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Abstract

To investigate the effect of hydrophobicity om ttharge reversal of colloidal particles, we
measured and analyzed the electrophoretic mol{iiBM) of carboxyl latex particles in mixed
electrolytes solutions containing potassium chieiCl and tetraphenylphosphonium chloride
TPPCI. Tetraphenylphosphonium (Tkon strongly adsorbs on the particle surface wuigs
hydrophobicity, and thus causes the charge revevsstharging. Measurements of EPM were
carried out as functions of pH, ionic strength, &mel mixed molar ratio oK=[TPP)/[K] to
unveil the influence of surface charge on hydrophabteraction. Experimental EPM was
analyzed by using 1Ky Stern Gouy Chapmann model with the Ohshima equatduding the
relaxation effect or the Smoluchowski equation aetjhg the relaxation effect for calculating
theoretical EPM values. Our results demonstrat¢ ¢haboxyl latex particles show charge
reversal indicated by positive EPMs at low pH daehe accumulation of TPRons on the
surface and the reversed EPM values at low pHwageanted with increasing the mixed molar
ratio of X=[TPPJ/[K']. Also, we observed that charge re-reversal athdrngpH as the
deprotonation of surface carboxyl groups proceedé@. pH at which the charge re-reversal
occurred increased with increasing the mixed modéio. From the comparison between our
experiments and theoretical analysis, we foundttiintrinsic energy of adsorption decreases
with increasing the surface charge density to desdhe observed charge re-reversal. These
results indicate that the intrinsic adsorption ggeof TPP, which is probably due to
hydrophobic interaction, decreases with increasiegsurface charge density.

Key words: Electrophoretic mobility; Charge revérddixed electrolyte solution; hydrophobic
interaction



1. Introduction

The stability of colloidal dispersion againgjgeegation-sedimentation is one of the
important issues for scientific interest and indastand technological applications such as
foods storage, inks, paints, water treatment, aidid-facilitated transport[1, 2]. The stability
of colloids can be commonly explained by the Darjag Landau, Verwey, and Overbeek
(DLVO) theory [3, 4] in which interparticle interaens are composed of the van der Waals
attraction and electrical double layer force. Rattrly, the electrical double layer force is
regulated by the charging behavior of colloidalticles. Therefore, one needs to estimate the
surface charge of colloidal particles to predigititolloidal stability.

The surface charging properties of colloidakipbas are strongly affected by the adsorption
of oppositely-charging species such as polyelgdie[5, 6], surfactants[7, 8], and multivalent
ions[9-11] onto the surfaces. Such adsorption edude so-called charge reversal/overcharging
which causes the change in sign of the net suidhaeges due to the excess accumulation of
counter ionic species[12]. To reveal the mecharo$icharge reversal, many studies have been
done with the approaches of Monte-Carlo simulataamd molecular dynamics including
inter-ion correlation[13, 14], ionic specificity[},5 and hydrophobic interaction[16]. The
previous studies have demonstrated that the hydlopity of ions and colloids can
significantly influence the surface/electrokinetiharge density in the presence of large
hydrophobic ions[16-19]. Notably, the previous eesh with molecular dynamics
simulation[16] has confirmed the linear relatiopsbetween the isoelectric point (IEP), which
is the concentration where the charge reversal recand the surface charge density by
assuming a constant adsorption free energy of 1dng0]. Neverthelesshe intrinsic energy
of adsorption for hydrophobic tetraphenylphosphonium (TPPnsonto polystyrene sulfate
latex surfaces decreases with increasing the surface charge density[19] even though the
hydrophobic ion concentration at the IEP increasiis the increase of the charge density as
shown in the previous studies[16, 1This finding suggests that the adsorption energy of
hydrophobic ions can be a function of surface charge density. However, the effect of
charge density on the intrinsic energy of adsorption of hydrophobic ions remains
ambiguous because the previous work used sulfate latex particles with different charge
densities and sizes[19].

