionized and do not accept or lose more protons in this pH
range. Incorporation of further NaOH into the solution causes an
increase in the negative surface charge density of the L-lysine sur-
face above pH 7, as depicted in Fig. 1(b). At pH 10, as seen in Fig. 1
(a), the surface charge density shows a drastic negative increase.
This implies that the a - NH þ

3 starts becoming deprotonated,
transitions to a-NH2, and loses charge in basic conditions, while
the a - COO� stays constant without gain or loss of single protons
(this will be discussed further at the end of this sub-section). At
high pH, the surface bears enough negative charge density to
attract protons and sodium ions and to repel the hydroxide ion.
This is supported by the shifts of both ½Hþ�0 and ½Naþ�0 to higher
concentrations and the shift of ½OH��0 to lower concentration as
represented in region III of Fig. 2(c), compared to the bulk ionic
concentration in Fig. 2(a). The deviations between the ionic con-
centrations on the surface and the bulk ionic concentrations
become larger with an increase in pH.

Surface charge density of PAH/PS particles: As seen in Fig. 1(a), the
surface charge density of the PAH/PS particles is highly positive
and constant between pH values of 2 to 3.5. This strongly charged
positive surface attracts large amounts of both anionic species of
chloride ions and hydroxide ions. Compared to the bulk ionic con-



S. Choi, R. Vazquez-Duhalt and O.A. Graeve Journal of Colloid and Interface Science 613 (2022) 747–763
centrations in Fig. 2(a), large shifts of these two ionic concentra-
tions are seen in region I of Fig. 2(d). At pH 3.5, ½Cl��0 and ½OH��0
are 105 times higher than ½Cl��1 and ½OH��1, respectively. In addi-
tion, because this strong positive surface charge pushes the pro-
tons away from the surface, the magnitude of ½Hþ�0 is only 10-5

of that of ½Hþ�1 at the same pH. The plateau of the surface charge
density between pH 2 and 3.5 in Fig. 1(a) indicates that all the
amine groups are fully ionized and do not undergo protonation
or deprotonation regardless of pH change. In Fig. 2(d), ½Cl��0 is con-
stant from pH 2 to 3.5, while ½Hþ�1 declines from 0.01 M to
3.16 � 10-4 M in the same pH range. Instead, the sensitive changes
of ½Hþ�0 and ½OH��0 with respect to changes in pH are the source of
the buffer capacity of these chloride anions on the surface.

Returning to Fig. 1(a), there is a drastic drop in the surface
charge density from pH 3.5 to 7. This indicates that the NH þ

3

groups begin deprotonation along with a decrease in the concen-
tration of ½Hþ�0 as described in region II of Fig. 2(d). As seen in
Fig. 1(b), from pH 7 to 10.5, the surface charge density of the
PAH/PS particles is very weakly positive and constant regardless
of change in pH. In Fig. 2(d), ½Hþ�0 and ½OH��0 are also constant in
this pH range due to the surface buffer capacity. Instead of changes
in these concentrations on the surface, ½Naþ�0 changes more sensi-
tively to obey local charge balance near the surface in region III of
Fig. 2(d). From Fig. 1(b) at pH 10.5, the surface charge density fur-
ther decreases and finally reaches a minimum value of 6.58 � 10-
4C/m2 at pH 11.5. From pH 11.5 to 12, the surface charge density
slightly increases to 2.20 � 10-3C/m2, and from region IV of Fig. 2
(d), the change in each ionic concentration on the surface follows
that of the bulk ionic concentration. This can be attributed to the
almost neutral surface, which does not effectively attract the coun-
terions or repel the co-ions and is barely involved in charge
regulation.

Surface potential of silanol-terminated silica nanoparticles: From
Fig. 1(c), the surface potential of the silanol-terminated silica
nanoparticles from pH 2 to 4 is nearly zero because the surface
charge density [see Fig. 1(a)] in this pH range is also very close
to zero [67]; and because the high ionic strength of the solution
screens the electric field between the silica nanoparticles, nullify-
ing the surface potential. In the pH range from 4 to 7, the magni-
tude of this negative surface potential increases, even though the
negative surface charge density is still extremely weak and con-
stant., since the system contains much less ionic strength due to
a lower concentration of pH-modifying salts. For an example of
the system containing the silica nanoparticles at pH 7 without
any additional salts, the Debye length is nearly 1 lm [25] due to
the very weak ionic strength of the solution, which means that
the surface potential of this system is barely suppressed by electric
field screening. Thus, the surface potential of the silica nanoparti-
cles in the pH between 4 and 7 depends highly on the concentra-
tion of salts. Above pH 7, the strength of the surface potential
keeps increasing, although a decrease in the ionic strength of the
solution contributes to the shrinkage of the Debye length. More
specifically, the surface potential from pH 7 to 9 is unexpectedly
high, although the negative surface charge density in this pH range
is still low. This is because the ionic concentration to screen the
electric field between the silica nanoparticles is low in this pH
range. From pH 9 to 11, the surface potential increases linearly
compared to the large increase in surface charge density from
1.35 � 10-2 to 0.162 C/m2. We can expect that in this pH range
the increased concentration of ions causes effective electric field
screening between the silica nanoparticles. At pH 11, the surface
charge density does not increase any further because all the silanol
groups are fully deprotonated. Above pH 11, the surface potential
starts decreasing within the narrowed Debye length from 9.6 nm
at pH 11 to 3.0 nm at pH 12 due to the high concentration of salts.
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Surface potential of L-lysine-covered silica nanoparticles: As
depicted in Fig. 1(c), the positive surface potential of the L-lysine-
covered silica nanoparticles decreases from pH 2 to 5.5 and reaches
zero at pH 5.5 [68]. This is because more a-carboxyl groups of the
L-lysine shell become deprotonated with an increase in pH. There is
a surface potential inversion from slightly positive to negative near
pH 5.5, and a subsequent drastic increase of the negative surface
potential from pH 5.5 to 7, while the surface charge density of
the L-lysine-covered silica nanoparticles in Fig. 1(a) is constant in
this same pH range. Above pH 7, the a - NH þ

