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zero charge (pzc). In general the pzc is unchanged by varyi
Charge titration data for silver iodide, titanium dioxide, alu-  the concentration of an indifferent electrolyte.

minum oxide, silica dioxide and ferric hydroxide are analyzed using The three most important parameters involved in the study ¢

a generic site binding model that has the Nernst equation as a lim- charged particles are the surface charge deasttye surface po-

iting form. Both the hypernetted chain and the nonlinear Poisson— tentialy, and the diffuse layer potentiéy. Gouy and Chapman

Boltzmann approximations are used to relate the diffuse double- (GCI) (23’4) used thlel::’oiss)c/)n FI)SoItzrrl'naar.m e(l:]JZation to oFl)t)tain i

layer potential to the surface charge, and a zeroth-order Stern layer - - el ;
is used to give the surface potential. Inall casesitisshown thatinthe  diffuse layer potential, which in their model equals the surfac

vicinity of the point of zero charge the Nernst equation accurately ~ Potential. Stern (5) introduced a plane of closest approach to tl

gives the surface charge.  © 2000 Academic Press surface for nonadsorbed ions. Within this ion-exclusion regio
Key Words: Nernst equation; charge titration; site binding; sur- the potential varies linearly with distance, and the water has alo
face potential. dielectric permittivity due to surface-induced structure. Conse

quently the surface potential is greater than the diffuse laye
potential. Grahame (6) refined the model by adding an inng
INTRODUCTION Helmbholtz plane at which unhydrated anions can adsorb, and

i ) i _outer Helmholtz plane which represents the closest approach
Particles in aqueous electrolyte acquire a charge due to eithgl ated cations. Measurements on electrodes such as merc

chemical dissociation of surface groups, preferential physicg) ang silver iodide (7) have provided strong electrochemic:
chemical adsorption of electrolyte ions, or, in the case of &jigence for such a surface region; a typical value of the inn
ionic crystal, preferential desorption or adsorption of ions. Theyer capacitance is 20F cni2, which for a 2A-thick Stern

charged surface of the particles and the associated diffuse e|ger would correspond to a relative dielectric permittivity of 4.5

tric double layer are the major determinants of the stability @{|pstantially less than the 78.4 of bulk water. Accordingly, th

colloidal dispersions, the transport properties of slurries, the self;_.4/1ed Gouy—Chapman—Stern—-Grahame (GCSG) appros

assembly of amphiphiles, the adhesion of surfaces, and Mg includes a Stern layer is preferrable to the GC approach.
other p.henomena begldes. Consequently the charging processyih the GC and the GCSG approaches invoke the Poisso
of collqlds has been_W|der stuo!led (1, 2). Boltzmann (PB) approximation for the diffuse layer potential
The ions involved in the charging process are called potentigy ihe electric double layer. This is a mean field approach th:
determining ions; the surface charge of the colloid varies Wity ates the potential of mean force of an ion in the double lay
the concentration of those ions. In addition there can be an {g-the mean electrostatic potential. As such PB neglects ion
different background electrolyte, the ions of which do not themre|ations, which arise from the electrostatic interactions by
selves bind to the surface, but affect the surface charge infizzen the ions, and from excluded volume effects due to ic
rectly via the diffuse layer potential. For example, for colloidalj;e | recent years more sophisticated statistical mechani
crystals of silver iodide the potential-determining ions are Agechniques have been applied to the electric double layer (for
and I, whereas most other ions are indifferent. For commqgyje\y see (8, 9)), and these show that in certain circumstanc
metal oxides such as TiOAI>O3, SiO,, and FeOOH, Histhe 1o pg approximation can be quantitatively in error (8-16). O
potentlal—determlnlng ion, and.so the surface c'harge is a f‘ﬂrﬂﬁése techniques, the singlet hypernetted chain (HNC) apprc
tion of the pH. The concentration of the potential-determining, 5ion (17), includes both ion size and ion correlations and
ion at which the colloid has no net charge is called the point g5 the right combination of accuracy and tractability that allow

the reliable analysis of experimental data in reasonable compu

L E-mail: lan.Larson@unisa.edu.au. time (10, 15, 16). . . . .
2To whom correspondence should be addressed. E-mail: Phil.Attard@!n general the amount of bound ions, which give rise to th