In the present study, to clarify the effect of agd charges on the adsorption of hydrophobic
ions, which induces the reverse of sign in the amaf(or zeta) potential, we measured and
analyzed the electrophoretic mobilities of carbaxglpolystyrene latex particles in the presence
of hydrophobic tetraphenylphosphonium (TPRns. Carboxyl latex particles have carboxyl



groups on their surface, and thus the negativeasartharge density increases with pH due to
their deprotonation. This feature of carboxylat@x particles enables us to examine the effect
of charge density and hydrophobic interaction @atisorption of TPHons onto the surfaces.

2. Material and Methods
2.1 Materials

Carboxylated polystyrene latex particles (MolacuProbes) were employed as model
colloidal particles. The used carboxyl latex pdeschave pH-dependent negative charges due to
the deprotonation of the carboxyl groups on thdiglarsurface. The manufacturer reports that
the chargeable site density on the surfagg is 1.136 /nm, the diameter @ is 1.5+0.03 pm,
and the density is 1.055 g/énrespectively. KCI (JIS special grade, Wako Puteer@ical
Industries) and tetraphenylphosphonium chloride GIPRPEP grade, Tokyo Chemical
Industry Co) were used to prepare the electrolyte solutiorree PH was adjusted by the
addition of HCI (JIS special grade, Wako Pure Cloamindustries) and KOH solutions.
Carbonate free KOH solution was prepared by folimyithe method described in the
literature[21]. Before the sample preparation,sallutions were filtered with a 0.2@m pore
filter (DISMIC 25HP ADVANTEQ. All solutions and suspensions were prepared from
deionized water (Elix, MILLIPORE) and degassed befase.

2.2 Experimental Methods

EPM was measured by electrophoretic light scatjetéchnique with Zetasizer NANO-ZS
(Malvern). Measurements were carried out as a fomaf solution pH at different mixed molar
ratio X = [TPP] /[K'] with fixed ionic strength, where [TPP and [K'] denote the
concentrations of TPRPand K. The pH was adjusted in the range from 3 to 1h W€l and
KOH solutions. lonic strengths were 10 mM and 50 ,navid the mixed molar ratioswere 0,
0.01, 0.1, 0.5, 5 ando. The particle concentration was set to 50 mg/halirexperiments. The
samples were prepared by mixing the required votuoighe suspension of the carboxyl latex
particles, KCI solution, TPPCI solution, pH adjustnd degassed water. The pH was measured
with a combination electrode (ELP-035, TOA-DKK).|Adxperiments were carried out at
20 C.

3. Theoretical Analysis

3.1 Charging model
The surface charge of the used particle arises frendeprotonation of carboxyl group. That



—COOH 5 —CO00~ + HY (1)

The dissociation equilibrium between the carboxsdups and the proton in the electrolyte
solution is characterized by the proton dissodmtionstant defined as[22]

a_coo- g+
pKy = —logyo Ky = —logyo — i (2)
_cooH

where a_coo-, @-coon, and aj+ are the surface activities of dissociated and qmatied
carboxyl groups, and proton, respectivéy.is the acid dissociation constant. The valuekof p
used in this study is 4.9 from the literature[l, ®je surface activity of proton is related to the

bulk activity af} and the surface potentigl, via the Boltzmann equation

=

af; = adexp (—

®)

wheree is the elementary chargég is the Boltzmann constant, is the absolute temperature.
Since the surface charge density is attributedheodissociated carboxyl groups on the surface,
the relationship between the surface charge deramitg the surface potential due to
deprotonation can be described as

eltor

1+ 10PKn—PHexp (- %)
B

0p = —€A_coo~ =

(4)

where I}, is the total site density of surface carboxyl greuncluding dissociated and
protonated ones.

The TPP ions strongly adsorb onto the surfaces of the gigtgne latex particles which are
hydrophobic. To describe the adsorption of the TieRs, we introduce the Stern layer model
with the following equation[2, 3]:

—¢ + ell’d) )

[ = 2r,Crppexp (— kT
where therl is the amount of adsorbed TPBnNs in the Stern layer; is the radius of
adsorbed TPPion with the value ofr; = 0.94 nm[17] used in present study;pp is the bulk
concentration of TPPCly, is the diffuse layer potentialgp is the non-electrostatic
chemical/intrinsic adsorption energy per ion. Taert of chemical/intrinsic adsorption energy
represents the energies other than from electiosiggin. To incorporate the dependency of
the non-electrostatic adsorption energy on theasertharge density proposed by the previous

work [19], we have introduced the following simfileear interpolation to calculate the value of