3 groups start becom-
ing deprotonated with an increase in pH, and the surface exhibits
stronger negative charge. This mainly contributes to the increasing
negative trend of the surface potential of the L-lysine-covered silica
nanoparticles above pH 7, especially the shallower slope of the sur-
face potential profile above pH 11 that is mainly caused by the
strong ionic strength of the solution.

Surface potential of PAH/PS particles: The strong positive surface
charge of PAH/PS particles contributes to their high surface poten-
tial value between pH 2 and 4 as plotted in Fig. 1(c). Because the
ionic strength of the solution is reduced to 1/100 from pH 2 to 4,
the electric field reaches further with much less attenuation
between the PAH/PS particles. As a result, the surface potential
increases and reaches its maximum value at pH 4. The positive sur-
face potential decreases with an increase in pH from 4 to 7 mainly
because of a sharp drop of the surface charge density. From pH 7 to
10, although the surface charge density is constant, the surface
potential keeps decreasing due to an increase in the ionic strength
of the solution. Above pH 11, the surface potential approaches zero
because the surface charge is also zero. The trend of the computed
surface potential profile for each colloidal system with a variation
of pH in Fig. 1(c) is the same as that of our experimentally mea-
sured zeta potential profile of each sample in Fig. 3. Because the
f-potential should be proportional to the surface potential, this
comparison between the computed surface potential profiles and
experimentally measured f-potential plots validates our nonlinear
charge regulation relation between surface charge density and sur-
face potential. Detailed explanation of this comparison is provided
in Supporting Information (pages S31-S32).

For each of the three colloidal systems, Fig. 1(d) shows the rela-
tionship between the surface charge density and the surface poten-
tial. Since these results are based on the nonlinear Poisson-
Boltzmann and Grahame equations, the profiles generally behave
non-linearly and we can specify the surface charge density-
surface potential relation as linear or nonlinear depending on the
pH and the functional groups on the colloidal surface. First, the r
and wo profile of the silanol-terminated silica nanoparticles is lin-
ear from pH 2 to 7 and nonlinear from pH 7 to 12. Second, the pro-
file of the L-lysine-covered silica nanoparticles with the amphoteric
surface of amine groups and carboxyl groups shows a nonlinear
relation from pH 2 to 4, a linear relation from pH 4 to 9, and a non-
linear relation from pH 9 to 12. Third, the profile of the amine-
functionalized PAH/PS particles exhibit a nonlinear relation from
pH 2 to 7, which becomes linear between pH 7 to 12. For monova-
lent 1:1 electrolyte systems, such as the ones described in this
work, for pH ranges where the r and wo profiles behave linearly,
the colloidal systems have a constant surface charge density and
show a drastic change in the surface potential. When the behavior
of r and wo is nonlinear, the surface potential changes along pH
less sensitively than the surface charge density. Further discus-
sions on how the ionizable surface is regulated by ionic concentra-
tions are explained in terms of fractional composition distributions
at different pH values in Supporting Information (pages S33-S39).



Fig. 3. Zeta potential profiles as a change of pH for silanol-terminated silica
nanoparticles, L-lysine-covered silica nanoparticles, and PAH/PS particles.
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4.2. Regulation parameter under nonlinear charge regulation relation

As discussed in section 3, to define the regulation parameter
under nonlinear charge regulation for each material, the diffuse
layer potential at the outer Helmholtz plane should be determined
[69–70]. Fig. 4(a) illustrates how the dominant ionic species, Na+

and OH–, are distributed away from the isolated silanol-
terminated silica nanoparticles at pH 12. Fig. 4(b) depicts the EDL
structure at pH 12 in terms of the potential profile and the domi-
nant counterion (Na+) concentration profile away from the surface
of the silanol-terminated silica nanoparticles. The potential profile
is plotted by using Equation (8) with the computed values of wo,sil-

