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Abstract

Models of surfaces with intrinsic ionisable amphoteric surface sites governed by the dissociation of acid—base potential determining ion species
together with the capacity for the adsorption of anion and cations of the supporting electrolyte are required to describe both the results of
electrokinetic and titration measurements of inorganic oxides. The Gouy—Chapman-Stern—Grahame (CGSG) model is one such model that has
been widely used in the literature. The electrical double layer interaction between two dissimilar CGSG surfaces has been studied by Usui recently
[S. Usui, J. Colloid Interface Sci. 280 (2004) 113] where erroneous discontinuities in the slope of the pressure—separation relation were observed.
We revisit this calculation and provide a simple general methodology to analyse the electrical double layer interaction between dissimilar ionisable

surfaces with ion adsorption.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The Gouy—Chapman-Stern—-Grahame (CGSG) or site-bind-
ing model [1] has been used successfully to model and recon-
cile electrokinetic surface potential measurements of inorganic
oxides with surface charge data derived from titration experi-
ments. In this model, intrinsic amphoteric ionisable groups of
the oxide surface develop a net charge in response to the so-
lution concentration of potential determining ions or pH. In
addition, the model also allows for the specific adsorption of an-
ions and cations of the supporting electrolyte at the Stern plane.
It is through the combined recognition of the ionisation of in-
trinsic surface groups and of ion binding in the CGSG model
that made it possible to model both electrokinetic and titration
data [2]. On the other hand, the CGSG model for oxides had not
be been used extensively to model the electrical double layer in-
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teraction between oxide surfaces. As the state of charge of such
surfaces depends on the adsorption and desorption of both po-
tential determining ions and supporting electrolyte ions, neither
the surface charge nor the surface potential are kept constant
during interaction. Such surfaces are referred to as charge reg-
ulating surfaces.

Some time ago, the electrical double layer interaction be-
tween regulating amphoteric surfaces, where there is no ad-
sorption of supporting electrolyte ions, was analysed in detail
for both identical [3] and non-identical surfaces [4] using the
Poisson-Boltzmann (PB) model. Numerical results for the in-
teraction between non-identical surfaces held at different com-
binations of constant surface charges or surface potentials were
given in [5] which generalised the earlier work that focused
on the interaction between dissimilar surfaces held at constant
surface potential or constant surface charge [6]. More recently,
interactions between dissimilar surfaces bearing a single type of
ionisable groups [7] as well as more general surface ionisations
reactions [8] have been studied. Within the PB model, the inter-
action between flat surfaces can be obtained without having to
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solve explicitly for the potential distribution in the electrolyte
between the surfaces.

Recently, Usui [9] used the CGSG model to re-examine the
electrical double layer interaction between two surfaces that
have like signs but different potentials at infinite separation. The
model was designed to model oxide surfaces with amphoteric.
This study produced results that contained unexpected abrupt
changes in slope in the pressure versus separation curves. This
work suggested that previous results obtained with the Gouy-
Chapman model [9] where the force of interaction can change
from repulsion to attraction at some particular separation were
not observed using the CGSG model of the double layer.

In this paper, we revisit the CGSG model for the electri-
cal double layer interaction between two like charged surfaces
which have potentials of the same sign but different in mag-
nitude when they are at infinite separation. We follow the for-
malism developed earlier [4,5] to develop a general approach to
analyse the double layer interactions under the CGSG model.
We will show that the earlier calculation [9] was incorrect in
suggesting that there were discontinuities in the slope of the
variations of the pressure with separation.

2. Formulation
2.1. Surface potentials and charges

A schematic of the Gouy-Chapman-Stern—Grahame
(CGSG) model is depicted in Fig. 1 and the we recall the main
features of this model [1]. The interacting oxide surfaces de-
velop a surface charge as a result of the dissociation of proton
from amphoteric surface groups:

AHJ & AH+HT, AH &A™ +HT. (1)

These reactions are characterised by dissociation constants K
and K_ according to the mass action equations

[AH]H exp(—eyo/kT)

Win Vi)

where H is the bulk concentration of H* ions and v, is the po-
tential at the oxide surface. In the CGSG model, similar surface
complexation reactions are assumed to occur in the Stern plane
for cations and anions that make up the univalent electrolyte:

AHFX™ & AHf + X7, A MT &A™ +MT. ®3)

These reactions are characterised by dissociation constants K a
and K¢ for the anions and cations,

[AHJ Jcexp(+eyrg/kT)
=Ka,
[AHS X1
[A7]cexp(—eyp/kT)
[A7M+] - KC’ (4)

with ¢ being the bulk (molar) concentration of univalent elec-
trolyte M*X~. The potential at the Stern plane is denoted by

¥g (see Fig. 1).

