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Abstract

Effects of multivalent cations and its hydrolyzed forms on the charge reversal are investigated
by measuring electrophoretic mobilities of three different sulfate latex particles bearing pH-
independent surface charge densities as a function of LaCl; concentration and pH. The obtained
experimental results are analyzed by using a simple adsorption model including an ion-ion
correlation model, intrinsic energy of adsorption for hydrolyzed La ions, and the speciation
calculation of La. From the experimental electrophoretic mobilities at pH=4 without hydrolyzed
La ions, we observed that the LaCls concentrations at charge reversal increased with decreasing
the magnitude of the latex charge density. This experimental trend can be qualitatively captured
by the ionic correlation model used here. While the sulfate latex particles bear pH-independent
surface charge and the LaCls; concentration was lower than the concentration where the charge
reversal took place at pH 4, the increase in pH significantly gave rise to the charge reversal at pH
above 7.8 where the hydrolyzed La ions begin to form. Therefore, this charge reversal at higher
pH can be assigned to the stronger adsorption of hydrolyzed La ions. In addition, we demonstrate
that the simple model can capture such experimental trends of charge reversal by introducing
surmised values of its intrinsic energy of adsorption. Therefore, our results confirm that the ion
correlation can be a prevailing mechanism on the charge reversal at low pH, while the stronger

adsorption of hydrolyzed La ions predominates to induce the reversal with increasing pH.
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1. Introduction

The stability of colloidal dispersion against aggregation is important in industrial and
environmental processes such as painting materials, paper production, waste water treatment, and
colloid-facilitated transport[1]-[3]. The aggregation and dispersion of charged colloidal particles
can be generally controlled by the balance of the van der Waals attraction and electrostatic force,
according to so-called the DLVO theory after its founders of the Derjaguin, Landau, Verwey, and
Overbeek[4], [5]. Especially, the electrostatic force relies on the charging state of colloids and the
concentration and types of ions. Therefore, we need to evaluate the surface charge of colloidal
particles at different ionic concentrations to predict their colloid stability against aggregation.

The surface charges of particles are strongly modulated with the co-existence of counter
ionic species such as polyelectrolytes[6]-[9], surfactants[10]-[13], multivalent ions[14]-[19],
proteins[20], and specifically-adsorbing ions[21]-[24], which have stronger tendency to adsorb
onto the surface. Their adsorption can lead to the charge reversal/overcharging causing the change
in sign of the net surface charges due to the excess adsorption of oppositely-charged species[25].
Many researchers have been trying to clarify the prevailing mechanism of charge reversal with
the approaches of Monte-Carlo simulation, molecular dynamics and strong coupling theory
including ion correlation[26]-[30], ionic specificity[31], and hydrophobic interaction[32].
Remarkably, their theory on ionic correlation has explained reasonably well the charge reversal
for the colloidal system with multivalent counter ions such as La*" ions[29] and ferricyanide
ions[33]. However, such multivalent ions can be hydrolyzed with increasing pH and their ionic
valence is decreased due to the binding of hydroxyl ions[34]. Although such hydrolyzed ions have
decreased the ionic valence, they can strongly adsorb onto the charged surface and induce
measurable charge reversal[14], [35], [36]. This phenomenon cannot be explained by the ion
correlation mechanism. The significance of hydrolysis compared to the ion correlation was
emphasized in the previous study[14], [35]. Neverthelss, the effect of surface charge density on
charge reversal with hydrolysis is overlooked. It still remains ambiguous due to the lack of
systematic experimental data and comprehensive theoretical modeling for the particles bearing
pH-independent surface charged groups with different surface charge densities.

