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Abstract: Potentiometric titrations have been routinely used to measure the proton-related surface
charge density (SCD) of particles in solution. Here, we quantify the SCD of silica nanoparticles
(NPs) that are commercially available as charge-stabilized colloids (by the addition of NaOH) in
the presence of known amounts of added NaCl. The experimental results are simulated by surface
complexation models (SCMs) of the electrical double layer (EDL). The modeling results suggest that
involving only the added NaCl electrolyte yields poor agreement between the experiment and the
best achievable fit. An increase in the Na concentration accounting for the colloid inherent salt (CIS)
associated with these charge-stabilized colloids results in much better simulations. In the available
literature, this CIS has often been disregarded. However, in the modeling, the total concentration of
Na must be known for a consistent mole balance and derivation of reliable ion-pair binding constants.
If the CIS is not accounted for or the original suspensions are not dialyzed, the presence of CIS renders
the study of those colloids difficult, particularly when investigating specific ion effects, since the CIS
always interferes. In the present work, we show that the SCM-estimated amount of CIS from varying
the total salt and solid concentration agrees surprisingly well with the manufacturer specification.

Keywords: silica; potentiometric titration; surface charge density; colloid inherent salt; specific
ion effects

1. Introduction

Oxide minerals are among the most frequently studied substrates with respect to
the adsorption of pollutants from aqueous solution [1–3]. The study of the adsorption
reactions has reached a level where surface complexes can be identified at the molecular
scale and where thermodynamic models introduce the respective mechanistic level for the
surface structure and the surface complexes, [4] with wide variations in the background salt
concentration [5] for these kinds of models. This has recently been extended to adsorption
from saturated salt solutions [6,7].

At the surface of the oxide minerals, surface hydroxyls may undergo protonation and
deprotonation reactions. These cause a fundamental charge that gives rise to the formation
of the electrical double layer (EDL). Within the EDL, part of the fundamental charge is
screened within the Stern layer by ions from the background electrolyte. The background
electrolyte is added in many experiments to keep the salt level at a constant level while
varying other parameters. The net charge that remains due to the incomplete neutralization
of the fundamental charge within the Stern layer is compensated by the diffuse part of
the EDL.
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The background electrolyte ions are typically chosen in such a way that they are ex-
pected to form relatively weak (outer-sphere) surface complexes. The bonding mechanism
of, for example, sodium on negatively charged hydroxyl groups, however, is not ultimately
clear. The classical treatment in terms of outer-sphere-surface complexes [5] has been
challenged by simulation studies, which sometimes report inner-sphere-surface complexes
instead [8].

The SCM relevant chemical reactions occur in the bulk of the solution (aqueous
speciation) and within the Stern layer (surface complexation). The bulk solution involves
the speciation of a given pollutant (such as a metal cation), where dissolved, non-adsorbing
ligands would, for example, compete for the metal cation with the surface functional
groups (surface ligands) [9]. The equilibria in the solution and at the surface can be treated
with the same formalism if interfacial electrostatics are taken into account for the surface
equilibria [10,11]. The treatment requires knowledge of the total concentrations of all
relevant chemical components (i.e., the entities from which all species can be formed) or
free species concentrations/activities. Knowledge of free concentrations (as in the case
of the free proton concentration through pH measurements), in some cases, makes the
correct balance for a component obsolete or allows us to calculate the total concentration of
such a component from the speciation scheme. Within the framework of SCMs, a model
for the interface is required in terms of the nature and amount of the relevant surface
sites and the interfacial electrostatics. Currently, many different model combinations
exist, the upper level being CD-MUSIC (Charge-Distribution MUlti-SIte-Complexation)
models, often coupled with a Gouy-Chapman-Stern (GCS) picture of the electrical double
layer [4,12–14].

