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Charge inversion of colloidal particles in an agueous solution: Screening by multivalent ions
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We investigate the structure of the electric double layer on charged colloids by Monte Carlo simulations.
Using the primitive model of asymmetric electrolytes, the integrated charge distribution function on a spherical
colloidal particle are also studied. With high concentrations of divalent ions, numerical results phedtipe
oscillationandcharge inversiophenomena, which the traditional Derjaguin-Landau-Verwey-Overbeek theory
cannot reproduce.

DOI: 10.1103/PhysRevE.63.041401 PACS nuni$er82.70.Dd, 82.70.Kj, 61.20.Ja

[. INTRODUCTION fluctuation-based phenomenon, where the effect of fluctua-
tions is neglected in the theoretical treatment based on the
Electrostatic interaction plays an important role in ague-Poisson-Boltzmann equati¢t,30,31. In this paper, nonlin-
ous solutions of colloids and polyelectrolytes-5]. While  ear screening effect of charged colloids and thein-DLVO
the bare Coulomb interaction between charged colloidal parkehavior are numerically investigated. We perform *ion-
ticles is purely repulsive, the problem is nontrivial by the counting” analysis by Monte Carlo simulation and clarify
presence of the microscopic counterions, which are dispersedicroion density profiles on a charged colloidal particle.
in an aqueous solution and screen the direct Coulomb repulith multivalent salt ions, the calculated results on the elec-
sion. For weak Coulomb interaction or high dilution of the tric double layer obey the drastically different profile from
macroions, the linearized screening theory of Debye anthat described by the Gouy-Chapman thefty. We also
Huckel always leads to an effective pure-repulsive interacconfirm that the charge inversion phenomena becomes en-
tion between macroions. This phenomena is described by tHganced with increasing concentrations of multivalent salt
Derjaguin-Landau-Verwey-Overbe¢RLVO) theory, which  ions.
predicts the screened Coulomb repulsion between charged This paper is organized as follows. In Sec. I, we describe
colloidal particles in an aqueous solution. In the DLVO the primitive model of colloidal particles in an aqueous so-
theory, the effective interaction between partidlés \o(r) lution. In Sec. Ill, the numerical results on the density profile

is given by of microions and the integrated charge distribution function
are shown. Section IV is devoted to discussions and conclu-
Z%e? | ex@ \2e K" sions.
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UpLvo(r) = dme
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whereZ, e, k, a, €, andr denote the surface charge of col- Il MODELS

loidal particles (macroions, the elementary charge of an  We adopt the primitive model of strongly asymmetric
electron, the inverse of Debye-ekel screening length, a electrolytes to describe the colloidal suspension in an aque-
radius of colloidal particles, the dielectric coefficient of the ous solution, involving the excluded volume and the Cou-
medium, and the center-to-center distance between two colemb interaction of negatively charged colloidal particles as
loidal particles, respectively. The inverse screening length well as microions[12,15,33. Within the primitive model,
is given by the discrete structure of the solvent is neglected and the sol-
vent enters into the model by its dielectric constgnivhich
2_ o2 reduces the Coulomb interaction. The linear system size in
K 477)\8; nidj @ y, and z directions are taken to be (—L/2<x,y,z<L/2).

We consider a spherical macroion with the surface charge
where \g=e?/47ekgT is the Bjerrum length andy; is the  —Ze(Z>0) and the diametet. This macroion is placed on
gj-valent ion density. In general, the interaction between colthe center of the cubic box, ar&lmonovalent counterions
loidal particles is of importance to determine the physicalare fully taken into account. The position of a macroion is
properties of various colloidal systerfé—11]. fixed and not moved in the simulation. In additiod, salt

Recently, a lot of works have been devoted to clarifyingions are randomly disposed in a cubic box. The pair potential
the counterion condensation and the attractive interaction b&4,,,(r) betweenm andn is as follows: the interaction be-
tween charged colloids, which are inconsistent with thetween a macroiomn and a microiom is given by
DLVO theory[3,12-29. Neu[30] and Sader and ChdB81]
have proved analytically that the nonlinear Poisson- 00 for r<d/i2+r,

Boltzmann equation can only yield repulsion and the numeri- V()=
cal result by Bowen and Sharj82] is not correct. These

results have suggested that the attractive interaction between

like-charged colloids in an aqueous solution is an essentiallgnd the interaction between microiomsandn is given by

—Zq,e%4mer  for r>df2+ry
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TABLE |. Parameters for the runs A, B, C, D, E, and F. " T " T T T T
L 0.003
Run c (M) Valence of microions d (nm) L (nm)
A 0.09 2:2 4.0 24.0
B 0.72 2:2 2.5 12.0 o o 0002 b
C 1.25 2:2 2.0 10.0 2
D 2.4 2:2 2.0 8.0 =
E 2.4 21 2.0 8.0 0.001 F i
F 1.25 1:1 2.0 10.0
0.000 .
© for r<2rq 5 25
an(l’) = (4)

qmane®4mer for r>2ry
. . . . FIG. 1. The microion density profilag(r) for run A. The solid
Wher_eqm is the va!ence ofamlcrplom, andrg is thg rad|u§ line, dashed line, and dotted line shom,(r), n_,(r), and
of microions. We impose periodic boundary conditionsin . (r), respectively.