With Ns ionisable sites per unit area of the oxide surface, the
surface charge density on the oxide surface is (e is the protonic
charge)

. [AHJ 1 —[A7]+ [AH; X"] - [A~MT]

e

*[AH] + [AHS ] + [A—1+ [A-M+] + [AH] X

= eNs(Xo, (5)

Op =

and the surface charge density in the Stern layer, due to bound
ions and assuming the same number of ionisable sites as at the
oxide surface, is

[A~MT] — [AHS X"]
[AH] + [AHF ]+ [A~] 4+ [A~M*] + [AHF X]
= eNsaﬂ. (6)

O'ﬂ =€Ns

The degree of ionisation at the oxide surface «o and at the Stern
plane «g is defined by these equations with —1 < ag, ag < 1.
In the CGSG model, the relations between the potential at
the oxide surface v, the potential at the Stern plane v, and
the potential at the boundary of the diffuse double layer 4, are
related to the surface charges by the capacitances (per unit area)
of the inner layer K;j and outer layer K, of the Stern region (see
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Fig. 1. Schematic diagram of the Gouy—Chapman-Stern—-Grahame model of interacting oxide surfaces.



152 D.Y.C. Chan et al. / Journal of Colloid and Interface Science 296 (2006) 150-158

Fig. 1). These relationships are

00 = Ki(¥o — ¥p), (72)
op=—Ki(Yo — ¥p) + Ko(¥p — ¥d). (7b)

2.2. Interacting diffuse double layer

Outside the Stern layer, the potential in the diffuse dou-
ble layer is given by the Poisson-Boltzmann (PB) model (see
Fig. 1). In terms of the scaled potential y(x) = ey (x)/kT,
the PB equation reads d?y/dx? = «2sinh y, where k = (2ne?/
eoerkT)Y2 is the reciprocal of the Debye length and n =
(1000cNp) is the number concentration of the electrolyte. We
consider the case in which the potentials on each surface have
the same sign and we can without loss of generality assume
that the sign is positive. It is well known that solution of the PB
equation in this case has two different forms:

(a) If a potential minimum yy, (see Fig. 1) exists between
the two surfaces, the interaction is always repulsive and the
separation L is related to the force per unit area or pressure
P =2nkTp by

kL=xL1+«L>

Yd1 Yd2
y dy

d
:/JZ(COShy—p—l)+/\/2(Coshy—p—1)
ym Ym

= 2exp(—ym/2)[F(7t/2,m) — F(¢1,m) — F(¢2,m)], (8)

where F(p,m) = [{d0/v1—msin?¢ is the elliptic inte-
gral of the first kind [10], with m = exp(—2ym) and ¢; =
arcsin(exp[—(vg; — ym)/2]), i =1, 2. In this case, the scaled
surface is related to the potential minimum yy, by p =
(coshym — 1) > 0. It is useful to express the integrals in terms
of elliptic integrals as in Eq. (8) since the integrands have inte-
grable singularities at the lower limit y = ym.

(b) If a potential minimum does not exist between the two
surfaces, the interaction may be repulsive (p > 0) or attractive
(p < 0) and the separation L is related to the scaled pressure p

by
yd1
_ dy
) J2(coshy—p—1)°

Yd2

kL

©)

This integral can be evaluated numerically since the integrand
is finite over the range of integration. This result applies even
in the case where yq1 and yq2 have opposite signs.

For a given value of the scaled pressure p, the graphical
analysis described below will help determine whether Eq. (8)
or (9) is the appropriate equation to use to calculate the separa-
tion L.