In this study, to gain further insight into the effect of multivalent cations and their hydrolyzed
forms on the charge reversal, we measured the electrophoretic mobilities of three different
polystyrene sulfate latex particles as a function of LaCls concentration and pH. The sulfate latex
particles have pH-independent surface charges owing to sulfate groups on their surface, which
are fully deprotonated in the range of usual pH. This feature of sulfate latex particles with three
different charge densities allows us to examine the effect of charge density and hydrolyzed ions
on the charge reversal without changing their charged amount with pH. The obtained experimental

results are analyzed with a simple model[33] including both an ion-ion correlation model[30] and
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its intrinsic energy of adsorption[22], [37] for hydrolyzed La ions. To our knowledge, it should
be noted that such experimental verification of the model including both ion-ion correlation and

specific adsorption for hydrolyzed ions has been examined for the first time.

2. Materials and Methods

2.1 Materials

Three types of polystyrene sulfate latex (SL) particles (Molecular Probes, Inc.) were
employed as model colloidal particles. Sulfate latex particles have pH-independent negative
charges due to the deprotonated sulfate groups on the particle surface. These suspensions were
dialyzed using Visking tube against de-ionized water. The manufacturer reports their density,
diameter 2a and surface charge density o, obtained by conductometric titration as tabulated
in Table 1. However, we have measured the electrophoretic mobilities of the same particles as
a function of KCI concentration and reported that the electrokinetic surface charge density of
the particles can be different from the values provided by the manufacturer to achieve the
reasonable agreement between experiments and theory as shown in Table 1 [21]. Thus, the
reported values of electrokinetic surface charge density by the previous work [21] are used as
the surface charge densities for the following theoretical analysis in this study. LaCls* 7H,O
(JIS special grade, Wako Pure Chemical Industries) was used to prepare the electrolyte
solutions. The pH was adjusted by the addition of HCI (JIS special grade, Wako Pure Chemical
Industries) and KOH solutions. Carbonate free KOH solution was prepared by following the
method described in the literature[38]. Before the sample preparation, all solutions were
filtered with a 0.20 pm pore filter (DISMIC 25HP ADVANTEC). All solutions and
suspensions were prepared from deionized degassed water (Elix, MILLIPORE) and degassed

before use.

2.2 Experimental methods

Electrophoretic mobility (EPM) was measured by electrophoretic light scattering technique
with Zetasizer NANO-ZS (Malvern). Two series of measurements were carried out. One was
measurement as a function of LaCls concentration, and the other was varying solution pH. For
the first one, LaCls concentration was varied in the range from 0.001 mM to 100 mM at fixed pH
4. For the second measurements, the pH was adjusted in the range from 3 to 11 with HCI and
KOH solutions at 0.01 mM, 0.1 mM, I mM and 10 mM in ionic strength. The particle
concentration was set to 5 mg/L in all experiments. The samples were prepared by mixing the

required volumes of one of three sulfate latex suspensions, LaCls solution, pH adjuster, and
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degassed water. The pH was measured by a combination electrode (ELP-035, TOA-DKK). All

experiments were carried out at 20 C.

3. Theoretical Modeling

3.1 Chemical equilibria and hydrolysis for lanthanum species

To model the effect of hydrolysis of La*" ion on the particle charging behavior, we consider
the chemical equilibria in aqueous LaCls solution. In the aqueous solution, one considers the
dissociation of LaCls and water, and the hydrolysis of La** ions, as given by the following
equilibria [34]

LaCl; = La3* + 3CI- (),
La®* + H,0 = LaOH?** + H* K 2),
La3* + 2H,0 = La(OH)," + 2H* : K, 3),
La3* + 3H,0 = La(OH),
_ (4),
+ 3H* D K
H,0 = H* + OH~ : K, (5),

where K, K,, K; are hydrolysis constants, and K, is the ionic product of water. From the law of

mass action, the hydrolysis constants can be related to the concentration of each species as follows

[LaOH?*][H™]

K, = 100810k = o] (6),
R, = 101810k — [La(o[lg 23:]][H+]2 ),
R; = 100800k = [La((ELH;flgHﬂs ®),

K, = 10'9810Fw = [H+][OH"] 9),

where we use the values of log o K; = —8.6, log;oK, = —17.9, log,oK3 = —27.3 from the
literature [39], and log;oK,, = —13.997.

