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Abstract 15 
  Effects of multivalent cations and its hydrolyzed forms on the charge reversal are investigated 16 
by measuring electrophoretic mobilities of three different sulfate latex particles bearing pH-17 
independent surface charge densities as a function of LaCl3 concentration and pH. The obtained 18 
experimental results are analyzed by using a simple adsorption model including an ion-ion 19 
correlation model, intrinsic energy of adsorption for hydrolyzed La ions, and the speciation 20 
calculation of La. From the experimental electrophoretic mobilities at pH=4 without hydrolyzed 21 
La ions, we observed that the LaCl3 concentrations at charge reversal increased with decreasing 22 
the magnitude of the latex charge density. This experimental trend can be qualitatively captured 23 
by the ionic correlation model used here. While the sulfate latex particles bear pH-independent 24 
surface charge and the LaCl3 concentration was lower than the concentration where the charge 25 
reversal took place at pH 4, the increase in pH significantly gave rise to the charge reversal at pH 26 
above 7.8 where the hydrolyzed La ions begin to form. Therefore, this charge reversal at higher 27 
pH can be assigned to the stronger adsorption of hydrolyzed La ions. In addition, we demonstrate 28 
that the simple model can capture such experimental trends of charge reversal by introducing 29 
surmised values of its intrinsic energy of adsorption. Therefore, our results confirm that the ion 30 
correlation can be a prevailing mechanism on the charge reversal at low pH, while the stronger 31 
adsorption of hydrolyzed La ions predominates to induce the reversal with increasing pH. 32 
 33 
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1. Introduction 51 
    The stability of colloidal dispersion against aggregation is important in industrial and 52 
environmental processes such as painting materials, paper production, waste water treatment, and 53 
colloid-facilitated transport[1]–[3]. The aggregation and dispersion of charged colloidal particles 54 
can be generally controlled by the balance of the van der Waals attraction and electrostatic force, 55 
according to so-called the DLVO theory after its founders of the Derjaguin, Landau, Verwey, and 56 
Overbeek[4], [5]. Especially, the electrostatic force relies on the charging state of colloids and the 57 
concentration and types of ions. Therefore, we need to evaluate the surface charge of colloidal 58 
particles at different ionic concentrations to predict their colloid stability against aggregation. 59 

The surface charges of particles are strongly modulated with the co-existence of counter 60 
ionic species such as polyelectrolytes[6]–[9], surfactants[10]–[13], multivalent ions[14]–[19], 61 
proteins[20], and specifically-adsorbing ions[21]–[24], which have stronger tendency to adsorb 62 
onto the surface. Their adsorption can lead to the charge reversal/overcharging causing the change 63 
in sign of the net surface charges due to the excess adsorption of oppositely-charged species[25]. 64 
Many researchers have been trying to clarify the prevailing mechanism of charge reversal with 65 
the approaches of Monte-Carlo simulation, molecular dynamics and strong coupling theory 66 
including ion correlation[26]–[30], ionic specificity[31], and hydrophobic interaction[32]. 67 
Remarkably, their theory on ionic correlation has explained reasonably well the charge reversal 68 
for the colloidal system with multivalent counter ions such as La3+ ions[29] and ferricyanide 69 
ions[33]. However, such multivalent ions can be hydrolyzed with increasing pH and their ionic 70 
valence is decreased due to the binding of hydroxyl ions[34]. Although such hydrolyzed ions have 71 
decreased the ionic valence, they can strongly adsorb onto the charged surface and induce 72 
measurable charge reversal[14], [35], [36]. This phenomenon cannot be explained by the ion 73 
correlation mechanism. The significance of hydrolysis compared to the ion correlation was 74 
emphasized in the previous study[14], [35]. Neverthelss, the effect of surface charge density on 75 
charge reversal with hydrolysis is overlooked. It still remains ambiguous due to the lack of 76 
systematic experimental data and comprehensive theoretical modeling for the particles bearing 77 
pH-independent surface charged groups with different surface charge densities. 78 
   In this study, to gain further insight into the effect of multivalent cations and their hydrolyzed 79 
forms on the charge reversal, we measured the electrophoretic mobilities of three different 80 
polystyrene sulfate latex particles as a function of LaCl3 concentration and pH. The sulfate latex 81 
particles have pH-independent surface charges owing to sulfate groups on their surface, which 82 
are fully deprotonated in the range of usual pH. This feature of sulfate latex particles with three 83 
different charge densities allows us to examine the effect of charge density and hydrolyzed ions 84 
on the charge reversal without changing their charged amount with pH. The obtained experimental 85 
results are analyzed with a simple model[33] including both an ion-ion correlation model[30] and 86 
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its intrinsic energy of adsorption[22], [37] for hydrolyzed La ions. To our knowledge, it should 87 
be noted that such experimental verification of the model including both ion-ion correlation and 88 
specific adsorption for hydrolyzed ions has been examined for the first time. 89 
 90 
2. Materials and Methods 91 