unisa.edu.au. surface charge, increases as the bulk concentration of t
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potential-determining ion is increased. An equilibrium existEhis shows the amphoteric nature of the surface; at high p
between the ions at the surface and the ions in the bulk suble surface is negatively charged, and at low pH it is positivel
that following an increase in the bulk concentration, ions adsotharged. The MOH groups are thought to arise when an OF
until the surface potential increases to the point where furthien attacks the bond between an oxygen atom and one of t
adsorption is unfavorable. In addition to the effect of the surfaceetal atoms that it bridges, giving rise to two terminal mete
potential, the surface activity or chemical potential of the iorfsydroxide groups.
is also affected by their surface density. The Nernst equationWhile this is the charging mechanism commonly invoked fo
neglects the latter effect and predicts that the surface potentia metal oxides, there is evidence that other chargeable grot
changes by 59.2 mV for each decade of concentration, whichnisly be important, at least for T¥OThe bonds of the bridging
an exceedingly simple and very general result. The prevailiogygens may remain intact and the oxygens themselves may
wisdom is that silver iodide is a Nernstian surface, and that thbeund by a proton so that they become sites of positive charg
metal oxides are definitely non-Nernstian (1, 2, 18). The conhis was first suggested for the rutile form of Ti@n the basis of
mon rationale for the former behavior is that the nonelectricatystal structure modeling and TiGgas infrared spectroscopy
surface activity is independent of the surface charge for silMay Jones and Hockey (21). Quantum calculations for theFiO
iodide, either because there are so many surface sites (1) ordees interface confirm that it is favorable for a proton to bind to
cause the surface ions are in equilibrium with those in the butkidging oxygen (22). Connaat al. (23) review the experimen-
of the crystal (19). Conversely it is said that the metal oxides aiad evidence for both bridging and terminal hydroxyl groups a
non-Nernstian because neither of these circumstances prevdiis. TiO,—gas interface, and they present infrared spectrosco
In this paper we model the acquisition of surface charge lshowing that both types of groups are present at the-Ti@ter
colloidal particles, and in particular we revisit the question of thiaterface. Yates (24) estimates that the number of available brid
applicability of the Nernst equation. By direct comparison witing hydroxide sites on rutile is equal to the number of termine
experimental charge titration data, we shall showliothsilver metal hydroxide sites.
iodide and the metal oxides behave to a very good approximationVe have modeled and analyzed Fi@hen both types of
as predicted by the Nernst equation, at least within several gkbups, bridging and terminal, occur, but the results are indi
units of the pzc. tinguishable from those obtained when only the reaction abo
The site binding model that we analyze is in its essential feierminal hydroxyl groups only) is taken into account. In this
tures very similar to those developed by others (see, for exawnrk we shall only present results for this reaction scheme. W
ple (1, 2, 18, 20), and references therein). We model the surfarse the same formalism for all the metal oxides studied, tt
as having a fixed number of sites able to bind the potentialnly difference between them being the values given for the si
determining ions, and include the configurational entropy amgnsity and the binding constants.
the surface potential contributions to the surface chemical po-
tential. The bulk chemical potential is taken to be purely config- 2. Silver iodide. We model the silver iodide crystal as con-
urational, namely it is the logarithm of the concentration. We irgisting of silver binding sites, which are labeled &nd iodide
clude a zeroth-order Stern layer (coincident Helmholtz plane8jnding sites, which are labeled AgThe two relevant reactions
which means that the surface potential differs significantly froge
the diffuse layer potential. In our work we model the potential-
determining ions as being adsorbewthe surface, and hence
the electrostatic contribution to the surface chemical potential
depends upon the surface potential; others (e.g., (18)) use in-
stead the diffuse layer potential (neglect the Stern layer, or Gffe assume that there are equal numbers of each type of s
model). The other significantimprovementin the present workdsd that this is fixed. Although obviously a simplified picture of
that we use the HNC method to obtain the diffuse Iayer potentig{e surface of the ionic CrystaL as in the case ofTike final
whereas previously the PB approximation has been used.  results turn out to be insensitive to the details of the model.

Ix +AgT = IxAgT and Ag +1" = Agyl". [2]

3. Indifferent electrolyte. Itis assumed that in addition to the
potential-determining ions there is a background electrolyte th
A. Site Binding Models isindifferent, which means thatits ions have no specific chemic

affinity for the surface. (Of course the ions of the diffuse part o

1. Metal oxides. It is generally believed that the metal ox+the double layer may be regarded as electrostatically bound
ides acquire their charge by proton binding to terminal met@e surface.) In fact nonelectrostatic binding of the electrolyt
hydroxide groups that arise on the hydrated surface of the sqlihs to the surface is permissible provided that it occurs equal
(1, 2). The generic chemical reactions may be represented agy the cations and anions (which defines “indifferent”), and thz

the number of sites available to the potential-determining ior
MOHJ — H" = MOH = MO~ + H™. [1] is not significantly altered by such binding.

I. MODEL AND ANALYSIS
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B. Statistical Mechanics Here Stirling’s approximation has been used. This expressic
Jpssumes that all configurations are equally likely, and it ignore
any interactions between ions bound on adjacent sites (corre
tions). It is obviously the simplest approximation that takes int
account the configurational contribution to the surface chemic
potential, and it is expected to be valid when the surface densi
No+ N + N_ = N. [3] islow.

The equilibrium number of sites maximizes the total con
Later these will be taken to represent the number of sites per wtitained entropy (25) and hence it satisfies
area. This equation holds for both equilibrium and nonequilib-
rium configurations. The equilibrium number of bound sites is 0 —ToS(N,, N_ | N, , T)

1. Metal oxides. Denote the total number of available met
hydroxide sites byN, which is fixed, and the number of neutral
positive, and negative sites by, N, andN_, respectively. For
any configuration one has the constraint

obtained by maximizing the total constrained entropy, which in - aN NN
this case takes the form (25) v 7N
-~ o~ ~ o~ ~ o~ =V+—VO‘|'C|W5(U)—M‘FkBTmN—Jr [9]
S(N-HN— | N’/‘LvT):S(N-HN—;N)_E(N-HN—)/T 0
+ (N = No)u/T, [4] and
where the tilde signifies a nonequilibrium value. The first term _ ~ToS(N,, N_ | N, u, T)
on the right-hand side is the entropy of the surface in that par- o aN_ NLN.
ticular macrostate, and the two remaining terms are the surface- N
dependent part of the reservoir entropy (25). The temperature =v_—vo—Q¥s(o)+ pu+ksTIn N_* [10]
0

T and the chemical potential are determined by the reservoir

(bulk solution); the latter is taken to be just the logarithm of the, ~ ~ ~ )
proton concentration, sincedNg = —dN_ —dN_. Subtracting from these the respec-

tive expressions evaluated at the point of zero charge (pzc), o

w=puo+ksT In pu. [5] can eliminate the chemical potential and rewrite these as
The energy c_:onsists qf a_che_mical part and an electrostatic N, NgZC _PH  pque) 1
part. The chemical contribution is NPEND P [11a]
+ No PH
E. = l\~|+v+~|—N_v_—i:Nov0 and
= N;(vy —vo) + N_(v— — vp) + Ny, [6] N NP ppZC
o ) ) ;z—co = H ghavs(o) [11b]
where they; are the binding energies for the different groups. NZ"Ng OH

The electrostatic contribution is
s wheres = 1/kgT. These represent two nonlinear equations fo
E, = f V(o) do’, [7] the number of charge groupé, andN_ (recall that the right-
0 hand side is also of function of these, sirce= (N, — N_)).

wherey(o) is the surface potential and the surface charge %‘Z’Ce{‘htehrztrc’;ﬁql:ilr‘gge;ﬁg?éilr‘g: 22?;2;?;}]2"(‘2 qZL?i\r/c;Iizr:ﬁlrfe