For a given total concentration C;,; of lanthanum species in a solution, the mass
conservation law is expressed with the following equation

Cror = [La®*] + [LaOH?*] + [La(OH), ] + [La(OH);] (10).

In addition, the electroneutrality condition is fulfilled in the solution given by
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3[La*] + 2[LaOH?*] + [La(OH), | + [H*] + [K*] = [OH"] = [CI"] = 0 (11)

where [H*] = 107PHo=dPH g the proton concentration after hydrolysis reaction, pHy is the initial
pH, and dpH is the pH variation due to the hydrolysis of La*" ions. Here, we assume that CI- and K*
ions also come from the addition of HCI below pH=7 and KOH above pH=7 to adjust solution
pH, respectively. The bulk concentration of La** ions and its hydrolysed forms were obtained by

solving the set of Egs. (6—11) numerically.

3.2 Charging model
The La*" ions interact with each other near the charged surface due to its finite size and electric
repulsion. Such effects are called ion correlation effects and cannot be described by the classical
Poisson-Boltzmann equation, which treats ions as point charges and neglects inter-ion interactions.
To include ion correlation effects, many researchers have proposed various approaches[30], [40]—
[42]. In this study, we employ the formulation proposed by Shklovski [30], whose expression is
based on the theoretical assumption that multivalent counter-ions should form a strongly
correlated ionic solution in the Stern layer on highly-charged surfaces. Such effects on surface
adsorption of La®" ions can be included into the Stern layer model via the additional energy per
ion ¢;. due to spatial interactions between La** ions in the Stern layer by using the following
equation[10], [33]:
3epq — ¢ic>

Iy = 2r,Cp 43+€Xp (— T
B

(12)

where T is the ionic density of La*" ions in the Stern layer, 7, is the hydrated ionic radius of
La* ion, C, s+ isthe bulk concentration of La**, e is the elementary charge, 14 is the diffuse
layer potential, kg is the Boltzmann constant, and T is the absolute temperature. The additional

energy ¢;. in Eq.(12) is given by
bic = kpT(1.65T;, — 2.61T;.* + 0.261nT;, + 1.95) (13)
with the interaction parameter [}, of

B 1
" 4kgTe, g,

(ze)3ay

Ty (14),

/i

where €&, is the dielectric constant of water, z is the ionic valence, namely, z = 3 for La*" ion,
and o, is the surface charge density of bare surfaces. This formulation holds for T;. > 1 [30], which
is typically satisfied for z > 3. For this reason, we apply Eqs. (13) and (14) only for La*" ion, not for
its hydrolysed forms.
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With Egs. (12-14), we can express the Stern layer charge density o without hydrolysis of

La®" ion as
o5 = 3eN,Ts (15)

where N, is the Avogadro number. This equation suggests that the ionic density of La*" ions in
the Stern layer is in charge of the development of the Stern layer charge density ;.
Above a certain pH where the hydrolyzed La ions are formed, one can generalize Egs. (12)

and (15) to include the contribution from the hydrolyzed La ions, namely,

zieYq — ¢,
I; = 215,Ci pexp (— #) (16)
N
og = z z;eNyT; a7
i=1

where T; is the ionic density of each species in the Stern layer, 7, is the hydrated ionic radius,
C;p isthe bulk concentration, z; is the ionic valence, and ¢; is the non-electrostatic or intrinsic
adsorption energy of ions. Here, the index i denotes each ionic species. For the adsorption
energy of La*" ions, we have employed Eq.(13), namely, ¢y 3+ = ¢;c, and the ones for its
hydrolyzed forms of LaOH?+ and La(OH)z* are treated as fitting parameters. We have chosen
the values for the hydrolyzed ions by the calculations with different sets of the intrinsic energy of
adsorption to reasonably capture the experimental trends. The detailed calculations are
summarized as the supplementary material. In Eq.(16), we have estimated the value of the
hydrated ionic radius T, for La*" ions as its hydrodynamic radius obtained from the relationship
between the ionic mobility under an electrical field and the limiting equivalent conductance[43],
[44] as
|z|e2N,
T = P (18)

where |z| is the absolute value of the ionic valence which is |z| = 3, 1, is the viscosity of the
solution, and /1133+ is the limiting equivalent conductance of La®" ions. The diameter of the
hydrated La*" ion is 215, = 0.784 nm, and also we approximately used this value as the values
of hydrated ionic diameter for LaOH2* and La(OH)z2* ions because the values of limiting
equivalent conductance for the hydrolyzed ions are unavailable to the best of our
knowledge.We also have discussed that the effects of the values of hydrated radii for the
hydrolyzed ions on the EPMs are not so significant. The detailed disucussions are
summarized in the supplementary material.