 92 
2.1 Materials 93 

Three types of polystyrene sulfate latex (SL) particles (Molecular Probes, Inc.) were 94 
employed as model colloidal particles. Sulfate latex particles have pH-independent negative 95 
charges due to the deprotonated sulfate groups on the particle surface. These suspensions were 96 
dialyzed using Visking tube against de-ionized water. The manufacturer reports their density, 97 
diameter 2𝑎𝑎 and surface charge density 𝜎𝜎0 obtained by conductometric titration as tabulated 98 
in Table 1. However, we have measured the electrophoretic mobilities of the same particles as 99 
a function of KCl concentration and reported that the electrokinetic surface charge density of 100 
the particles can be different from the values provided by the manufacturer to achieve the 101 
reasonable agreement between experiments and theory as shown in Table 1 [21]. Thus, the 102 
reported values of electrokinetic surface charge density by the previous work [21] are used as 103 
the surface charge densities for the following theoretical analysis in this study. LaCl3･7H2O 104 
(JIS special grade, Wako Pure Chemical Industries) was used to prepare the electrolyte 105 
solutions. The pH was adjusted by the addition of HCl (JIS special grade, Wako Pure Chemical 106 
Industries) and KOH solutions. Carbonate free KOH solution was prepared by following the 107 
method described in the literature[38]. Before the sample preparation, all solutions were 108 
filtered with a 0.20 μm pore filter (DISMIC 25HP ADVANTEC). All solutions and 109 
suspensions were prepared from deionized degassed water (Elix, MILLIPORE) and degassed 110 
before use. 111 
 112 
 113 
2.2 Experimental methods 114 

Electrophoretic mobility (EPM) was measured by electrophoretic light scattering technique 115 
with Zetasizer NANO-ZS (Malvern). Two series of measurements were carried out. One was 116 
measurement as a function of LaCl3 concentration, and the other was varying solution pH. For 117 
the first one, LaCl3 concentration was varied in the range from 0.001 mM to 100 mM at fixed pH 118 
4. For the second measurements, the pH was adjusted in the range from 3 to 11 with HCl and 119 
KOH solutions at 0.01 mM, 0.1 mM, 1 mM and 10 mM in ionic strength. The particle 120 
concentration was set to 5 mg/L in all experiments. The samples were prepared by mixing the 121 
required volumes of one of three sulfate latex suspensions, LaCl3 solution, pH adjuster, and 122 
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degassed water. The pH was measured by a combination electrode (ELP-035, TOA-DKK). All 123 
experiments were carried out at 20 ℃. 124 
 125 
 126 
 127 
3. Theoretical Modeling 128 
 129 

3.1 Chemical equilibria and hydrolysis for lanthanum species 130 
To model the effect of hydrolysis of La3+ ion on the particle charging behavior, we consider 131 

the chemical equilibria in aqueous LaCl3 solution. In the aqueous solution, one considers the 132 
dissociation of LaCl3 and water, and the hydrolysis of La3+ ions, as given by the following 133 
equilibria [34] 134 

 LaCl3 ⇌ La3+ + 3Cl− (1), 

 La3+ + H2O ⇌ LaOH2+ + H+    ：𝐾𝐾�1 (2), 

 La3+ + 2H2O ⇌ La(OH)2
+ + 2H+ ：𝐾𝐾�2 (3), 

 
La3+ + 3H2O ⇌ La(OH)3

+ 3H+      ：𝐾𝐾�3 
(4), 

 H2O ⇌ H+ + OH−       ：𝐾𝐾�𝑤𝑤 (5), 

where 𝐾𝐾�1, 𝐾𝐾�2, 𝐾𝐾�3 are hydrolysis constants, and 𝐾𝐾�𝑤𝑤 is the ionic product of water. From the law of 135 
mass action, the hydrolysis constants can be related to the concentration of each species as follows 136 

 𝐾𝐾�1 = 10log10𝐾𝐾�1 =
[LaOH2+][H+]

[La3+]  (6), 

 
𝐾𝐾�2 = 10log10𝐾𝐾�2 =

�La(OH)2
+�[H+]2

[La3+]  (7), 

 
𝐾𝐾�3 = 10log10𝐾𝐾�3 =

[La(OH)3][H+]3

[La3+]  (8), 

 𝐾𝐾�𝑤𝑤 = 10log10𝐾𝐾�𝑤𝑤 = [H+][OH−] (9), 

where we use the values of log10𝐾𝐾�1 = −8.6 , log10𝐾𝐾�2 = −17.9 , log10𝐾𝐾�3 = −27.3  from the 137 
literature [39], and log10𝐾𝐾�𝑤𝑤 = −13.997. 138 

For a given total concentration 𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡  of lanthanum species in a solution, the mass 139 
conservation law is expressed with the following equation 140 

 𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡 = [La3+] + [LaOH2+] + �La(OH)2
+� + [La(OH)3] (10). 