Owing to its geological relevance, or use in semiconductor industry or biomedical
applications, silica has been the focus of scientific and technological research for a long
time [15]. Particularly, the silica-water interface has received considerable attention, [16–18]
as the interfacial structure and chemistry directly influence phenomena such as ion adsorp-
tion, [19] cellular uptake, [20] and particle mobility [21]. The proton-related surface charge
density (SCD) of oxide particles (such as silica) is a key parameter governing the interfacial
chemistry and, by extension, all the aforementioned phenomena. The fundamental charg-
ing of oxidic particles arises from the protonation and deprotonation of surface functional
hydroxyl groups. These surface chemical reactions generate the SCD, which is often simply
called the charge density, but must be distinguished from the net surface charge density.
The latter accounts for the partial neutralization of SCD due to the formation of surface
complexes (outer-sphere or inner-sphere, also referred to as ion-pairs) between charged
surface groups and oppositely charged ions from the ‘added’ background electrolyte. The
cloud of mobile ions in the diffuse layer compensates this net surface charge, whereas SCD
is compensated by the ion-pairs and the diffuse layer charge. In SCMs, ion-specific effects
are related to the inner (immobile) layer and are taken into account via different affinities
of different ions towards charged groups. This can be achieved in various ways:

1. Change the location of a given ion by using an electrolyte-specific value for the inner
layer capacitance(s);

2. Use a unique set of inner layer capacitance(s) involving charge distribution. This
places more or less charge of the ion-pair in the inner or outer planes of the simplified
interface model.

Ion-specific capacitance values will not allow us to simulate mixtures of electrolytes.
Fortunately, in many cases it is possible to simulate data for different background elec-
trolytes with common capacitance(s) and placing them as point charges in one plane
(i.e., without the use of charge distribution) while handling ion specificity uniquely via
formation constants.

The two model options above will also imply affinity constants specific for each ion,
but the comparison of the resulting affinity binding constants becomes blurred. Unfortu-
nately, most of the thinkable model options will allow us to describe a given experimental
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data set, since the models remain over-parameterized, although they oversimplify in the
assumptions (e.g., flat surface planes, idealizing planes of adsorption, etc.).

The use of a constant value for the Stern layer capacitance as another example of
simplification is questioned by the results of Brown et al. [22], which suggest that the inner
layer capacitance of silica varies with the salt content (of NaCl). One might, in general,
argue that capacitance values are probably even affected by the variation in the interfacial
electrostatic field (i.e., with surface potential and surface charge) because the electric field
strength is expected to vary with the pH and salt concentration. The latter two experimental
variables are known to affect the interfacial water structure [23–25].

Experimental values for the net surface charge not only inform about the stability of a
given colloid but, in combination with knowledge about the fundamental charge, include
indirect information about ion pair formation (i.e., ionic species that can be accommodated
at oppositely charged surface groups). The fundamental charge and the resulting net charge
directly influence the mobility of particles in environmental settings [26].

In aqueous solution, the water-silica interface is charged in the classical picture due to
the spontaneous protonation/deprotonation of terminal silanol groups [27]. The isoelectric
point (IEP) of amorphous silica is usually cited to be in the range of 2–4 [28]. In the usual
pH range, silica has a net negative charge. This has been interpreted via ionization of the
surface functional groups, which tunes the surface charge, for example, by changing the
pH, as in the following reaction.

≡ Si−OH + OH− ↔≡ Si−O− + H2O (1)

Adding hydroxide to an SiO2 suspension will therefore cause an increase in the
negative fundamental charge. As discussed above, the IEP of SiO2 is at a low pH, and since
we mostly (if not exclusively) work above the IEP, the SiO2 NPs always exhibit negative
SCD [29]. The degree of ionization in general, besides pH, depends on the electrolyte
nature [30] and electrolyte concentration [31]. The ionization that generates a strong electric
field, which, in turn, regulates many physical and chemical properties of oxide interfaces,
can be studied by potentiometric acid-base titrations. The results of such experiments are
well understood, since these titrations have been used to study the SCD of different kinds
of SiO2 and many other types of particles [30–34]. In this paper, we use potentiometric
titrations to quantify the SCD of different sub-10 nm SiO2 NPs in various concentrations of
NaCl as the background electrolyte. During the analysis, it turned out that an appropriate
model description required including the amount of salt present in these SiO2 suspensions,
as prepared by the manufacturer, which is the colloid inherent salt (CIS).

