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The relationships between different assumed stoichiometries of charg-
ing the metal oxide/aqueous solution interface are discussed. The problem
of evaluating the enthalpies of protonation, A_H° and deprotonation, AgH®
of surface amphotheric groups was analyzed. }I)n order to obtain the stand-
ard values of reaction enthalpies, one needs to add the base (or acid) to the
acidic (or basic) suspension in calorimeter in such a manner that the point
of zero charge (p.z.c.) lies precisely in the middle between the initial and
the final pH. The value of AyH° — A H° evaluated by this procedure corre-
sponds to the enthalpy difference obtained from the p.z.c. dependence on
temperature. The results with silica suspension were demonstrated. The
value obtained by calorimetry, A;H° — A H® = 34.4 kJ mol-1, agrees with
the result of the pH,, (T) measurements (32.5 kJ mol1).

INTRODUCTION

The »Round Table Discussion« at the International Summer Conference on »The
Chemistry of Solid/Liquid Interfaces« held in 1989 on Crveni Otok (Red Island) near
Rovinj (Croatia) resulted in several conclusions. One of them was to initiate the
work on the evaluation of enthalpies of reactions at the metal oxide/water interface.
In the meantime, several attempts were made to employ calorimetry for this pur-
pose. The results were usually interpreted as molar enthalpies with respect to the
surface charge.l’12 In contrast to this approach, the measurements of the point of
zero charge dependence on temperature yields an enthalpy corresponding to speci-
fied surface reactions,'®° just as recommended by IUPAC.%

The problems related to the interpretation of calorimetry results are twofold.
First, the measured heat is a sum of contributions of several reactions taking place
in the calorimeter, e.g. surface protonation and deprotonation, and association of

* This article is based on the lecture presented vby N. Kallay at the Meeting of Croatian Chemists, Zagreb
1992, and on part of the doctoral thesis of S. Zalac.
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counterions with charged surface groups. Furthermore, the interaction of ions with
the charged surface is influenced by the overall electric field in the interfacial region
so that electrostatic contribution to the enthalpy is a function of surface potential
(determined by the pH of the system). Accordingly, by simple interpretation, one can-
not obtain the standard reaction enthalpies of specified surface reactions as in the
case of the p.z.c. dependency on temperature.

When specifying the reactions corresponding to particular enthalpies, one faces
the problem of the choice of the model used in postulating the stoichiometry of the
processes taking place in the interfacial layer. Since several models are in use, the
published values of the reaction enthalpies differ in their meaning.

The purpose of this article is to present the solution of the problems connected
to the calorimetric experiments and to discuss the physical meaning of enthalpy val-
ues with respect to the assumed mechanisms of surface reactions (protonation/de-
protonation of surface amphoteric groups,”* adsorption approach,”? and »1-pK
model<®*?"). In addition, the results obtained with the aqueous suspension of silica
will be presented.

STOICHIOMETRY OF SURFACE REACTIONS

One approach to the surface reactions at aqueous metal oxide interface is to con-
sider hydrated surface sites (MOH) as amphoteric groups involved in protonation
and deprotonation reactions. This model is sometimes called »2-pK model«.2"%

The following equilibria were asumed:
Surface protonation (reaction p)

MOH + H* -» MOH;; W L (1)
Surface deprotonation (reaction d)
MOH —» MO~ + HY; K3, AH°, A8, (2)
Association of negative surface sites with counterions, cations K* (reaction k)
MO™ + K" > MO K% Ky, AH", A5, (3)
Association of positive surface sites with counterions, anions A~ (reaction a)
MOH; + A~ > MOH; - A" ; K3, AH", A5, (4)

Symbol M denotes the metal atom at the solid surface, K,° the standard equilibrium
constant, AH° the standard reaction enthalpy and Af, the change of the extent of
surface reaction r. Surface standard equilibrium constants, corresponding to zero
electrostatic potential in the interfacial layer, are given by

I'vow:,
K; B nga"/RT 2 (5)

ay' I'vion
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K° = ¢ Fo/BT il 0 (6)
. I'von

I'vo ..
K?(:eF‘PIK/RT MO K 7N

aK* FMO’

I'viox? . A
KZ = e—F(pI‘/RT 2 (8)

Q,- FMOH;

where I';is the surface concentration of component i (amount of sites divided by sur-
face area), p, and ggare electrostatic potentials at the 0-plane (in which charged sur-
face groups are located) and at the B-plane (in which the association of counterions
takes place), while F, R and T have their usual meaning.

