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Abstract: As the structure of electrical double layer (EDL) is
crucial for the transport properties of in micro/
nanochannels, to demonstrate the effects of the ion-ion
correlations on EDL structures in mixture electrolyte solutions,
the interaction forces between two mica surfaces immersed in
different volume fractions of LaCl,/KCl and LaCl,/MgCl,
mixture solutions with a total ionic strength of 10™* mol/L

ions

were measured using a surface forces apparatus (SFA). The
results reveal that the surface charge of mica surfaces can be
inversed at a critical concentration of La’* ions in electrolyte
solutions, due to the correlations between La’* ions. The
addition of monovalent has negligible effects on ion-ion
correlations, while the charge slightly
suppressed by introducing the divalent ions. The mechanism of
charge inversion in mixture electrolyte solutions was analyzed
based on the strongly correlated liquid (SCL) theory. These
findings provide implications for understanding the effects of
ion-ion correlations on EDL structures, surface charge

inversion was

properties, and ion transportation.
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n microfluidic and nanofluidic channels, the EDL
formed spontaneously as a solid surface in contact with
aqueous electrolyte solutions, which in turn regulates the
magnitude of the net effective surface charge'". The pre-
cise structure and dynamics of the EDL play a crucial role

24 . .
1. When multivalent ions trans-

in nanofluidic transport'
port in the nanochannels, multivalent counterions can in-
vert the sign of net surface charge and change the transport
properties of nanofluidic devices””. That is, charge in-
version occurred. Thoroughly understanding the fundamen-
tal mechanisms of charge inversion with multivalent ions

can provide valuable insights into engineering applications,
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such as chemical sensors™, microfluidic and nanofluidic

[9-11]

devices”™", the manipulation of biomolecules'®, DNA

. 12 13
condensation'"” e

and energy conversion systems

The observations and underlying mechanism of charge
inversion have been widely discussed in recent years.
Early observations of charge inversion mainly occurred in
multivalent solutions. The flows of ions transport re-
versed its directions in nanochannels due to the excessive
adsorption of multivalent counterions on the channel

9-10
walls" ™

. Chou et al. "' developed a simple experimental
setup that can monitor the change of /-potential and the
adsorption time of the charge inverting ions to the surface
of the nanochannel in electrokinetic nanofluidic systems.
It has been observed that charge inversion depends on the
dielectric constant of solvent and charge density of the

14 . 15 .
U 1n our previous work™, we found that ion-

surface
ion correlations play a great role in charge inversion and
can enhance the adhesions between two surfaces. Moreo-
ver, giant charge inversion''”’ can be obtained for a dis-
cretely charged surface in contact with a trivalent electro-
lyte solution, provided that the surface charges are local-
ized at discrete sites and that the concentration of multiva-
lent counterions is sufficiently high. Furthermore, charge
inversion can be induced by divalent and monovalent
ions. Charge inversion was observed when the divalent
Mg’ " ions transport in solid-state nanofluidic nanochan-

7
nels"”

. A negatively charged bacterium membrane can be
inverted to be positively charged due to the strong binding
of Ca’* to the membrane’s phosphate groups'”’. A slight

! occurred in concentrated NaCl solu-

charge inversion'"®
tions confined between strongly charged silicon surfaces,
which depends on the surface charge density, bulk con-
centration, and confinement.

The underlying mechanism of charge inversion has
been a matter of intense debate and it is still far from be-
ing complete, although charge inversion phenomena were
observed in trivalent, divalent and monovalent solutions
in experiments or simulations. Previously, charge inver-
sion was interpreted in terms of specific chemical binding
between multivalent ions and the surface being screened,
which is recommended in the colloid community!'. This
mechanism inevitably depends on the detailed chemical
structure of the substances. However, the simulation sug-
gests that such specific interactions are not necessary for
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. . [19]
charge inversion' .

coarse-grained simulations showed that charge inversion
of peptide surface is largely dominated by electrostatic in-
teractions, with a minor contribution of chemical specific-
ity of salt ions. Ion solvation properties were the key to
charge inversion in liposomes with multivalent ions by

combining electrokinetic measurements and molecular dy-
2]

In biological systems, atomistic and

namics simulations The multivalent cations and its
hydrolyzed forms have great impacts on charge inver-

21 . . .
1 Some new mechanisms of charge inversion, such
[22]

sion
as confinement-induced charge inversion ', well-ordered
nanostructures'™’, and the hydrophobic
effect’™ have also been put forward. The complex inter-
play between the electrostatic and steric interactions
should be coupled to the realistic character of surface
charge to establish a faithful description of the overchar-
ging and charge reversal at heterophase interfaces'”' .