The particles we study here are typically sold as suspensions of a relatively high pH
(around 10) and include a given amount of sodium (in the present cases). The sodium
is introduced when the suspension is put to a high negative charge by adding sodium
hydroxide according to Equation (1). The resulting negative charge keeps the NPs from
aggregating, and a stable dispersion is obtained even for the very high solid concentrations
of these commercial products. It may seem trivial that, in the respective studies, the
presence of CIS should be considered. Even very old literature contains experimental
work where the residual salt was removed. Bolt [31], for example, performed a double de-
ionization of the Ludox sol he used and finally obtained a sol with pH 4.5 (i.e., he removed
the CIS and accordingly decreased the initially high pH). On the other hand, in many
other studies involving the use of such Ludox sols in the recent literature, such precautions
have not been taken [35–37]. While the presence of the CIS may appear irrelevant in many
cases, in other circumstances, the lack of control of total sodium will ultimately lead to
ambiguities. For example, in a gelation study, aliquots of such (as received) suspensions
were added to NaCl solutions to yield a constant concentration of added salt and variable
solid contents [38]. This obviously requires the addition of different amounts of silica stock
suspension and, consequently, different amounts of CIS will ultimately be present in the
finally studied samples. More specifically, the sodium concentrations in these samples are
not identical, as intended, but the results of the experiments are interpreted as if they were.
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In other examples dealing with ion specificity, the properties of such charge-stabilized silica
NPs were studied in solutions of NaCl, LiCl, CsCl, etc. [39,40]. Depending on the solid
content used, more or less sodium will be present in the studied samples, but the results are
interpreted as if CIS-related sodium were absent. As a final example, the technique used in
the present work may be discussed. Comparison of titration data between data obtained
with or without the removal of CIS will be ambiguous on the basis of added NaCl salt.

The choice of sodium for the charge stabilization of Ludox (and other silica) sols
indicates a specific type of interaction. Recent MD simulations suggest that sodium ions
can be more strongly bound to the amorphous silica surface than calcium ions [41]. The
results of these simulations also point to a very specific binding. To what extent this may,
for example, inhibit dissolution and growth is an important issue that is not typically
addressed. However, it has been shown that very small particles can be charge-stabilized
against the growth of bigger particles, in the case of magnetite [42].

In the present work, we have attempted to understand if experimental charging data
can reveal the effect of CIS in modeling calculations, and specifically to what extent the
thermodynamic models are susceptible to the correct sodium concentration.

Surface complexation modeling was carried out to fit our titration (SCD) data using
the GCS model and, in this process, the total salt background (i.e., the amount of sodium
introduced in the system, which increases the sodium concentration above the amount
arising from the nominal added NaCl background electrolyte) was estimated. The surface
complexation approach requires total concentrations for the components for which a mole
balance is carried out in the calculations. Such a mole balance is also performed for
sodium in such SiO2 suspensions containing NaCl. Erroneous values for the total sodium
concentration results in erroneous model parameters. For example, fitting the binding
constant of sodium is directly influenced by the total concentration of sodium. Usually,
it is assumed that the total concentration is known. However, if the stock suspension
contains sodium due to the preparation (i.e., the CIS), and if this is neglected in calculations,
the outcome is questionable. Interestingly, in our calculations, it consistently turned out
that neglecting the CIS failed to produce good fits to the data. This would support the
model concept. To further constrain the conclusions, the solid concentrations of silica in
the titrations were varied. This changes the ratio between added NaCl and CIS. Parameter
optimization using the titration data was carried out for different fixed CIS estimates to
obtain an optimum fit. As pointed out, we can also change the solid concentration for a
given product (i.e., dilution of the SiO2 content will decrease the value of CIS) and the total
electrolyte concentration. This variation in the contribution of the CIS content to the total
Na for a given solid concentration should result in a common CIS optimum when back-
calculated to the stock suspension if the approach is valid. The procedure can, moreover,
be carried out for various colloids with different CIS. All of these tests were found to yield
self-consistent results for different SiO2 suspensions over a range of added NaCl. The
importance of including CIS into considerations became most obvious when the standard
silica model was unable to simulate data when the CIS contribution was neglected. In some
cases found in the literature [31,43], SiO2 suspensions containing CIS Na+ have indeed
been dialyzed to remove CIS Na+ and start with clean SiO2. We emphasize again that, if
this is not carried out and, for example, the effect of LiCl to CsCl on certain properties of
undialyzed CIS containing SiO2 is studied, the results are obtained with mixtures of the
added cation and the already present sodium. Here, the sodium contribution depends on
the silica concentrations. In order to understand the actions of the target cations, the impact
of CIS must be accounted for. This does not seem to have been the case in many studies
(see above) [35–40,44]. The present study shows, for surface titrations, the importance of
including the CIS in the modeling and comparison of experimental data.