Alternatively, the binding of H" (hydronium) ions and OH" (hydroxide) ions may
be assumed to be reactions with certain surface sites S, or simply adsorption. This
formalism yields equivalent results as the one described above.

Binding of protons, i.e. hydronium ions (reaction bp)
S+H ->SH"; K, A H, Aby, 9
Binding of hydroxide ions (reaction bh)

S + OH - SOH ~; Kon » Mpnf° , Abyy (10)

The standard equilibrium constants of these reactions are given by

F +
Kgp = eF%/RT SH (11)
a}r Fs
E z
th & equJO/RT SOH (12)

aOH—Fs

If one takes the surface site S identical to the surface group MOH, then the bind-
ing of protons (reaction bp) becomes equivalent to the surface protonation (reaction p)

so that: Ky, = K} and A, H®=AH".

The addition of the neutralization (reaction n)
OH + H* - H,0; B=UR=@0fas)’, AL, A, (13)

to the surface deprotonation (reaction d) yields the reaction bh (binding of OH™ ions)
so that: Ay H® = AdH® + A H® and Ky, = K7 K.

Subtraction of surface deprotonation (reaction d) from the surface protonation
(reaction p) results in
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MO~ + 2H* - MOH} (14)

Dividing this reaction by two yields reaction z
1 = il i
*2—MO +H —>§MOH2; K, AH® AL, (15)

Accordingly,

AR AR - \/E;,
AZHO = —*—2—“ and Kg = E& (16)

Reaction z (15) involves binding of one hydronium ion to a surface site and in
that respect is equivalent to the stoichiometry associated with the »1-pK« con-
cep1;,26’27 i.e. the calculated extents of both reactions have the same value. Thus, the
enthalpy of the reaction based on »1-pK« model is equal to A, H".

The counterion association reactions are independent of the assumptions on the
mechanism of surface charging, so reactions (3) and (4), together with the definitions
of the corresponding equilibrium constants (7) and (8), remain invariant irrespective
of the model adopted.

POINT OF ZERO CHARGE

In the vicinity of the point of zero charge, no specific adsorption and only a neg-
ligible counterion association may be expected, provided the concentration of neutral
electrolyte is low enough.®?! In such a case, the electrokinetic isoelectric point
(i.e.p.) corresponds to the point of zero charge (p.z.c.):

FMO- =FMOH; (or FSOHv =FSH‘) and Qo= 0. (17)

Accordingly, equations 5 and 6 (and 11 and 12) yield

pH =05lg§=051gﬁ)— (18)
SRR S
Since
-RTInK2=A,G°=AH -TA,S° (19)

the temperature dependence of the point of zero charge is given by

AdHn—ABHO AdSO—ApSO_AprO'FAnHO‘FAbhHO AbpSo+A,,S°+Ath° 20
2RTIn10 2RIn10 2R TIn 10 = 2R1n10 3E0)

pszc =
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According to the above interpretation, one cannot obtain the singular reaction
enthalpy from the measurements of the p.z.c. dependence on temperature, but only
the difference between those of protonation and the deprotonation one. This differ-
ence does not include the electrostatic contribution and may be obtained from the
slope of the pH,,. vs 1/T plot. The relationship of this quantity to those correspond-
ing to other concepts are the following:

Adl:I0 = ApHO = AbhHO G AHH.O o Abp.HU = —2 AZHO (21)

The plot used by Berube and de Bruyn'

AH' AS’
B Lo o ol 2

yields the enthalpy related to the quantities defined above as
AH" = A H® — A H® = AH® — AHC® — AH". (23)