In addition, the electroneutrality condition is fulfilled in the solution given by 141 
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 3[La3+] + 2[LaOH2+] + �La(OH)2
+�+ [H+] + [K+]− [OH−]− [Cl−] = 0 (11) 

where [H+] = 10−pH0−dpH is the proton concentration after hydrolysis reaction, pH0 is the initial 142 
pH, and dpH is the pH variation due to the hydrolysis of La3+ ions. Here, we assume that Cl- and K+ 143 
ions also come from the addition of HCl below pH=7 and KOH above pH=7 to adjust solution 144 
pH, respectively. The bulk concentration of La3+ ions and its hydrolysed forms were obtained by 145 
solving the set of Eqs. (6–11) numerically. 146 
 147 
 148 
3.2 Charging model 149 

The La3+ ions interact with each other near the charged surface due to its finite size and electric 150 
repulsion. Such effects are called ion correlation effects and cannot be described by the classical 151 
Poisson-Boltzmann equation, which treats ions as point charges and neglects inter-ion interactions. 152 
To include ion correlation effects, many researchers have proposed various approaches[30], [40]–153 
[42]. In this study, we employ the formulation proposed by Shklovski [30], whose expression is 154 
based on the theoretical assumption that multivalent counter-ions should form a strongly 155 
correlated ionic solution in the Stern layer on highly-charged surfaces. Such effects on surface 156 
adsorption of La3+ ions can be included into the Stern layer model via the additional energy per 157 
ion 𝜙𝜙𝑖𝑖𝑖𝑖 due to spatial interactions between La3+ ions in the Stern layer by using the following 158 
equation[10], [33]: 159 

 
Г𝑠𝑠 = 2𝑟𝑟𝑠𝑠𝐶𝐶𝐿𝐿𝑎𝑎3+exp �−

3𝑒𝑒𝑒𝑒𝑑𝑑 − 𝜙𝜙𝑖𝑖𝑖𝑖
𝑘𝑘𝐵𝐵𝑇𝑇

� (12) 

where Г𝑠𝑠 is the ionic density of La3+ ions in the Stern layer, 𝑟𝑟𝑠𝑠 is the hydrated ionic radius of 160 
La3+ ion, 𝐶𝐶𝐿𝐿𝑎𝑎3+ is the bulk concentration of La3+, 𝑒𝑒 is the elementary charge, 𝜓𝜓𝑑𝑑 is the diffuse 161 
layer potential, 𝑘𝑘𝐵𝐵 is the Boltzmann constant, and 𝑇𝑇 is the absolute temperature. The additional 162 
energy 𝜙𝜙𝑖𝑖𝑖𝑖 in Eq.(12) is given by 163 

 
𝜙𝜙𝑖𝑖𝑖𝑖 = 𝑘𝑘𝐵𝐵𝑇𝑇�1.65Γ𝑖𝑖𝑖𝑖 − 2.61Γ𝑖𝑖𝑖𝑖1 4⁄ + 0.26lnΓ𝑖𝑖𝑖𝑖 + 1.95� (13) 

with the interaction parameter Γ𝑖𝑖𝑖𝑖 of 164 
 

Γ𝑖𝑖𝑖𝑖 =
1

4𝑘𝑘𝐵𝐵𝑇𝑇𝜀𝜀𝑟𝑟𝜀𝜀0
��

(𝑧𝑧𝑧𝑧)3𝜎𝜎0
𝜋𝜋

� (14), 

where 𝜀𝜀𝑟𝑟𝜀𝜀0 is the dielectric constant of water, 𝑧𝑧 is the ionic valence, namely, 𝑧𝑧 = 3 for La3+ ion, 165 
and 𝜎𝜎0 is the surface charge density of bare surfaces. This formulation holds for Γ𝑖𝑖𝑖𝑖 ≫ 1 [30], which 166 
is typically satisfied for 𝑧𝑧 ≥ 3. For this reason, we apply Eqs. (13) and (14) only for La3+ ion, not for 167 
its hydrolysed forms. 168 
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With Eqs. (12–14), we can express the Stern layer charge density 𝜎𝜎𝑠𝑠 without hydrolysis of 169 
La3+ ion as 170 

 
𝜎𝜎𝑠𝑠 = 3𝑒𝑒𝑁𝑁𝐴𝐴Г𝑠𝑠 (15) 

where 𝑁𝑁𝐴𝐴 is the Avogadro number. This equation suggests that the ionic density of La3+ ions in 171 
the Stern layer is in charge of the development of the Stern layer charge density 𝜎𝜎𝑠𝑠. 172 

Above a certain pH where the hydrolyzed La ions are formed, one can generalize Eqs. (12) 173 
and (15) to include the contribution from the hydrolyzed La ions, namely, 174 