Finally, the relationship between the scaled pressure p and
scaled diffuse layer potentials yg1 and yqp follows from the
electroneutrality or Gaussian electrostatic boundary conditions

x=0:
—Sogra =001+ 081
= (keoerkT Je)[4sinh? (ya1/2) — 2p]*/?
= —od1, (10)
x=1L:
d

808ra =002 + 082

= —(ceosrkT [€)[45inh?(yg2/2) — 2p]"/°

= —oq2, (11)

where oy is referred to as the diffuse layer charge.
2.3. Analysis and method of solution

While the electrical double layer interaction in the CGSG
model can be obtained by solving Egs. (1)-(11), a practical im-
plementation requires choosing the appropriate variables to use
in a numerical scheme. In general terms, Egs. (10) and (11)
relate the scaled pressure p to the scaled diffuse layer poten-
tials yq1 and yg2, and the separation can then be obtained from
either Eq. (8) or (9). Specifically we will delineate the steps re-
quired to solve Egs. (10) and (11) for an appropriate value of
the scaled pressure p and then choose either Eq. (8) or (9) as
required to calculate the separation corresponding to the scaled
pressure.

Using Egs. (2) and (4), the expressions for the degree of ion-
isation o and ag can be written in terms of the scaled potential
Yo using Egs. (2), (4) and (7):

SoSinh(yn — yo0)dg sinh(yao — 1)

= , 12

%o 1+ 8o cosh(yn — yo) + 8 cosh(yao — 1) (12)
dgsinh —
ap = B (Yoo — 10) . (13)
14 8o cosh(yy — yo) + 8g cosh(yao — 1)
The various constants in Egs. (12) and (13) are given by
ApK =pK_ — pKy.,
8o =2(K_/K)Y? =2 x 1072PK/2,
K_ 1/2
8}3 = 2C< ) k]
K KaKc
1
PHo = 7 (PK+ +pK-),
ApH =pH, —pH,
2
e Ns

=In(10)ApH, =—,

ynv =In(10)Ap Y =T
1

n= |n(10)|:§(pKA —PKc) +pH, — DH] (14)

These dimensionless constants in (14) depend on the intrin-
sic properties of the ionisable surfaces, the various dissociation
constants and the ionic composition of solution. In deriving
Eqg. (12), we have used Eg. (7a) to eliminate yg in favour
of y, to obtain an implicit equation for «p in terms of y,
which is straightforward to solve numerically. Once o, and y,
are known, ag can be calculated from Eq. (13). Then using
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Fig. 2. The degree of dissociation at the oxide surface «q and at the Stern plane
ag of each surface as functions of the potential yo for data in Tables 1 and 2 at
pH 6 and electrolyte concentration ¢ =1 mM.

Eqg. (7b), the diffuse double layer potentials yq1 and yqz at each
surface can be related to y, by the corresponding equation at
each surface:

K.
deYO—V{ao+—|(ao+aﬂ)}~ (15)
Ko

In Fig. 2, we show the variation of the degree of dissocia-
tion oo and ag in terms of y, for system parameters given in
Tables 1 and 2. These results are obtained by the solution pro-
cedure described above.

In order to visualise qualitatively the variations of the pres-
sure with separation we generalise the method developed pre-
viously for analysing the double layer interaction between dis-
similar surfaces [4,5]. We plot the square of the total surface
charge density o2 = (0, + 03)? for each surface as functions of
va (Fig. 3). At any separation, the total charge o and the diffuse
layer scaled potential yq of each surface must lie on the corre-

Table 1

Parameters for both model oxide surfaces

Ns (sites/cm™2)  Ka (M)  Kc (M)  Kj (UF/ecm™2) Ko (UF/cm™2)
5 x 1014 1 1 140 20

Table 2
Values for ApK and pH, of the model oxide surfaces (the solution pH = 6 and
the electrolyte concentration is ¢ = 1 mM)

Surface ApK pH,
1 3 9
2 2 7

sponding o2(yq) curve. Thus the o-2(yq) curve may be regarded
as the equation of state for each surface.

Also plotted in Fig. 3 is the function s(yq) = (2keoer X
kT /e)? sinh?(yg/2). From Egs. (10) and (11), we see that the
vertical distance between s(yq) and each charge density curve
for o2 is proportional to the scaled pressure p. The pressure on
each surface must, of course, be the same. As the separation be-
tween the surfaces changes, each surface must travel along its
own o2 curve but the position along each 2 curve must main-
tain the same vertical distance from the curve s(yq) since this
distance is proportional to the pressure between the surfaces.

At infinite separation where the pressure on each plate is
zero, each surface will be located at yg7 and yg3, respectively,
where the o2 curves intersect the s(yg) curve. As the separa-
tion decreases, the scaled potential ygo of surface 2 (surface 2
is designated as the surface with the lower y3°) will increase
monotonically along 022 and correspondingly yq1 will move
along 012 while maintaining the same vertical distance from the
curve s(yq) as yg2. This will continue until both surfaces reach
the point yj at zero separation L = 0, when both surfaces will
attain the same scaled diffuse layer potential: yg1 = y§ = ya2.