ica from the data of Fig. 1(c) and j from Equation (9). The counte-
rion (Na+) concentration distribution is created by using
Boltzmann’s equation [Equation (SE4) in Supplementary Informa-
tion]. The designated inner Helmholtz plane (0.134 nm), outer
Helmholtz plane (0.560 nm), and Debye length (3.05 nm) are the-
oretically determined, and the shear plane (2.58 nm) is determined
from the empirically measured f-potential value (Fig. 3). From
Fig. 4(b), the potential distribution of a charged silica nanoparticle
in a solution with high salt concentration tends to drop drastically
within 1 nm from its surface due to a thin Debye length caused by
high ionic strength. Because this case indicates that even a 0.1 nm
difference in the outer Helmholtz plane location results in a large
deviation in the diffuse layer potential, the accurately determined
outer Helmholtz plane location for every case guarantees a reliable
regulation parameter value.
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As depicted in Fig. 4(b), the position of the outer Helmholtz
plane is a sum of the diameter of the water molecule layer and
the radius of the hydrated counterion [Equation (9)]. The dominant
counterions near the surfaces of the silanol-terminated silica
nanoparticles, the L-lysine-covered silica nanoparticles, and the
PAH/PS particles at pH 2, 4, 6, 8, 10, and 12 are determined from
Fig. 2(b), (c), and (d), respectively. These dominant counterions
and the outer Helmholtz plane locations are summarized in Table 1.
The outer Helmholtz plane locations are used to calculate the dif-
fuse layer potentials to obtain the regulation parameters. For pH 2,
4, 6, 8, 10, and 12, the potential distributions of the isolated silanol-
terminated silica nanoparticles [Figure SF10(a)-(c)], the L-lysine-
covered silica nanoparticles [Figure SF10(d)-(e) and the PAH/PS
particles [Figure SF10(f)-(g) in ] are provided in Supplementary
Information (page S40). For the ionic concentration distributions
as a function of the distance away from the surface, we provide
only the case of the silanol-terminated silica nanoparticles at each
pH, illustrated in Figure SF11 (pages S41-S42 in Supplementary
Information).

The nonlinear relation between the surface charge density and
the surface potential in Fig. 1(d) is valid for isolated surfaces such
as in an extremely dilute solution. This limited charge regulation
model only considers pH and total salt concentration. In real situ-
ations, the separation distance between immersed surfaces varies
by interparticle interactions and Brownian motion. This indicates
that the charge regulation model, which only considers pH and
total salt concentration, fails to describe the realistic behaviors of
the surface charge density and the surface potential of the
approaching particles. When the separation distance decreases,
the modified electric field triggers redistribution of ionic concen-
tration near surfaces to obey the local charge neutrality between
the surfaces. These repositioned ions force the changes in acid-
base equilibrium of the surface functional groups, and this proto-
nation or deprotonation causes a change in surface charge density
as well as potential profile, including surface potential. This chan-
ged potential profile between the particles directly alters the elec-
tric field between them. As a result, the sum of the force from this
modified electric field and vdW force primarily determines the
next movements of the two colloidal particles. The cycle of these
consecutive events occurs continuously until the system reaches
thermodynamic equilibrium. Thus, if we can mathematically
explain how both surface charge density and surface potential of
the approaching particles behave, we will more accurately predict
the behaviors of most practical colloidal particles of both symmet-
ric and asymmetric systems.

A regulation parameter is a key tool to describe how both the
surface charge and the surface potential change upon approach
of the two surfaces [21–22]. Fig. 5(a) presents the variation of reg-
ulation parameter profiles obtained from Equations (5), (6), (SE25),
(SE26), and (SE27). When the system has a pi value of unity, the
surface charge density of the particle surface is constant regardless
of the redistribution of charges when the two particles are moving
closer to each other. In contrast, the surface potential is constant
for a pi value of zero. However, the system with pi = 1 or 0 is unre-
alistic because the redistribution of ions must occur for particles
that are approaching. In most realistic situations, the surface
charge density and the surface potential are not constant when
the separation distance approaches zero. Thus, the regulation
parameter value should be between 1 and 0. We discuss how pi
changes for each symmetric system with respect to pH and gener-
alize this phenomenon.

The behavior of the regulation parameter in the silanol-
terminated silica nanoparticles is categorized into four regions
along pH, from 2 to 4, 4 to 7, 7 to 11, and 11 to 12. These pH ranges
are the same as we defined for ionic concentration profiles in Fig. 2
(b). In the pH range from 2 and 4, pi is 0.22 at a surface charge den-



Fig. 4. (a) An illustration of the electrical double layer structure of a silanol-terminated silica nanoparticle aqueous solution at pH 12 based on (b) a potential profile and a
dominant counterion (sodium cation) concentration distribution as a function of distance from the surface of the silica nanoparticles.

Fig. 5. (a) Regulation parameter, (b) absolute surface potential, (c) absolute diffuse layer potential, and (d) absolute f-potential profiles (based on measurements) for the
silanol-terminated silica nanoparticles, L-lysine-covered silica nanoparticles, and PAH/PS particles with respect to changes in pH.
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sity of 0 [see Fig. 1(a)]. In the pH range from 4 to 7 where both sur-
face charge density and ionic strength are weak, pi drastically
increases with an increase in pH and reaches a value of 0.86 at
pH 7. From pH 7 to 11, both surface charge density and surface
potential become stronger with constant pi of 0.86. This shows that
the surface charge density changes minimally for the particles
upon approach in this pH range. Above pH 11, pi decreases and
reaches 0.74 at pH 12. This reduction in the value of pi indicates
that the surface charge density becomes more sensitive to the
redistributed charges when the two silanol-terminated silica
nanoparticles come closer.

