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Effect on interfacial properties of silver halides
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Abstract Isoelectric point of silver halides depends on pH
due to charging of interfacial water layer. The isoelectric
point of water at inert and hydrophobic surfaces lies at pH ~
3 so that water at surfaces is negatively charged in the pH
region above 4. Consequently the electroneutrality point of
silver halides pAg.l, in aqueous environment, with respect
to adsorption of silver and halide ions, does not correspond
to the isoelectric point pAgiep measured at pH ~ 6, as previ-
ously assumed. The effect of assumed value of pAgie, was
examined. The equilibrium constants for adsorption of silver
and halide ions on silver chloride and silver bromide were
calculated for the range of assumed pAgie, values ranging
from isoelectric points measured at pH = 6 to pH = 3. The
values of pAgiep obtained at pH = 3 was taken as pAgemn
and the corresponding equilibrium constants of interfacial
reactions were obtained.

Keywords Single crystal electrode - Silver chloride -
Silver bromide - Surface potential - Electrical interfacial
layer - Equilibrium parameters - Interfacial water layer

1 Introduction

Electrokinetic measurements of gas bubbles (argon or nitro-
gen) in aqueous electrolyte solution show negative surface
charge (charge of electrokinetic stagnant interfacial water
layer) in the broad pH region above 4, and positive charge
in the pH region below 3 (Takahashi 2005; Yang et al. 2001;
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Najafi et al. 2007). This finding was interpreted as prefer-
ential accumulation of OH™ ions at the surface, with re-
spect to H' ions (Liitzenkirchen et al. 2008). Similar find-
ings were observed with other inert (hydrophobic) materi-
als, such as hydrocarbon oils (Beattie and Djerdjev 2004;
Marinova et al. 1996), Teflon (PreocCanin et al. 2011), ice
(Kallay et al. 2003), diamond (Hértl et al. 2007; Horinek
et al. 2007), etc. Electrokinetic potentials of gas bubbles and
other “inert” surfaces were recently reviewed by Healy and
Fuerstenau (2007) and by Kosmulski (2012). Summary of
electrokinetic literature data are presented in Fig. 1.
According to results obtained for inert aqueous inter-
faces, one may assume that water layer at any, especially
inert hydrophobic surfaces, exhibits special structure and
properties being charged depending on pH. Properties of hy-
drophobic silver halides were examined by measuring sur-
face potential by means of single crystal electrodes and the
interfacial equilibrium parameters were evaluated (Kallay
et al. 2008; Preocanin et al. 2009, 2010a, 2010b, 2011). Re-
cently, it was observed that interfacial water influences in-
terfacial equilibrium of hydrophobic silver halides, directly
(hydration of ionic species and permittivity) but also trough
additional pH dependent electric field (Kallay et al. 2012).
Electrokinetic behavior is result of a net charge of parti-
cle surface and of the thin water layer (stagnant layer).
In electrophoresis the stagnant water layer moves together
with particles. Consequently, the electrokinetics (charge,
mobility and potential) is a measure of both surface charge
and the charge of the interfacial water layer. Thus, elec-
trokinetic experiments are suitable tool to study effect of
charging of the interfacial water layer on interfacial prop-
erties of colloids (Hunter 1981). In the case of metal ox-
ides, metal hydroxides, and most of the organic materi-
als, potential determining ions are HT and OH™ ions so
that surface charge depends on pH (Stumm et al. 1970;
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Fig. 1 Electrokinetic data for different aqueous systems:
air (A, c¢(NaCl) = 1073 moldm™3, Yang et al. 2001), ice
(@, ¢(NaNO3) = 103 moldm=3, Kallay et al. 2003), dia-
mond (4, c¢(KCl) = 1073 moldm 3, Hirtl et al 2007), oil
(M, ¢(NaCl) = 4 x 10~4 moldm~3, Beattie and Djerdjev 2004),
Teflon (O, ¢(KCI1) = 103 mol dm™3, Preocanin et al. 201 1)