 
𝜎𝜎𝑠𝑠 = � 𝑧𝑧𝑖𝑖𝑒𝑒𝑁𝑁𝐴𝐴Γ𝑖𝑖

𝑁𝑁

𝑖𝑖=1
 (17) 

where Γ𝑖𝑖 is the ionic density of each species in the Stern layer, 𝑟𝑟𝑠𝑠𝑖𝑖 is the hydrated ionic radius, 175 
𝐶𝐶𝑖𝑖,𝑏𝑏 is the bulk concentration, 𝑧𝑧𝑖𝑖 is the ionic valence, and 𝜙𝜙𝑖𝑖 is the non-electrostatic or intrinsic 176 
adsorption energy of ions. Here, the index 𝑖𝑖  denotes each ionic species. For the adsorption 177 
energy of La3+ ions, we have employed Eq.(13), namely, 𝜙𝜙La3+ = 𝜙𝜙𝑖𝑖𝑖𝑖 , and the ones for its 178 
hydrolyzed forms of LaOH2+ and La(OH)2+ are treated as fitting parameters. We have chosen 179 
the values for the hydrolyzed ions by the calculations with different sets of the intrinsic energy of 180 
adsorption to reasonably capture the experimental trends. The detailed calculations are 181 
summarized as the supplementary material. In Eq.(16), we have estimated the value of the 182 
hydrated ionic radius 𝑟𝑟𝑠𝑠𝑖𝑖 for La3+ ions as its hydrodynamic radius obtained from the relationship 183 
between the ionic mobility under an electrical field and the limiting equivalent conductance[43], 184 
[44] as 185 

 
𝑟𝑟𝑠𝑠𝑖𝑖 =

|𝑧𝑧|𝑒𝑒2𝑁𝑁𝐴𝐴
6𝜋𝜋𝜂𝜂𝑠𝑠𝛬𝛬La3+

°  (18) 

where |𝑧𝑧| is the absolute value of the ionic valence which is |𝑧𝑧| = 3, 𝜂𝜂𝑠𝑠 is the viscosity of the 186 
solution, and 𝛬𝛬La3+

°   is the limiting equivalent conductance of La3+ ions. The diameter of the 187 
hydrated La3+ ion is 2𝑟𝑟𝑠𝑠𝑖𝑖 = 0.784 nm, and also we approximately used this value as the values 188 
of hydrated ionic diameter for LaOH2+ and La(OH)2+ ions because the values of limiting 189 
equivalent conductance for the hydrolyzed ions are unavailable to the best of our 190 
knowledge.We also have discussed that the effects of the values of hydrated radii for the 191 
hydrolyzed ions on the EPMs are not so significant. The detailed disucussions are 192 
summarized in the supplementary material. 193 

The relationship between the diffuse layer charge density 𝜎𝜎𝑑𝑑 and the diffuse layer potential 194 
𝜓𝜓𝑑𝑑 for our system is given by integrating the Poisson-Boltzmann equation for general electrolyte 195 

 
Γ𝑖𝑖 = 2𝑟𝑟𝑠𝑠𝑖𝑖𝐶𝐶𝑖𝑖,𝑏𝑏exp �−

𝑧𝑧𝑖𝑖𝑒𝑒𝜓𝜓𝑑𝑑 − 𝜙𝜙𝑖𝑖
𝑘𝑘𝐵𝐵𝑇𝑇

� (16) 
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solutions once as follows[45]: 196 

with the Debye parameter 𝜅𝜅 as 197 

where sgn(𝜓𝜓𝑑𝑑) = +1 if 𝜓𝜓𝑑𝑑 > 0, otherwise, sgn(𝜓𝜓𝑑𝑑) = −1 if 𝜓𝜓𝑑𝑑 < 0. 198 
From the electroneutrality condition, the sum of surface 𝜎𝜎0, the Stern layer 𝜎𝜎𝑠𝑠, and diffuse 199 

layer charge densities 𝜎𝜎𝑑𝑑 must be zero, that is, 200 

 𝜎𝜎0 + 𝜎𝜎𝑠𝑠 + 𝜎𝜎𝑑𝑑 = 0 (21) 

The set of Eqs. (12-20) is solved numerically to obtain the diffuse layer potential 𝜓𝜓𝑑𝑑 for the 201 
successive calculation of the zeta potential 𝜁𝜁. Particularly, we assume that no hydrolyzed forms 202 
of La3+ ions are present in the analysis of electrophoretic measurements as a function of LaCl3 203 
concentration at pH 4 where no hydrolysis happens. 204 

For the calculation of the electrophoretic mobility in the following section, the zeta potential 205 
𝜁𝜁 = 𝜓𝜓(𝑥𝑥𝑠𝑠) is calculated from 𝜓𝜓𝑑𝑑 by integrating the following equation from the plane of diffuse 206 
layer potential to the distance to the slipping plane 𝑥𝑥𝑠𝑠 [45] 207 

 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= −
𝜅𝜅𝑘𝑘𝐵𝐵𝑇𝑇
𝑒𝑒

sgn�𝜓𝜓(𝑥𝑥)� �
2∑ 𝐶𝐶𝑖𝑖,𝑏𝑏 �exp �−𝑧𝑧𝑖𝑖𝜓𝜓(𝑥𝑥)

𝑘𝑘𝐵𝐵𝑇𝑇
� − 1�𝑁𝑁

𝑖𝑖=1

∑ 𝑧𝑧𝑖𝑖2𝐶𝐶𝑖𝑖,𝑏𝑏𝑁𝑁
𝑖𝑖=1

�

1
2

 (22), 

where 𝑥𝑥𝑠𝑠 is approximated to be equivalent to the diameter of La3+ ions as 2𝑟𝑟𝑠𝑠 = 0.784 nm. 208 
 209 
 210 
3.2 Electrophoretic mobility (EPM) 211 

