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ABSTRACT

Mixed systems of nanoparticles and surfactants have a broad range of applications from consumer products and
medicine to inkjet printing and oil recovery. The interparticle interactions can be tuned in presence of surfactants
and are dependent on surface charge of both species, particle’s wettability, surfactant solubility, and solution
conditions such as electrolyte concentration and pH. The case of oppositely charged particles and surfactants has
been extensively examined in the literature, primarily to tune the wettability of particles. In contrast, the
behavior in systems of like-charged species such as negatively charged particles and anionic surfactants remains
poorly understood, with conflicting findings reported in previous studies on the adsorption of surfactants. By
conducting a comprehensive investigation, in this study we shed light on the factors that influence the adsorption
of surfactant onto the particle surface, both promoting and preventing it, and unravel the underlying mechanisms
governing such behavior. Silica nanoparticles were used as the negatively charged particle, sodium dodecyl
sulfate (SDS) was used as the surfactant and potassium nitrate was used as the salt, while the pH was adjusted by
potassium hydroxide and nitric acid, to investigate the effect of surfactants on the surface characteristics of the
silica nanoparticles under various operating conditions. The zeta potential of particles along with the solution
conductivity were obtained via mobility measurements. Using this information, the solution’s Debye length and
the particle’s surface charge density were estimated. It was found that interpreting the outcome solely based on
the zeta potential data might not reveal the adsorption of SDS onto the particle surface as no supercharging effect
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could be detected in some cases. However, shifting the perspective to charge density shows that SDS increased
the particles charge density for pH values in the range of 2-5, corresponding to the pH conditions at which
vicinal and geminal silanol groups are dissociated. This effect was more pronounced at moderate total ionic
strengths between 1 and 10 mM, where SDS activity was found to be higher and the Debye length was sufficiently
short. The increase in the particle’s charge density was attributed to the tail-down adsorption of SDS onto the
particle surface via entropically-driven interactions. These findings offer valuable insights into like-charged
mixed particle/surfactant systems and bring clarity to the scientific community regarding this complex and

previously inconclusive topic.

1. Introduction

Colloidal systems combining nanoparticles and surfactants have
gained considerable attention in diverse sectors such as consumer care
products, drug delivery, paper production, and subsurface energy re-
covery [1-4]. The use of surfactant/particle mixtures in these applica-
tions, with the aim of adjusting the formulation properties, is highly
dependent on the interactions occurring between the species present in
the system. Interactions between particles can be manipulated by
altering a number of factors including the charges on both species,
particles surface chemistry, and surfactants hydrophilic/lipophilic bal-
ance (HLB) [4-6]. For instance, a study by Sharma et al. showed that
enhanced oil recovery (EOR) nanofluids exhibit an increased stability
and effectiveness when anionic surfactants are added with the
negatively-charged hydrophilic silica nanoparticles, which in turn im-
proves recovery by altering the wettability of reservoir rocks, and
reducing the interfacial tension and the oil viscosity [7]. Another
example is mixed systems with application to the laundry cycle, where
surfactant adsorption to particle surface has been reported to be more
toxic to bacteria compared to unmodified silver nanoparticles. The study
showed that negatively charged silver nanoparticles display charge
reversal when mixed with oppositely charged cationic surfactants. In
contrast, an increase in the magnitude of zeta potential was found in the
same study when a similarly charged anionic surfactant was added to
the negatively charged silver nanoparticles, which was attributed to
adsorption of surfactant molecules onto the particles surface [1]. Besides
from the performance standpoint in an application of interest, the nature
of resulting interactions is of extreme importance from environmental
remediation point of view since the nanoparticles can act as surfactant
carriers to the environment [8-10]. Hence, acquiring a thorough
comprehension of the interactions among species within a mixed sur-
factant/particle system, and the conditions that can be used to alter and
tune these interactions, is crucial. This is particularly important due to
their widespread application in technological advancements and the
potential implications they may pose on the environment.

The interactions of oppositely charged species are well documented,
especially for mixed systems including silica particles, due to their
ubiquitous industrial and technological applications [4,11]. When
negatively charged silica particles are mixed in solution with a cationic
surfactant such as Dodecyltrimethylammonium Bromide (DTAB), the
strong attractive interaction between the two species leads to the
adsorption of surfactant molecules onto the surface of nanoparticles
[11-13]. This phenomenon has been reported for multiple sizes of silica
nanoparticles [11,12] and has been employed in tuning the particles
wettability. Adsorption of cationic surfactants onto the surface of silica
particles — that are hydrophilic due to the dissociation of their surface
silanol groups in water — promotes the hydrophobicity of silica particles,
which in turn makes the mixture of silica particles and cationic surfac-
tant an effective stabilizer for foams and emulsions [14,15]. While at
low surfactant concentrations, the attraction of the cationic surfactants
polar head onto the surface of the negatively charged particle leads to an
adsorbed surfactant layer, increasing the surfactant concentration can
result in the formation of a bilayer on the surface of the particles, with
the surfactant head groups exposed to the bulk solution [14-16]. Since
the adsorption of surfactants, in form of a single layer or a bilayer, onto

the surface of an oppositely charged particle can alter the particles
wettability and surface charge differently, tuning the surfactant con-
centration is of interest in many industrial applications [13,16].