In addition to these underlying mechanisms, ion-ion

counterions

correlations, which are not taken into account in the clas-
sical Poisson-Boltzmann (PB) equation, have been wide-
ly accepted, especially for multivalent ions. The extra ad-
sorption of ions can be mainly attributed to electrostatic
The

electrostatic ion-ion correlations theory was extensively
d[26727]

. . . . . 4
jon-ion correlations between multivalent ions'".

studie: and it successfully explained many experi-

7,10,12,14-15,28 .
', Previous research works about

mental results'
ion-ion correlations focused on one type of multivalent
electrolyte. Mixture electrolyte surroundings are pervasive
in many practical applications, such as separations and bi-
ological systems. The competition adsorption between
ions with different valence, whether monovalent and di-
valent ions enhance or suppress charge inversion, remains
challenging topics for which we still lack a deep physical
understanding, although much work was done. According
to the SCL theory'!, the additional screening caused by
the monovalent species makes the inversion substantially
stronger, because the charging energy of the macroion di-
minishes much more than the correlation energy of the
multivalent ions. In contrast,
charge inversion was hindered by extra monovalent. The
increasing concentration of monovalent ion can suppress
charge inversion and even cause charge inversion to disap-
pear entirely""” U9 showed that the ad-
dition of monovalent ions slightly changed the magnitude
of giant charge inversion. When the surface is weakly

charged, the valence of coions can promote charge inver-
129]

simulations revealed that

. Simulation results

sion at a moderate concentration'”', which can be further
boosted by the action of polarization effects. Neverthe-
less, charge inversion in the presence of multivalent coi-
ons is dampened rapidly with the increasing magnitude of
the surface charges.

In our previous work!”, we provided the direct force
measurements between two mica surfaces in aqueous elec-

trolyte solutions over broad ranges of LaCl, concentrations

and pH values with an SFA. The underlying mechanism
of charge inversion was revealed and the ion-ion correla-
tion forces were detected directly. However, whether the
monovalent and divalent ions can enhance or suppress the
charge inversion is unclear. To further clarify the effects
of ion-ion correlations on charge inversion by mixture
multivalent ions, in this work, we experimentally investi-
gated the charge inversion by mixture counterions in dif-
ferent volume fractions of LaCl,/KCl and LaCl,/MgCl,
mixture solutions with a total ionic strength of 10 * mol/
L. The results were also analyzed based on the ion-ion
correlation theory.

1 Experimental Methods

SFA, which was described in detail previously“s] , was

adopted to directly measure the normal forces F (D) be-
tween two molecularly smooth curved mica surfaces
(mean radius R =2 cm) at closest separation D across
variable concentrations of mixture counterions. SFA is an
ideal technique for studying the interactions between two
charged surfaces. During the force measurements, the
surface separation and interaction is monitored in real-
time in situ by multiple-beam interferometry (MBI) using
fringes of equal chromatic order (FECO). The interaction
forces between two surfaces are measured from the deflec-
tion of a double cantilever spring, and the stiffness of
which can be calibrated before or after experiments. The
spring stiffness in our experiments is 950 N/m. When
two surfaces are approaching or separating, at some criti-
cal point when the gradient of the force dF (D)/dD is
equal to or exceeds the supporting spring stiffness, the
two surfaces will jump-into adhesive contact or jump
apart spontaneously from a critical point.

In this study, muscovite mica, purchased from S&J
Trading Inc., was selected as the molecularly smooth
charge surface. Mica can be easily cleaved to obtain large
atomically smooth surfaces, allowing reproducible clean
substrates to be prepared. About 1 cm’mica sheets were
cut using a hot Pt wire into pieces in a standard way'"'.
A thin silver film of about 50 nm thickness was coated on
one side of the cleaved thin mica sheets of a few microm-
eters in thickness. With the silver facing down, the mica
was glued ( Shell, EPON 1004F) onto a cylindrically
shaped silicon disk before being loaded into the SFA
chamber, facing the other one in a crossed-cylinder con-
figuration, equivalent to the geometry of a sphere over a
flat, as shown in Fig. 1.