The electrophoretic mobilities (EPMs) are calculated from the zeta potential using the 212 
Smoluchowski equation neglecting the relaxation effect of diffuse double layer. An electrokinetic 213 
software, CellMobility, taking into account for the relaxation effect provided by the authors of 214 
Refs. [46]–[48] is used to calculate EPMs in mixed electrolytes solution of LaCl3 and HCl or 215 
KOH. While the program can also calculate the dynamic electrophoretic mobilities in alternating 216 
electric field with finite volume fraction of particles, the calculations reduce to the static 217 
electrophoretic mobilities in electrostatic field with infinite dilute volume fraction such as 218 
O’Brien-White model [49] when one chooses the frequency of the electric field less than 100 Hz 219 
and the volume fraction less than 0.01. Therefore, we chose the values of 10 Hz for the frequency 220 

 

𝜎𝜎𝑑𝑑 = −
𝜀𝜀𝑟𝑟𝜀𝜀0𝜅𝜅𝑘𝑘𝐵𝐵𝑇𝑇

𝑒𝑒
sgn(𝜓𝜓𝑑𝑑) �

2∑ 𝐶𝐶𝑖𝑖,𝑏𝑏 �exp �−𝑧𝑧𝑖𝑖𝜓𝜓𝑑𝑑𝑘𝑘𝐵𝐵𝑇𝑇
� − 1�𝑁𝑁

𝑖𝑖=1

∑ 𝑧𝑧𝑖𝑖2𝐶𝐶𝑖𝑖,𝑏𝑏𝑁𝑁
𝑖𝑖=1

�

1
2

 (19) 

 

𝜅𝜅 = �
𝑁𝑁𝐴𝐴𝑒𝑒2 ∑ 𝑧𝑧𝑖𝑖2𝐶𝐶𝑖𝑖,𝑏𝑏𝑁𝑁

𝑖𝑖=1

𝜀𝜀r𝜀𝜀0𝑘𝑘𝐵𝐵𝑇𝑇
�

1
2
 (20) 



9 
 

and 0.001 for the volume fraction in our calculations. These conditions are satisfied throughout 221 
our experiments. The most significant advantage of the program is that it can include several ionic 222 
species in the model like O’Brien-White model[49]. This is essential to our analysis because the 223 
solution can contain not only LaCl3, but also HCl, KOH, and the hydrolyzed forms of La3+ ions 224 
in higher pH as described by the above equilibria. 225 

First, the Smoluchowski equation is given by 226 
 

𝜇𝜇𝑚𝑚 =
𝜀𝜀𝑟𝑟𝜀𝜀0
𝜂𝜂𝑠𝑠

𝜁𝜁 (23) 

where 𝜇𝜇𝑚𝑚 is the electrophoretic mobility. 227 
Second, the CellMobility program requires the values of the limiting equivalent  228 

conductance of the i-th ionic species 𝛬𝛬𝑖𝑖°. In this study, the values of 𝛬𝛬𝑖𝑖° (10−4 S m2/mol) used are 229 
66.17 for K+, 325.77 for H+, 62.64 for La3+, 68.68 for Cl−, and 180.18 for OH− which are taken 230 
from the literature[43], [44]. In addition, we use the same value of 𝛬𝛬𝑖𝑖°  for La+ as a first 231 
approximation to the values of 𝛬𝛬𝑖𝑖° for its hydrolyzed forms of La(OH)2+ and La(OH)2

+. 232 
 233 
 234 
 235 
4. Results and Discussion 236 

 237 
4.1 Electrophoretic mobility at pH 4 without La hydrolysis 238 

We show the electrophoretic mobilities (EPMs) of the three different sulfate latex particles as 239 
a function of LaCl3 concentration at pH 4 in Figures 1-3. Figure 1 is for the particles with the 240 
electrokinetic surface charge density 𝜎𝜎0 = −11 mC/m2 , Fig. 2 for ones with 𝜎𝜎0 =241 
−37 mC/m2, and Fig. 3 for ones with 𝜎𝜎0 = −43 mC/m2, respectively. In these figures, the 242 
symbols are experimental values, the solid lines are the theoretical values calculated by the 243 
CellMobility program taking account of the relaxation effect, and the dashed lines are the 244 
theoretical values calculated by the Smoluchowski equation neglecting the relaxation effect. The 245 
thick lines are obtained with the model including the ion correlation effect using Eq.(13). The thin 246 
lines are calculated with no ion correlation assuming 𝜙𝜙𝑖𝑖𝑖𝑖 = 0 𝑘𝑘𝐵𝐵𝑇𝑇. The values of the adsorption 247 
energy due to the ion correlation effect by Eq.(13) are 𝜙𝜙𝑖𝑖𝑖𝑖 = 1.93 , 3.95 , and 4.31 𝑘𝑘𝐵𝐵𝑇𝑇  for 248 
𝜎𝜎0 = −11, −37, and −43 mC/m2, respectively. In addition, the calculated values in Figures 249 
1-3 (a) are based on the assumption 𝜁𝜁 = 𝜓𝜓𝑑𝑑. For ones in Figures 1-3 (b), we assume 𝜁𝜁 = 𝜓𝜓(𝑥𝑥𝑠𝑠) 250 
with 𝑥𝑥𝑠𝑠 = 0.784 nm. 251 