When comparing like-charged species, such as silica nanoparticles
and anionic surfactants, a distinct scenario can arise in contrast to
oppositely charged species. One observation is that the addition of
anionic surfactant to a dispersion of silica nanoparticles can induce a
more negative zeta potential in the system; this behavior has been
attributed to the surfactants adsorption onto the surface of the particle,
in a tail down configuration, since the polar head is repelled from the
surface [17]. This type of interaction could decrease particle agglom-
eration and enhance the dispersion stability as the presence of anionic
surfactant molecules on the particles surface leads to a pronounced
repulsive interparticle interaction [17]. In contrast, it has also been re-
ported in the literature that silica nanoparticle dispersions can be
slightly destabilized by the addition of anionic surfactant, a behavior
which has been attributed to an increased negative background poten-
tial that facilitates particle collisions [18]. A number of factors are re-
ported to affect surfactant adsorption onto silica particles including the
particle size, surfactant concentration, and solution properties such as its
ionic strength and pH [19-22]. Even for the case of widely used anionic
surfactant, sodium dodecyl sulfate (SDS), previous studies [19,20,
23-29] have been inconclusive with regards to the solution conditions at
which SDS adsorption onto silica particles occurs, if at all, specifically
regarding the impacts salt addition and pH alterations will have on the
resulting behavior, as illustrated in Fig. 1.

In presence of salt, in a mixed solution of silica nanoparticles and SDS
molecules, adsorption of the surfactant onto the particle surface has
been reported under certain conditions. For instance, significant
adsorption has been reported at electrolyte concentrations above 10 mM
and surfactant concentrations above 0.01 mM [19]. Adsorption has also
been observed to increase as surfactant concentration increases under
varying salt conditions until the critical micelle concentration (i.e.,
CMQ) is reached, at which point adsorption is reported to decrease as
micelles form in the solution [28]. In contrast, a complete lack of
adsorption of SDS on the surface of silica particles has also been reported
even in the presence of electrolyte [30]. As can be seen in Fig. 1a, with
the reports available on the effects of salt addition on the adsorption, or
lack thereof, in a mixed system of SDS and like-charged silica particles, it
remains unclear what electrolyte conditions induce adsorption.

The effect of pH on adsorption is similarly inconclusive. At a slightly
basic pH of 8, low quantities of SDS were found to adsorb onto the silica
particle surface [29]. Adsorption is also reported at the more basic pH of
10 where the occurrence of adsorption was confirmed by both increased
hydrodynamic size of silica particles and their supercharging [25]. In
some cases, it has been suggested that SDS does not adsorb onto silica
particles, specifically near neutral pH conditions [23,26,31]. In contrast,
occurrence of adsorption has also been reported at a neutral pH, for SDS
surfactant concentrations in the range of 3.5mM to above CMC
(~8 mM) [24,32]. A study on pH effects reported adsorption at various
pH values tested (i.e., 3, 5, and 7); where a decrease in the amount of
adsorbed surfactant was found upon increasing the pH, increasing the
SDS surfactant concentration was reported to promote adsorption at all
pH values [19]. As can be seen in Fig. 1b, while reports are available on
mixed system of silica particles and SDS, the findings are inconclusive
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about the pH range and surfactant concentration at which adsorption
between the two species occurs. Furthermore, in mixed SDS/silica sys-
tems, without any background electrolytes, conflicting results have been
reported regarding the SDS adsorption. Some authors suggest the
occurrence of adsorption, while others argue its absence [27,33-35].

In order to tune the adsorption of surfactants onto the surface of
similarly charged particles, it is first necessary to determine the condi-
tions that induce adsorption. Through systematic variation of the sur-
factant concentration, ionic strength of the solution (i.e., by the addition
of background salt and/or SDS), and the particle’s surface charge,
conditions needed for adsorption could be examined. For instance, pH
variations affect the dissociation of the surface groups on the particles
surface, altering the strength of electrostatic interactions between
similarly charged species [36]. Additionally, changes in the ionic
strength could affect the interactions between the surfactant molecules
and the corresponding CMC value [37]. Therefore, one needs to care-
fully examine the impact of each contributing factor on the resulting
behavior in order to specify the regions within the parametric space over
which adsorption occurs between similarly charged silica particles and
SDS surfactant. This work aims to shed light on a critical aspect of
interfacial science, where conflicting reports have led to confusion about
the factors governing the adsorption of ionic surfactants on similarly
charged surfaces. The focus of the present study is to investigate the
significance of factors that, in the available literature, are reported to
play a role in the observed behavior in the mixed SDS/silica system and
decouple the convoluted impacts of solution pH, electrolyte concentra-
tion, and surfactant concentration. From the particle mobility mea-
surements in mixed SDS surfactant/silica particle systems, we estimate
the particles surface charge density and examine the impact of different
variables such as the electrolyte concentration, pH, and surfactant
concentration on the adsorption behavior. Our findings provide valuable
insight on the significance of these attributes with respect to adsorption
behavior and highlight the range of solution properties that promote
like-charge adsorption. By shedding light on the conditions that either
promote or prevent adsorption, as well as the underlying mechanisms,
our research contribute to the advancement of the field and brings
much-needed clarity to the scientific community regarding this impor-
tant yet previously inconclusive topic.