The relationship between the diffuse layer charge density g,; and the diffuse layer potential

Y, for our system is given by integrating the Poisson-Boltzmann equation for general electrolyte
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solutions once as follows[45]:

1

N _zi¥aq) _ 2
S STSOKkBngn(l/) ) 2 Yi=1 Cip (exp( kBT) 1) (19)
d e d N z2Cip
with the Debye parameter k as
1
= Npe? YLy 2iCip)\? (20)
eokpT

where sgn(yy) = +1 if Yy > 0, otherwise, sgn(yy) = —1 if Py <O0.

From the electroneutrality condition, the sum of surface g, the Stern layer oy, and diffuse
layer charge densities g; must be zero, that is,

ogtos+os=0 (21)

The set of Egs. (12-20) is solved numerically to obtain the diffuse layer potential ¥, for the
successive calculation of the zeta potential . Particularly, we assume that no hydrolyzed forms
of La®" ions are present in the analysis of electrophoretic measurements as a function of LaCls
concentration at pH 4 where no hydrolysis happens.

For the calculation of the electrophoretic mobility in the following section, the zeta potential
¢ = P(x,) iscalculated from ¥, by integrating the following equation from the plane of diffuse

layer potential to the distance to the slipping plane xg [45]
1
z;P(x 2
2320 o (- 442) 1)

dy kkgT
dx e sgn(y() i212:%Cip

(22),

where x, is approximated to be equivalent to the diameter of La®" ions as 21, = 0.784 nm.

3.2 Electrophoretic mobility (EPM)

The electrophoretic mobilities (EPMs) are calculated from the zeta potential using the
Smoluchowski equation neglecting the relaxation effect of diffuse double layer. An electrokinetic
software, CellMobility, taking into account for the relaxation effect provided by the authors of
Refs. [46]-[48] is used to calculate EPMs in mixed electrolytes solution of LaCls and HCI or
KOH. While the program can also calculate the dynamic electrophoretic mobilities in alternating
electric field with finite volume fraction of particles, the calculations reduce to the static
electrophoretic mobilities in electrostatic field with infinite dilute volume fraction such as
O’Brien-White model [49] when one chooses the frequency of the electric field less than 100 Hz

and the volume fraction less than 0.01. Therefore, we chose the values of 10 Hz for the frequency

8
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and 0.001 for the volume fraction in our calculations. These conditions are satisfied throughout
our experiments. The most significant advantage of the program is that it can include several ionic
species in the model like O’Brien-White model[49]. This is essential to our analysis because the
solution can contain not only LaCls, but also HCI, KOH, and the hydrolyzed forms of La*" ions
in higher pH as described by the above equilibria.
First, the Smoluchowski equation is given by
&réo

MNs

HUm = ¢ (23)

where p,, is the electrophoretic mobility.

Second, the CellMobility program requires the values of the limiting equivalent
conductance of the i-th ionic species AL In this study, the values of /1; (107* S m?/mol) used are
66.17 for K*, 325.77 for H', 62.64 for La*", 68.68 for Cl", and 180.18 for OH™ which are taken
from the literature[43], [44]. In addition, we use the same value of /1; for La" as a first

approximation to the values of /1; for its hydrolyzed forms of La(OH)?" and La(OH),".