Between y3s and y3, (where oy = 0), 02 = (002 + 0p2) is
positive and has the same sign as o1, S0 a potential minimum
will exist between the surfaces and thus Eg. (8) should be used

0.00020 - . -
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©
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Fig. 3. The square of the total charge for each surface 02 = (00 + 05)2 as functions of the potential yq. Superimposed is the curve for (2:<sosrkT/e)2 sinhz(yd/Z)

for data in Tables 1 and 2 at pH 6 and electrolyte concentration ¢ = 1 mM.
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to calculate the separation. Between ygz and yj, o2 is negative
and has the opposite sign to o1, so a potential minimum will
not exist between the surfaces and thus Eq. (9) should therefore
be used to calculate the separation. During the course of the
interaction, the total charge of the surface with the lower y;°
(which we have designated as surface 2) will always change
sign.

This method of visualising the evolution of the diffuse layer
potential yq and the total surface charge density o = (oo + o)
of each surface provides a simple and systematic way to track
and compute the relationship between the separation L and the
scaled pressure p using either Eq. (8) or (9) as appropriate. Thus
by using the scaled potential yq2 as the parametric variable and
by stepping monotonically from yg5 to yj we can compute the
pressure and the corresponding separation at each step.

3. Resultsand discussion

We provide numerical results to illustrate the behaviour of
the CGSG model using parameters given in Tables 1 and 2 at
a solution pH = 6 and 1:1 electrolyte concentration ¢ = 1 mM.
These are representative data for inorganic oxide systems.

3.1. Pressure

As an illustration of the differences between the double layer
interaction in the CGSG model, constant potential and constant
charge, we compare the variation of the pressure for these three
cases as functions of separation in Fig. 4. For this set of input
parameters, the pressure predicted by the CGSG as well as the
constant surface charge model is monotonic and repulsive for
all separations. For this case of non-identical surfaces with like
signs, the pressure for the constant potential model is repulsive
for large separation but becomes attractive at small separations.
The constant potential model corresponds to perfect regulation.
As expected, the CGSG pressure lies between the constant po-
tential and constant models.

3.2. Surface potentials

In Fig. 5 we show variations of the scaled potentials at the
oxide surface yo, at the Stern plane yz and at the diffuse layer
yg at each surface as functions of the separation. The poten-
tials yo1, yg1 and yq1 at surface 1, the surface with the higher
diffuse layer potential yq at infinite separation, are quite fea-
tureless. The percentage variation of these potentials is small
for all separations and it behaves almost like a constant poten-
tial surface.

On the other hand, there are a number of interesting fea-
tures in the variations of the potentials on the surface 2, the
surface with the lower diffuse layer potential yq at infinite sepa-
ration. At large separations, the relative magnitudes of the three
potentials are yo» > yg2 > yd2. As the separation decreases,
the diffuse layer potential ygo increases rapidly and at « L be-
tween 0.5 to 0.7, the order of the relative magnitudes reverses
t0 yo2 < yg2 < yd2 SO that at small separation, yg> changes

20

-
(63}

-
o

Scaled Pressure (P/2nkT)

Fig. 4. The pressure as a function of the separation for data in Tables 1 and 2
at pH 6 and electrolyte concentration ¢ = 1 mM. Corresponding results for in-
teraction at constant surface potential P¥ and at constant surface charge P,
all with the same diffuse layer potentials yg7 and yg5 at infinite separation, are
given for comparison.
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Fig. 5. Variations of the scaled potentials at the oxide surface yq, at the Stern
plane yg and at the diffuse layer yq at each surface as functions of the separation
for data in Tables 1 and 2 at pH 6 and electrolyte concentration ¢ = 1 mM.

from the lowest to the highest of the three potentials on sur-
face 2. As the separation L approaches 0, we note as expected
that the diffuse layer potential of both surfaces becomes equal:

Yd1 =Yg = Yd2-
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Fig. 6. Variations of the surface charge density at the oxide surface oo, at the
Stern plane og and the total charge density o = oo + o4 at each surface as
functions of the separation for data in Tables 1 and 2 at pH 6 and electrolyte
concentration ¢ =1 mM.