The regulation parameter behavior of the L-lysine silica
nanoparticles is divided into three pH ranges, 2 to 6, 6 to 10, and
10 to 12. These pH ranges differ from those designated (pH 2 to
5, 5 to 7, and 7 to 12) in Fig. 2(c). This difference is discussed later.
At pH values from 2 to 6, pi decreases as the surface charge density
decreases from a positive value to zero [see Fig. 1(a)]. At pH values
from 6 to 10, pi increases as the negative surface charge density
becomes stronger. Above pH 10, pi stays constant at a value of 0.75.

The slope of the regulation parameter of PAH/PS particles varies
at four different pH ranges, 2 to 3, 3 to 7, 7 to 11, and 11 to 12. In
the pH range of 2 and 3 where the high surface charge density
value is constant at high ionic strength, pi increases from 0.8 to
0.92. In this range, the strong surface charge density is constant
for the approaching particles. In the pH range from 3 to 7, the con-
stant pi indicates that the surface charge density of the PAH/PS par-
ticles changes minimally when the separation distance approaches
zero. There is a significant drop of the pi value from pH 7 to 11 as
the surface charge density becomes nearly zero [see Fig. 1(a)].
From pH 11 to 12, the constant pi at 0.2 and the nearly zero surface
charge density indicate that the surface potential undergoes small
changes and the surface charge density is constant near zero for
the approaching PAH/PS particles.

In order to justify that the computed pi values generalize the
EDL interaction energy and force for both symmetric and asym-
metric colloidal systems, the regulation parameters for all the sym-
metric cases must be governed by the nonlinear relation between
the surface charge density and the surface potential. The pH range
of each regulation parameter of the silanol-terminated silica
nanoparticles and the PAH/PS particles is divided the same as the
pH ranges we defined for the surface charge density [Fig. 1(a)],
the surface potential [Fig. 1(c)], and the ionic concentration on
the surface [Fig. 2(b) and (d)]. However, the pH ranges for the reg-
ulation parameter of the L-lysine-covered silica nanoparticles are 2
to 6, 7 to 10 and 10 to 12, which are different from the pH ranges of
2 to 5, 5 to 7 and 7 to 12 of the surface charge density [Fig. 1(a)],
the surface potential [Fig. 1(c)], and the ionic concentration on
the surface [Fig. 2(c)]. With a premise that the regulation parame-
ter cannot be negative, the trends of the regulation parameter
behaviors [Fig. 5(a)] are similar to the absolute values of the com-
puted surface potential profiles [Fig. 5(b)], the absolute values of
the calculated diffuse layer potential [Fig. 5(c)], and the absolute
values of empirically measured zeta potentials [Fig. 5(d)] for the
surfaces of the silanol-terminated silica nanoparticles, the L-
lysine-covered silica nanoparticles, and the PAH/PS particles. This
is solid evidence to theoretically and experimentally support the
validation of this regulation parameter. The absolute surface
potential profiles in Fig. 5(b) are determined by taking absolute
values of the surface potential data from Fig. 1(c). The absolute
potential diagrams in Fig. 5(c) are calculated by taking absolute
values of the computed potential [Equation (8)] at the outer Helm-
holtz plane determined in Table 1. Taking absolute values of the
experimentally measured f-potential values in Fig. 3 gives the
absolute f-potential distributions in Fig. 5(d).

From this analysis, we can conclude the following three general
assessments. First, for the particles consisting of a single type of
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ionizable functional group on the surface, the trend of the regula-
tion parameter with variation of pH follows both the absolute val-
ues of the theoretically computed surface potentials and those of
empirically measured f-potentials. Thus, without regulation
parameter information, the charge regulation behavior of the par-
ticles upon approach is roughly expected from either surface
potential or f-potential values. Second, the comparisons of surface
charge density [Fig. 1(a)], ionic concentration on the surface [Fig. 2
(b), (c), and (d)], and regulation parameters [Fig. 5(a)], reveals the
following correlations. As ionic strength increases, pi decreases. As
surface charge density increases, pi increases. When both ionic
strength and surface charge density increase, pi is constant regard-
less of change in pH. Third, from the case of L-lysine, which has an
amphoteric surface having two different charges, we can flexibly
design the surface of particles, which is characterized by a specific
charge regulation behavior. This can be achieved by a combination
of two or more different types of functional groups on the surface
of the particles.

4.3. Pairwise DLVO interaction forces

Fig. 6(a)-(f) illustrate SEM images of the morphology of the
deposited silanol-terminated silica nanoparticles on the PAH/PS
particles with respect to pH. The morphology of these inorganic–
organic composite particles is characterized by coverage of the
silanol-terminated silica nanoparticles on PAH/PS particles and
the presence of homoaggregation (aggregation with the same
types of colloids) of the silanol-terminated silica nanoparticles.
As seen in Fig. 6(a)-(f), the degree of coverage increases from the
extreme pH (2 and 12) to neutral pH, and the homoaggregation
of the silanol-terminated silica nanoparticles is observed at pH 2
and 4. The combination of these two phenomena determines their
morphologies, namely homoaggregated silanol-terminated silica
nanoparticles at pH 2 and 4, homoagglomerated (agglomeration
with the same types of colloids) silanol-terminated silica nanopar-
ticles at pH 6, densely-packed silanol-terminated silica nanoparti-
cles at pH 8, and isolated silanol-terminated silica nanoparticles
with small coverage at pH 10 and 12. Thus, to describe these two
phenomena, namely the coverage and homoaggregation, we scru-
tinize the two different pairwise interactions: (i) an interaction
between a silanol-terminated silica nanoparticle and a PAH/PS par-
ticle as depicted in the inset of Fig. 6(g) and (ii) an interaction
between two silanol-terminated silica nanoparticles as illustrated
in the inset of Fig. 6(j).