4. Results and Discussion

4.1 Electrophoretic mobility at pH 4 without La hydrolysis

We show the electrophoretic mobilities (EPMs) of the three different sulfate latex particles as
a function of LaCls concentration at pH 4 in Figures 1-3. Figure 1 is for the particles with the
electrokinetic surface charge density o, = —11 mC/m? , Fig. 2 for ones with o, =
—37 mC/m?, and Fig. 3 for ones with o, = —43 mC/m?, respectively. In these figures, the
symbols are experimental values, the solid lines are the theoretical values calculated by the
CellMobility program taking account of the relaxation effect, and the dashed lines are the
theoretical values calculated by the Smoluchowski equation neglecting the relaxation effect. The
thick lines are obtained with the model including the ion correlation effect using Eq.(13). The thin
lines are calculated with no ion correlation assuming ¢;. = 0 kgT. The values of the adsorption
energy due to the ion correlation effect by Eq.(13) are ¢;. = 1.93, 3.95, and 4.31 kT for
0o = —11, —37, and —43 mC/m?, respectively. In addition, the calculated values in Figures
1-3 (a) are based on the assumption { = 4. For ones in Figures 1-3 (b), we assume { = 1 (xg)
with x; = 0.784 nm.

The experimental electrophoretic mobilities of these particles increased with increasing LaCls
concentration and showed similar values below 0.2 mM irrespective of their surface charge

density as shown in Figures 1-3. On the other hand, we observed the surface charge density
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dependence of their EPMs in the concentration of 1 to 100 mM. That is, their absolute values
decreased as the surface charge density increased. Particularly, the EPMs of the particles with
0o = —37 and —43 mC/m? showed positive values, namely, the charge reversal around 10
mM. This reversal is due to the charge overcompensation of La*" ions[25], [33]. However, the
EPMs decreased and became negative again with increasing LaCls concentration. This decrease
of EPMs followed with charge re-reversal could be attributed to the electrical screening in higher
ionic strength and the screened electrical attraction between their surface and La*" ions.

From the comparison between the experimental and theoretical values, such decreased
behaviors of EPM in higher LaCls; concentration can be captured by introducing the slipping plane
shown in Figures 1-3 (b), otherwise, the EPMs calculated with ion correlation effect progressively
increase and are overestimated as depcited in Figures 1-3 (a). On the other hand, the calculations
with relaxation effect (CellMobility) reasonably describe the experimental nonlinear
dependence of EPM on LaCls concentration. On the contrary, the Smoluchowski equation
without relaxation effect shows disagreements with the epxeriment in low LaCls
concentration. Therefore, we employ the CellMobility with the slipping plane to analyze
the experimental results in the following section.

Furthermore, one finds that the calculated values without ion correlation term ¢;.
in Eq.(16) for the particle with g, = —11 mC/m? do not show significant charge
reversal, and the calculations agree well with the experimental ones as shown in Figure
1 (b). This result suggests that the ion correlation effect is not indicative for weakly-
charged particles, which is consistent with the previous report based on experiments and
a Monte-Carlo simulation[50]. Otherwise, the modeling needs to include the term ¢;,
to the adsorption energy for the particles with o, = =37 and —43 mC/m? so that it
reproduces the charge reversal and achieves its qualitative agreements with the
experimental results as shown in Figures 2 and 3 (b). Especially, the theoretical
values for o, =—43 mC/m? quantitatively capture its experimental charge
reversed concentration, while ones for o, =—37 mC/m? underestimate the
reversed concentration. These results could be rationalized with the assumption of
highly-charged surfaces for the use of Eq.(13), namely, T;. » 1 defined in Eq.(14) [30].
This assumption seems to remain valid for the highest charged particles with T, =
3.4, while it is not valid for the lowest charged particles with I}, = 1.7. According to above
results, we decided to include the term ¢;. in Eq.(16) for 6, = —37 and — 43 mC/m?, while

it is neglected for y = —11 mC/m? in the following section.