6 = q(N, — N_), q being the charge on a proton. This epopzc pz . .
pression assumes that the potential-determining ions adsorNat = N- ). This may be used as a fitting parameter. Spe«

the plane of the surface charge, rather than at the Stern or infidPd its value (and the point of zero charge) is equivalent t
Helmholtz plane where they would experience the diffuse lay&fting the binding energies. Note that the number of groups a
potential. Furthermore, it also assumes that they feel the ulfl€ Surface charge may now be taken per unit area.

form surface potential rather than a local micropotential, which Multiplying these two equations together one obtains

in reality would be the case for discrete ions (20). NoN NN P
+N- + -

The entropy of the surface is the number of distinct rearrange- = = const. [12]
ments of the three types of surface sites, (No)>  (NF™9?
N! This may be recognized as the familiar form for equilibrium

S(N;, N_;N)/ks = In NN 1Rl constants.

_NINN - N.InK 2. Nernst equation. One may expand the equilibrium equa-
T o tions ([11a], [11b]) about the point of zero charge. With
—~N_InN_—NgInNog.  [8] Ni=N*(1+8)fori = 0, +, or —, 8, +8_+80=0, the
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surface potential may be writtepis(o') = N8, —8_)/Co, Upper bound on the magnitude of the actual surface potential
whereCy is the total capacitance at zero charge. In terms of the

relative change in concentratian,on = pfy (1 +r), an expan- |w(pH)| > [¥s(pH) | . [17]
sion to linear order reveals that

In terms of the charge as the independent variable, when t

r . . .
[13] potential increases monotonically with charge one has

T 1+ 2892NTE/Cy’

(S+ = —8_

. o . . | oN(PH) | > o(pH) |- [18]

The total inverse capacitance is greater than the inner layer in-

verse capacitance, and typically~ 20 uF cnr 2. Alsotypically  Thisisa formally exact result that does not rely upon the validit
the number of charged sites at the pzbif§°= N~ 4 nnT2. ot the Nernst equation or upon being in the vicinity of the pzc
Hence the denominator is of the order of 100 or greater, whigihese conclusions however are obviously predicated upon t
means that the relative change in the number of charge grogpssent site binding model. If, for example, the actual surfac
is of the order of 2% of the change in the pH,6+ |~ charge were found to be greater than the Nernstian predictic
0.02 |pH — pHP*® |. One may conclude that to a very good apthen one would conclude that either the present approximatio
proximation one may neglect the variation in the binding witfy the total constrained entropy of the site binding model ha

pH. This will be valid when the inverse capacitance is large apgloken down, or else that the site binding model itself was ir
when the number of charged groups at the pzc is large. applicable.

In view of this analysis, the left-hand sides of the equilibrium

. . k 3. Silver iodide. For the case of a crystal of silver iodide we
equations ([11a], [11b]) may be set equal to unity, which allows . .
them to be rewritten as take there to b&\ I sites that bind Ag and an equal number of

Agy sites that bind 1. The bound ions simply occupy available

v keT o1 sites; they themselves do not become new binding sites for th
Vg = — In 4. [14] counterions. This is obviously the simplest possible model «
q PH ion binding for Agl. It will turn out that in practice the predicted

surface charge is insensitive to the precise model of the surfa

This is known as the Nernst equation for the surface potentighyjariy to the case for metal oxides treated above, the tot
Since the latter is also a function of the surface charge, one may, < aineq entropy is

equivalently regard this as an equation for the surface charge.
Given any approximation for the potential as a function of the S(N N[N, u T) = S(N N - N) — E(N N )/ T
surface charge (see below), itis straightforward to use the Nernst -~~~ ' A A

equation to calculatel (o), (i.e.,0 = ¥s(a) = pN(0)). Explic- + Noypag/T +Nopw/T. [19]
itly, from Eq. [13], in terms of the pH distance from the from
the pzc,ApH= —r/2.303, the surface charge is The chemical potentials are just the logarithm of the respectiy
ion concentrations,
—4.606q NY*°ApH
o= 1+ Zﬂquizc/Co wi = o +keTInp;, [20]
~ —(2.303Co/Bq)ApH. [15] wherei=Ag or I. The two concentrations are related by

pagor = 107162 M2, or pAg+ pl = 16.2. The chemical binding

This is the explicit form of the Nernst equation for the surfacenergy is
charge in the vicinity of the pzc, and it may be used to calculate
the slope of the surface charge—pH curve at the pzc. Ec=Njv, +N_v_, [21]

Using the Nernst equation ttefinethe nernst potentiaty Y,
one may eliminate the pH from the full equilibrium equationsand the electrostatic energy was given as Eg. [7] above. Final
Dividing the first of the equilibrium equations ([11a]) by thethe entropy of the surface is
second ([11b]) one obtains

. o~ ! N!
S(N., N_:N)/ks = In — ~—— +In— -
% _ 2ol o) (16] N+!(N~— N,)! N_I(N — |~\|,)!
_ ~ N ~ N—N
=—N+InW+—(N—N+)In N *
If pH < pHPZ, theno > 0, ¥5(o) > 0, andN,. > N_. Hence the ~ N i

left-hand side of this equation is greater than 1, which means that —N_In N-_ (N=N_)In
¥ > s> 0. Conversely, for pH- pH?S, one hag/Y < 5 < 0.
One concludes that in general the Nernst potential provides an [22]
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Hence the equilibrium numbers of sites satisfy layer, which is of thicknesd/2 and has relative dielectric per-
mittivity ¢’. In the language of colloid science this model has
coincident inner and outer Helmholtz planes with no specifi
(i.e., chemical) ion binding at the inner plane; in the language c
statistical mechanics the Stern layer represents the plane of cl
= vy +qys(o) — uag +keT In Ny [23] estapproach to the surface of the electrolyte ions, the small
N — Ny of which has diametat. The Stern layer is in addition meant to
account for, at least approximately, the structuring of the wate
by the surface, and so its value is taken to be somewhat less tf
the permittivity of the bulk aqueous electrolyté,< ¢ =78.4.
Within the Stern layer the electrostatic potential is a linear func
N N- tion of distance, and the surface potentjalis related to the
diffuse layer potentialyq by