y, and z directions, and consider the condition of global

charge neutrality in the system. agrees well with the Guoy-Chapman theory, and the latter
indicates that the finite-size effects are not relevant. Figure 2
. NUMERICAL RESULTS shows the integrated charge distribution functi®(r) for

. . . run A, which is defined to be
In this section, we show the numerical results on the

screening effect of charged colloidal particles. The microion r
density profiles on a negatively charged colloidal particle are P(r)=—2z+2, f zin(r)4mr?dr, 6)
studied by Monte Carlo simulation in th&l,V,T) ensemble. bJ0
We start with an arbitrary microion configuration which does L . B
not penetrate into a colloidal particle located at the center O¥vhere the va_lences of microiomsare given byz; = +2, =2,
the box. It takes X 10* Monte Carlo step$MCS) to get the and _.1' !n F.'g' 2, we can see thﬁ(r_) becor_nes Zero as
system into equilibrium, and X 16° MCS to take the ca- — o, |nd|<_:at|n_g that a charged colloidal partlcle in an aque-
nonical average after the equilibrium. We also take th ous solution is fully spreened ?.f the distance, sufficiently
sample average over 20 samples for each run. In the folloﬁf’lrger than the screening lengi ~. . .
ing simulation, the temperature and the relative dielectric Ngu_yen, Grosberg, and Shklovskii have considered the
constant of wateg, are taken to b& =300K ande, =78, screening phenomeng of strongly charged macro[Gﬁ&
respectively, and the magnitude of the surface charge on %17]' .They have predicted that_, at larger concentrations of
macroionZ is set to bez=20. The radius of microion core multivalent lons, charged chI0|ds, or polyelectrplytes In an
ro is taken to ber,=2.0A, respectively. Assume that in agueous solution strongly bind so many oppositely charged
addition toZ monovalent counterions, the system contdins microlons that the sign of the _net macroion charge becomes
additional salt ions, where the number of added salt M inverted. On the othe_r ha_nd, n the_ previous theo_ry such as
- . . Debye-Hukel approximation, the simplest screening atmo-
taken to beN=1500. Other parameters used in the 5|mula-sphere compensates only a part of the macroion charge and
tions are displayed in Table I. The system size of the cubi(%h net macroion char resery ians of its bare char
box is determined by the salt concentratmand the number € net macroion charge preserves signs ot its bare charge.

of salt ionsN. To treat the periodic boundary condition on : : : : : : ,
long-range Coulomb interaction, we adopt Lekner summa- 20 1
tion technique instead of the Ewald summation metf84.

For the technical detail of treating periodic image charges,
see Ref[34].

Figure 1 shows the density profile of counterions and
added salt ions around a colloidal parti¢ten A). The sys-
tem contains 750 divalent cations, 750 divalent anions, and
20 monovalent counterions. The solid line, dashed line, and
dotted line denote the density profiles of divalent cations
n.,(r), the divalent anions1_,(r), and the monovalent
counterionsn, 4(r), respectively. In Fig. 1, the solid line is -20 a . . C
monotonically decreasing at=d/2, and the dashed line is s 10 15 20 a5
monotonically increasing. From this figure, we can see that
() the magnitude o, ,(r) andn_,(r) becomes constant as
r—oe, and(ii) the screening lengtk ! is sufficiently small FIG. 2. The integrated charge distribution functi€qr) for
compared with the system size of the cubic box. The formerun A.

— 2:2 electrolytes
10 .

P(r)
=

r/ T,
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FIG. 3. (a) The microion density profiles;(r) for run B. The FIG. 4. (a) The integrated charge distribution functi&gr) for

solid line, dashed line, and dotted line shows(r), n_,(r), and  "un B.(b) Run C.(c) Run D.
n,,(r), respectively(b) Run C.(c) Run D.
an apparent difference from Fig. 1, where the density of mul-

This phenomena can be thought of as an overscreening effetivalent cationsn,,(r) and that of multivalent anions
[38—42. The details of such charge inversion phenomena ara_,(r) are oscillating. In addition, there is a range of dis-
of great interest to clarify the physical properties which cantancer at which the microion atmosphere is locally nega-
not be explained by previous theories, for example, attractiotively charged such as, ,(r)<n_,(r), i.e., with the same
between like-charged colloidal particles or polyelectrolytessign of charges as the colloidal particle. We can also see that
In the following, we investigate numerically the existence ofsuch charge oscillation phenomena becomes enhanced as the
charge inversion on spherical colloidal particles in an aqueeoncentration of added salt iomsbecomes larger. Figure 4
ous solution. shows the integrated charge distribution functfr) with