4.2 Electrophoretic mobility against pH with La hydrolysis

Prior to showing the results of pH dependence of EPMs, we show the calculated concentration

10
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of La*" ions and its hydrolyzed forms as a function of pH in Figure 4. This representative result
is calculated for aqueous LaCls solution with ionic strength of 10 mM. The blue line is for
unhydrolyzed La*" species. The red, green, and purple lines are for hydrolyzed La species such
as LaOH?*, La(OH),", and La(OH);, respectively. It should be noted that the LaOH?" ions start to
form around pH 7 and La(OH)," around pH 8. The effect of formation of the hydrolyzed species
on the EPMs is discussed in the following parts.

We plot the EPMs of the three different sulfate latex particles as a function of pH at different
ionic strengths in Fig. 5 for the particles with the electrokinetic surface charge density oy =
—11 mC/m?, Figure 6 for ones with o, = —37 mC/m?, and Figure 7 for ones with g, =
—43 mC/m?, respectively. Green squares, red triangles, closed blue circles, and opened black
circles are experimental values at ionic strengths / of 0.01, 0.1, 1, and 10 mM calculated from
LaCl; concentration, respectively. The same colors, which correspond to the ionic strengths, are
used for the theoretical curves calculated with the CellMobility program including the relaxation
effect in Figures 5-7. The simple model Eq.(16) without the intrinsic adsorption energy of
hydrolyzed La ions is used to calculate their EPMs in Figures 5-7 (a), while the adsorption energy
of hydrolyzed La ions are included in Figures 5-7 (b).

At low pH, irrespective of ionic strength and their surface charge density, all particles did not
show positive values of EPMs, namely, no charge reversal occurs as shown in Figures 5-7. The
experimental EPMs in /=0.01 and 0.1 mM increased with pH below 6. This is due to the relaxation
effect with decreasing added amounts of HCI which contribute to ionic strength[49], [51]. Such
relaxation effects from added HCl is not so significant at /=1 and 10 mM because of less decrease
in ionic strength. EPMs are constant up to pH 7. These behaviors can be excellently described by
the calculated curves with the CellMobility program including relaxation effects.

In contrast to the result at low pH, the experimental EPMs at high pH and 1 and 10 mM were
reversed to positive values in the range of 2 — 5 X 1078 m2V~1s~1. The behavior indicates that
significant charge reversal occurs above pH=7.6, where the LaOH?" species begins to form, and
it is followed by La(OH)," above pH=8 and La(OH); above pH=8.5 as noted in Figure 4. Since
the charge reversed pH is consistent with the one at the hydrolysis starts, this charge reversal in
high pH region can be attributed to the excess adsorption of the hydrolyzed La species onto the
sulfate latex particles[14], [25]. This result suggests that the formation of the hydrolyzed La
species and their adsorption are crucial on the charge reversal due to their strong affinity onto the
particle surface even though only 6-7% of La species exist as LaOH?" ions at the charge reversed
pH. In addition, it should be noted that the hydrolyzed La ions are essential to cause charge
reversal even on the sulfate latex particles bearing pH-independent charges. This result suggests
less importance of the complexation with pH-dependent charging groups such as SiOH and

COOH[ 14]. Such charge reversal has been reported with sulfate latex particles not only in LaCls

11
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solution, but also in AICl; solution at higher pH where hydrolyzed AIOH?* ions are formed[35].
They also concluded that such reversal is attributed to the specific adsorption of hydrolyzed Al
ions by comparing with speciation calculation of aluminum (III) as a function of pH[35]. On the
other hand, we observed positive EPMs about 1 X 1078 m2V~1s~1 showing slight charge
reversal at pH=7.8 in 0.1 mM followed by charge re-reversal in higher pH. This means that the
amount of hydrolyzed La ions at 0.1 mM is not sufficient to cause significant reversal, and the
EPM reversed again because of the reduced electrostatic attraction between the particle surface
and hydrolyzed ions as a result of their decreased ionic valence and increased ionic strength by
adding more KOH in higher pH. After this charge re-reversal, the EPMs at 0.1 mM decreased
more with increasing pH, and the ones at 0.01 mM showed the same tendency without charge
reversal. The decrease of EPMs in higher pH might be caused by diminished relaxation effects
due to the increase of ionic strength with increasing pH, as an inverse case to the increased EPMs
from pH=3 to 6 where ionic strength decreases with reducing the added amount of HCL.