The experimental electrophoretic mobilities of these particles increased with increasing LaCl3 252 
concentration and showed similar values below 0.2 mM irrespective of their surface charge 253 
density as shown in Figures 1-3. On the other hand, we observed the surface charge density 254 
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dependence of their EPMs in the concentration of 1 to 100 mM. That is, their absolute values 255 
decreased as the surface charge density increased. Particularly, the EPMs of the particles with 256 
𝜎𝜎0 = −37  and −43 mC/m2  showed positive values, namely, the charge reversal around 10 257 
mM. This reversal is due to the charge overcompensation of La3+ ions[25], [33]. However, the 258 
EPMs decreased and became negative again with increasing LaCl3 concentration. This decrease 259 
of EPMs followed with charge re-reversal could be attributed to the electrical screening in higher 260 
ionic strength and the screened electrical attraction between their surface and La3+ ions. 261 

From the comparison between the experimental and theoretical values, such decreased 262 
behaviors of EPM in higher LaCl3 concentration can be captured by introducing the slipping plane 263 
shown in Figures 1-3 (b), otherwise, the EPMs calculated with ion correlation effect progressively 264 
increase and are overestimated as depcited in Figures 1-3 (a). On the other hand, the calculations 265 
with relaxation effect (CellMobility) reasonably describe the experimental nonlinear 266 
dependence of EPM on LaCl3 concentration. On the contrary, the Smoluchowski equation 267 
without relaxation effect shows disagreements with the epxeriment in low LaCl3 268 
concentration. Therefore, we employ the CellMobility with the slipping plane to analyze 269 
the experimental results in the following section. 270 

Furthermore, one finds that the calculated values without ion correlation term 𝜙𝜙𝑖𝑖𝑖𝑖 271 
in Eq.(16) for the particle with 𝜎𝜎0 = −11 mC/m2  do not show significant charge 272 
reversal, and the calculations agree well with the experimental ones as shown in Figure 273 
1 (b). This result suggests that the ion correlation effect is not indicative for weakly-274 
charged particles, which is consistent with the previous report based on experiments and 275 
a Monte-Carlo simulation[50]. Otherwise, the modeling needs to include the term 𝜙𝜙𝑖𝑖𝑖𝑖 276 
to the adsorption energy for the particles with 𝜎𝜎0 = −37 and −43 mC/m2 so that it 277 
reproduces the charge reversal and achieves its qualitative agreements with the 278 
experimental results as shown in Figures 2 and 3 (b). Especially, the theoretical 279 
values for 𝜎𝜎0 = −43 mC/m2  quantitatively capture its experimental charge 280 
reversed concentration, while ones for 𝜎𝜎0 = −37 mC/m2  underestimate the 281 
reversed concentration. These results could be rationalized with the assumption of 282 
highly-charged surfaces for the use of Eq.(13), namely, Γ𝑖𝑖𝑖𝑖 ≫ 1 defined in Eq.(14) [30]. 283 
This assumption seems to remain valid for the highest charged particles with Γ𝑖𝑖𝑖𝑖 =284 
3.4 , while it is not valid for the lowest charged particles with Γ𝑖𝑖𝑖𝑖 = 1.7 . According to above 285 
results, we decided to include the term 𝜙𝜙𝑖𝑖𝑖𝑖 in Eq.(16) for 𝜎𝜎0 = −37 and− 43 mC/m2, while 286 
it is neglected for 𝜎𝜎0 = −11 mC/m2 in the following section. 287 

 288 
4.2 Electrophoretic mobility against pH with La hydrolysis 289 

Prior to showing the results of pH dependence of EPMs, we show the calculated concentration 290 
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of La3+ ions and its hydrolyzed forms as a function of pH in Figure 4. This representative result 291 
is calculated for aqueous LaCl3 solution with ionic strength of 10 mM. The blue line is for 292 
unhydrolyzed La3+ species. The red, green, and purple lines are for hydrolyzed La species such 293 
as LaOH2+, La(OH)2

+, and La(OH)3, respectively. It should be noted that the LaOH2+ ions start to 294 
form around pH 7 and La(OH)2

+ around pH 8. The effect of formation of the hydrolyzed species 295 
on the EPMs is discussed in the following parts. 296 

We plot the EPMs of the three different sulfate latex particles as a function of pH at different 297 
ionic strengths in Fig. 5 for the particles with the electrokinetic surface charge density 𝜎𝜎0 =298 
−11 mC/m2 , Figure 6 for ones with 𝜎𝜎0 = −37 mC/m2 , and Figure 7 for ones with 𝜎𝜎0 =299 
−43 mC/m2, respectively. Green squares, red triangles, closed blue circles, and opened black 300 
circles are experimental values at ionic strengths I of 0.01, 0.1, 1, and 10 mM calculated from 301 
LaCl3 concentration, respectively. The same colors, which correspond to the ionic strengths, are 302 
used for the theoretical curves calculated with the CellMobility program including the relaxation 303 
effect in Figures 5-7. The simple model Eq.(16) without the intrinsic adsorption energy of 304 
hydrolyzed La ions is used to calculate their EPMs in Figures 5-7 (a), while the adsorption energy 305 
of hydrolyzed La ions are included in Figures 5-7 (b). 306 