This analysis shows that p.z.c. and i.e.p. measurements yield the standard re-
action enthalpies of surface reactions with defined stoichiometries. The values ob-
tained by such a procedure are »standard reaction enthalpies« which do not include
electrostatic contribution. In order to obtain accurate values, one needs to avoid spe-
cific adsorption and the counterion association which requires a medium of low con-
centration of »neutral« electrolyte. Another problem is the accuracy of the p.z.c. or
i.e.p. determination. For p.z.c. determination, the potentiometry is commonly used.>?**
Two different techniques are in use. The first approach is to measure surface charge
at different »neutral« electrolyte concentrations and to obtain the p.z.c. from the in-
tersection of these curves.?*® The slopes of these functions are not markedly differ-
ent, so the accuracy of the intersection point location is rather poor. There is another,
better approach, i.e. to add the electrolyte to suspensions at different pH values. The
pH of the system where no pH change is seen upon the electrolyte addition is taken
to be equal to p.z.c. However, in both methods, relatively high electrolyte concentra-
tions are used, so the requirement of negligible counterion association may be jeop-
ardized. In addition, the change in the diffusion junction potential of reference elec-
trode affects the results. Recently, a new method for p.z.c. determination has been
introduced. The method was named »mass titration«. It was originally proposed by
Noh and Schwarz®’ for pure colloidal systems, and was later refined by Zalac and
Kallay*®® so that it can be also used for contaminated samples. The basis of the
method is simple. If the solid concentration is high enough, the equilibrium pH cor-
responds to the p.z.c. Therefore, one can simply prepare a concentrated suspension
and measure the pH at different temperatures. Besides its simplicity, the advantage
of this method is that low electrolyte concentrations can be used (negligible counte-
rion association). Additionally, the accuracy of pH,, is the same as that of the pH
measurements. In fact, Fiokkink, de Keizer and Lyklema17 have used this method
for determination of the p.z.c. dependence on temperature before the »mass titra-
tion« method was theoretically and experimentally verified. Another method for
p.z.c. determination, developed in our laboratory, »adhesion method«,*® which is suit-
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able for conductive surfaces, is not applicable for studying the temperature effect

due to its relatively low accuracy.

Electrokinetic methods®***® yield the isoelectric point (i.e.p.). The disadvantage

of these methods is that pH cannot be measured in situ, but either before or after
the zeta-potential determination. The temperature control may also be a problem.

CALORIMETRY

The direct approach to the evaluation of surface reaction enthalpies should be
the calorimetry. However, the heat measured in a calorimeter, when a base is added
to an acidified suspension, is a result of more than one surface reaction. In addition,
the most significant contribution may be due to the neutralization, i.e. reaction n

(13);

Q=2 AH N, = AH A, + AH Asg + AH My + AH A, + AH AE,  (24)

The contribution of the neutralization can be deduced since the advancement
(extent) of this reaction may be evaluated from pH measurements and the A H value
can be taken from the literature. The contribution of the counterion association (re-
actions k and a) may be neglected if the experiment is performed at a low ionic
strength and/or in the vicinity of the p.z.c. However, the contribution of protonation
(reaction p) and deprotonation (reaction d) of hydrated surface sites cannot be simply
distinguished. One way of solving the problem is to design the experiment so that
the extents of these two reactions become equal in magnitude but different in sign.
In such a case, one obtains the difference in enthalpies, i.e. AH — AH.

The second problem is the electrostatic effect on the measured thermodynamic
quantities. It is shown that the heat of surface reactions depends markedly on pH.12
The problem can be solved by performing the calorimetry experiment so that pH,,.
lies in the middle between the initial and final pH.***® In that case AL, = —AL,, so
the first requirement is also met, as it will be demonstrated later.

The relationships betweeen the extents of surface reactions and the amounts of
added strong acid, as HNO; (An(HNO,)), and/or base, as NaOH (An(NaOH)), are

Any' = An(HNO;) - AL, + Al — AE, =c° [ (25)

A (i S R (i
Y2 AL

Yo 1oy prh
- (26)

Angy = An(NaOH) - A2, = K, ¢° [
Yo Vit

where Any+ and Angy are the changes in the equilibrium amounts of H* and OH™
ions, respectively, V is volume of the liquid phase, while indexes 1 and , denote the
initial and final steps of the experiment, respectively. The above relationships in-
clude the relative activities of ions in the solution (a;) defined as

=Y 27
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where ¢; is concentration and ¢° = 1 mol dm™. The (hypothetical) ionic activity co-
efficient (y;) can be estimated by means of the Debye-Hiickel limiting formula. Equa-
tions (5) and (6) yield the ratio of the extents of surface reactions (1) and (2)

Aép AFMOH; K; al(H’) az(H+) (28)
Ay Alyg K5 FelRT FoRT '

Surface potential in the vicinity of p.z.c. can be approximated by using the Nernstian
approach?