2. Materials and methods
2.1. Materials
Sodium dodecyl sulfate (SDS) was acquired from Sigma-Aldrich

(purity >99 %) and purified via recrystallization according to a pro-
cess reported elsewhere [5]. In short, the recrystallization procedure
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involves dissolving 25 g of SDS powder in 100 ml of ultrapure water,
heating the solution to 30 °C while stirring with a magnetic bar until all
powder is dissolved. The solution is then cooled at 5 °C overnight, fol-
lowed by the vacuum filtration of precipitates and their resolubilization
in 200 ml of ethyl alcohol (Fisher Scientific) via the same procedure of
heating and stirring used in the first step. The solution is once again
refrigerated and then vacuum filtered and rinsed with ethyl alcohol
(Fisher Scientific). The final crystals are dried under vacuum afterwards.
Silica nanoparticles with nominal size of 100 nm, 200 nm, and 500 nm
(Fiber Optic Center Inc.), potassium nitrate (KNOs, Fischer Scientific,
purity > 95 %), nitric acid (HNOgs, Fischer Chemical), and potassium
hydroxide solution (KOH, Fischer Chemical) were used as received. All
the solutions and dispersions used in this study were prepared using
Milli-Q® ultrapure water (18.2 MQ-cm, Millipore, MA).

2.2. Particle dispersions

The diameter (Dggy, or 2R) of silica nanoparticles were measured via
a scanning electron microscope (SEM, Thermo Quattro S field-emission).
Hydrodynamic size (Dg) from dynamic light scattering (DLS) measure-
ments and electrophoretic mobility () measurements were carried out
using a Nanobrook Omni (Brookhaven Instruments). Three particle sizes
were employed in initial screening measurements, covering Peclet (Pe)
number values in the range of 10~*-1071. The Pe number informs about
the ratio of diffusive to convective time scales. It is determined as per the

_ 4xapgR* . . . .

= 37— where Ap is the difference in density between the
particle and the solvent, g is acceleration due to gravity, R is particle
radius, kg is the Boltzmann’s constant and T is the temperature. The
experiments were performed at a number of KNOj3 electrolytic concen-
trations (0.1, 1, 10, and 100 mM), without adding any acid or base to the
dispersion. In addition, pH sweeps were performed on particle disper-

sions prepared at 1 mM KNOs.

formula: Pe

2.3. Surfactant/particle mixtures

The SDS and KNOs solutions were prepared separately and then
mixed to achieve the final desired concentrations of SDS (i.e., 0.01, 0.1,
0.5, 1, 4,12, 15 mM) and KNOs (0.01, 0.1, 1, 10, 100 mM). Thereafter,
silica nanoparticles were incorporated to the mixture at a final con-
centration of 0.005 wt%. The mixture was sonicated for 20 min prior to
any measurements. For the pH titrations, controlled amounts of HNO3
and KOH solutions, at 1 mM and 100 mM, were added to the dispersion
in order to vary the concentration of H3O"(H") and OH" ions. For pH
sweep runs in the range of 2-10, the pH of the prepared dispersion was
first increased to ~10, via KOH addition, followed by its gradual
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Fig. 1. Studies available in the literature on mixed SDS surfactant/silica particle systems reporting on adsorption, or lack thereof, SDS molecules onto the surface of
silica particles. Available data on studies carried out at various SDS concentrations are presented as a function of (a) salt concentration, and (b) pH. Green circles (red
crosses) indicate conditions at which adsorption (no adsorption) was reported. Data is reproduced from the following references [19,20,23-29].
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decrease to 2 using HNO3, SDS concentrations of 0, 4, and 12 mM were
used in the pH sweep studies.

2.4. Analysis of particle zeta potential and surface charge density

The conductance values, measured and reported by the Brookhaven
instrument for each sample, were utilized to determine the effective
ionic concentration (c, mol/L) as follows:

c =Y =37 €]

where o; is the conductance associated with the ion i, and A? is the
molar ionic conductivity of the ion i, values of which are provided in
Table 1 for the species present in the system under study. To calculate
the ionic concentration of a sample, it was assumed that the molar ionic
conductivities of different ions in the solution were additive [38,39].
The conductivity of the initial sample (o) was taken as a reference, with
its effective ionic concentration, c.y,, calculated based on the molar
ionic conductivity of salt ions present as follows, ¢, = 0o/ (A% +

A%0s_). Then, the analysis was carried out using the conductance
reading of the solution before (6peore) the addition of more ions (e.g.,
those resulting from addition and dissociation of KOH, HNO3, SDS),
comparing it to the new conductance reading (c4ser), and attributing the
change in the conductance value (Ac = Gafer — Opefore) to the newly
added ions, which in turn led to a change in the ionic strength. For
instance, in a pH titration with KOH, Ac = Ac/(AY, + AQy ). The
resulting concentration can be calculated as Cef afier = Ceff pefore + AC.

The calculated ionic concentration of the solution was then used in
the determination of the Debye length (x~!) as follows:

2 - 2 (ze) )
81)EkBT

where z is the valence of the ions and is equal to 1 in this study, e is the
electron charge, ¢y  is the permittivity of vacuum, ¢is the permittivity of
water. The magnitude of kR was then calculated to determine the rela-
tive thickness of the Debye layer with regards to the particle size, with a
diameter 2R, as estimated from the SEM images (see Table 2). There-
after, the value of kR was utilized to calculate Henry’s function in each
case as follows [40]:

16+ 18R + 3(xR)’

- 2 3
16 + 18«R + 2(xR)

f(xR)

Next, the zeta potential ({) was calculated from the measured
mobility values as follows:

_ 2e0€f
== £ (kR) 4

where p is the mobility [(p/s)/(V/cm)] and 7 is the viscosity of water
(Pa.s). Thereafter, the particle surface charge density (p, pC/cm?) was
determined from the Gouy-Chapman formulation that relates the surface
charge density to the zeta potential ({), assuming that the zeta potential
is equal to the Stern potential, as follows [41]:

Table 1
Molar ionic conductivity (/\?) of the ions present in
the system under study [39,45].