In comparison with the calculated values, one finds that the simple adsorption model of
Eq.(16) including the ion correlation term of Eq.(13) [30] without the intrinsic adsorption energy
for the hydrolyzed ions, results in the negative values of EPMs with no charge reversal
irrespective of pH and ionic strength as shown in Figures 5-7(a). However, once we introduce the
values of 5 and 9.5 kgT for the intrinsic adsorption energy of LaOH?" and LaOH," ions in
Eq.(16), respectively, the calculated EPMs in 1 and 10 mM are positive at higher pH, namely, the
charge reversal occurs around pH=S8. This reversal trend qualitatively agrees with the
experimental results as plotted in Figures 5-7(b). These results from our experiments using latex
particles with pH-independent charge confirm that the introduction of the intrinsic adsorption
energy of the hydrolyzed ions is unavoidable to model the charging behavior in systems
containing hydrolyzable ions. Particularly, the calculated values for the sulfate latex particles with
the charge density of o, = —11 mC/m? describe well the experimental ones such as the
maximum EPMs in 1 and 10 mM after charge reversal, the increase and subsequent decrease of
EPMs in 0.1 mM with increasing pH, even without charge reversal as shown in Figure 5(b).
However, Figures 6 and 7(b) show that the calculations for 0.1, 1 and 10 mM after charge reversal
underestimate the experimental values more with increasing the magnitude of their charge density.
This discrepancy could result from increasing ionic valence of the hydrolyzed La ions owing to
dehydrolysis near the negatively charged particle surface where the proton concentration can be
locally higher than the bulk, namely, lower pH. Such locally lower pH might induce shifts of
chemical equilibria to reduce their amount of the hydrolyzed ions when they adsorb onto the
surface. However, we do not include such process into our simple modeling, so we remain to
address this issue in the future study.

To achieve the better agreement, we need to increase the magnitude of intrinsic adsorption

12
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energy of the hydrolyzed ions with decreasing their ionic valence due to hydrolysis. This increase
in their adsorption energy infers that the adsorption energy of the hydrolyzed ions cannot be explained
by the ionic correlation model of Eq.(13) [30], which has its positive proportionality on valence, that
1S, ¢ % \/23_00. Moreover, such increase in the intrinsic adsorption energy might be related to less
hydrated state of the hydrolyzed ions because of their smaller valence and larger ionic radius expected
from the binding with more hydroxyl ions. Such picture likely reduces the attractive interaction with

water molecules.

5.  Conclusion

Electrophoretic mobilities (EPM) of three different sulfate latex particles with pH-
independent surface charge densities were measured as a function of LaCls concentration and pH
at several ionic strengths to clarify the effect of multivalent cations and its hydrolyzed forms on
the charge reversal. As for the results of EPM as a function of LaCls concentration at pH=4 where
no hydrolysis occurs, we observed the charge reversal around 3 mM for the charge density of
0o = —43 mC/m?2, 10 mM for —37 mC/m?, and no charge reversal for —11 mC/m?. That s,
the concentration at the reversal increased with decreasing the magnitude of their charge density.
This experimental trend can be explained by the employed simple adsorption model with the ion-
ion correlation model[30], notably, it showed the quantitative agreement on the reversed
concentration with the experiments for the highest charge particles.

On the other hand, the EPM as a function of pH in ionic strengths of 1 and 10 mM showed
the significant charge reversal around pH=7.6, where the hydrolyzed LaOH** ions are formed
according to the speciation calculation of La ions. The charge reveral was significant even though
the corresponding LaCl; concentrations of 0.167 and 1.67 mM were less than the concentration
where charge reversal occurs at pH=4 and the particle carried pH-independent surface charge as
mentioned above. As a consequence, this charge reversal at higher pH is ascribed to the specific
adsorption of the hydrolyzed La species. Furthermore, we have examined the effect of introducing
their intrinsic adsorption energy onto the particle surface by using the presumable values, and
showed that the model captures these experimental results. To the authors’ knowledge, such
comprehensive comparison between the experimental results and the simple model including both
ion-ion correlation and the specific adsorption of the hydrolyzed ions has been performed for the
first time. From the above results, therefore, we concluded that the ion-ion correlation can explain
the charge reversal at low pH, while the excess adsorption of the hydrolyzed ions is essential to
describe the reversal at higher pH. This implies that the aggregation of colloidal particles could

be facilitated around the pH where hydrolyzed ions are formed in the co-existence of potentially
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hydrolyzing ionic species in aqueous solution.
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435