The degree of coverage is directly related to the heteroaggrega-
tion (aggregation with more than two different types of colloids)
between silanol-terminated silica nanoparticles and PAH/PS parti-
cles. Thus, we investigate the pairwise DLVO interaction between
these asymmetric particles to explain this phenomenon. Fig. 6(g)
shows the vdW interaction force profile [Equation (SE1) in Supple-
mentary Information], Fig. 6(h) presents the EDL interaction force
profiles [Equation (11)] based on the regulation parameter we
obtained earlier, and Fig. 6(i) displays the DLVO interaction force
[Equation (1)] profiles. As seen in Fig. 6(g), the vdW force is con-
stant regardless of the pH and the ionic strength of solution. Its
attraction force becomes stronger at separation distances smaller
than 0.5 nm, while it is very weak when that separation distance
is greater. As plotted in Fig. 6(h), the EDL interaction force between
the silanol-terminated silica nanoparticle and the PAH/PS particle
is attractive in the entire pH range because of their oppositely
charged surfaces. Overall, the magnitude of the pairwise EDL
attractive force between the asymmetric surfaces is the strongest
at pH 6 and 8, medium at pH 4 and 10, and weakest at pH 2 and
12. For pH values between 6 and 8, these strongest attraction
forces originate from the higher surface potentials of both
silanol-terminated silica nanoparticles and PAH/PS, as shown in



Fig. 6. Scanning electron micrographs of silanol-terminated silica nanoparticles deposited on PAH/PS particles prepared at (a) pH 2, (b) pH 4, (c) pH 6, (d) pH 8, (e) pH 10, and
(f) pH 12. (g) Pairwise vdW interaction force profile, (h) pairwise EDL interaction force profile, and (i) pairwise DLVO interaction force profile for a silanol-terminated silica
nanoparticle and a PAH/PS particle as a function of the separation distance with respect to pH. (j) Pairwise vdW interaction force profile, (k) pairwise EDL interaction force
profile, and (l) pairwise DLVO interaction force profile for two silanol-terminated silica nanoparticles as a function of the separation distance with respect to pH.
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Fig. 1(c). The next strong attraction forces at pH 4 and 10 are pri-
marily determined by the weakest value of the regulation param-
eter of the silanol-terminated silica nanoparticle or the PAH/PS
particle. For example, at pH 4 the regulation parameter of the
silanol-terminated silica nanoparticles is 0.25 while that of the
PAH/PS particles is 0.92. Moreover, at pH 10 the regulation param-
eter of the silanol-terminated silica nanoparticles is 0.88, but that
of PAH/PS is 0.38. Likewise, the weakest attractive EDL forces seen
at pH 2 and 12 are determined by the small regulation parameter
value of the silanol-terminated silica nanoparticles at pH 2
(pi = 0.24) and that of the PAH/PS particle at pH 12 (pi = 0.2). From
this analysis, we conclude that a surface having a smaller value of
regulation parameter mainly limits the magnitude of the EDL inter-
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action force. Fig. 6(i) displays the DLVO interaction forces for these
asymmetric surfaces. If one compares Fig. 6(g), (h), and (i), the EDL
attraction forces are dominant along the separation distance, while
the relatively weak vdW force is only meaningful at the separation
distance less than 0.5 nm. Thus, the EDL attraction force domi-
nantly triggers an approach between the silanol-terminated silica
nanoparticle and the PAH/PS particle. Once they are in intermolec-
ular contact at D = 0.2 nm, this EDL interaction force mainly holds
these two particles together. In addition, the vdW force contributes
to holding the silanol-terminated silica nanoparticle on the PAH/PS
particle more tightly. If we take a closer look at both Fig. 6(a)-(f)
and 6(i), the coverage trend of the silanol-terminated silica
nanoparticles on the PAH/PS particle matches well as pH is varied.
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The degree of nanoparticle coverage is proportional to the magni-
tude of the attractive DLVO force. The strongest DLVO force profiles
at pH 6 and 8 agree with the highest coverage of the silanol-
terminated silica nanoparticles on the PAH/PS particle. The med-
ium strength of the DLVO forces at pH 4 and 10 is correlated to
the medium coverage of the nanoparticles. The weakest DLVO
forces at pH 2 and 12 correspond with the lowest coverage of the
silica nanoparticles. Thus, to increase the coverage of these
silanol-terminated silica nanoparticles on the PAH/PS particles,
we can increase the value of the regulation parameter.