For SFA experiments, the reference distance (D =0)
between two mica surfaces was firstly measured by
bringing them into adhesive contact in a dry nitrogen at-
mosphere. Then, the SFA chamber is filled with mix-
ture electrolyte solutions of different volume fractions of
LaCl,/KClI or LaCl,/MgCl, until the two mica surfaces
are immersed. During a typical force measurement, the
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Fig.1 Schematic of the experimental setup

normal force-distance profile F( D) was obtained by an
initial approach to contact and followed by separation of
the two surfaces. Two approach-separation cycles were
repeated in measuring the force laws between the two mi-
ca surfaces with different concentrations of multivalent
ions. Ultrapure water was obtained from a water purifica-
tion system produced by Millipore. Solutions were pre-
pared with the purified water and high purity chemical re-
agents LaCl,, MgCl,, KCI (99. 999%, 99. 99%,
99.999% pure, respectively, from Sigma-Aldrich). All
the solutions were degassed and filtered with a 0. 2 pm
membrane. Experiments were performed at a controlled
temperature of (22.0+0.1)C.

2 Results and Discussion
2.1 Charge inversion of surface in the mixture elec-
trolyte solutions
In electrolyte solutions, counterions accumulate in the
vicinity of solid surfaces to form EDLs due to the electro-

static attraction. Repulsion interactions arise when two
such surfaces approach close due to the overlap of EDLs,

which are strongly affected by the structure of EDLs and
the net charges of surfaces. According to the DLVO theo-
ry, the interaction strengths between two solid surfaces in
the electrolyte solutions are increased with the increase in
solution concentrations.

Fig. 2 presents the measured interaction F/R vs. dis-
tance D between two mica surfaces in mixture LaCl, and
KCI solutions with a total ionic strength of 10 ~* mol/L,
where we gradually increased the amount of La’"ion and
decreased the amount of K* ion. The value of F/R is
equal to 2wE( D) according to the Derjaguin approxima-
tion, where E(D) is the interaction energy per unit area
for two flat surfaces. When there is only KCl in the solu-
tion, the long-range repulsion interaction that originated
from the overlap of the EDLs of two surfaces was firstly
observed with an exponential decay length of (27. 8 +
0.6) nm. Then, the mica surfaces jump-into contact at
the distance of 2.5 nm, with the maximum interaction of
2.2 mN/m. This measured interaction can be explained
by the DLVO theory in monovalent solutions. When the
solution was replaced by fractions of 20% LaCl, and KCl
mixture solution, the repulsion interaction decreased obvi-
ously, as shown in Fig.2(b). The decrease of the inter-
action is contrary to the PB prediction markedly. The dis-
tance of jump-into contact increased to 5.7 nm, with a
small repulsion interaction of 0.4 mN/m.

Generally, the jump-into contact for mica surfaces in
solutions results from the van der Waals attraction force
exceeded the EDLs repulsion force at a short distance. The
distance of the jump-into contact between mica surfaces
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Fig.2
strength of 10 ™* mol/L. (a) 0% LaCl,; (b) 20% LaCl,; (c) 40% LaCl,; (d) 60% LaCly; (e) 80% LaCl,; (f) 100% LaCl,

Interaction forces between two mica surfaces in different volume fractions of LaCl, and KCI solutions with a total ionic
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is less than 4 nm in ultrapure water and low concentra-
tions of electrolyte solutions. It can be speculated that the
additional attraction mechanism underlies the increase of
the jump-into contact distance when LaCl, was added in
the solutions. As our previous work reported'”, the co-
hesive energy of strongly coupled La’"ions can form lat-
erally frozen correlation cells. The system in our experi-
ments may be considered as a collection of laterally fro-
zen correlation cells, each consisting of a single La’* ion
sandwiched between two mica walls with a lateral size of
about half ion spacing. This sandwich structure offers ad-
ditional attraction between mica surfaces and results in the
jump-into contact at a larger distance.

As the fractions of LaCl, in the mixture LaCl, and
KCI solutions increase from 20% to 100% , the repul-
sion interactions increase again. The jump-into contact
distances are between 4.2 and 4. 8 nm, which is larger
than that in monovalent solutions and ultrapure water.
From the force-distance profiles in Fig. 2, the total

repulsion interaction exhibits a minimum value under the
condition of around 20% normal fraction of LaCl,, above
which repulsion reappeared and increased again with the
increasing fraction of LaCl,solution. That is, the charge
inversion occurred on the mica surface.