While we specifically study silica samples here, we would like to add that compli-
cations related to the CIS in silica samples will also occur in the case of clays [45] or soil
samples [46] that, when taken from their natural environment, will contain adsorbed
ions. Potentiometric titrations and their interpretations in such cases will not necessarily
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take into account the role that such ions may play. With clays, the problem is often ad-
dressed by transforming the natural clay into its sodium form, for example. To what extent
the bound sodium that may interfere later in subsequent experiments is possibly not so
often addressed.

2. Materials and Methods
2.1. Chemicals

Sodium chloride (NaCl, ≥99.8%, ACS Reagent, Sigma-Aldrich, Buchs, Switzerland),
NaOH (BioUltra, for molecular biology, 10 M in H2O, Sigma Aldrich, Buchs, Switzerland),
and HCl (0.1 N, Acros Organics, Geel, Belgium) were used as received. The different
commercial SiO2 samples utilized were Ludox SM (Sigma-Aldrich, Buchs, Switzerland),
Klebosol 300 (Merck, Buchs, Switzerland) and Bindzil 360 (AkzoNobel, Amsterdam, The
Netherlands). All the suspensions are sold as ~30 wt.% SiO2 and their natural pH ranges
from 9.5 to 11. Milli-Q water was used throughout the experiments to prepare suspensions
and solutions.

2.2. Potentiometric Titration

Potentiometric titrations were carried out at room temperature with an automated
Mettler-Toledo G-20 Compact Titrator. Polypropylene beakers of 100 mL were used under
continuous purge from wet (home built bubbler filled with Milli-Q water) ultrapure N2
(Stickstoff 5.0, PanGas 99.999% pure) to avoid adverse effects of CO2. The electrode was cal-
ibrated with 4 buffers (2.00, 4.01, 7.00, and 10.00, technical buffer solutions, Mettler-Toledo,
Greifensee, Switzerland) before each experiment. Prior to use, the colloid suspension was
sonicated. All SiO2 stock suspensions were filtered once before diluting them. The basic
methodology of potentiometry involved titrating a given SiO2 sample (SiO2 with NaCl)
and a blank (only NaCl) with the same acid (in this case HCl). The added titrant volume
was 0.2 mL per step for the sample and 0.005 mL per step for the blank. The stir rate
(mechanical stir rod) was maintained at 700 rpm. A volume of 25 mL of either sample or
blank were titrated from pH 10 to pH = 3 to obtain SCD for one SiO2 concentration with
one concentration of added NaCl. The lower pH is taken as the PZC of amorphous SiO2,
and used for obtaining absolute SCD. The value of PZC = 3 was reported by Milonjic [33],
whereas both Bolt [31] and Sonnefeld [34] reported approx. ~3.5. As pointed out above,
the precise value cannot be determined, but changing PZC on the charging plateau does
not cause significant changes in absolute SCD. Experiments were performed in triplicates
for consistency.

2.3. Calculation of Surface Charge Density (SCD)

The raw titration curves show the amount of titrant consumed by the sample and
the blank to reach a certain pH from a given initial pH (∆pH). The amount of H+ ions
that produces a specific ∆pH in the sample was diminished by the amount required to
produce the same ∆pH in the blanks. The corresponding difference in the volume of titrant
constitutes the amounts of protons adsorbed by the surface at a given pH value and directly
translates to the SCD of the colloid based on an appropriate reference value (here, for zero
SCD at low pH, as discussed above).

The following equation is suitable for calculating SCD (σ0,H), as reported in the
literature [30,34].

σ0,H = F (ΓH+ − ΓOH−
)

(2)

Here F is the Faraday constant (C/mol) and ΓH+ − ΓOH− represents the net up-
take of H+ ions or the release of OH− ions (mol/m2). Here, we have adopted the
use of Equation (3), according to which, surface charge density (σ0,H) at a given pH is
defined as [47]

σ0,H = −
F ∗ CHCl

(
vsample − vblank

)
s.γ.V

(3)
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where CHCl is the concentration of HCl titrant (mol/L), vsample is the volume of titrant
consumed by the sample to reach a given pH (L), vblank is the volume of titrant consumed
by the blank at that same pH (L), s is the specific surface area of the solid (m2/g), V is the
total volume of the liquid medium (L) at a given pH and γ is the mass concentration of the
solid (mass of the solid divided by the volume of liquid, g/L).