¢ as



® = (Pmin — Pmax) _L + Gmax (6)

elior

where ¢, and ¢ are the minimum and the maximum non-electrostatic
chemical/intrinsic adsorption energy per ion. Thesleies are determined below in Section 4.
With Eq. (5), we can express the Stern layer chdegesity o, as

o = eN,yT'g (7)

where N, is the Avogadro number. This equation suggeststhigaadsorbed amount of TPP
ions in the Stern layer is in charge of the develept of the Stern layer charge density.

The relationship between the diffuse layer chargesity o; and the diffuse layer potential
Y, for our system is given by the Grahame equatiomfonovalent salt as follows[24]:

2e.60kkgT ey, )
=——si 8
%a <2kBT ®
with the inverse Debye parameter! as
1
w1 = ( er€okpT )2 (9)
2(Cker + Crppc)Npe?

where Cxc; and Cx; are the concentrations of KCI and TPPCI, agdis the dielectric

constant of vacuumg,.=80.4 is the relative dielectric constant of waker the surface bearing
weakly-acidic groups with the Stern layer, one 1edd assume the following linear
relationship[24]

0o = Cs(Yo —Pa) (10)
where C; is the Stern layer capacitance. And we set thaeved C; = €€, /1y by assuming
the thickness of the Stern layer is the radiusR#®Tion ;.

According to the principle of electroneutralitiifetsum of surfacer,, the Stern layew,, and
diffuse layer charge densities; must be zero which requires the condition below:

Og+os+0;=0 (11)

The set of Egs. [2-11] is solved numerically toaibtthe diffuse layer potentiab; for the
successive calculation of the zeta potendiaParticularly, in a pure KCI solution, the aboet s
of equation is solved with the conditions; = y,, o, = 0, and C; - o meaning no Stern
layer for pure KCI case.

To calculate the electrophoretic mobility in th@ldwing section, the zeta potentiél from
Y4, Which is set toy,; =y, for pure KCI solution, is calculated with the GeGhapman
theory via



(=9 =

Ttanh 1banh(4;pT>exp( szﬂ (12)

where x, is the distance to the slipping plane. The valtieco for pure KCI case is set to
x,=0.25 nm[1, 2], while the value for mixed KC| an®HCI case is set t®;=r,=0.47 nm with
the assumption that the extent of the slipping @lanincides with the outer edge of the
adsorbed TPHon on the surface.

3.2 Electrophoretic mobility (EPM)
The electrophoretic mobilities (EPMs) are calcudatitom the zeta potential using the
Ohshima equation including the relaxation effect[zaind the Smoluchowski equation
neglecting the relaxation effect.
First, the Smoluchowski equation is given by
&

Ms

tm = ¢ (13)

where u,, is the electrophoretic mobilityy is the viscosity of the solution.
Second, an analytical expression for EPM of a neglgit charged particle in 1.1 electrolyte
solution such as KCI derived by the Ohshima, Heatygl White[25] is
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i
where sgrnf) is 1 whenx > 0 or -1 wherx < 0, m and i are the scaled drag coefficients of
counter-ions and co-ions, respectively,is the Avogadro constant, anj is the values of the
limiting molar conductance of thieth ionic species. Eq. (13) is valid faa > 10 and this
condition is satisfied in all experiments since #imeallestka is 245.65 in our experiment. In
this study, the values afi; (10* S nf/mol) used are 66.17 for'K20.7 for TPP, and 68.68 for
CI” which are taken from the literature[10, 11].