To clearly demonstrate the charge inversion of mica
surface in mixture electrolytes, we performed additional
experiments with a total ionic strength of 10 ™* mol/L of
LaCl,and MgCl, mixture, where we gradually increased
the amount of La’* ion and decreased the amount of
Mg’ “ion. From the interaction force profiles of Fig. 3,
it also can be found that the interaction forces between
two mica surfaces firstly decreased with the increasing
fraction of LaCl, and then increased with the increasing
fraction of LaCl,. This indicates that the negatively
charged mica surfaces become positive once the LaCl,
concentrations over a critical concentration p ., Where
the surface potential of the mica surface was zero theoreti-
cally.
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Fig. 3

Interaction forces between two mica surfaces in different volume fractions of LaCl, and MgCl, solutions with a total ionic

strength of 10 ™* mol/L. (a) 0% LaCly; (b) 20% LaCly; (c) 40% LaCly; (d) 60% LaCly; (e) 80% LaCly; (f) 100% LaCl,

The charge inversion can be viewed as the continuous
adsorption of additional La’* ions after mica surfaces are
neutralized at the critical LaCl, concentration p,,. The
charge inversion can be also predicted from the maxi-
mum forces before the mica surfaces jump-into contact,
as shown in Fig. 4. We can speculate that there is a criti-
cal LaCl, concentration p, approaching 20% normal
volume fraction of LaCl, and KCIl mixture solutions,
where the surface potential of the mica surface becomes
zero. The mica surfaces have the positive signs and their
respective roles were inverted above the concentration of
Pun- Charge inversion may occur at about 60% normal

volume fraction of LaCl, for LaCl,and MgCl, mixture so-
lutions, as shown in Fig. 4. The mica surface effectively
behaves as if positively charged.

The repulsion between mica surfaces turns into slight
attraction and then repulsion for LaCl,and MgCl, mixture
solutions. This corresponds to a higher La’* concentration
than that of the crossover in the mixture of LaCl,and KCl
solution. This is due to the electrostatic screening effect
in the mixture solution, at the same La’* concentration,
with a higher ionic strength than the pure solution. Also,
the magnitude of all the repulsion interactions between
mica surfaces in LaCl,and MgCl, mixture solutions is
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Fig. 4 Maximum repulsion force before two mica surfaces
jump-into contact in different volume fractions of LaCl,/KCl
and LaCl,/MgCl, solutions with a total ionic strength of 10 ~*
mol/L

smaller than those in LaCl, and KCI mixture solutions.
This is because the surface potential of mica is low due to
the screening effect of divalent Mg’" ions on mica sur-
faces. The difference in interaction magnitudes of 100%
volume fraction of LaCl, between LaCl,/KCl and LaCl,/
MgCl, mixture solutions is attributed partly to the ab-
sorbed Mg’" ions during the replacement of solutions,
which decreased the surface charge of mica surfaces. The
total surface charge became lower than that in the replace-
ment of LaCl,/KCl solutions. It should be stressed that
the concentration of monovalent or divalent counterions in
the neighborhood of the mica surface might be significant
although trivalent counterions are much more strongly at-
tracted.

2.2 Effects of ion-ion correlations on charge inver-
sion

The present measurements of interactions between mica
surfaces in mixture solutions provide direct evidence of
charge inversion. However, they do not provide detailed
information about the underlying molecular mechanisms
of charge inversion. The classical PB equations fail to ex-
plain this controversial phenomenon, which treats ions as
point charges and ignores inter-ion correlation effects. Al-
so, the counterions mostly neutralize the surface charges
but never overscreen the charged surface in the mean-field
PB approximation. Different mechanisms of charge inver-
sion have been put forward over the years. In this study,
we employ the mean-field theory to describe the diffusion
layer, while the SCL theory' was introduced to the Stern
layer to characterize the electrostatic interactions between
the multivalent ions and the surface as well as ion-ion
correlations.

The adsorption of La’* ions on mica can be included in
the Stern layer via the additional energy u. due to spatial
interactions between La’" ions. According to the SCL
theory, the concentration of La’" ions in the Stern layer
can be expressed as

Zegp, ‘,U«c) (1

nzzrionpz’i;’exp( - k T
B

. . . . 34 .
where n is the two-dimensional concentration of La’*ions

in the Stern layer resembling Wigner crystal; r, is the

hydrated ionic radius of La’*ion; p;.. is the bulk concen-
tration of La’'"ion; e is the elementary charge; Z is the
ionic valence; ¢, is the diffuse layer potential; k, is the
Boltzmann constant; and 7 is the absolute temperature.