2.4. Surface Complexation Modeling

SCMs, also sometimes called site-binding models, have been conventionally employed
to model titration and, less frequently, electrokinetic data, for many mineral surfaces. Since
they involve mass law equations and equilibrium constants, SCMs can be viewed as an
extension of solution chemistry models to solid/water interface chemistry. The formalism
allows for the calculation of a model-inherent surface speciation, i.e., the distribution of the
interfacial species as a function of pH and salt content. As part of an SCM, basic chemical
reactions visualize, in a formalized way, the interactions of metal ions, ligands, or protons
with surface sites, which are also sometimes called surface ligands. These interactions affect
the surface charge via the ionization of the surface hydroxyl groups. The various SCMs
that are available differ in the formalization of the basic surface chemical equations, the
handling of surface heterogeneity, and the treatment of the electrical double layer (EDL),
resulting in a wide range of options. The EDL options include the purely diffuse layer
model (DLM) [48], the constant capacitance model (CCM) [49], and the Gouy-Chapman-
Stern model (GCS, also basic Stern model), [50] as well as triple layer and three plane
models (TLM or TPL) [4,13,51], and even more complex approaches, such as multi-layer
models that allow for charge distribution (CD-MUSIC) [13]. The amount of possible model
combinations causes significant difficulties when it comes to choosing the most appropriate
one. In addition, concerning the terms, surfaces that are treated by the SCM formalism are
being referred to as charge-regulated surfaces, although the term of charge regulation had
been established for interacting surfaces.

For data treatment, a modified version of the program FITEQL [52], in combination
with uCODE, was used. The latter is a general parameter optimization routine that can
be coupled to a simulation tool. In the present case, FITEQL was used as the simulation
code. Here, we simulated the titration data for a given set of model parameters based
on a particular EDL/SCM combination. Best fit was obtained by involving uCODE to
optimize model-inherent values for adjustable parameters, such as capacitance, intrinsic
pKa, and an intrinsic electrolyte-binding constant, whereas the site density of the silanols
can fortunately be fixed at a widely accepted value (4.75 sites/nm2) [53]. The activity
coefficients of solute species need to be included and were calculated based on the Davies
equation. Fits were performed on curves of SCD vs. log ([H+]/M) for the range of salt
levels (either using added NaCl only or using added NaCl plus an assumed value for
residual Na). Values of log ([H+]/M) are calculated from the measured pH values and
the appropriate activity coefficients. To constrain parameters to a maximum, capacitance
was fixed at electrolyte-concentration-specific values reported for Ludox SM particles by
Brown et al. [22]. Although not necessarily covering the potential changes with pH (as
discussed in the introduction), we believe that the use of these values is currently an
elegant way to constrain the inner-layer capacitance, given also that Ludox SM is part of the
present study. Furthermore, this eliminates an adjustable parameter. Finally, the electrolyte
association constant for the equation

≡ Si−O− + Na+ ↔≡ Si−O−Na+, K(ass) (4)

was fixed to log K(ass) = 0.3 for the results presented here. This leaves the pKa value for the
surface silanol as the only adjustable parameter. Initial variation in the association constant
showed that, with the above value, the best fit was obtained
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3. Results and Discussions

The surface charge densities for 5 wt.% Bindzil 360, as determined from the results of
potentiometric titrations between pH 3 and 10 in 2 mM, 10 mM and 100 mM added NaCl,
are shown in Figure 1.

Figure 1. SCD of 5 wt.% Bindzil 360 in varying concentrations of added NaCl (2 mM: green, 10 mM:
orange, 100 mM: brown).

Due to the CIS, the actual amount of sodium contained in the suspensions is higher
than the NaCl concentrations indicated. We estimate the CIS by changing the amount
of background salt during parameter optimization to obtain best fits to the titration data.
Within the SCMs, DLM (Figure 2a) and GCS (Figure 2b) variants were tested. Figure 2c–h
show the fits to the experimental data where we progressively varied the assumed CIS
contribution from 0 to 100 mM.