At low pH, irrespective of ionic strength and their surface charge density, all particles did not 307 
show positive values of EPMs, namely, no charge reversal occurs as shown in Figures 5-7. The 308 
experimental EPMs in I=0.01 and 0.1 mM increased with pH below 6. This is due to the relaxation 309 
effect with decreasing added amounts of HCl which contribute to ionic strength[49], [51]. Such 310 
relaxation effects from added HCl is not so significant at I=1 and 10 mM because of less decrease 311 
in ionic strength. EPMs are constant up to pH 7. These behaviors can be excellently described by 312 
the calculated curves with the CellMobility program including relaxation effects. 313 

In contrast to the result at low pH, the experimental EPMs at high pH and 1 and 10 mM were 314 
reversed to positive values in the range of 2 − 5 × 10−8 m2V−1s−1. The behavior indicates that 315 
significant charge reversal occurs above pH=7.6, where the LaOH2+ species begins to form, and 316 
it is followed by La(OH)2

+ above pH=8 and La(OH)3 above pH=8.5 as noted in Figure 4. Since 317 
the charge reversed pH is consistent with the one at the hydrolysis starts, this charge reversal in 318 
high pH region can be attributed to the excess adsorption of the hydrolyzed La species onto the 319 
sulfate latex particles[14], [25]. This result suggests that the formation of the hydrolyzed La 320 
species and their adsorption are crucial on the charge reversal due to their strong affinity onto the 321 
particle surface even though only 6-7% of La species exist as LaOH2+ ions at the charge reversed 322 
pH. In addition, it should be noted that the hydrolyzed La ions are essential to cause charge 323 
reversal even on the sulfate latex particles bearing pH-independent charges. This result suggests 324 
less importance of the complexation with pH-dependent charging groups such as SiOH and 325 
COOH[14]. Such charge reversal has been reported with sulfate latex particles not only in LaCl3 326 
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solution, but also in AlCl3 solution at higher pH where hydrolyzed AlOH2+ ions are formed[35]. 327 
They also concluded that such reversal is attributed to the specific adsorption of hydrolyzed Al 328 
ions by comparing with speciation calculation of aluminum (III) as a function of pH[35]. On the 329 
other hand, we observed positive EPMs about 1 × 10−8 m2V−1s−1  showing slight charge 330 
reversal at pH=7.8 in 0.1 mM followed by charge re-reversal in higher pH. This means that the 331 
amount of hydrolyzed La ions at 0.1 mM is not sufficient to cause significant reversal, and the 332 
EPM reversed again because of the reduced electrostatic attraction between the particle surface 333 
and hydrolyzed ions as a result of their decreased ionic valence and increased ionic strength by 334 
adding more KOH in higher pH. After this charge re-reversal, the EPMs at 0.1 mM decreased 335 
more with increasing pH, and the ones at 0.01 mM showed the same tendency without charge 336 
reversal. The decrease of EPMs in higher pH might be caused by diminished relaxation effects 337 
due to the increase of ionic strength with increasing pH, as an inverse case to the increased EPMs 338 
from pH=3 to 6 where ionic strength decreases with reducing the added amount of HCl. 339 

In comparison with the calculated values, one finds that the simple adsorption model of 340 
Eq.(16) including the ion correlation term of Eq.(13) [30] without the intrinsic adsorption energy 341 
for the hydrolyzed ions, results in the negative values of EPMs with no charge reversal 342 
irrespective of pH and ionic strength as shown in Figures 5-7(a). However, once we introduce the 343 
values of 5 and 9.5 𝑘𝑘𝐵𝐵𝑇𝑇 for the intrinsic adsorption energy of LaOH2+ and LaOH2

+ ions in 344 
Eq.(16), respectively, the calculated EPMs in 1 and 10 mM are positive at higher pH, namely, the 345 
charge reversal occurs around pH=8. This reversal trend qualitatively agrees with the 346 
experimental results as plotted in Figures 5-7(b). These results from our experiments using latex 347 
particles with pH-independent charge confirm that the introduction of the intrinsic adsorption 348 
energy of the hydrolyzed ions is unavoidable to model the charging behavior in systems 349 
containing hydrolyzable ions. Particularly, the calculated values for the sulfate latex particles with 350 
the charge density of 𝜎𝜎0 = −11 mC/m2  describe well the experimental ones such as the 351 
maximum EPMs in 1 and 10 mM after charge reversal, the increase and subsequent decrease of 352 
EPMs in 0.1 mM with increasing pH, even without charge reversal as shown in Figure 5(b). 353 
However, Figures 6 and 7(b) show that the calculations for 0.1, 1 and 10 mM after charge reversal 354 
underestimate the experimental values more with increasing the magnitude of their charge density. 355 
This discrepancy could result from increasing ionic valence of the hydrolyzed La ions owing to 356 
dehydrolysis near the negatively charged particle surface where the proton concentration can be 357 
locally higher than the bulk, namely, lower pH. Such locally lower pH might induce shifts of 358 
chemical equilibria to reduce their amount of the hydrolyzed ions when they adsorb onto the 359 
surface. However, we do not include such process into our simple modeling, so we remain to 360 
address this issue in the future study. 361 