The second factor that affects the morphology of these inor-
ganic/organic nanocomposite particles is homoaggregation of the
silanol-terminated silica nanoparticles. As illustrated in the inset
of Fig. 6(j), these particles undergo homoaggregation under attrac-
tive forces, while exhibiting good colloidal stability under repulsive
force. This trend can be explained by the DLVO interaction force
profiles for the two symmetric silanol-terminated silica nanoparti-
cles. Fig. 6(j) represents the vdW interaction force [Equation (SE1)
in Supplementary Information], Fig. 6(k) displays the EDL interac-
tion force [Equation (11)], and Fig. 6(l) shows the DLVO interaction
force [Equation (1)] profiles. As seen in Fig. 6(j), at intermolecular
contact, the vdW force between the two silanol-terminated silica
nanoparticles is also constant regardless of pH and ionic strength
of the solution. Its magnitude is almost half of the vdW force
between the silanol-terminated silica nanoparticles and the PAH/
PS particle, compared with Fig. 6(g) and (j). This attractive vdW
force is only valid when the separation distance is less than
0.3 nm. This is mainly because higher numbers of atoms can be
instantaneously polarized in the large PAH/PS particle and can
exert London dispersion forces between the small nanoparticle
and the large PAH/PS particle. Fig. 6(k) shows that the EDL force
for these symmetric surfaces increases in order from pH 2, 4, 6,
12, 8, and 10. This tendency agrees with the regulation parameter
profile for the silanol-terminated silica nanoparticles as displayed
in Fig. 5(a). As discussed earlier, the surface charge density of the
silanol-terminated silica nanoparticles increases as pH increases.
The regulation parameter considers that the surface potential
drops with respect to the ionic strength of the solution so that
the surface at pH 12 shows attenuated repulsive force. As displayed
in Fig. 6(l), the overall DLVO interaction force profiles for this sym-
metric system with respect to pH are dominantly governed by the
EDL interaction force profiles. In this case, the physically meaning-
ful role of the vdW force is to offset the very weak repulsive EDL
force at pH 2 and 4 and change it to an attractive force as con-
firmed in Fig. 6(l). This result supports the homoaggregation of
the silanol-terminated silica nanoparticles seen in the SEM images
for pH 2 and 4 in Fig. 6(a)-(f). If we look at the SEM image for pH 6,
most silanol-terminated silica nanoparticles are partially in contact
with each other although the DLVO profile for this pH shows repul-
sive force. This is because when more nanoparticles are attached to
the other surface, the redistribution of ionic species occurs, result-
ing in changes of both surface charge density and surface potential.
Thus, the actual strength of this repulsive force between the silica
nanoparticles, which are attached on the PAH/PS particle, should
be attenuated from the computed DLVO force. The total repulsive
force at intermolecular contact for pH 6 is not strong enough to iso-
late all the attached silanol-terminated silica nanoparticles on the
PAH/PS particle. The other DLVO profiles at pH 8, 10, and 12 show
strong repulsive forces so that all the attached silanol-terminated
silica nanoparticles on the PAH/PS particles are likely to be isolated
as confirmed in the SEM images for pH 8, 10, and 12 in Fig. 6(a)-(f).

Fig. 7(a)-(f) illustrate a series of SEM images illustrating the
changes in the morphology of the deposited L-lysine-covered silica
nanoparticles on the PAH/PS particle with respect to pH. As dis-
cussed earlier, the change in these morphologies can be explained
by both the degree of the L-lysine-covered silica nanoparticle cov-
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erage on PAH/PS and the homoaggregation of the L-lysine-covered
silica nanoparticles. As seen in Fig. 7(a)-(b), the deposition of the

L-lysine-covered silica nanoparticles does not occur at pH 2 and
4. According to the SEM images, the degree of coverage increases
in order of 12, 6, 10, and 8. Weak homoaggregation of the L-
lysine-covered silica nanoparticles creates clustering at pH 6
[Fig. 7(c)] and bridging at pH 8 [Fig. 7(d)]. These changes in mor-
phology with pH are summarized in Table 2. We find that there
is no L-lysine-covered silica nanoparticle deposition at pH 2 and
4, clustered L-lysine-covered silica nanoparticles at pH 6,
densely-packed L-lysine-covered silica nanoparticles with slight
homoagglomeration at pH 8, and isolated nanoparticles with smal-
ler coverage at pH 10 and 12. In order to explain this change in
morphology, we explore the two different pairwise interactions:
(i) an interaction between an L-lysine-covered silica nanoparticle
and a PAH/PS particle as depicted in the inset of Fig. 7(g) and (ii)
an interaction between two L-lysine-covered silica nanoparticles
as illustrated in the inset of Fig. 7(j).