_ =TSN, N_|N,uT)

0 h
aN,

N, N_

and

0 —ToS(N4, N_ | N, w, T)
N IN_

N—N_’

=v_—Qqys(0) —m +keTIn (24]

4rod/2 Vot o
= Wd C’

s = 1/fd + [27]

which in terms of values at the pzc may be rewritten as 4 epe’
Ny N-— NEZC PAS i) whereC istheinne.rlayercapqcitance per unitar.ea. For}ow ele
N— N, Nizc = Izce [25a] trolyte cqncentratlons, the.dlffuse Iaygr capacitance is small
9 than the inner layer capacitance and it therefore dominates t

total capacitance (whose inverse equals the sum of the invel

capacitances). Conversely the inner layer dominates at high ele

N. N — NP Pl paiio) trolyte concentrgtion;. In this work we take the inner-layer cg
N_N. NZ = ch . [25b] pacitance to be fixed independent of the surface charge and el
trolyte concentration, although its value may depend upon tt

These represent two nonlinear equations for the equilibriufRECfic colloid.
number of charge groups, and N_. Given the total number 2. Poisson—-Boltzmann approximatiorThe traditional the-
of available sites of each typd, and the point of zero chargeory for the diffuse layer potential in colloid science utilizes the
phy (equivalentlypf™), there remains a single free parameteRoisson-Boltzmann (PB) approximation. In this theory the dif
NP*°= NP*, Specifying its value (and the point of zero chargefy'Se layer potential is given by
is equivalent to setting the binding energies.

Following the same analysis as for the metal oxides, the rela-
tive variation in the number of charge groups with pAg is given

by

and

2kg T s s2
= In| = 1+ — 28
2 a [2 +4/1+ 4}, (28]
where the dimensionless surface charge is

r
= , 26
NJ(N = NP+ 28PN Gy 120  rqe

T AgegekgTic

dag = =9

[29]

where pag = pag (1 + 1), and Nag = NR; (1 + 8ag). Hence if

almost all the available sites are bound at the p¢f?°— N, The Debye length is

or if the capacitance is small, then the change in the relative

number of bound groups with pAg is negligible. Thatis to say the 1 Aregeks T

contribution of the configurational entropy may be neglected and “ =4\ Terazo [30]

T

the left-hand sides of the equilibrium equations ([25a], [25b])

may be set equal to unity, giving once more the Nemst equatigRere,, is the concentration of the background electrolyte. Not

([14]). Since the Nernstian nature of the Agl crystal surfaggy; this expression assumes a monovalent binary electroly

is independent of this configurational entropy, any other Siyjctly one should add to this the contribution from the pH o

binding model of the surface will also yield the Nernst equatioje pag. However, except at low electrolyte concentrations ar

when the equivalent simplification is made. far from the point of zero charge, this contribution is negligible

The PB approximation applied to the planar double is called tt

Gouy—Chapman (GC) approximation when the Stern layeris n
1. Stern layer. The relationship between the surface chargglected, in which casg¢s = 4. Itis called the Gouy—Chapman-—

density and the surface potential is now required. We use a mo8&trn—Grahame (GCSG) approximation when the Stern layer

of the electric double layer that includes a zeroth-order Steinctluded.

C. Electric Charge and Potential
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3. Hypernetted chain approximationThe Poisson— bindingN, the number of bound sites at the point of zero charg
Boltzmann approximation is a mean-field theory that negledi**= N**“, the pzcp}”® (or py), and the inner-layer capac-
the correlations between the ions. Such correlations arise fritanceC. Of theseN and the pzc are known or measured pa
the Coulombic and excluded volume (nonzero diameter) inteameters. The remaining two parameters are regarded as f
actions of the ions. In recent years a number of sophisticatearameters that may be varied to secure the best agreement
statistical mechanical techniques have been developed to in¢be charge titration data. It turns out that the calculated char
porate these effects including simulations, integral equatiofisather insensitive to the values Nfand NY*°= NP* (which
and density functional techniques (8, 9). For the present purpd@sanother way of saying that the Nernst equation is very gooc
the singlet hypernetted chain (HNC) approximation represeitiist that it is quite sensitive to the value of the inner-layer capa
the best compromise between accuracy and tractability. Teisésce, particularly at higher electrolyte concentrations. Henc
have shown it to be a relatively robust approximation that givélse latter may be obtained with some accuracy by fitting th
reliable results in reasonable computer time, and as suclcliarge titration data. In this work we did not allow the values o
is suited for the quantitative analysis of experimental datdne parameters to vary with the concentration of the backgrour
We have used the HNC method to calculate the diffuse layelectrolyte.
potential for a range of surface charge densities and electrolytd’he numerical solution of the nonlinear equations, for givel
concentrations. The restricted primitive model is used for thalues of the four parameters and the current concentrations
electrolyte, with the anions and cations both having diametidre potential determining ions and background electrolyte, b
d=0.4 nm, a relative permittivity ot =78.4, and a temper- gins with a guess foN, andN_. From this the surface charge
ature of T =298 K. Using an algorithm previously describedollows and thence the HNC diffuse layer potentigh(c). The
(15, 16), the HNC diffuse layer potential was computed, anditial guess is now varied (essentially using a Newton—Raphsc

the results were fitted to an empirical function, technique), untilthe equilibrium equations ([11a], [11b] or[25a]
[25b]) are satisfied (i.e., until the left- and right-hand sides ar
Yd(o) = Al f tanhao + (1 — f)tanhbo]. [31] equal). Typically three- or four-figure convergence was regarde