Ton A?  (cmZs/mol)
H' 349
OH" 198
K+ 73.5
NOs3 71.5
DS” 23.4
Na® 50.1
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Table 2

Properties of silica nanoparticles used in this study: particle diameter estimated
from SEM analysis (Dsgm), hydrodynamic diameter (Dy) obtained from the DLS
measurements carried out in 0.1 mM background KNOj electrolyte solution,
value of particle’s zeta potential () measured at the same conditions, and the
charge densities estimated using xR determined based on the measured Dggpy.
The pH for all dispersions was 5.4 + 0.2.

Silica particle Dsgy (nm) Dy (nm) ¢ (mv) Ps (uC/cm?)
nominal size
(nm)
100 100 + 30 120 +£1 -57+1 0.29 £+ 0.01
200 210 + 40 253 + 4 -58 £ 6 0.26 + 0.03
500 500 + 60 520 +7 -72+2 0.31 £ 0.02
2¢e0ekpTk e
=———sinh 5
Pe e 2k, T )

where the zeta potential ({) was estimated based on the measured par-
ticle mobility (1) from Eq. 4. This equation was used to avoid arbitrary
assumptions on the thickness of the slip plane [42-44]. It is important to
note that to determine the surface potential (and the corresponding
surface charge density) experimentally, titrating the particle dispersion
with a known amount of ions is required [42].

2.5. Model for the particle zeta potential at various pH values

It is possible to relate the zeta potential to the charged groups at the
surface at various pH values based on the following implicit equation
derived from the Gouy-Chapman formulation [41]:

—eNy __ 2e0ek Tk sinh( el ) ©
1+ lo(pKapr)exp( _ /:TLT) e 2kzT

where Ny is the number density of acid sites, which is determined based
on the estimated surface charge density (p,), and pKa is the acid
strength. The provided equation assumes that only acid groups are
present on the surface. In order to determine the appropriate value for
the number charge density, the region where the zeta potential remains
nearly constant with pH alterations, (in the current study pH range of
5-7), was taken as a reference. Right and left sides of the equation were
solved independently, and their difference was minimized by varying
the guessed value for ¢.

3. Results and discussion
3.1. Characterization of particle dispersions

Results of SEM imaging of particles and the characterization of
particle dispersions at low background salt concentration of 0.1 mM
KNO; are provided in Table 2. The pH value, averaged over all the
dispersions used in these studies, was 5.4 + 0.2. It should be noted that
silica particles of size larger than 500 nm, for which Pe > 1, were not
deemed suitable for this study as particle sedimentation impacts the DLS
measurements.

3.1.1. Effect of electrolyte

Variation in the electrolyte concentration was carried out in particle
dispersions of different sizes in order to examine the severity of the
resulting aggregation. Initial experiments were carried out in the
absence of SDS to determine the salt concentrations that can be used in
the study of mixed surfactant/particle systems to generate reliable data
from the DLS measurements. The effect of salt concentration on the
measured hydrodynamic diameter (Dy) of the particles is presented in
Fig. 2a and the corresponding autocorrelation function for these samples
are provided in the Supporting Information. As expected, with
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Fig. 2. Effect of KNOj electrolyte concentration on (a) hydrodynamic size (Dy) and (b) zeta potential of particle dispersions with particles of size 100 nm (black

square), 200 nm (blue triangle), and 500 nm (red circle).

increasing the salt concentration, the average particle size also
increased. As the salt concentration increased in the range of 1-100 mM,
the rate of increase in the measured hydrodynamic size was larger for
the 500 nm particle sample, which could be interpreted as aggregate
formation even at low salt concentrations (1 mM) in this case and faster
sedimentation for aggregates forming by the larger 500 nm particles. As
the salt loading was further increased to 100 mM KNOg, the 100 nm
particles formed aggregates of larger size (1578 + 296 nm) compared to
those resulted from 200 nm (298 + 10 nm) and 500 nm particles (850

+ 61 nm), which can be explained by two factors as follows. Firstly, the

reduced zeta potential at the high salt concertation promotes aggrega-
tion; secondly, there is a higher likelihood of particle collision in the case
of 100 nm particles, which could also promote aggregation. The latter is
due to the higher number density of 100 nm particles compared to
200 nm particles for dispersions prepared at the same particle concen-
trations by weight used in these DLS studies; i.e., there are 8 silica
particles of 100 nm size for every particle of 200 nm size, in dispersions
prepared at the same concentration by weight. Additionally, based on
Stokes-Einstein equation for Brownian motion, the diffusion constant of
colloidal particles is inversely proportional to their size. Since the
diffusion coefficient of 100 nm particles is twice as large as the value for
200 nm particles, the probability of particle collisions is further
enhanced in the former sample.