3.3. Surface charge densities

The behaviour of the surface potentials with separation is
mirrored by the variations in the surface charge at the oxide
surface o, and at the Stern plane og (see Fig. 6). The charge
density that varies the most with separation is the charge o2
at the oxide surface of surface 2 which changes sign at « L ~
0.7. Hence it is the change in ionisation of the surface groups
at the oxide surface with the lower diffuse layer potential at
infinite separation that is mainly responsible for the variation of
the potentials seen in Fig. 5.

T T T T
1.08 .
X
1.041 [X_]100 i
1 ]
1 1 1 1 kL
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1.02 T T T T
0.98} [M*]4
M*T1oo

0.94 -

L xL

0 05 10 15 20 25
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3.4. lon concentrations at the Stern plane

To illustrate variations in the anions and cations concentra-
tion at the Stern plane during interaction, we plot the ratio of
the ion concentration at the Stern plane relative to the bulk con-
centration at each surface in Fig. 7. We observe that the changes
in the concentration of ions at the Stern plane on surface 1 (the
surface with the higher diffuse layer potential at infinite sepa-
ration) are relatively small with variations in separation. This
is consistent with the earlier observation that the potentials on
surface 1 hardly vary. On the other hand, variations in the con-
centration of anions and cations at the Stern plane of surface are
of the order 30 to 50% of the bulk value.

3.5. Different surface properties

We can obtain interesting non-monotonic behaviour in the
pressure and surface potential by changing the properties of sur-
face 2, the surface with the lower surface potential at infinite
separation. To illustrate this, we use pH,, = 6.55 for surface 2
instead of pH,, = 7 (Table 2), while keeping all other surface
parameters the same as before including a solution pH = 6 and
¢ =1mM of 1:1 electrolyte. With this change, the pressure is
no longer a monotonic function of separation (see Fig. 8). This
behaviour is a consequence of the variations in relative curva-
ture between the function s(yq) = (2kgoerk T /e)? sinhz(yd/Z)
and the total charge curve azz(yd) of surface 2 because the varia-
tion of the pressure with separation is determined by the vertical
distance between these two curves (see Fig. 9). In Fig. 10, we
see that the non-monotonic behaviour of the pressure with sep-
aration is also mirrored in the variations of the surface potential
at surface 1, the surface with the higher diffuse layer potential
at infinite separation. Similarly, the density of ions at the Stern
plane of surface 1 is also a non-monotonic function of sepa-
ration, Fig. 11. The potential and charge on surface 2 remain
monotonic with variations in separation (not shown). However,
in both cases such variations are small in relative terms.

In Fig. 12 we demonstrate possible characteristics of the
pressure upon changing the isoelectric points of the surface

1'6 T T T T

1.4

1.2

0 05
10 T T T T

0.9}

M*]

0.8 ]
[M*]2c0
0.7 i
0.6 ! I ! 1 kL
0o 05 10 15 20 25

Fig. 7. Variations of ratio of cation and anion concentrations at the Stern plane of each surface relative to the corresponding bulk concentrations as functions of the
separation for data in Tables 1 and 2 at pH 6 and electrolyte concentration ¢ = 1 mM.
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Scaled Pressure (P/2nkT)

Fig. 8. The pressure as a function of the separation at pH 6 and electrolyte
concentration ¢ = 1 mM for data in Tables 1 and 2 except pHy, = 6.55. Corre-
sponding results for interaction at constant surface potential P¥ and at constant
s.ur.face charg_e P, aII.With the same d_iffuse layer potentials yg; and ygs atin-
finite separation, are given for comparison.

with the lower surface potential at infinite separation (surface 2)
whose surface properties are key in determining the form of
the pressure vs separation curve. Take, for instance, two sur-
faces with isoelectric points: pH,, = 6.50 and pH,, = 6.55.
The double layer interaction takes place under the same so-
lution pH = 6, electrolyte concentration ¢ = 1 mM and other
system parameters as given in Tables 1 and 2. As a result
of subtle differences in the curvatures in the charge curve of
the surface with the lower surface potential at infinite sepa-
ration (surface 2) and the diffuse layer charge curve s(yq) =

(2keoerkT /€)% sinh?(yq/2) (see Fig. 9), this slight change in
the isoelectric point can result in the pressure having a nega-
tive region that corresponds to an attraction at small separations.
The observed non-monotonic variation of the pressure with sep-
aration can also be brought about by increasing the solution pH
by about 0.5 units while keeping the isoelectric point of sur-
face 2 constant at pH,, = 6.0. The reason for this is that this
increase in solution pH also has the effect of bringing the charge
curve of the surface 2 and the diffuse layer charge curve s(yq)
closer together.