The degree of coverage of the L-lysine-covered silica nanoparti-
cles on PAH/PS is described by the pairwise DLVO interaction force
of these asymmetric particles. Fig. 7(g) displays the vdW interac-
tion force [Equation (SE1) in Supplementary Information], Fig. 7
(h) represents the EDL interaction force [Equation (11)] based on
the regulation parameter, and Fig. 7(i) plots the DLVO interaction
force [Equation (1)] profile. As seen in Fig. 7(g), the attractive
vdW force starts drastically increasing at D = 1 nm, and its magni-
tude at intermolecular contact is two times higher than the vdW
force between the silanol-terminated silica nanoparticle and the
PAH/PS particle [see Fig. 6(g)]. The large difference in these vdW
forces originates from the fact that more atoms of the L-lysine layer
undergo instantaneous dipole-induced dipole forces than those of
silica. Because the amphoteric surface of the L-lysine can have pos-
itive, neutral, and negative charge depending on pH [see Fig. 1(a)],
the EDL interaction force profiles between the L-lysine-covered sil-
ica nanoparticles and PAH/PS particle at pH 2 and 4 are attractive,
and those at pH 6, 8, 10, and 12 are repulsive as plotted in Fig. 7(h).
If we take a closer look at the most interesting EDL interaction
force profile at pH 4, this weak repulsive force becomes weaker
as the separation distance approaches zero. This indicates that
our nonlinear charge regulation model describes the attenuation
of the surface charge density, which is caused by the redistribution
of ionic species when these two asymmetric particles are
approaching. For the attractive EDL interaction forces, their
strength increases in order of pH 12, 6, 10, and 8. As seen in
Fig. 7(i), the DLVO interaction force profiles for separation dis-
tances larger than 0.5 nm are dominantly governed by the EDL
interaction forces, whereas those at a separation distance less than
0.5 nm are mostly governed by the strong vdW forces. The repul-
sive DLVO forces at pH 2 and 4 agree with a lack of deposition of
the L-lysine-covered silica nanoparticles on the PAH/PS particle,
as seen in Fig. 6(a)-(b). Because the vdW force is constant regard-
less of pH of the solution, the tendency of the strength of the DLVO
interaction force depends on the EDL interaction force, and the
magnitude of the attractive DLVO force also increases in order of
pH 12, 6, 10, and 8. This trend of the attraction force profiles show
good agreements with the degree of coverage of the L-lysine-
covered silica nanoparticles on the PAH/PS particles as confirmed
in the SEM images for pH 6, 8, 10, and 12 of Fig. 7(c)-(f).

The homoaggregation of the L-lysine-covered silica nanoparti-
cles occurs when there is attraction between these as illustrated
in the inset of Fig. 7(j). In contrast, when there is a strong repulsion
between them, they show good colloidal stability. Fig. 7(j) presents
the vdW interaction force [Equation (SE1) in Supplementary Infor-
mation], Fig. 7(k) shows the EDL interaction force [Equation (11)],
and Fig. 7(l) shows the DLVO interaction force [Equation (1)] pro-



Fig. 7. Scanning electron micrographs of L-lysine-covered silica nanoparticles deposited on PAH/PS particles prepared at (a) pH 2, (b) pH 4, (c) pH 6, (d) pH 8, (e) pH 10, and (f)
pH 12. (g) Pairwise vdW interaction force profile, (h) pairwise EDL interaction force profile, and (i) pairwise DLVO interaction force profile for an L-lysine-covered silica
nanoparticle and a PAH/PS particle as a function of the separation distance with respect to pH. (j) Pairwise vdW interaction force profile, (k) pairwise EDL interaction force
profile, and (l) pairwise DLVO interaction force profile for two L-lysine-covered silica nanoparticles as a function of the separation distance with respect to pH.

Table 2
Summary of deposition behavior of silanol-terminated silica nanoparticles on PAH/PS and L-lysine-covered silica nanoparticles on PAH/PS with respect to pH of solutions.

pH (1) Silanol-terminated silica nanoparticles on PAH/PS (2) L-lysine-covered silica nanoparticles on PAH/PS
Silanol-terminated silica
nano-particles (a)

Silanol-terminated silica nano-
particles and PAH/PS (b)

Coverage L-lysine-covered silica
nano-particles (a)

L-lysine-covered silica nano-
particles and PAH/PS (b)

Coverage

2 Homo-aggregation Hetero-aggregation Low Repulsion Repulsion None
4 Homo-aggregation Low Homo-aggregation Repulsion None
6 Homo-agglomeration High Homo-aggregation Hetero-aggregation Medium
8 Isolated High Homo-agglomeration Hetero-aggregation High
10 Isolated Medium Isolated Hetero-aggregation High
12 Isolated Medium Isolated Hetero-aggregation Low