Fig. 2b depicts the variation in the measured zeta potential of the
particle dispersions as a function of electrolyte concentration. It can be
observed that zeta potential exhibited a logarithmic dependence on the
ionic strength, where increasing the electrolyte concentration led to a
reduced magnitude of the zeta potential. Moreover, with increasing the
electrolyte concentration, the magnitude of zeta potential reduced for all
particle dispersions. This trend is expected due to screening of particle
surface charges by increasing the ionic strength in the bulk, which re-
sults in a shorter Debye length. The value of x~! estimated from the
calculated effective concentrations reduced from 17.8 + 0.7 nm at
0.1 mM KNOs3 to 1.0 £ 0.1 nm at 100 mM KNOs.

It is important to highlight that the hydrodynamic size measure-
ments could be used as an indication for colloidal stability vs. aggregate
formation. Therefore, these experiments were run as screening tests in
order to determine whether such effects (e.g., aggregation) are present
in particle dispersions, at various solution conditions of interest, because
they could impact the results and interpretation of the mobility mea-
surements, which are then used to infer about SDS adsorption. Since the
500 nm particle samples exhibited an increase in measured particle size
at all electrolyte concentrations, we limited the study of mixed surfac-
tant/particle systems to the 100 nm and 200 nm particle sizes only. In
the latter two cases, we also restricted the interpretation of the data
obtained via hydrodynamic size measurements to electrolyte concen-
tration below 10 mM in order to avoid aggregation effects impacting the

results of the measurements. By focusing solely on 100 nm and 200 nm
particles, the range of Peclet numbers (Pe) investigated fell between 1 x
107*-2 x 1072, ensuring that the measurements remained unaffected
by gravity.

3.1.2. Effect of pH

In order to examine the response of particle-only dispersions to al-
terations in pH and the differences between the characteristics of the
two particle sizes under study (i.e., 100 nm vs. 200 nm), zeta potential
measurements were carried out at different pH values (at 1 mM KNO3)
results of which are displayed in Fig. 3. It is worth noting that no pro-
nounced aggregation was observed for the systems analyzed here. For
the case of 100 nm particle dispersions (Fig. 3a), at a neutral to high pH
range (6—9), the value of measured zeta potential remained nearly
constant with pH alterations. This behavior could be attributed to the
complete dissociation of the surface silanol groups present on the silica
particles, which may possess several pKa values depending on their
characteristics [46-48]. At low pH values (pH <5), due to the presence
of excess hydronium (Hs0") ions in the bulk, there was a reduced ten-
dency for ionization of the surface silanol groups, which consequently
resulted in a decrease in the magnitude of the measured zeta potential.
By applying the model described in Eq. 6, the pKa value associated with
the best fit was found to be ~2.1, which is aligned with the pKa value
attributed to vicinal silanol groups [48].

For the 200 nm dispersion (Fig. 3b), a similar response to pH alter-
ations was captured. Modeling the zeta potential values obtained from
the pH sweep in case of 200 nm particle dispersions yielded a pKa value
of ~2.9, which agrees with the pKa values for external geminal silanol
groups [48]. This corroborates the higher surface charge density found
for 100 nm particles when compared to the 200 nm (Table 2), since
vicinal groups are associated with silanol that are in proximity to each
other. In addition, at the high pH region, there was a further increase in
the magnitude of the zeta potential, which might be associated with
isolated silanol groups (pKa ~8.9) present in the 200 nm particle surface
[47,48]. To incorporate this factor when fitting the data with the model,
the left-hand side of the Eq. 6 was calculated with both pKa values (2.9
and 8.9) and summed.

3.2. Characterization of mixed surfactant/particle systems

3.2.1. Effect of SDS at various pH

The behavior of the mixed surfactant/particle system was analyzed
as a function of the solution pH, for the salt (KNO3) concertation of
1 mM. It should be noted that for the mixed surfactant/particle systems,
no pronounced increase in the measured particle size was observed as
the pH was lowered. Fig. 4a illustrates the change in the measured zeta
potential for mixtures prepared with 100 nm particle dispersions. The
presence of surfactant affects the particle surface characteristics, as
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Fig. 3. Effect of pH on the zeta potential of (a) 100 nm (b) 200 nm particles. The model was calculated based on Eq. 6 and a pKa input value of 2.1 was used to fit the
zeta potential data obtained for 100 nm particles, while a combination of pKa values of 2.9 and 8.9 were used for the case of 200 nm particles.
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Fig. 4. Effect of surfactant concentration on (a, c) zeta potential, and (b, d) surface charge density of 100 nm and 200 nm silica particle dispersions measured as a

function of solution pH at salt concentration of 1 mM.

manifested in the increased zeta potential magnitude across pH values
smaller than 5. Measuring a more negative zeta potential value, in
presence of the surfactant within the mixture, can be attributed to the
adsorption of surfactant molecules onto the particles surface. At a
neutral to high pH range (6-9), the effect of surfactant addition on the
zeta potential was less pronounced compared to its impact at low pH
range (2-5). This trend is expected since at the high pH range, there is a
higher extent of dissociation for the silanol groups present on the par-
ticle surface, which may have curtailed the interaction between the
silica particle surface and surfactants due to charge-charge repulsion.
With regards to the determination of electrophoretic mobility in mixed
particle/surfactant systems under study, it is worth noting that the
scattering that results from the free unadsorbed surfactant molecules is

considered negligible because the scattering intensity is proportional to
the volume of the scattering object.