The simulations clearly show the failure of the DLM to interpret the titration data and
ultimately the electrical double layer. The GCS model is a better representation of the EDL
and acknowledges the presence of an interfacial capacitor in addition to the diffuse layer.
The GCS model can reproduce the experimental data much more successfully than the
DLM. Therefore, in the following, we no further consider the DLM but adopt the GCS as the
only model. While varying the CIS contribution, we compare the residuals (errors) between
the experimental data and the simulation results for the SCD. The best fit (lowest sum of
residuals) is taken as an estimate of CIS present in the respective suspension (Figure 3). The
normalized residuals exhibit a surprisingly sharp minimum at around 40 mM for Bindzil
360.5 wt.% (shown as one example in Figure 3).

To obtain a refinement, the minimum region (in Figure 3 from 30 mM to 50 mM) is
fitted with an asymmetric Gaussian. The derivative of the fitted function equated to 0
yields the co-ordinates that correspond to the minimum for this function. We take this
(i.e., 40 mM) as the final value for the CIS content for 5 wt.% Bindzil 360. The total CIS in
the Bindzil 360 stock suspension (~30 wt.% SiO2) is estimated to be 242 mM ± 3 mM. The
total site concentration in such a suspension amounts to about 0.9 M (for about 360 m2/g),
meaning that enough sodium is present to allow for a maximum of less than a quarter of
the sites to be deprotonated. The important outcome is that, since SCD depends on the
concentration of salt in the suspension, the CIS present in the stock must obviously be
accounted for. In order to check the consistency of our approach, CIS estimation was also
carried out for 1 wt.% Bindzil 360 and 10 wt.% Bindzil 360 at three different salt levels.
Here, too, it was found that the fits became acceptable only when the appropriate amount
of CIS was considered in the SCM (see Figure S1, Supplementary Information). Moreover,
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the back-calculated CIS for the original product for the three different experimental series
agreed very well.

Figure 2. Schematic representation of the electrical double layer at the interface as per (a) diffuse
layer model and (b) Gouy-Chapman-Stern model. SCM fits with varying CIS compared to the SCD
of 5 wt.% Bindzil 360 in (c,d) 2 mM NaCl, in (e,f) 10 mM NaCl, and in (g,h) 100 mM NaCl. The fits in
(c,e,g) are DLM fits whereas (d,f,h) are GCS fits.
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Figure 3. The residuals (errors), i.e., representing the discrepancy between simulation and experiment,
are shown as a function of different amounts of CIS (mM) using GCS model for 5 wt.% Bindzil 360.
Inset shows the differentiated function (asymmetric gaussian) to estimate the point of minima.

Our findings for Bindzil 360 encouraged us to check the consistency of our CIS esti-
mation for other commercial SiO2 suspensions. Potentiometric titrations followed by GCS
modeling estimate stock CIS values of 144 mM ± 5 mM and 216 mM ± 5 mM for Klebosol
300 (Merck) and Ludox SM (Sigma-Aldrich), respectively. Detailed analysis for each of
these colloids can be found in the Supplementary Information (SI). Manufacturer-specified
CIS values in stock solutions for Klebosol 300, Ludox SM and Bindzil 360 are 152 mM,
219 mM, and 234 mM, respectively. The amount of CIS estimated using our approach is
compared to the values specified by the respective manufacturers in Figure 4.

Figure 4. Estimated residual salt for each SiO2 compared to the values given by their respective
manufacturers.

The close agreement of our estimated CIS values with the values provided by the
respective manufacturers suggests that the estimation of the CIS in SiO2 suspensions in a
consistent manner is possible using an appropriate SCM approach. The parameters for the
best fit models are summarized in SI (see Table S1 for a series of simulations as a function of
assumed CIS and Table S2 for the set of parameters obtained for the different silicas at the
optimum CIS). Such estimates yield, at the same time, a model for the original suspension,
which can be used to (re-)interpret data obtained on such undialyzed systems with CIS.