4. Resultsand Discussion

We plot the EPMs of carboxyl latex particles asiaction of the solution pH at different
ionic strengths in Fig. 1 (a,b) for 10 mM and Figic,d) for 50 mM, respectively. In Fig. 1, the
symbols are experimental values, the solid linesthe theoretical values calculated by the
Ohshima equation including the relaxation effent the dashed lines are the theoretical values
calculated by the Smoluchowski equation negledtirggrelaxation effect. While the lines in Fig.
1 (a,c) are drawn with the constant non-electrizsiatrinsic energy of TPPadsorption of¢p =
6 kgT, the lines in Figure 1 (b,d) are obtained with #ssumption that the energy for TPP
adsorption linearly varies with the surface chadgesity from 6ksT to 4 ksT. The value of 6
ksT is taken from the literature[17]. They also repdrthat the free energy of transfer for a
phenyl group from water to organic solvents is agpnately 3ksT and it is closely related to
the adsorption energy. It should be noted thatviilee of 6ksT corresponds to the situation
where two of four phenyl groups on TPRns adsorb onto hydrophobic polystyrene latex
surfaces[17]. These values used in the literatteee@mparable with the values we used.

In the case of pure KCI solutioX=[TPP)/[K*]=0, the electrophoretic mobility in
magnitude increases with pH. It shows that theiglast are highly negatively charged at high
pH due to the deprotonation of carboxyl groups. &keerimental electrophoretic mobilities in



the solution including TPPin Fig. 1 show positive values at low pH, indiogtithat the
occurrence of charge inversion. This inversionttsbated to the adsorption of TP®n the
surfaces by hydrophobic interaction between phegnglips of TPPions and the polystyrene
surface. With increasing pH, the positive electamgtic mobilities decrease. Then, the
electrophoretic mobilities reverse again to negatialues. This charge re-reversal means that
the increased number of deprotonated carboxyl gratphigh pH outhumbers the adsorbed
amount of TPPions. In addition, the charge re-reversal pHs ghiftigher pH with increasing
the mixed molar ratiX and the ionic strength. This is because largeruamsoof deprotonated
carboxyl groups are required to compensate morerlaed TPP ions associated with abundant
TPF ions in bulk solution. However, the experimentakc&ophoretic mobilities at 50 mM and
mixed molar ratios higher thax¥=5 in Fig. 1 (c,d) are positive and do not show tharge
re-reversal regardless of pH. This can be ascriioethe existence of excess amounts of
adsorbed TPPons even though all carboxyl groups are deprdazhat high pH.

From the comparison between calculated values twithdifferent models, Smoluchowski
equation and Ohshima equation, we confirm thatedifices in calculated electrophoretic
mobilities between these two methods are not saifgignt for our case. This can be
rationalized by relatively low zeta potentials whigre induced by the charge reversal, and thus
the relaxation effect is not significant.

In the comparison with theoretical values calculatby assuming the constant
non-electrostatic intrinsic energy of adsorptionFig. 1 (a,c), one finds that the calculations
capture the experimental trends. However, the Gtions with the constant adsorption energy
overestimates the adsorption amounts of TRRAs and cannot describe the experimentally
observed charge re-reversal of electrophoretic ltieiat high pH with higher mixed molar
ratios. In contrast, the calculated mobilities al#d by assuming that the intrinsic energy of
adsorption in Fig. 1 (b,d) is proportional to therface charge density can successfully
reproduce the charge re-reversal for all the caditand even in high mixed molar ratios.
Therefore, our result suggests that the intrinsiergy of adsorption of TPRlecreases from 6
ksT to 4 kgT with increasing charge density. This finding isisigtent with the result that the
intrinsic energy of TPPadsorption decreases with increasing the surfaeege density of
sulfate latex particles with different diameter§[1&nd complements their finding by
monodisperse carboxylated latex particles with @able surface charge.

Moreover, on the basis of our results above, wegeasigthe reason why the intrinsic energy
of adsorption for TPPions can be dependent on the surface charge yessibllows. As the
deprotonation of surface carboxyl groups progreséds increasing pH, the particle surfaces
become less hydrophobic. Such relatively low hyHaodgcity can make difficult TPPions to
be accumulated near the surfaces. Therefore, thar@tibn energy decreases with the surface



charge density, in other word, the number of disged surface groups. Hence, such reduction
in the adsorption energy might cause the chargewersed electrophoretic mobilities from

positive to negative due to the deprotonation abasyl groups. This suggestion also can
rationalize the result of the previous study[19tduese high surface charge densities of the
sulfate latex particles mean larger number of serfulfate groups on their surfaces.