Fig. 4b presents the calculated charge density on the particle surface,
for the case of 100 nm particles, and its variation as a function of pH and
SDS concentration. It is noteworthy that the charge density on the silica
surface remained higher for all cases involving SDS, at all pH ranges
under study, compared to the values calculated for the particle-only
dispersions in the absence of SDS. In addition, the particle’s surface
charge density was higher in samples containing 12 mM SDS compared
to those prepared at 4 mM SDS. This result contradicts another study
mentioned beforehand, where SDS adsorption was found to decrease at
concentrations higher than CMC (~8 mM for SDS at these salt condi-
tions) [28]. However, as stated elsewhere, surfactant adsorption reaches
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a plateau when its concentration in the bulk has reached the CMC value
(i.e., the total concentration of surfactant in the bulk plus the adsorbed
state is much higher than the CMC), in which case additional surfactant
molecules are responsible for populating the micelles [49], which is in
line with our findings that the maximum adsorption is at concentrations
above the CMC. Therefore, the higher magnitude of zeta potential
observed for cases involving SDS, can be attributed to the presence of
charged species on the silica particle surface.

The adsorption of surfactant molecules onto the surface of silica
particles, in a tail-down configuration, can be attributed to entropically-
driven interactions; the hydrophobic tails of the surfactant molecules,
when dispersed in the solution, require numerous ordered water mole-
cules for their solvation. However, when the surfactant tails are adsor-
bed onto a surface, the water molecules are free to interact with other
molecules and assume other configurations, increasing the entropy of
the system [50,51]. Such adsorption of ionic surfactants onto the surface
of like-charged particles has been attributed to hydrophobic interactions
despite the electrostatic repulsion of the species [1,52].

Fig. 4c illustrates the change in zeta potential at various SDS con-
centrations for 200 nm particles. When comparing the particle-only to
SDS/silica mixtures, there is a clear increase in the magnitude of the zeta
potential when SDS is present for almost all pH values. Interestingly, at
the higher pH values (pH > 8) there is a decrease in the magnitude of the
zeta potential for both samples containing SDS, whilst the particle-only
dispersion showed an increase in the magnitude of the zeta potential, as
discussed previously. This corroborates the earlier finding that isolated
silanol groups (pKa ~ 8.9) are present in the 200 nm particles. While the
dissociation of these isolated silanol groups, at high levels of pH, gen-
erates an increase in the charge density for the particle-only systems, it
deters SDS adsorption and therefore leads to a decrease in the particle
surface charge density for the samples with SDS (Fig. 4d). Therefore,
adsorption of SDS is considered to be at its maximum at lower and
intermediary pH values, in the range of 5-8, and decreases upon
increasing the pH to highly basic conditions (pH > 8).

3.2.2. Effect of SDS at various electrolyte concentration

In order to isolate the effect of added electrolyte on the overall ionic
strength of the solution and the resulting impact on the surfactant/
particle interactions, variation in the salt and surfactant concentration
was carried out at a fixed solution pH. This was done by considering not
only the background salt concentration but also the effect of any added
electrolyte to the overall ionic strength (i.e., I = Ixkno, + Ixon + Iuno, +
Isps) of the mixture. Fig. 5a depicts the measured change in the zeta
potential resulting from varying the overall ionic strength in the solution
at pH values between 5 and 6. As expected, for the particle-only dis-
persions (i.e., no SDS systems), a decrease in the magnitude of the
measured zeta potential was observed with an increase in the ionic
strength [53]. This trend is expected and is attributed to the screening of
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particle surface charges by the ionic cloud and the compression of the
electrical double layer [54,55].

In the presence of surfactants, however, a deviation from this trend
was observed depending on the SDS concentration. At low surfactant
concentrations (csps < 0.01 mM), the trend was similar to that observed
for no SDS systems. For intermediate SDS concentrations (0.1 < csps <
0.5 mM), results of some measurements showed deviations from the
trend observed for the no SDS condition. Furthermore, as the surfactant
loading was increased (csps > 1 mM), the zeta potential became more
negative, which could be caused by the presence of surfactants on the
particle surface, where the excess negative charges could be attributed
to the added SDS head groups.

This was further evidenced when comparing charge densities,
depicted in Fig. 5b. For a particle-only system, the surface charge density
increases as the ionic strength of the system is increased [55]. This re-
sults from the assumptions made relating the charge density to the zeta
potential (Eq. 5), i.e., that the zeta potential is equal to the Stern po-
tential. At low ionic strength conditions, the electric double layer is
larger, with fewer ions populating it. In contrast, at higher concentration
of electrolytes, there is an increase in the number of ions populating the
double layer surrounding the particle system, which is associated with a
higher charge density [56]. It should be recognized that at high ionic
strengths (i.e., 100 mM), significant deviations can occur between the
zeta potential and the Stern potential [57]; therefore, results obtained
under these conditions should be interpreted with caution especially
considering particle aggregation that may occur at such high ionic
concentrations (see discussion on Fig. 2a).

For the mixed systems, at low ionic concentrations, the density of
surface charges on the particle was lower and closer to the estimated
values for the particle-only systems. At high ionic concentrations in
mixed surfactant/particle systems, presence of surfactant molecules
enhanced the magnitude of the particle surface charge density. How-
ever, the difference between the charge density of the mixed system in
comparison to the particle-only system is maximized at moderate ionic
strengths (1 and 10 mM). Thus, there is a tradeoff for increasing the
overall ionic strength, which changes both the Debye length and the
measured zeta potential. This is expected since the activity of ionic
surfactants are known to be affected by the electrolyte concentration in
the system. For instance, the bulk concentration of SDS required to
achieve a certain surface adsorption concentration on the air-water
interface decreases by two orders of magnitude when comparing sys-
tems at 0 and 100 mM NacCl [58].