(a) Colloidal stability behavior between small silica nanoparticles.
(b) Colloidal stability behavior between a large PAH/PS particle and small silica nanoparticles.
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files. As seen in Fig. 7(j), the attractive vdW force starts rising at
D = 1.1 nm, and its magnitude at intermolecular contact
(D = 0.2 nm) is seven times higher than the vdW force between
the silanol-terminated silica nanoparticles [see Fig. 6(j)]. As
explained earlier, this difference is due to the high density of atoms
of the L-lysine layer. The EDL repulsive force plotted in Fig. 7(k)
increases in order of pH 6, 4, 2, 8, 10, and 12. This trend for the
symmetric L-lysine-covered silica nanoparticles matches the corre-
sponding regulation parameter as plotted in Fig. 5(a). Although the
EDL interaction force seems dominant across all separation dis-
tance ranges by comparing Fig. 7(k) and 7(l), the degree of contri-
bution of each vdW and EDL interaction force to the DLVO
interaction force profile is different depending on the pH of the
solution and the separation distance. For pH 4 and 6, the vdW
forces start effectively affecting these two symmetric surfaces at
a separation distance of 2.8 nm and 5 nm, respectively, where
the derivatives of the DLVO forces with respect to the separation
distance are zero. For pH 2, 8, 10, and 12, these symmetric particles
are primarily governed by the vdW force at a separation distance
less than 0.5 nm. For the samples having deposited L-lysine silica
nanoparticles, the DLVO interaction force increases in order of 6,
8, 10, and 12. The DLVO force profile at pH 6 shows attractive force
and agrees with the clustered L-lysine-covered silica nanoparticles
on the PAH/PS particle in the SEM images of Fig. 7(a)-(f). Although
the DLVO profile for pH 8 shows weak repulsive force, its value is
not enough to prevent the homoaggregation of the L-lysine-
covered silica nanoparticles when many of them are attached on
the PAH/PS particle, forming dense packing and connections
between them on the PAH/PS particle. As discussed earlier, this is
because the substrate particle with attached small particles, loses
surface charge density during redistribution of ions. Both DLVO
force profiles of pH 10 and 12 [Fig. 7(l)] show strong repulsion so
that the deposited L-lysine-covered silica nanoparticles are isolated
on the PAH/PS particle.

In summary, our modified EDL model is based on a regulation
parameter that describes realistic charge regulation. The pairwise
DLVO interaction force profile, based on this modified EDL model,
effectively describes both symmetric and asymmetric particles.
Since this regulation parameter describes realistic charge regula-
tion phenomena depending on pH, total salt concentration, ionic
strength, and separation distance, our EDL model is extended to
mathematically explain practical situations such as low and high
ionic strength and low and high surface potential cases. This single
DLVO model can describe both the heteroaggregation between a
silica nanoparticle and a PAH/PS particle and homoaggregation
between two identical silica nanoparticles. This analysis explains
the deposition behavior of silanol-terminated silica nanoparticles
and L-lysine-covered silica nanoparticles on amine-functionalized
PAH/PS particles with respect to pH. In addition, we also see the
possibility for flexibly designing the particle surface to control
charge regulation behavior, which can be achieved by combina-
tions of multi-functional groups on the particle surfaces. Thus,
we propose that this regulation parameter model, under the non-
linear charge regulation relation and the ionic size-determined dif-
fuse layer potential, generalizes pairwise EDL interaction force and
energy for both symmetric and asymmetric surfaces and extends
its applications for low to high ionic strength and low to high sur-
face potential cases.
5. Conclusions

In this study, we introduced an experimental method and a
modified DLVO model to elucidate and predict mechanisms that
can finely control the morphologies of inorganic nanoparticles
physically deposited on the surface of submicron-sized organic
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particles in a water solution. To compare the results of the exper-
iments with the theoretical values from our model, we prepared
silanol-terminated silica nanoparticles and amphoteric L-lysine-
covered silica nanoparticles. Also, PAH monolayer-coated polystyr-
ene sub-micrometer particles were prepared as a substrate. The
two different types of silica nanoparticles were physisorbed onto
the PAH/PS particles at different pH conditions, and morphologies
were analyzed by scanning electron microscopy. To theoretically
characterize the difference in the deposition behaviors of these
two types of silica particles to PAH/PS particles, we describe
heteroaggregation between a silica particle and a polystyrene par-
ticle and homoaggregation between two identical silica particles.
To illustrate these two phenomena mathematically, we used a
modified DLVO model, which describes pairwise interactions for
both symmetric and asymmetric surfaces. In the vdW interaction
force term, the surface roughness of the particles greatly influences
the classical London dispersion force, thus verification of the sur-
faces of the synthesized particles was completed using scanning
and transmission electron microscopy to minimize the error
caused by significant roughness of the particle surfaces. To develop
our EDL interaction model, the nonlinear charge regulation relation
between surface charge density and surface potential was
described by defining the acid-base reaction of the functional
groups on the colloidal surface with respect to pH. Compared to
previously reported regulation parameter models [21–22,26–
28,32], we theoretically calculated a constant regulation parameter
for each case based on the nonlinear charge regulation of surface
charge density and surface potential. Then, the pairwise EDL inter-
action force was generalized by introducing the regulation param-
eter, which describes the realistic charge regulation phenomenon
as a function of pH, total salt concentration, ionic strength of the
solution, and the separation distance. We found that the trend of
this regulation parameter can be roughly estimated by the absolute
values of theoretically calculated surface potentials and diffuse
layer potentials, as well as the absolute values of experimentally
measured f-potentials. We expect that one can design the desired
charge regulation behaviors of colloidal systems at specific pH val-
ues by placing more than two different types of functional groups
on the colloidal particles. The sum of the vdW and the EDL interac-
tion forces for both symmetric and asymmetric surfaces describes
the pH-dependency of the deposition behaviors of inorganic
nanoparticles on sub-micrometer organic substrate particles. Thus,
we propose that the regulation parameter based on our nonlinear
charge regulation model generalizes the EDL interaction term so
that the DLVO model describes both symmetric and asymmetric
surfaces, as well as low to high ionic strength and low to high
potential cases. This model is expected to contribute to the design
of organic/inorganic hybrid nanoparticles.
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