RTIn10
9=~ (PH,. - pH) a (29)

where coefficient o takes into account the deviation from the ideal slope.’**! From
equations (18), (28) and (29), one obtains

A5 _ 100~ @pH,,~pH, - pH,) (30)
d

If the system obeys completely the Nernst equation, i.e. if ¢ = 1, or if the initial
and final pH values are related by

le = pszc = pszc T pH2 (31)

the following relation holds

Asq = _Aép (32)

In the latter case (Eq. (31)), the extents are equal in magnitude but opposite in
sign regardless of the possible disobedience of the Nernstian behavior. According to
equation (26), the extent of neutralization could be calculated from the inital and
final pH values by

T s e e Ve 1 i
nEs = An(NaOH)—~K“,’vc°[ 2 -1 ]

(33)
Y2 971
Extents of surface reactions, according to (25) and (26), are
Vo™ y . 1gvh
Afg=—AE,=0.5 An(HNO;,)—Aén—c"[ : — ! : H (34)
2 1

In the calorimetric experiment, the requirements of equation (30) should be
obeyed so the reaction extents AZ,, AZ, and AZ; may be calculated by using equations
(33) and (34). The next step is to make use of Eq. (24) and to evaluate the difference
in reaction enthalpies:
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AH® — AH® = Q“—Agrﬂ ; (35)
d

The obtained value is the difference in the standard reaction enthalpies because
the electrostatic contributions cancel. The cancellation of two electrostatic effects is
based solely on the assumption that the function ¢(pH) is differentiable and »sym-
metrical« around p.z.c., without any need to assume the Nernstian behavior. Since
the electrostatic contribution to the total enthalpy exhibits the same behavior as
derivate of the potential, the compensation of electrostatic contribution to the en-
thalpies takes place. It is enough that surface equilibria result, e.g. half pH unit be-
low p.z.c., positive surface potential equal in magnitude to that one half pH unit
above the p.z.c.

According to the above analysis, the difference in standard enthalpies of proto-
nation and deprotonation reaction could be obtained by adding a strong acid (or a
base) to a suspension, in such a way that the difference between the initial pH and
the pH,,. equals the difference between the pH,,. and the final pH value. Therefore,
the calorimetric experiment should be accompanied with simultaneous potentiomet-
ric measurements. In order to increase contribution of the surface reactions with re-
spect to the neutralization one, the solid concentration should be kept as high as
possible, so it is desirable to use small particles with large specific surface areas.
However, there is an upper limit of solid content due to the problem related to vis-
cosity (heat evolution due to stirring etc.). The obtained difference in standard en-
thalpies of deprotonation and protonation reactions may be recalculated to those as-
sociated with other assumed stoichiometries.

The effect of electrostatic contribution may be evaluated by subsequently adding
small portions of the acid (base) to the basic (acidic) suspension. The obtained en-
thalpies then correspond to the mean values of the initial and final pH. However,
in such a case one will need to assume Nernstian behavior of the surface, or to base
the interpretation on »1-pK model«,?**” which will be discussed in the following section.

The specific feature of this »1-reaction concept« is the assumption that no neu-
tral surface MOH groups exist, which appreciably affects the mass balance in the
interfacial layer. The equilibrium measurements do not allow us to distinguish be-
tween these different assumptions, but structural information may help resolve this
matter. The evaluation of the extent of reaction based on »1-pK model« is simple
since the unique reaction equation implies only binding of one hydronium. Assuming
»1-pK model«, which corresponds to reaction (15), the changes in the equilibrium
amounts of hydronium (Any*) and hydroxide ions (Angy) are

AnH* = An(HNO3) = Aé‘z o Agu (36)

Angy = An(NaOH) — AZ, (37)

The above equations yield the change of extent of surface reaction z (15), AE,:
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VarilPEa., 3% - 105
AE, =| An(HNO,) — An(NaOH) + K, ¢° . S =
2 1

9 100 . it
o -
Y2 V1

which depends not only on the amopunts of added acid (An(HNOj)) or base (An(NaOH))
but also on the extent of neutralization, A&, (33). As mentioned above, the measured
heat is the sum of heats of all reactions taking place in the calorimeter (the surface
reaction z and neutralization n so that

(38)

Q = AZI‘{ AéZ + AUH Aéll (39)

According to (39), the enthalpy of reaction z could be evaluated from

s Q = AnH Aén

AH
AL,

(40)

Interpretation of experimental results based on the above relationship, i.e. on
the »1-pK model« may also yield standard reaction enthalpy if the experiment is per-
formed so that the p.z.c. is located in the middle between the final and initial pH.
In such a case, the A,H° value is directly related to the difference (A;H° — A H°) based
on the »two reactions model« as shown by (16). The important advantage of »1-pK
concept« lies in the fact that the interpretation does not require the Nernstian be-
havior. If »1-pK concept« is realistic, then it offers a simple possibility of examining
the pH dependence of the enthalpy by performing the calorimetric titration of the
suspension.