The additional energy w. is given as
we= —kyT(1.65 =2.61I""* +0.26InI" +1.95) (2)

where [ is the interaction parameter defined as

r (3)

1 (Ze)'o,
T4k, Te, &,

ks

where ¢, &, is the dielectric constant of water; Z =3 for
La’*ions; and ¢, is the surface charge density of bare mi-
ca surfaces. For monovalent ions /'<<1, and the correla-
tion effect is negligible. However, when the ionic va-
lence of Z=3, the correlation effect can provide addition-
al energy for ion adsorptions. The net surface charge den-
sity o, on the mica surface can be described as the sum of
bare charge density o, of the mica and adsorbed La’* ions
as follows:

o, =0, +nZe (4)

For the case when the bare charge is fully compensated
by the multivalent ions, n= | ,/Ze | and o is taken as
zero. From Egs. (1) to (4), a simple analytical predic-
tion for the critical concentration of multivalent ions at
which charge inversion occurs can be expressed as

) o

[

pcinv = zrnge

34 . . .
For La’ " ions used in our experiment, r,, =1.04 nm,

o, =0.5e/nm’, and I" =5.4. The predicted critical con-

io

centration p, is 8.78 x 10 ~° mol/L.

Based on the SCL and PB theory, we take the SCL as
a new boundary for the electrical double layer structure in
the diffusion layer, and the ions away from the SCL are
assumed to obey the Boltzmann equation. In this way,
the effective surface potential ¢, can be fitted from the
measured long-range interaction force laws based on the
double-layer interaction forces and Grahame equation”™' .
The fitted surface potential in Fig. 5 shows an obvious
sign changing from negative to positive. We can estimate
approximately, from the guidelines in Fig. 5, the critical
concentrations for charge inversion in the mixture solu-
tions are at about 12% and 45% fractions of LaCl, with
KCl and MgCl,, respectively. The correspondence con-
centrations of LaCl, solution are 8.0 x 10 ° mol/L and

1.07 x 10 ° mol/L, respectively, which are slightly dif-
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ferent from the theoretically predicted critical concentra-
tion of 8.78 x 10 ~° mol/L.

151
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Fig.5 Fitted surface potentials of mica surfaces in different
volume fractions of LaCl;/ KCI and LaCl,/MgCl, solutions

According to the SCL theory'", the additional screen-
ing caused by the monovalent species makes the inversion
substantially stronger, because the charging energy of the
macroion diminishes much more than the correlation ener-
gy of the multivalent ions the SCL layer. This occurs
while the electrostatic screening is not so strong that the
Wigner crystal melts. However, the experiments here re-
veal that the addition of monovalent ions cannot enhance
the charge inversion of mica surfaces in multivalent ions
solutions.
tions can replace some of the multivalent ones near the
plane in our experimental systems. This replacement did
not take into account in the SCL theory since charge in-
version is exclusively attributed to the highly charged spe-
cies. Also, although charge and excluded volume correla-
tions act simultaneously, the ion-ion correlations effects
can be dominant if the formation of the Wigner crystal is
sufficient. This can justify the slight effects of monoval-
entions on the charge inversion in monovalent and triva-
lent mixture solutions.

The monovalent counterions in mixture solu-

However, the charge inversion
was slightly suppressed when the mica surface was im-
mersed in the mixed solution of LaCl,and MgCl,, which
may be attributed to the competition adsorption of La’"
and Mg’ ions. The correlations between La’* and Mg**
ions are comparable to those between La’* ions. The ad-
ditional energy between correlation La’* ions can also ad-
sorb the Mg,2+ jons, then more La’* ions are needed for
compensating for the charge of mica surfaces. Hence, lit-
tle more La’* ions are needed to form laterally frozen cor-
relation cells. This may be the reason why the critical
concentration of charge inversion in LaCl,and MgCl, so-
lutions is higher than that in pure LaCl,solutions.

3 Conclusion

This paper presents experimental and modeling results
aimed at understanding the effects of ion-ion correlations
on charge inversion in different volume fractions of
LaCl,/KCI or LaCl,/MgCl, mixture solutions with a total

ionic strength of 10~ mol/L. The results show that
charge inversion occurred in both mixture solutions. The
experiments performed here reveal that the monovalent
counterions cannot enhance the charge inversion in the
LaCl,/KCl mixture solutions, which contrast with the
SCL theory prediction of the enhancement of charge in-
version by the addition of monovalentions. However, the
charge inversion was slightly suppressed by introducing
the divalent ions. The electrostatic correlations between
divalent and trivalent ions can also be responsible for this
phenomenon.
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