From the perspective of entropic interactions, higher ionic strengths
are associated with a lower water activity [59]. Each surfactant tail
requires a number of water molecules structured around it for the pur-
pose of solvation. By increasing the ionic strength of the solution, water
molecules also solvate the ions, which, in turn, decreases the total
number of molecules available to solvate the surfactant tails [50].
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Moreover, the increase in the ionic concentration of solution screens the
electric field that causes the repulsion between the charged particle
surface and the surfactant head. Both these factors contribute to the
promotion of surfactant adsorption onto the surface of like-charged
particle in presence of higher salt concentrations in the solution [50].
Therefore, there are signs of adsorption at moderate pH conditions (in
the range of 5-6). Nevertheless, since both SDS and KNO3 can impact the
ionic strength of the solution, we have taken the data analysis one step
further to deconvolute the surfactant and salt contributions, as discussed
in the next section.

3.2.3. Effect of SDS from the perspective of mean ionic product

To decouple the effects of SDS on the ionic strength of the solution,
from that of the added KNOs salt, and examine the origin of the observed
supercharging on the particle surface, we used the mean ionic product
(c*), which accounts for the impact of ions, other than those resulting
from SDS, present in the system to normalize the concentration of sur-
factant solutions at various background salt concentrations. In this
approach, the mean ionic product is defined as follows [60]:

%

1/2
¢ =y (Csps-other ions X Csps) /! 6)

where cgps is the concentration of SDS, csps.other ions 1S the concentration
of all species, y, is the average activity coefficient of the system,
calculated from the Debye-Hiickel equation as follows:

0.5115 x VI
1+1.316 x VI

Using the mean ionic product to analyze the measured data allows
for the comparison of the results in mixed SDS/silica systems to those
obtained from particle-only dispersions with a similar ionic strength.
Data on the particle’s zeta potential and surface charge density as a
function of the effective ionic concentration (c*), for samples containing
SDS, is shown in Fig. 6. For comparison, the corresponding values for
samples without SDS, i.e., particle-only dispersions, are also provided in
the figure as a function of the total ionic strength (I). In addition, data
available in the literature on the mixed SDS/silica system, obtained from
various references [24,25,28,29,34], are also displayed on the same
plot. It is worth noting that inferring about the SDS adsorption, or lack
thereof, onto the particle surface, solely based on the zeta potential re-
sults shown in Fig. 6a, is not trivial since there are multiple factors at
play in case of mixed systems. There is a large scatter in the data, both
from this work and those reported elsewhere [24,25,28,29,34]. To
illustrate the clear distinction between the data obtained for mixed
surfactant/particle systems with SDS (full symbols) and those for

logy, = +0.055 x 1 )

¢* (mM)

1000 0.01

Colloids and Surfaces A: Physicochemical and Engineering Aspects 676 (2023) 132142

particle-only dispersions without SDS (open symbols), the particle sur-
face charge density was calculated from the measured zeta potential in
each case, as shown in Fig. 6b. As can be seen, at the same effective ionic
concentration, particle dispersions containing SDS exhibit a higher
charge density when compared to a sample without SDS. This effect
appears to be enhanced at larger SDS concentrations, which is expected
since there is a higher activity of SDS molecules in the bulk. It is
important to note that some of the data taken from the literature pertain
to particles that are not spherical in shape (fumed silica). For those cases,
the reported Dy was used in the charge density calculations and there-
fore the results exhibit greater variability. Compared to Fig. 1a where a
definitive region indicating SDS adsorption was not clearly delineated,
Fig. 6b offers a more distinct differentiation between the characteristics
of samples with SDS and those of particle-only dispersions.

3.2.4. Effect of SDS at various pH and electrolyte concentration

To determine the extent of SDS adsorption onto the silica particle
surface for a mixed system that is not at neutral pH, an analogous
analysis to the one conducted in the previous section was performed on
data acquired at various pH values. The data was generated at two pH
ranges that were considered “low” (i.e., pH< 5) and “high” (i.e., pH >
6). These values were selected based on the response of the particle-only
dispersions to pH alterations, where at low pH range, reducing the pH
resulted in a decrease in the magnitude of the zeta potential, and over
the high pH range, increasing the solution pH did not have a pronounced
impact on the measured zeta potential, as depicted in Fig. 3.

Fig. 7 illustrates the measured zeta potential and calculated charge
density corresponding to measurements carried out at low and high pH
ranges for SDS/silica mixtures using data from both 100 nm and 200 nm
systems. Fig. 7a shows that the measured values of zeta potential in the
mixed surfactant/particle samples have a higher magnitude compared
to those obtained for the particle-only dispersions in presence of KNOs.
The same trend is observed in Fig. 7c, where the charge density for
samples containing SDS is overall higher than those without SDS. It is
worth noting that the results at low pH show a more pronounced dif-
ference when comparing the particle surface charge density for samples
containing surfactant with those of dispersions without SDS. This can be
explained by the fact that at these lower pH values, the system is closer
to the isoelectric point of silica particles (see Fig. 3), indicating a lower
density of surface charges on the particle, which could promote the SDS
adsorption onto the particle surface. It is important to note that the
variation in ionic strengths for particle-only systems are not only due to
different KNO3 concentrations but also acid addition. Therefore, there is
a downward trend of surface charge density with ionic strength as the
acid concentration is higher. Such downward trend is not present in

Fig. 6. Effect of variation in the salt and
surfactant concentration, at pH values
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than that obtained for salt only particle dispersions (no SDS), which is attributed to the adsorption of SDS onto the particle surface in the former case.