as satisfactory. The charge versus pH (or pAg) was calculat
This is odd in the charge as required for the restricted primitivd compared to the experimental charge titration data. The v
model. The fitting parameters for three different electrolyte cones of the adjustable parameters were then changed to imprt
centrations are given in Table 1. The error in the fitted potentide fit to the experimental charge data.
compared to the actual potential is of the order of 1% for surfaceThe Nernst equation as written gives the surface potenti
charge densities up to about € cnT2 in 1 mM electrolyte, as a function of the pH (or pAg). It is therefore an implicit
and up to 4QuC cm 2 in 1 M electrolyte. The most noticeableequation for the surface charge. Turning this around, one m:
difference between the HNC and PB approximations is the sapecify the surface charge and using either the GC, GCSG,
uration of the former at high surface charges. The consequentéiNC theories obtain the diffuse layer potentjal(s), and
of this is that the PB approximation tends to underestimate tience the surface potentigl(c). The Nernst equation is then
charge that develops on the colloid surface far from the pointinfzoked to give the corresponding concentration of the potentiz
zero charge. Alternatively, it may be said that the PB approximadetermining ion explicitlyon (o) or pag(o).
tion overestimates the diffuse layer potential for a given surface

charge density, as we have discussed in our recent paper on the
zeta potential (26). Il. RESULTS AND DISCUSSION

D. Numerical Algorithm We now compare the measured charge for several colloi

B with the various theoretical predictions. The theory labeled HN

There are.four parameters thf';\t need to _be specme.d for eachhe present site binding model, Egs. [11a], [11b] or Egs. [258
type of colloid: the number of sites per unit area available f@s5p) with the diffuse layer potential calculated from the sur
face charge using the hypernetted chain theory, Eq. [31], and t

surface potential from the inner-layer capacitance, Eq. [27]. Tt

TABLE 1 three remaining theories are the various versions of the Nerr
Parameters for the Fit to the Hypt_arnetted Chain Diffuse equation ([14]), which use either the HNC, Eg. [31], or the PB
Layer Potential Eq. [28], approximations to relate the surface charge to the di
c fuse layer potential. The HNC and the GCSG include the Ste
oncn A a b
(M) (mv) f (cm?/uC) (cm?/uC) |ayer, Eqg. [27], whereas for G@s = Yrg.
1073 163.6 0.5992 0.2974 1.5403 . .
102 128.9 0.7024 0.1835 0.7017 A Silver lodide
101 99.96 0.7812 0.0955 0.2867 . .
10° 6523 0.9558 0.0487 0.1445 Figure 1 compares the measured charge on Agl (27) with tl

various theoretical predictions. In this case the point of zel
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As expected, the charge is odd about the pzc, being incree

& ingly positive as the concentration of Ags increased. The
= fact that pA§“©=5.38 is less than fi°=16.2 — 5.38=10.82
o (i.e., at the pzc the concentration of silver ions in the bulk i
% greater than that of iodide ions) indicates that the binding er
o ergy of iodide is less than that of silver (i.e7; Is preferen-
% tially adsorbed to the surface of the crystal, or, equivalently
5 AgT is preferentially solvated). As the electrolyte concentra
4.0 tion is increased, the charge—pAg relationship becomes ma
linear (Fig. 1c). This is due to the fact that, for a given surfaci
1.0 charge density, the dimensionless surface chardecreases
& 0.0 with increasing Debye parameter, Eq. [29], and the diffuse lay:
s potential is a linear function affor smalls. In this regime, then,
o -1.0 the surface potential is a strictly linear function of the surfac
% 2.0 charge density (because the contribution from the inner-lay
o is always linear), and hence according to the Nernst equati
g -3.0 ([14]), the surface charge density must be a linear function ¢
£ -40 PAg.
© 5.0 From Fig. 1 one can conclude that it is essential to includ
) a Stern layer, since this is neglected in the Nernst—GC theoil
1.0 which clearly does not fit the data. The remaining theories giv
& 00 reasonable fits to the data, with the full site binding HNC mode
' 1.0 t{ being slightly better, as may be expected since it has an ext
o fitting parameter. There is little difference between the PB ay
‘-_3L 2.0 proximation and the HNC approximations for the diffuse layel
o 30 potential. In general the PB is valid and the two will agree whei
2 40 the ions are far apart, which means low electrolyte concentr
£ 5.0 tions and low surface charge densities. In Fig. 1a one can bec
o 6.0 to see a difference between the Nernst-HNC and the Nerns