Yates et al. 1974). The charge of interfacial water is also
pH dependent so that one cannot simply separate these pro-
cesses, i.e. binding or release of H* and OH™ ions on/from
active surface sites from accumulation of these ions within
thin layer of water at the surface. For metal oxides both elec-
trokinetic data and surface charge data, as measured by pH
titration of colloids or mass titration, will show cumulative
effect (Liitzenkirchen et al. 2010). To distinguish between
surface reactions and accumulation of H* and/or OH™ ions
within the interfacial water layer one would need to exam-
ine systems for which potential determining ions, being in-
volved in surface reactions, are not Ht and OH™ ions. For
this purpose suitable systems are silver halides. For exam-
ple, silver chloride is charged due to interactions of the sur-
face sites with Ag+ and Cl~ ions, while interfacial water
is charged due to unsymmetrical distribution of H* and
OH™ ions between interfacial layer and bulk of the solu-
tion (Kallay et al. 2008). Silver halides are considered as hy-
drophobic systems (Lyklema 1995) which means that water
is not bound to the surface so that it probably behaves sim-
ilar as in contact with inert surfaces. The only restriction in
experiments involving silver halides is that one should avoid
pH region in which Ag™ ions undergo hydrolysis, i.e. basic
pH region. As expected, surface potential measured by sin-
gle crystal silver halide electrodes (Kallay et al. 2012) does
not depend on pH, since according to the Surface Complex-
ation Model (SCM) surface potential, i.e. electrostatic po-

@ Springer

tential at the solid surface, should be determined by activi-
ties of potential determining silver and halide ions (Kallay
et al. 2008; Preocanin et al. 2009, 2010a, 2010b, 2011). The
situation with electrokinetic properties is somehow differ-
ent since it involves both surface and the interfacial water.
Electrokinetic potential is determined by activities of sil-
ver and halide ions, but also by activities of HT and OH™
ions. For example, at pH = 6 interfacial water is negatively
charged which means that electrokinetic potential is more
negative (or less positive) with respect to the electrokinetic
potential of the system with uncharged interfacial water (i.e.
at pH =~ 3). This effect would result in the shift of isoelec-
tric point to higher pAgiep values in the acidic region. The
shift, expressed as ApAg;e, = pPAgie, (PH3) — pAg;e, (PHO),
was found to lie between 0.5 and 1, depending on the type
of silver halide and the ionic strength (Kallay et al. 2012).
According to the above hypothesis, the mass titration, per-
formed by addition of solid powder to aqueous electrolyte
initially at e.g. pH = 6, should show decrease in pH due to
preferential accumulation of OH™ ions at the interface, as
indeed observed (Kallay et al. 2012).

In the previous articles (PreoCanin et al. 2009, 2010a,
2010b, 2011) equilibrium constants for binding of silver and
halide ions to corresponding silver halides were calculated
by assuming the electroneutrality point being equal to the
isoelectric point measured in the neutral aqueous environ-
ment, i.e. at pH = 6---7. According to above discussion,
these isoelectric points do not correspond to the surface elec-
troneutrality. Therefore, the isoelectric points as measured
in acidic environment should be taken into account. The aim
of this article is recalculate equilibrium constants assuming
different values of the electroneutrality point, ranging from
iep measured in neutral to that measured in the acidic region.