To achieve the better agreement, we need to increase the magnitude of intrinsic adsorption 362 
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energy of the hydrolyzed ions with decreasing their ionic valence due to hydrolysis. This increase 363 
in their adsorption energy infers that the adsorption energy of the hydrolyzed ions cannot be explained 364 
by the ionic correlation model of Eq.(13) [30], which has its positive proportionality on valence, that 365 
is, 𝜙𝜙𝑖𝑖𝑖𝑖 ∝ �𝑧𝑧3𝜎𝜎0. Moreover, such increase in the intrinsic adsorption energy might be related to less 366 
hydrated state of the hydrolyzed ions because of their smaller valence and larger ionic radius expected 367 
from the binding with more hydroxyl ions. Such picture likely reduces the attractive interaction with 368 
water molecules. 369 

 370 
 371 
 372 
5. Conclusion 373 

Electrophoretic mobilities (EPM) of three different sulfate latex particles with pH-374 
independent surface charge densities were measured as a function of LaCl3 concentration and pH 375 
at several ionic strengths to clarify the effect of multivalent cations and its hydrolyzed forms on 376 
the charge reversal. As for the results of EPM as a function of LaCl3 concentration at pH=4 where 377 
no hydrolysis occurs, we observed the charge reversal around 3 mM for the charge density of 378 
𝜎𝜎0 = −43 mC/m2, 10 mM for −37 mC/m2, and no charge reversal for −11 mC/m2. That is, 379 
the concentration at the reversal increased with decreasing the magnitude of their charge density. 380 
This experimental trend can be explained by the employed simple adsorption model with the ion-381 
ion correlation model[30], notably, it showed the quantitative agreement on the reversed 382 
concentration with the experiments for the highest charge particles.  383 

On the other hand, the EPM as a function of pH in ionic strengths of 1 and 10 mM showed 384 
the significant charge reversal around pH=7.6, where the hydrolyzed LaOH2+ ions are formed 385 
according to the speciation calculation of La ions. The charge reveral was significant even though 386 
the corresponding LaCl3 concentrations of 0.167 and 1.67 mM were less than the concentration 387 
where charge reversal occurs at pH=4 and the particle carried pH-independent surface charge as 388 
mentioned above. As a consequence, this charge reversal at higher pH is ascribed to the specific 389 
adsorption of the hydrolyzed La species. Furthermore, we have examined the effect of introducing 390 
their intrinsic adsorption energy onto the particle surface by using the presumable values, and 391 
showed that the model captures these experimental results. To the authors’ knowledge, such 392 
comprehensive comparison between the experimental results and the simple model including both 393 
ion-ion correlation and the specific adsorption of the hydrolyzed ions has been performed for the 394 
first time. From the above results, therefore, we concluded that the ion-ion correlation can explain 395 
the charge reversal at low pH, while the excess adsorption of the hydrolyzed ions is essential to 396 
describe the reversal at higher pH. This implies that the aggregation of colloidal particles could 397 
be facilitated around the pH where hydrolyzed ions are formed in the co-existence of potentially 398 
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hydrolyzing ionic species in aqueous solution. 399 
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 435 
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 438 

Table 1  Properties of sulfate latex particles [21] 439 
Property Particle 1 Particle 2 Particle 3 

Diameter 2𝑎𝑎 [µm] 0.25 0.47 1.2 
Density [g/cm3] 1.055 1.055 1.055 
Surface charge density 𝜎𝜎0 [mC/m2] *1 －6 －49 －96 
Electrokinetic surface charge density 𝜎𝜎𝑒𝑒𝑒𝑒 [mC/m2] *2 －11 －37 －43 
*1 Obtained from conductometric titration 440 
*2 Obtained from analysis of electrophoretic mobility in KCl solution [21] 441 
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Figure 1 The relationship between electrophoretic mobility and LaCl3 concentration of sulfate latex 
particles with the surface charge density 𝜎𝜎0 = −11 mC/m2. 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 𝜓𝜓𝑑𝑑 = ζ. Calculated values in (b) assume 
𝜓𝜓(𝑥𝑥𝑠𝑠) = ζ. 
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Figure 2 The relationship between electrophoretic mobility and LaCl3 concentration for the sulfate latex 
particles with the surface charge density 𝜎𝜎0 = −37 mC/m2. 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 𝜓𝜓𝑑𝑑 = ζ. Calculated values in (b) assume 
𝜓𝜓(𝑥𝑥𝑠𝑠) = ζ. 
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Figure 3 The relationship between electrophoretic mobility and LaCl3 concentration for sulfate latex 
particles with the surface charge density 𝜎𝜎0 = −43 mC/m2. 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 
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