GCSG theories at the most negative surface charge densities, :
FIG. 1. Surface charge on Agl as a function of pAg for various concerin Fig. 1c the discrepancy is noticeable over the whole regim
trations of KNG. The symbols are the meas_ured titrateq charge 're_ported _ane to the higher electrolyte concentration. Although the ful
(;ngiejgg;nzgdztgzfzr;'i;ﬂ.e;r]g ;’2;';‘53:?52@ f’;?\ld(':‘i“; "he HINC site binding model is slightly better, the simple Nerns
full site binding model with HNC usingy =5 nmi-2 andNP°=1 nm2, and  €Quation is nevertheless adequate. One can conclude from
the three remaining curves are the Nernst equation using GC, GCSG, and HAl@ta in Fig. 1 that to a good approximation silver iodide is ¢
The latter is labeled simply “Nernst,” and in some cases it is virtually coincideMernstian surface within a neighborhood of almost 5 pAg unit
with the GCSG curve. Concentrations: (a) 1 mM, (b) 12 mM, and (c) 100 m\yf the pzc.
Figure 2 shows the measured electromotive force (EMF) fc
Agl electrodes as a function of the surface charge density (2¢
charge is pA*©=5.38 (27), and the fitted inner-layer capaciThe EMF should be directly comparable to the surface poter
tance wasC =22.1 uF cnt 2 (discussed below). These are théial, and the HNC and GCGS predictions for this are also show
only parameters that enter the Nernst theory. The two addithough the data do not test the site binding magled se it
tional parameters of the full site binding model (HNC) werdoes test the HNC and PB approximations, and the model of tl
N=5 nnr? and N_Ezcz 1 nnr2. The former was fixed and diffuse and inner-layers. The same fixed value of the inner-layz
would correspond to a distance between the ions of the crgsypacitance as in Fig. 1 was us@l=221uF cn2. In the
tal of ~0.3 nm if every ion on the surface were a binding sitdINC picture, the Stern layer is one-half an ion diameter thick
the latter was treated as a fitting parameter and correspondg/tich in this case corresponds to 0.2 nm thick. Hence this valt
20% of the available sites being bound at the pzc. The valugfsthe inner-layer capacitance corresponds to a relative perm
of these parameters should not be taken too literally, given ttnty of ¢’ =5, which is substantially less than that of bulk water.
simplified nature of the model of the Agl crystal and its bindThis value, which is slightly less than the dielectric saturatiol
ing sites, and the relative insensitivity of the predicted surfasalue of bulk water {’ ~ 6), scales linearly with the thickness
charge to these two parameters. The relatively small departafghe Stern layer. We have chosen not to increase the latter a
of the HNC curve from the Nernst—=HNC curve in Fig. 1 is aise throughout a fixed value equal to half the crystallograph
consequence of this insensitivity. The fact that the magnitudeiofiic radius.The value of the inner-layer capacitance fitted hel
latter exceeds that of the former confirms Eq. [18]. is consistent with the range of measured and fitted values for A
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100 [ - concentrations. We have not attempted to include any of the
s | | He 4 possible effects in our calculations, and for each surface we u
£ 0 Z a constant inner-layer capacitance throughout.
,%S -100 | () > B. Titanium Dioxide
‘g -200 - Figure 3 shows the titrated surface charge data for the ruti
a 300 L= form of TiO, obtained by Yates (24), and compares it to the
M- ! x present theories. As in the case of Agl, the Nernst—GC theo
3 2 - 0 1 fails badly, which again indicates the necessity of including
Charge (uC cm®) Stern layer. The inner-layer capacitance used for the remaini
theories wa<C = 97.4 uF cnt?, which for d = 0.4 nm corre-
100 — sponds to a relative dielectric permittivity of the inner layer o
S B0 €' =22. This capacitance is 4 times larger than for Agl, whicl
c may be interpreted as indicating that the perturbation of the vil
:_; 100 | (b) inal water is less severe in the case of the sT&Drface. On
b= ) the basis of Fig. 3, one cannot choose between the full HN
o site binding model and the Nernst—HNC model. The two are a
& 200 1 o most coincident because the fitted number of sites at the p:
300 e | | | NP*=NP*=3 nm2, is almost the maximum allowed; the
4 3 2 A 0 1 number of available metal hydroxyl sites on rutile has been give
Charge (uC cm?) by Yates.as 6.12nn% (24). Yates estimates that hglquthese site
are terminal metal hydroxyl sites and half are bridging hydroxy
200 sites, and the present calculations treat these as equivalent.
100 P . have developed and solved the model for the two distinct type
— - HNC . . . ..
> | L= cese 7 of sites and find negligible departure from the present calcul
E o tions. This is expected given the coincidence in Fig. 3 of th
®© -100 HNC and the Nernst—-HNC curves; the latter is independent «
E -200 the particular model of the surface.
o
o -300 [,
-400 ! ! L 1.0 -
-4 2 0 2 4 -
Charge (uC cm™®) ‘e 05| \'\“:l\_ .
FIG. 2. Surface potential as a function of pAg for various concentrations 8 '
of KF. The symbols are the measured electromotive force reported by Lyklema = 0.0
and Overbeek (28), the solid curve is the HNC prediction, and the dashed curve (]
is the GCSG prediction, both using the inner-layer capacitance of Fig. 1. Con- g 05
centrations: (a) 1 mM, (b) 10 mM, and (c) 100 mM. (-:.) '
-1.0
reported in the literature (28—-30). At low electrolyte concentra-
tions the HNC and the GCSG are in agreement because of the .20
validity of the PB in this regime, and at high electrolyte concen- 00
trations they agree because of the dominance of the inner-layer E 20
capacitance. (&}
. . . . . 3. -4.0
Since the inner-layer capacitance dominates the total capaci- o
tance at high electrolyte concentrations, the curvature in Fig. 2c o 6.0
indicates that the inner-layer capacitance varies with surface 8 80
charge density, perhaps a form of electrostriction. Alternatively, © .10.0

Lyklema and Overbeek (28) show that the capacitance depends

upon the nature of the counterion, and follows the lyotropic or-FIG. 3. Surface charge on the rutile form of Ti@s a function of pH for
rious concentrations of KN The symbols are the measured titrated charge

der, as is known to be the case for the mercury electrode (@ _ ) -
This mav be interpreted as counterion bindina to the surface rg%orted by Yates (24), and the various theoretical curves are as in Fig. 1 and
y p 9 PP =58 andC = 97.4 uF cm 2. The HNC site binding model (full curve)

it may suggest that the GC and the HNC models and treatmegissn —6.12 nnr2 and NP?=3.00 nnT2. Concentrations: (a) 1 mM and
of the diffuse part of the double layer are inadequate at hig 10 mm.
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The reason that in this case the HNC and the Nernst-HNKe Na" counterion. Although it is difficult to reconcile this idea
curves coincide is that in the former almost all of the sites awith the constancy of the pzc, it suggests that NaCl may not k
bound at the pzc, which is the condition for the validity of théndifferent for ALOs.