2 Theoretical

The accumulation of HY ions at the interface could be rep-
resented by

+ +
H(bulk) = H(im)

o _HY) (Wi F M
BT e P\ TRT

while for OH™ ions the following relationships are repre-
sentative

OH(_bulk) = OH(_int)
o MO} F
OH™ ™ AoH- P RT (2)
{OH™} - ay+ (-‘I’im : F)
= - eXp
Ke RT



Adsorption (2013) 19:211-216

In above equations curly brace denotes surface concentra-
tion, i.e. amount (number of moles) of relevant species per
surface area, expressed in mol m™2, K, is thermodynamic
equilibrium constant for dissociation of bulk water, while

K} and Koy ° _ are thermodynamic equilibrium constants
for distribution of HT and OH™ ions between bulk and the
interface, corrected for electrostatic effects (also known as
distribution coefficients). Electrostatic potential Wiy, is af-
fecting state of HT and OH™ ions at the interface. Isoelec-
tric point, i.e. pHjep at which interfacial water layer is un-
charged, is determined by the values of K, and K SH, and
slightly influenced by the nature and concentration of the
electrolyte.

Charging process at a silver halide surface could be de-
scribed by the Surface Complexation Model (Stumm et al.
1970; Yates et al. 1974; Preocanin et al. 2009, 2010a, 2010b,
2011). For example, charging processes at silver chloride
surface is assumed as binding of potential determining Ag™
and CI™ ions. Binding of silver ions with chloride being
part of the surface structure (=Cl) results in positive surface
complex denoted as =CI Ag* or more simply by =Ag™

=Cl + Ag(bulk) = =Cl Ag"
Ko { Ag+} "IIO -F
gt = -exp

{(=Agt} - ac- <w0 . F>
= 7V €Xp
KRl RT

the equilibrium constant of AgCl dissolution (Owen and
Brinkley 1938) at 25 °C is Ig I(Agc1 —9.75.

Binding of chloride ions with silver being part of the sur-
face structure (=Ag) results in negative surface complex de-
noted as =Ag CI~ or more simply by =CI™

=Ag+ Cl(b K =

o {=Cl17} Y- F
K. =——-exp
Cl ac|- RT (4)

{ECI_}'aAg+ <_l[/0.F>
=———-exp
KA‘gCl RT

Counterions, such as e.g. nitrate or potassium ions, asso-
ciates with charged surface groups thus partially reduc-
ing surface charge producing surface ion pairs denoted by
=CIAg" - NO; (more simply by =Ag™ - NO3) and/or
=AgCl™ - K+ (more simply by =Cl1~ - KT). Association of
counterions is represented by Egs. (5, 6):

Association of anions

= =AgCl™

=ClAg* + NOjy, = =ClAg* -NO;
=Ag" -NOj —Wy F )
K;]O_ — M . exp(L)
anoy RT
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Association of cations
-t
=AgCl™ +K(bulk) = =AgCl” -K
. {=CI" K"} Ws - F (6)
=——— .exp| ——
K+ s P\ 7Rt

In Egs. (3—6) the following symbolism is used. Species be-
ing part of the solid surface are denoted by =. The corre-
sponding thermodynamic equilibrium constants (tradition-
ally called “intrinsic constants”), KA 4 Ka_ K°O_, and
K¢, are corrected for electrostatic effects. Surface potential
Yy, is defined as electrostatic potential affecting state of sur-
face species =ClAg™ and =AgCl™, while associated coun-
terions (K* and NOy3') are exposed to potential ¥g. KZgCl
is the thermodynamic equilibrium constant of dissolution of
silver chloride (“solubility product”).

Thermodynamic surface equilibrium constants K¢

Kél s KNO, and KO
sohd/hquid interface. They could be evaluated by interpret-
ing different kinds of experimental data. Commonly, one
would use surface charge data obtained by potentiometric
titration of dispersions (Liitzenkirchen et al. 2012). More
recently surface potential data, obtained by means of sin-
gle crystal electrode, were used for that purpose (Zarzycki
2007; Preocanin et al. 2007, 2009, 2010a, 2010b).