436

437

438

439 Table 1 Properties of sulfate latex particles [21]
Property Particle 1  Particle 2 Particle 3
Diameter 2a [pum] 0.25 0.47 1.2
Density [g/cms3] 1.055 1.055 1.055
Surface charge density o, [mC/m2] *1 —6 —49 —96
Electrokinetic surface charge density o,, [mC/m?2] *2 —11 —37 —43

440 “1 Obtained from conductometric titration

441 “2 Obtained from analysis of electrophoretic mobility in KCI solution [21]
442
443
444
445
446
447
448
449
450
451
452
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458
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463
464
465
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Figure 1 The relationship between electrophoretic mobility and LaCls concentration of sulfate latex

particles with the surface charge density o, = —11 mC/m?. Symbols are experimental values. Solid

and dashed lines are theoretical values calculated by the CellMobility program and the Smoluchowski

equation, respectively. The thin lines are calculated by without ion correlation and heavy lines are

obtained with ion correlation. Calculated values in (a) assume Y, = . Calculated values in (b) assume

Y(xs) = ¢
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Figure 2 The relationship between electrophoretic mobility and LaCl; concentration for the sulfate latex

particles with the surface charge density o, = —37 mC/m?2. Symbols are experimental values. Solid

and dashed lines are theoretical values calculated by the CellMobility program and the Smoluchowski

equation, respectively. The thin lines are calculated by without ion correlation and heavy lines are

obtained with ion correlation. Calculated values in (a) assume Y, = (. Calculated values in (b) assume

Y(xs) =0
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Figure 3 The relationship between electrophoretic mobility and LaCl; concentration for sulfate latex
particles with the surface charge density o, = —43 mC/m?. Symbols are experimental values. The
Solid and dashed lines are theoretical values calculated by the CellMobility program and the
Smoluchowski equation, respectively. The thin lines are calculated by without ion correlation and heavy
lines are obtained with ion correlation. Calculated values in (a) assume Y, = (. Calculated values in (b)
assume YP(x;) = (.
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Figure 5 The relationship between electrophoretic mobility and pH in LaCl; for sulfate latex particles
with the surface charge density g, = —11 mC/m?. Symbols are experimental values. Lines are
theoretical values calculated by the CellMobility program. Ionic strength 7 are 0.01, 0.1, 1, and 10 from
lower to upper lines. Calculated values in (a) are obtained by assuming without LaOH?* or La(OH),"
adsorption and theoretical values in (b) are calculated by assuming with LaOH?" or La(OH)," adsorption
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Figure 6 The relationship between electrophoretic mobility and pH in LaCl; for sulfate latex particles

with the surface charge density g, = —37 mC/m?. Symbols are experimental values. Lines are

theoretical values calculated by the CellMobility program. Ionic strength 7/ are 0.01, 0.1, 1, and 10 from

lower to upper lines. Calculated values in (a) are obtained by assuming without LaOH?* or La(OH),"

adsorption and theoretical values in (b) are calculated by assuming with LaOH?" or La(OH)," adsorption
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Figure 7 The relationship between electrophoretic mobility and pH in LaCl; for sulfate latex particles

with the surface charge density o, = —43 mC/m?. Symbols are experimental values. Lines are
theoretical values calculated by the CellMobility program. Ionic strength / are 0.01, 0.1, 1, and 10 from
lower to upper lines. Calculated values in (a) are obtained by assuming without LaOH?* or La(OH),"
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