Even though the proposed simple modeling captinegxperimental trends represented by
the charge re-reversal, there are still quantigatiiscrepancies in intermediate mixed molar
ratios, for instanceX=0.01 and 0.1 at 10 and 50 mM. This could sugdest the adsorption
behavior in mixed solution of KCl and TPPCI canrbere complex than the simple model used
in this paper. The discrepancies in solution comgi K ions at higher pH could be explained
by K* binding to the deprotonated carboxylic groups [BBldecreasing the amounts of surface
charge, which decreases the magnitude of mobilittdswever, such explanation is not
applicable at lower pH because of less deprotongitedps. So, the discrepancies at lower pH
within our simple modeling seem to be attributedrixed effects due to mutual interaction
between K and TPP ions. Since TPPions have larger hydrophobicity, in other wordghler
affinity to the hydrophobic latex surfaces thanikns, TPP ions tend to accumulate near the
surface than Kions. In addition, Kions experience electrical repulsion with TR#hs and less
attraction with the surface due to its lower suefabarge density at low pH. These interactions
between the surface and ions might cause the d@plat K" ions between the surface and TPP
ions, which can augment the TP&dsorption by depletion forces. Related speaifiid effects
have been examined in the previous work [15], heremixed effects of ions with different
surface affinity on the adsorption are still undensideration. Molecular dynamics and Monte
Carlo simulation would help to clarify this enhadasorption in mixed solution.

Another possible effect, which can apparently reddlbe adsorption energy in our
modeling, is to consider ionic steric effect dueidaic saturation and finite size effects in
adsorption process. Along with an approximated nfedah model for the steric effect discussed
in the previous research [17], an estimate foretkeess chemical potential of TP& the Stern
layer is given byu,, = kgT In(1 + C,v), where C; = I /(2r;) calculated from Eg. (5) is the
TPP concentration at the Stern layer, ands 200 cm3/mol is the volume of the cation
approximated as the value for TPAgtraphenyl arsonium ion) [29]. In 50 mM solutiohpure
TPPCI with constant adsorption energy¢f= 6 k5T, one estimate€; ~ 2.38 M, and leads
a repulsive free energy with,, = 0.39 kzT. This value is still smaller than the reduction of
adsorption energy ofpax — dminl = 2 kT, suggesting that the steric effect is not dominant
in the TPP adsorption. Therefore, our interpretation can &léhin the solution where TPPCl is
dominant, although we need more sophisticated #tieat treatment for the reduction of
adsorption energy in the future.
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Figure 1 The relationship between electrophoretic mobilifycarboxyl latex particles and pH in
mixed solution of KCl and TPPCI at 10 mM for (adnd 50 mM for (c,d). Symbols are experimental
values. Solid and dashed lines are theoreticalegatalculated by the Ohshima equation and the
Smoluchowski equation, respectively. Mixed moldiosX= [TPP] / [K*] are 0, 0.01, 0.1, 0.5, 5 and
co from lower to upper lines. Calculated values irc)eare obtained by assuming the constant
non-electrostatic intrinsic energy of TRRIsorption and theoretical values in (b,d) areutated by
assuming pH-dependent intrinsic energy of TR@sorption.

5. Conclusion

Electrophoretic mobilities of carboxyl latex pelés were measured in mixed solutions of
KCl and TPPCI as a function of the pH, the ionicesgth, and the mixed molar ratio of
X=[TPP/[K*] to reveal the effect of hydrophobicity on the iereversal. We observed that
the charge reversal of the latex occurred at lowimplthe presence of hydrophobic TPBns
because of hydrophobic interaction. With increagifly the EPMs were reversed again due to
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the increased deprotonation of carboxylic grouy the reduction of hydrophobic interaction.
With the theoretical analysis describing such chaegreversal, we found the reduction in the
intrinsic energy of adsorption of TPRvith increasing the charge density fromz6 at the
lowest charge density tok4T at the highest charge density. This finding sufgpdhe
conclusion in the previous work [19] and suggestat tthe non-electrostatic energy of
adsorption of TPPis dependent on the surface charge density ofrbelsts.
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