Figure 3 shows the calculated density profiles of micro-the same parameters in Fig. 3. The profile Rffr) over-
ions with larger concentrations of multivalent salt ions. Fig-shoots unity, showing a charge inversion at these distances.
ures 3a)—(c) display the results of the density profilegr) where the simple PB prediction is clearly incorrect. We also
for run B, run C, and run D, respectively. In Fig. 3, there isobserve the microion density profiles with different valence
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FIG. 5. (@ The integrated charge distribution functid®(r) (M)

with 2:1 electrolytegrun E). (b) The integrated charge distribution FIG. 6. () The maximum valueP,, of the integrated charge
function P(r) with 1:1 electrolytegrun B). distribution function with 2:2 added salt ions. Solid squares and
in Fi.g. 5 Figureg ) and (b) show the integrated ch.arge ?nfcr;o?g: z:mfris_sfgglah%rezﬁgs_vgfg(:/ir;%:? rc::;g;ﬁggfu(g?s ofa
distribution functionP(r) with 2:1 and 1:1 added salt ions, The maximum valueP,,,, of the integrated charge distribution
respectively. Figure §) shows that there is no characteristic fynction with 2:1 added salt ions. Solid squares and open squares
charge inversion with monovalent salt iof#3]. show the results with surface charge densities— 1.6(e/nn?) and
Figure 6 shows the maximum valg,,, of the integrated  —0.8(e/nn®), respectively.
charge distribution functiof®(r) with various different salt i ) o
concentrationg. In general,P,,, becomes zero when the They have studied asymmetric electrolytes consisting of
charge inversion does not occur. On the other haml, highly c_harged spherical macromns.and microions by com-
takes positive values if charge inversion occurs. In Fig. 6, wduter simulationg12,13. These studies have demonstrated
consider two different surface charge densitpf a macro- that the effect'lve interaction betweer_l coIIO|d§1I particles be-
ion. Solid squares and open squares show the results with t(@Mes repulsive at weak electrostatic coupling, and on the
surface charge density=— 1.6 (e/nm?) and— 0.8 (e/nm?), other hand, the attractive force dominates between them at

respectively. Figures(8) and (b) denote the results with 2:2 Stronger electrostatic couplirig2—-14,16,3% These results
and 2:1 additional salt ions, respectively. In Fig. 6, we find@'€ not consistent with the mean-field DLVO theory, which
that the maximum value oP(r) deviates from zero and predicts a purely repulsive electrostatic force between like-
takes a positive value, as the concentration of added salt iorff!arged colloidal particles. The main reason of such discrep-
¢ becomes large. ancy is that the Poisson-Boltzmann equation neglects ion-ion

Rouzina and Bloomfield have theoretically analyzed thecorrelations and fluctuation effects. In regard to the electric
attraction between like-charged planer surfaces at a shoftoubPle layer of charged colloids, we confirm that in the the-
separation3]. Linse and Lobaskin have applied their theory oretical treatment the_contmuum mean-ﬂeld approximation
into a spherical geometry, and proposed a criterion that the30—33 is not appropriate to describe this problem, but the
attraction can happen when the coupling paramEtebeys pr|m|t|ve-model_approach_ mclud!ng the ion-ion correlation
I'~2 or larger[12]. Here the coupling parametdtis de- ~ and the fluctuation effect is required.

fined to be IV. CONCLUSIONS
1/2 2
Fz(i) q_)‘b (6) In conclusion, charge inversion phenomena of a colloidal
4mq) di2+rg particle are numerically investigated. We have clarified the
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microion density profile on a charged colloidal partio|ér) plings, which are neglected in the mean-field theory.
and the integrated charge distribution functi®{r) by Note that such charge oscillation phenomena will have
Monte Carlo simulation. The calculated results have showprounounced effects on the interaction between charged col-
that the density profiles of multivalent salt ions contradictloids. In the framework of DLVO theory, charged colloidal
with the prediction by the Gouy-Chapman theory. Espeparticles are surrounded by oppositely charged counterions
cially, charge oscillation and charge inversion have beemnd the overlap of the counterion atmosphere produces re-
confirmed where the net charge of a macroion inverts itgulsive interaction between like-charged colloidal particles.
sign. These results have confirmed the theoretical predictiogyr results have indicated that the above picture does not
in Refs.[35] and[36], where charge inversion can occur on hold any more when the concentration of multivalent salt
a spherical colloidal particle with multivalent microions. Itis jons is sufficiently high, because the microion density profile
expected that these phenomena will be observed directly byn the electric double layer becomes drastically different
electrophoresis experiments. from that described in the traditional DLVO thedffpr ex-

A correct description of the nonlinear screening effect isample, see Fig.(8)]. In addition, we mention recent studies
very important in order to understand the physical propertiesy regard to the association of rodlikg-virus particles by
of soft matter, such as colloidal suspensions, lipid memmuitivalent ions[25]. It is highly possible that such associa-
branes, and biological polyelectrolytes. From recent studiegion of rodlike colloids is caused by the anomalous behavior
it has been suggested that multivalent counterions are comsf the electric double layer, adding a sufficiently large
densed and form a two-dimensional strongly correlated ligamount of multivalent salts. These results will shed light on

uid at the surface of a macroid@5]. Deserno, Holm, and  the microscopic origin of fluctuation-induced attraction be-
May have performed molecular dynamics simulations andween polyelectrolytef24,45,46.

studied the counterion condensation in a solution of highly

charged rigid polyelectrolytdgl4]. They have indicated that
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