4. Conclusions

Using potentiometric titrations, we have determined the SCD for colloidal silica for
a range of added NaCl. Surface complexation modeling has been carried out to fit the
titration data using the diffuse layer and the Gouy-Chapman-Stern models of the EDL.
Simulations using the DLM do not agree with the experimental data for any reasonable
values of model parameters (i.e., pKa). This is because the DLM disregards the presence



Colloids Interfaces 2022, 6, 23 10 of 13

of a double layer capacitor. On the other hand, the GCS model appears to reproduce the
experimental data, albeit under some additional considerations. Thus, the fits become
acceptable only when the colloid-inherent sodium/salt is acknowledged in the model
calculations (i.e., total Na+ is the sum of colloid-inherent Na+ and added NaCl). The
CIS is the salt associated with the charge-stabilized colloid, and is thus present in many
commercial products, such as those obtained from the manufacturer. We measured the SCD
by potentiometric titrations, utilized surface complexation modeling to estimate the CIS for
different SiO2 NPs, and found surprisingly good agreement with the values provided by
the different manufacturers. This shows the robustness of our modeling approach and is
also a significant finding that might serve as a prerequisite for experiments when specific
ion effects are studied with commercially available charge-stabilized silica colloids.

Overall, the outcome of this study is important from various point of views:

1. The models appear to be sufficiently robust so that errors in the total concentration of
a relevant chemical component (here Na) can be traced. This would mean that, if such
models fail, an error in a mole balance may be the origin (among other possibilities);

2. The study of ion-specific effects will be affected by the presence of residual salt (CIS) be-
cause there is interaction with ions (here, sodium) that are not necessarily considered;

3. The relevance of CIS crucially depends on the conditions (such as the added salt
amount and sol concentration);

4. For the models, disregarding the residual salt in titrations and adsorption experiments
will lead to inaccurate model parameters.

Our literature survey shows that, in far too many articles, the residual salt in com-
mercially obtained colloids is simply not considered, and it is not clear to what extent this
may have affected the respective experimental results and their interpretation. One way to
highlight the consequences of CIS in charging data could be to compare titration between
silica samples that do not contain CIS and data for CIS-containing samples using the same
amount of added background electrolytes of the same kind. A more involved approach
would be a comparison between data that involve additions of salts that are different from
the CIS. Evidently, ignoring the CIS is non-trivial and our findings reiterate the importance
of acknowledging the CIS while carrying out, for example, surface complexation modeling
for charge-stabilized colloids.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/colloids6020023/s1, Table S1: Normalized residuals and pKa results from
surface complexation modeling of potentiometric titration-based surface charge density of 5 wt.%
Bindzil 360 colloidal silica in different concentrations of CIS. For these simulations, the Stern layer
capaci-tance and the logarithm of the electrolyte binding constant were fixed at 0.42 F m−2 and 0.3
respectively. Table S2: Predicted pKa results from surface complexation modeling of potentiometric
titration-based surface charge density of different 5 wt.% silicas with optimum concentrations of CIS.
For these simulations, Stern layer capacitance and the logarithm of the electrolyte binding constant
were fixed at 0.42 F m−2 and 0.3 respectively; Figure S1: (a,c,e) SCD for 1 wt.% and (b,d,f) 10 wt.%
Bindzil 360 in different amounts of added salt. SCM fits with varying background compared to the
SCD in (a,b), 2 mM NaCl (c,d) 10 mM NaCl and (e,f) 100 mM NaCl. For all these simulations the
logarithm of the electrolyte binding constant was fixed at 0.3. The Stern layer capacitances for 1 wt.%
samples (i.e., a, c, e) and 10 wt.% samples (i.e., b, d, f) were fixed at 0.42 F m−2 and was 0.51 F m−2

respectively. Figure S2: (a) SCD for 5 wt.% Klebosol 300 in different amounts of added salt. SCM fits
with varying background compared to the SCD in (b) 2 mM NaCl (c) 100 mM NaCl. (d) Goodness of
fit (residuals) as a function of different amounts of CIS (mM). For these simulations, the Stern layer
capacitance and the logarithm of the electrolyte binding constant were fixed at 0.42 F m−2 and 0.3,
respectively. Figure S3: (a) SCD for 5 wt.% Ludox SM in different amounts of added salt. SCM fits
with varying background compared to the SCD in (b) 2 mM NaCl (c) 100 mM NaCl. (d) Goodness
of fit (residuals) as a function of different amounts of CIS (mM). For these simulations, the Stern
layer capacitance and the logarithm of the electrolyte binding constant were fixed at 0.42 F m−2

and 0.3, respectively.
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