E.L. Correia et al.

c¢* (mM)
0.01 0.1 1 10 100 1000
(a) L4 Panicl—:.' I)ispcr.\ion:\\ilh SDS i )
0 o Particle Dispersions without SDS o _ b
88
LR
-20F 5. . : -
§ ? “ IO
£ 5 o8
.40t 2t 8 1
s ¢
-60 } 1 1
Low pH
-80 u . " "
0.01 0.1 1 10 100 1000
I (mM)
¢* (mM)

) 0.01 0.1 1 10 100
® Particle Dispersions with SDS

Particle Dispersions without SDS

—
>

Charge Density (nC/cm?) &

1t .
0.1F Low pH b 8 7
0.01 0.1 1 10 100 1000
I (mM)

1000 (d

Colloids and Surfaces A: Physicochemical and Engineering Aspects 676 (2023) 132142

¢* (mM)
0.01 0.1 1 10 100 1000
. I’unicl1c l)i.\pcr.\ions'\\illlsl)s ) -
0F Particle Dispersions without SDS L
=20F L -
N g8
Can i
wp 3 % L ]
RLTH
.
-60} 3 :
High pH
-80 ol o o L
0.01 0.1 1 10 100 1000
I (mM)
¢* (mM)
) 0.01 0.1 1 10 100 1000
—~ ® Particle Dispersions with SDS
NE 10} Particle Dispersions without SDS E
L
Q
=
~
z 'Y ‘
» 1F v .8 4
= )
) o ’!‘_' ; ot
- RYE L
€0 'BLE
— 2 8 o
-g o
O 0.1F High pH E
0.01 0.1 1 10 100 1000
I (mM)
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these plots.

systems with SDS even though the particles were exposed to the same pH
conditions.

Fig. 7b presents systems at high pH range, which do not exhibit a
clear distinction depending upon the presence of SDS. This is also evi-
denced in Fig. 7d where the calculated charge density for some of the
mixed surfactant/particle samples falls in the region that belongs to
particle-only data in presence of KNOg salt, even at high effective con-
centrations of SDS. Higher pH values are associated with a higher sur-
face charge on the silica surface, as shown in Fig. 4b and d, which may
hinder adsorption. Nevertheless, at high pH and high SDS concentration,
there is indeed an elevated charge density observed, suggesting that
even under these conditions, some level of adsorption occurs.

4. Conclusions

In this work, we performed a comprehensive study on mixed systems
of silica particle and SDS surfactant. We examined changes in particle
surface properties in response to alterations in solution pH and elec-
trolyte concentration in order to shed light on factors that promote or
prevent surfactant adsorption onto the particle surface in case of like-
charged SDS/silica system. We applied dynamic light scattering to
measure the particles hydrodynamic diameter, electrophoretic mobility
measurements to probe the zeta potential under various dispersion
conditions, and estimated the surface charge density from the obtained
conductivity and mobility values. We decoupled the contribution of SDS
to the ionic strength of the solution and alteration of zeta potential for
negatively charged silica nanoparticles. These studies aided in identi-
fying variable domains in which SDS adsorption onto silica particles is

more or less likely to occur, and the conditions at which it may affect the
zeta potential readings, which are usually used as a direct indication of
surfactant adsorption. We showed that charge density is a more fit
parameter for identifying adsorption of SDS onto silica particles. Our
findings reveal that SDS adsorption onto the silica surface can occur,
through entropically-driven interactions, under certain conditions as
follows.

1. At moderate pH conditions (between 5 and 6), SDS adsorption takes
place over the range of the ionic strengths studied in this work
(0.1-100 mM). However, it might not decrease the particles zeta
potential (i.e., supercharging of the particle surface may not be
detected);

2. An acidic environment improves surfactant adsorption and “super-
charging” effect;

3. Basic environments could hinder adsorption and supercharging in
the presence of isolated silanol groups on the silica surface; however,
high SDS concentrations (c* > 10 mM) might overcome the pH
effect.

4. There is a tradeoff between the ionic strength decreasing the parti-
cle’s zeta potential and dispersion’s Debye length, which leads to a
maximum of increase in the magnitude of charge density caused by
surfactants adsorption on the surface of particles to take place in the
range of 1-10 mM of total ionic strength.

5. The supercharging effect is less pronounced if the particle’s zeta
potential is high (~60 mV) prior to the addition of the SDS surfactant
and becomes more pronounced as the zeta potential is reduced,
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which can be achieved by increasing the ionic strength of the
solution.

The fundamental understanding obtained in this work on the mixed
system of like-charged species, utilizing SDS/silica as a model system,
and the insights offered on the impact of solution properties such as pH
and electrolyte concentration on the surfactant adsorption, represents a
significant advancement in the field. The framework provided by this
research serves as a valuable guide for comprehending the behavior in
other like-charged mixed systems. Beyond its immediate implications,
these findings have far-reaching impacts in the field, considering the
extensive technological applications and environmental significance of
mixed systems involving similarly charged particles and surfactants.
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