The key observation is that the general behaviour of the
variation of the pressure with separation is controlled by the
characteristic curvature and the relative position of the charge
curve of surface 2, the surface with the lower surface potential
at infinite separation relative to the diffuse layer charge curve
s(yq). The precise magnitude of the pressure variations can ob-
viously be affected by changing the adsorption characteristics
of the supporting electrolyte M+X~ and the pK values of the
amphoteric ionisable groups on surface 2; however, such effects
are less important provided the isoelectric points of the two in-
teracting surfaces are more than about 2 pH units apart.

Finally, in Fig. 13 we compare the variations of the interac-
tion energy per unit area obtained by integrating the pressure
with respect to separation for pH,, = 6.5, 6.55 and 7. The max-
imum and minimum in the pressure in Fig. 8 for pH,, = 6.55
give rise to an inflection in the energy curve.

More generally, the appearance of van der Waals loops in the
pressure as shown in Fig. 12 suggests the possibility of a phase
equilibrium or phase separation when such dissimilar plates are
stacked in an alternating lamella configuration.

4. Summary

In this paper, we outlined a simple procedure to analyse
the behaviour of the electrical double interaction between simi-
larly charged oxide surfaces described by the Gouy—Chapman—
Stern—Grahame model. Numerical results for variations of the

0.00020 ' ; '

0.00015 Vel
(q\] |
< KT \2
& (ﬂ)e_sz) Sinhjyd/2]2
g 0.00010f
(o]
b -

0.00005

%9 1 2 3

Fig. 9. The square of the total charge of each surface 02 = (00 + aﬁ)z as functions of the potential yq. Superimposed is the curve for (2K€0£rkT/€)2 sinhz(yd/Z)
at pH 6 and electrolyte concentration ¢ = 1 mM, for data in Tables 1 and 2 except pH,y = 6.55.
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Fig. 10. Variations of the scaled potentials at the oxide surface yo, at the Stern plane yg and at the diffuse layer yq at each surface as functions of the separation for
data in Tables 1 and 2, except pHy, = 6.55, at pH 6 and electrolyte concentration ¢ = 1 mM.

T T T T 10
1.002 L
0.9
0.998 [M*]4 0.8
[M* 10
0.7
0994 1 1 1 1 ] KI— 06 1 1 1 1 KL
0 05 10 15 20 25 0 05 10 15 20 25

Fig. 11. Variations of ratio of cation and anion concentrations at the Stern plane of each surface relative to the corresponding bulk concentrations as functions of the
separation at pH 6, electrolyte concentration ¢ =1 mM and for data in Tables 1 and 2, except pH,, = 6.55.

pressure, surface potentials at the oxide surface and at the Stern
plane, as well as ion densities at these two planes, are given.
This model gives rise to non-monotonic behaviour of the pres-
sure which can be tested by direct force measurements. There
may be implications of this non-monotonic behaviour arising
from dissimilar double layer interactions in the context of par-
ticle capture in bubble flotation phenomena.

More generally, we presented a method outlined in Sec-
tion 2.3 to extract qualitative features of the pressure—separation
curves. This method is an extension of the method used to
analyse the simpler Gouy—Chapman model [4]. In particu-
lar, features such as the existence of maxima, minima or sign
changes in the pressure—separation behaviour can be deduced
from a plot of the variation of the square total surface charge
density on each surface with the diffuse layer potential (see
Fig. 3). Such a diagram can also be used to predict and track
the qualitative variations of the diffuse layer potentials and the
variations of the total surface charge densities on each surface.

This method of analysis can readily be extended to consider in-
teraction between surfaces of opposite signs under the CGSG
models or other generalisations of the regulation model.

The method employed in this paper to calculate the relation
between the pressure and the separation by using either Eq. (8)
or (9) is simpler than earlier method [5] that involved the con-
sideration of multiple cases and the needs to compute elliptic
functions. This simplicity also avoid the possibility of invalid
results [9].
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Fig. 12. A comparison of the pressure as a function of the separation at pH 6 and
electrolyte concentration ¢ = 1 mM for data in Tables 1 and 2 for two different
values of the isoelectric point of surface 2: pH,, = 6.5 and pH,y = 6.55.
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