Agt’
determine adsorption equilibrium at

3 Evaluation of equilibrium parameters from surface
potential data

Measurements of the surface potential ¥ that affects state
of ionic species bound to the surface could be performed by
using single crystal electrodes (SCrE) (Kallay et al. 2005,
2011; PreoCanin et al. 2009, 2010a, 2010b). By electro-
chemists, this kind of measurements would be considered
as “open circuit measurements” (Yanina and Rosso 2008;
Boily et al. 2011; Shimizu et al. 2012). In the experiment
one measures potential of SCrE with respect to the reference
electrode as a function of the activity of potential determin-
ing ions. To obtain absolute value of surface potential ¥, one
would need to know the point of zero potential (pzp) which
is not always a simple task. In the case of silver halides ¥
is found to be a linear function of pAg with a slope lower in
magnitude than the Nernstian slope (Kallay et al. 2008; Pre-
ocCanin et al. 2009, 2010a, 2010b, 2011). The deviation from
the Nernstian slope is represented by coefficient « defined
as

dyr RTIn10
=—u
dpAg F

@)

Determination of « coefficient does not require knowledge
of pzp and is therefore liberated of any assumption or choice
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regarding the pAgy,, value. Since « coefficient depends on
the values of the equilibrium parameters determining the
surface charge one could in principle obtain these values
from the surface potential measurements (Kallay et al. 2008;
Preocanin et al. 2009, 2010a, 2010b, 2011). However, exper-
imental o coefficients do not yield separate values of equi-
librium constants of e.g. K2g+ and K él*’ but rather their
product. The problems could be solved by knowing their ra-
tio, i.e. the electroneutrality point pAge, being equal to

K 2g+

o o
Kcr : KAgCl

1
pAgeln = -log (8)

2

ClI™
one directly obtains their individual values. In the simple
case when electrokinetic charge is determined solely by ad-
sorbed potential determining ions, e.g. by Ag* and CI~ ions,
one may take electrokinetic isoelectric point pAgie, as the
electroneutrality point pAgel,. However, if electrokinetics is
influenced by the pH dependent charge of water layer at the
surface such a procedure is in principle incorrect. The effect
of the pH on the electrokinetic properties of silver halides
was only recently observed (Kallay et al. 2012), so that the
isoelectric points obtained in neutral aqueous environment
(pH ~ 7) were used in the interpretation of interfacial equi-
librium of silver halides (Kallay et al. 2008; Preocanin et
al. 2009, 2010a, 2010b, 2011). At pH ~ 7 the interfacial
water is negatively charged, thus at iep the surface is pos-
itively charged but not uncharged as assumed in the men-
tioned articles. Therefore, the isoelectric point measured in
acidic region, e.g. at pH = 3, when the interfacial water layer
is uncharged should be taken into account. Consequently,
previous results of surface potential measurements and cor-
responding interpretation of interfacial equilibrium at silver
halide aqueous interface were recalculated, and presented in
this article, for different assumed pAge, values.

By knowing the product and the ratio of KZg* and K

4 Results and discussion

Figure 2 displays thermodynamic equilibrium constants of
interfacial reactions for silver chloride obtained at 25 °C and
ionic strength of 10~ mol dm™ controlled by KNO3. The
calculation procedure was described previously (Preocanin
et al. 2009). The whole pH range of interest was examined.
For that purpose the dependency of isoelectric point on pH
should be known. For example, isoelectric points of silver
chloride were found to be at pAg;., = 4.6 at pH = 6, but
at pH = 3 isoelectric point shifts to pAg;,, = 5.3. Due to
the pH dependent charge of interfacial water layer, the iso-
electric point is not necessarily equal to the electroneutrality
point, so that assumption that pAg., = pAg, could lead
to the incorrectly obtained thermodynamic equilibrium con-
stants of interfacial reaction. Accordingly, in calculations a

@ Springer

5 -
= pH=16 pH=3 AgCl
=0
ok, 5
4 4
3 lg Kln(* lg K;oz
/ lg KAJ
N
2 T 1
g Kcr
1 — T ——
4.5 5.0 5.5
pAgeln