Nernst equation. Using a smaller number of bound sites wouldwhen the pH is less than §H, the Nernst equation quite
decrease the magnitude of the HNC fitted charge (recall thajcurately predicts the surface charge that is acquireg-by
the Nernst equation provides an upper bound), but unlike Ag\|,O5 over the 4 orders of magnitude in concentration displaye
the TiG, data tend to lie marginally on the high charge sidi Fig. 4. One can conclude that for positive surface charge
of the Nernst curve. This is most evident for the 1 mM casaluminum oxide is Nernstian over a range of at least 3 pH uni
Fig. 3a, at low pH, and indicates perhaps the beginning ofbalow the pzc.

breakdown in the site binding model, or else systematic exper-

imental error. (The good agreement of the Nernst-GC thedpy Silcon Dioxide

here is most likely fortui_tous.) Despite this, over the measuredgijica is probably the most studied of the oxides, and its ur
range of about 4 pH units of the pzc, one must conclude frof 4 colloidal behavior is well documented (34). One inter
Fig. 3 that to a very good approximation rutile is a Nemstiadting feature of silica is that the surface charge density c:
surface. increase to values higher than those allowed by the surface de
sity of silanol groups, which creates particular challenges for th
modeling of its double layer. We follow the commmon practice

Figure 4 shows charge titration data from Sprycha (31yfor of modeling silica with a hydroxyl site density of 5 mf1(18,
Al,0O3in NaCl. The pzc was at pH=8.1 (31) and the number 24, 35). For the fully deprotonated case this would give a surfac
of available hydroxyl sites was 8 nth(31-33). The inner-layer charge density 0of-80 4C cn2. As can be seen in Fig. 5, the
capacitanc€ = 88.5 uF cn 2 corresponds to a relative dielec-itrated charge density can reach values more than twice as gr
tric permittivity ofe’ = 20 for the 02-nm-thick inner layer. There as this (36). A porous gel layer model has been proposed to ¢
is little difference between HNC and Nernst-HNC because obunt for this discrepancy (36); in essence it says that there &
the relatively large value oRl}*°= NP**=3.5 nnr2 used. On more charge sites available than exist on the surface of the Si
the high pH side of the pzc, the magnitude of the experimentalstal, because the surface is porous, or because poly-sila
data is systematically higher than the Nernst equation for #&dindrils extend out from the surface. Obviously such extrem
four electrolyte concentrations. Since Nernst provides an upmdiarge densities cannot be accounted for in any site bindir
bound for the charge in the present site binding model, this sugedel that ignores such possibilities, including the present on
gests that the model is inapplicable for negative surface chargasd the real interest is whether the simpler models can accot
The asymmetry about the pzc evident in this case may arise fréon the acquired charge at low and intermediate pH.

C. Aluminum Oxide

15 4.0
< 40 a
c e 20
6 05 S 4o
o .
S oo, g
0 = .
S 05| )
c & 40
§ 10 £

O 60

-1.5

8.0 12.0
a o~
e 40 i 6.0
o 0O 0.0
O 00 5
3 . % -6.0

4.0 | T
& I : - & 120
a 8.0 (C) e \‘\; :E
c 80r S 180
3 - L. o .

-12.0 | . 240 L

FIG. 4. Charge acquired by-Al,O3 in NaCl as a function of pH (all curves as in Fig. 1). The symbols represent data from Sprycha (31) with the €
bars corresponding to the radius of the circles used to plot the original data; the experimental error is unknown. The theoretical cu&s=18é& phd
C =885 uF cmi 2. The HNC site binding model uséé= 8 nm 2 andN?*°= 3.5 nm2. Concentrations: (a) 1 mM, (b) 10 mM, (c) 0.1 M, and (d) 1 M.
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204

does not fit the data, which once more confirms that a Stern lay
is essential. In this case we used a valu€ef 88.4 uF cni?

(¢’ =20, thickness 0.2 nm). The HNC and the Nernst—HNC
are in agreement with each other when the maximal value
NP*= NP**=25 is used; a smaller value causes the HNC t
move to smaller magnitudes of charge. In general the Nerns
GCSG is in agreement with the Nernst-HNC, except at the lov
est concentrations of KCI (Figs. 5a and 5b). In this case tt
PB overestimates the diffuse layer potential for a given charg
compared to the HNC, which gives a larger pH from the Nern:
equation (i.e., the GCSG curve is shifted to higher pH). As th
electrolyte concentration is increased the dimensionless surfe
charge decreases, in which regime the GCSG agrees with
HNC.

The HNC-based models are seen to fit the data up to a surfz
& charge of approximately-18 ;.C cn1?, or pH 7-8. As shown
g in the insets to Fig. 5, within 3—4 pH units of the pzc the Nerns
O equation describes the nature of silica with relative accurac
3 One can conclude two things from this. First, since the daf
:’9’1 exceed the Nernst prediction at extreme pH, then they cannot
2
o N
. — 40t%
pH € 20
4 6 7 8 9 10 2 oo
— o
By 220
g g
o O 40
S
S 120
)
5 160 . o
Q - 1 20 !
| . g
FIG.5. Surface charge of Sigdn KCl as a function of pH (all curves as in %
Fig. 1). The experimental data (symbols) are from Tadros and Lyklema (36), and o
the theoretical curves are as in Fig. 1 and us&pH 3.0 andC = 88.5 uF cni 2. o
The HNC site binding model usé$ =5 nm2 and N?*°=2.49 nn12. Con- S
centrations: (a) 1 mM, (b) 10 mM, and (c) 100 mM. [$]
The pzc of silica is generally thought to be between pH 1 and
3.7. In the present work we have fixed its value aP{iH 3 —
(36). The fact that this is at one extreme of the pH scale makes ‘:‘E
it possible to perform measurements 7 or 8 pH units away from o
the pzc. For comparison, the TiO2 and,® measurements %
discussed above were limited to 3.5 and 3 pH units away from the o
points of zero charge, respectively. Hence it is unclear whether D
the gel layer occurs on silica and not on other metal oxides g
simply because silica can be extremely far from its pzc. In any ©

case, again the appropriate test of the validity of the present site

binding model and the Nernst equation is within 3—4 pH units™

of the pzc, or up to about pH 7.
Figure 5 shows experimental surface charge data for BDH pg&yc site binding model usés = 16 nn1-2 andNP?°=4nm 2. Concentrations:
cipitated silica as a function of pH (36). The GC theory clearlg) 1 mM, (b) 10 mM, and (c) 100 mM.