Fig. 2 The effect of assumed electroneutrality point pAge|, on eval-
uated thermodynamic equilibrium constants of interfacial reaction at
silver chloride aqueous interface at 25 °C: binding of silver ions
(Ig KZgQ, binding of chloride ions (Ig K, ), and association of coun-

terions (IgKg, =Ig K;IO,). The product of equilibrium constants

for binding of silver and of chloride ions to corresponding sites,
lg(KZg+ - K2,-), corresponding to incorporation of adsorbed ions into

the crystal structure, is also represented

broad range of assumed pAge|, values, from 4.6 to 5.6, was
covered. As shown in Fig. 2, equilibrium constant for bind-
ing of Ag™ ions to surface sites KZng increases with the
increase of assumed pAg.], values. The opposite trend was
obtained for binding of CI1™ ions. The value of K él* de-
creases. and value of KZg+ increases with pAger, in such a
way that their product remains practically constant. As ex-
pected, the values of thermodynamic equilibrium constant
for association of counterions at the surface was not found
to be sensitive on the choice of the electroneutrality point
PAgein.

The same procedure was applied to silver bromide and
the results are presented in Fig. 3. The isoelectric point of
silver bromide was found to be at pAg;., = 4.5 at pH =06,
but at pH = 3 isoelectric point of silver bromide shifts to
PAgiep = 5.7. Accordingly, in order to obtain representative
values of interfacial equilibrium constants for silver bromide
aqueous interface, the pAge, region from 4.5 to 5.9 was
covered in calculations. Again, the increase of K2g+ and
decrease of K ;r_ with the increase of assumed pAgel, value
was observed, while their product remained practically con-
stant.

It is interesting to analyze incorporation of adsorbed po-
tential determining ions into the solid structure. The fact that
incorporation of adsorbed silver and halide ions into crystal
lattice do not depend on pH additionally supports the results
of this study, since one can hardly imagine that the charge of
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Fig. 3 The effect of assumed electroneutrality point pAgel, on eval-
uated thermodynamic equilibrium constants of interfacial reaction at
silver bromide aqueous interface at 25 °C: binding of silver ions
(Ig KZng), binding of bromide ions (Ig K¢ ), and association of coun-
terions (IgKg, =lg K;IO,). The product of equilibrium constants

for binding of silver and of bromide ions to corresponding sites,
lg(K Zng - Kg ), corresponding to incorporation of adsorbed ions into

the crystal structure, is also represented

surrounded water layer affects the process of incorporation
of adsorbed constituent ions int the crystal lattice.

The incorporation of silver and halide ion (X™) bound to
corresponding surface sites into the surface lattice is repre-
sented by
=XAg" +=AgX™ — 2AgX(s); Ko AusG°® )
The equilibrium constant of transformation and correspond-
ing change in standard Gibbs energy are given by

lg K= _lg(KZg‘*' Ky KXgX);

AysG°=—RTIn K,

trs

(10)

As shown in Figs. 2 and 3 the product of equilibrium con-
stants for charging the surfaces of silver chloride and sil-
ver bromide was found to be practically independent on as-
sumed pAgen value. Accordingly, for silver chloride

1g(K°

et Kao) =434

g KO, = 5.43;

trs

AwsG° = —31.0 kJmol !
and for silver bromide
lg K/igBr = _1228» lg(KZg+ . KI;r_) = 673,

lgKg, =5.55;

trs

AysG° = —31.7 kI mol !

5 Conclusion

Since interfacial water is uncharged in the pH region around
pH = 3, the above analysis results in the correct values of
the interfacial equilibrium constants.

For silver chloride: pAg,, = 5.3, g Kzg+ = 2.6;
1gKél_ = 1.8 and IgKy, = ngI‘\’IO;
bromide: pAg., = 5.7, IgK; . =2.9;1gK;  =3.8 and

Aght T
lgKg, =1g KNO; =4.2.

= 3.0. For silver
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