FIG.6. Surface charge of FeOOH in KN@s a function of pH (all curves
as in Fig. 1). The experimental data (symbols) are from Yates (24), and tl
theoretical curves are as in Fig. 1 and us8%5k 7.5 andC = 177uF cnm 2. The
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described byanysimple site binding model; one has to invokenner-layer capacitance. By direct comparison with the charg
some sort of gel layer here. Second, and conversely, the fatation data, in all of the above cases the Nernst equation w.
that the Nernst equation does work at low and intermediate gHown to be essentially as accurate as the full site binding th
indicates that the simple site binding picture is valid in thisries. That is, with the exception of negatively chargegA|
regime. In other words, it appears as if the gel layer itself doesthin the vicinity of the point of zero charge (i.e., 3—4 pH units),
not exist at low and intermediate values of the pH. Beyond theakthe surfaces that we studied are Nernstian.

two conclusions one can also say on the basis of the insets tdhis conclusion is significant because of the simplicity an
Fig. 5 that silica is a Nernstian surface within 3—4 pH units dhe universality of the Nernst equation, and it is surprising the

the pzc. there is the wide-spread belief that the scope of the Nernst eqt
tion is quite limited. Of course silver iodide is well-known as a
E. Ferric Hydroxide Nernstian surface (1, 2). Conversely it has been equally wide

asserted that the metal oxides are non-Nernstian (1, 2, 18). T
= ._reason for this belief, which obviously contradicts the preser
(24). The pzc was at piF=7.5 (24) and the number of aval conclusions, appears to be twofold. First, there appears to

. ” 3 . ’ )
Sggtgzggxllf;t;};\:’v 2?1;013:2; ogzd?tc;rger;]aﬁcie\/rel?j}i/eelreg?rica misunderstanding about what conditions are required for tt
Nernst equation to be valid. It relies not upon any equilibriun

permittivity of ¢’ =40 for the 02-nm-thick inner layer. There S
- . tween the surface and the interior of a crystal, nor upon a lar
is little difference between HNC and Nernst—-HNC because ha . L :

number of available binding sitger se but rather upon the con-

he available sites wer n h = NP*=4nnmr2. : ) .
the available sites were bound at the mﬁ’ . tincy of the surface configurational entropy (surface chemic

Figure 6 shows the titrated charge aAFeOOH in KNQ

. S
Compared to the Nermst-HNC, the Nemst-GCSG predicts t%% ivity). Such can be the case when the change in bound grot

the charge is slightly smaller in magnitude, most noticable at in- the surface charge develops is relatively small, Eq. [13]. Th

ermediate electrolyte concentrations and far from the pzc. TRE M€ . ..
) L . . inturnis ensured by a small value of the capacitance, a conditic
is probably due to the overestimation by the PB approximatior . . . )

. . . ...which can be met by the metal oxides just as well as by silve
of the diffuse layer potential at higher surface charge densﬂ@gdide
In any case, the Nernst equation is very good and quite accu,_

u . .
rately predicts the surface charge that is acquired by Feoofgiﬁg?\]:rr;if srzﬁzrﬂgﬁﬁrgpg?eﬁz' E[J(at\{fsut:;clijg}%sezat
over the 5 pH units and 3 orders of magnitude in backgrou q P '

electrolyte concentration displayed in Fig. 6. One can conclugaeCe potential, Eq. [14], they have interpreted it as an equatic

that ferric hydroxide is Nernstian within at least 3 pH units ot the diffuse layer potent@l (.1’ 2, 1.8)' Accordlngly, they he_lve
the pzc. compared the Nernst prediction with zeta potentials obtaine

from electrophoretic mobility or other electrokinetic measure
ments. We have recently shown that the zeta potential undere
CONCLUSION timates the diffuse layer potential (25); in any case the diffus

. . layer potential is in general much less than the surface pote
In this work we have explored the simplest model for the aﬁ-y P g P

isiti fsurf h by colloidal particles. Wi dafi I. Hence the conclusion that metal oxides are non-Nernstie
quisttion of surtace charge by colloidal particles. We USed alixehy o s 1o stem from the erroneous comparison of the measu
number of sites and assigned a chemical binding constant to

i T a potential with the Nernst prediction, when it is the surfac
potential-determining ions. We used a zeroth-order Stern Ia3£§ ential that should be compared
X .

with fixed capacitance, gnd used githgr the PoissonTBoltzm Mhis pointis worth emphasizing. Only the surface potential
;)r the hg/p]?trgettled tc_ha||n dapEIroTlmatl(_)rr;]s to_ descn?e the hdéfbeys the Nernst equation. Neither the diffuse layer potegpigial
use part ot the electrical double layer. The aim was 10 S€€ NQWiqinaj from force measurement (e.g., atomic force microsco

vyell such a basic model WOUlq des_cnpe meas_ureq cha_rge_ U¥5urface forces apparatus), nor the zeta potential obtained fr
tion data. We found that for silver iodide, for titanium d'ox'deelectrokinetic measurement (e.g., electrophoresis o streami
(rutile), and for ferric hydroxide a quantitative description w =

ible. E umi id d for silica the d ot otential), obeys the Nernst equation.
possibie. Fofy-aiuminum oxide and for silica the descriplion’ ¢ present site binding calculations utilize the surface pc
was similarly quantitative, albeit over restricted ranges.

We sh d that the classic N ; . d Itential, and they establish the validity of the Nernst equation,
__vweshowedthatthe classic Nemst equation emerged as a §lliy iy the neighborhood of the point of zero charge. Extraj
iting form of the present model in the vicinity of the point o

- N olating from the present results for silver iodide and the met:
zero charge. The validity of this limit increased for small C%xides, it is reasonable to infer that the Nernst equation wi

pacitances and fl.“'"y occupied sites at the point (_)f zero C_har%%rform equally well for other colloid particles, surfaces, anc
We also showed in general that the Nernst equation prowdesrﬁ cromolecules

upper bound on the charge given by any site binding model o
the above type. The Nernst equation provides an exceedingly
simple description of the colloidal charge and potential. Itis in-
dependent of the detailed site binding model of the surface, and Hunter, r. ., “Foundations of Colloid Science,” Vols. 1 and 11, Oxford Univ.
requires just two parameters: the point of zero charge and the Press, Oxford, 1986.
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