In most of the published calorimetric works on surface reactions, the enthalpy
changes with respect to the surface charge or to the amount of certain adsorbed spe-
cies are reported.l'12 As these values contain the contributions of several reactions
taking place upon adding the reactant into the dispersion in the calorimeter, these
results are not assignable to clearly-defined surface reactions. Accordingly, these
data are not directly comparable to those obtained by measurements of the p.z.c. de-
pendence on the temperature.lzg‘19 Up to now, two systems, hematite and anatase,
have been investigated by using the described approachd‘e_48 and an acceptable agree-
ment between the calorimetry and p.z.c. results have been achieved. In the forth-
coming section, the unpublished data obtained with silica (SiO,) will be presented.

RESULTS OBTAINED WITH SILICA

Point of Zero Charge

Figure 1 displays the effect of mass concentration of silica on the pH of the basic
suspension, as received. Above the mass concentration of 50 g dm™, pH becomes con-
stant and would correspond to pH,, if the sample were pure. In order to determine
the p.z.c. value, the acid-base titration of the concentrated suspension (y = 110 g dm™,
25 °C) was performed (Figure 2). The inflection point was found to be at pH = 4.37,
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12

pH

A

0 100 200 300
y/g dm-2

Figure 1. The dependency of pH on the mass concentration of SiO,y suspension at 25 °C. Ionic
strength was controlled by NaNO5 (10~* mol dm™).

which corresponds to the point of zero charge. The published values for crystalline
silica are below pH = 3, while amorphous samples exhibit significantly higher
isoelectric points, as it is the case with the examined sample.sz”56

The effect of temperature on the p.z.c. value was examined by measuring the
pH of concentrated aqueous silica suspension as described earlier.***” The mass con-
centration was kept at 110 g dm™ producing the pH equal to the pH,,.. The ionic

12

Figure 2. Acid-base titration of SiO, concentrated suspension at 25 °C, y = 110 g dm™°. Ionic
strength was controlled by NaNOg (10™* mol dm™3).
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strength was low (107 mol dm™ NaNO,). The electrodes were calibrated by NBS
buffers as described earlier.* Figure 3 represents the plot according to Eq (20), yielding

A’ — AH® = 32.5 kJ mol™ and A4S° - A,S° = 58.5 kJ K! mol™".

41 A 1 1 "
3.1 3.3 3.5 3.7

1000(T/K)™"

Figure 3. The dependency of the pH,, value of SiOy suspension on temperature. Ionic strength
was controlled by NaNO; (10 mol dm™).

Calorimetry

Calorimetric measurements were performed at 25 °C by isoperibol reaction calo-
rimeter constructed by Simeon et al.’® After addltlon of HNOj to the original silica
suspension, the pH was 4.13. The suspension (70 cm®) was transferred into the cal-
orimetric vessel and thermostatted at 25 °C. In the course of the experiment, 0.086 cm®
of NaOH solution (¢ = 1 mol dm™®) was added. The final pH was 4.61 as deter-
mined by the simultaneous potentiometric titration. In this experiment, the point
of zero charge, pH,,. was 4.37, i.e. in the middle between the initial and final pH
values.

The measured heat was —3.4 J. The extent of neutralization, calculated by equa-
tion (33), was found to be AZ, = 5.6 x 107 mol. Extents of surface deprotonatlon and
protonation reactions, calculated by equation (34), were AZy = -AE, = 1.9 x 107 mol.
The difference in standard reaction enthalples (AH? — AH®) was calculated by equa-
tion (35), by using the literature value® for AH® = —=55.84 kJ mol ™},

AH’ — AH® = 34.4 kJ mol ™'

The result of p.z.c. measurement (32.5 kJ mol™” agrees with those of the calo-
rimetry, as demonstrated earlier for hematite® and anatase.?’
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CONCLUSION

In this article the problem of evaluation of thermodynamic quantities associated
with surface reactions at metal oxide aqueous interface was discussed. It was de-
monstrated that even for protonation and deprotonation surface reactions the prob-
lem is not simple. The proper design of the calorimetric experiment may result in
the difference in standard enthalpies of these reactions, i.e. in the same quantity as
obtained from the p.z.c. dependency on temperature. The obtained values depend on
the assumed stoichiometries and may be mutually recalculated. Further work may
concern the examination of the electrostatic effect and also the specific adsorption
of heavy metal ions and some organic anions.

Acknowledgement. — The authors are grateful to one of the referees for his comments on
»1-pK model« and to Prof. Vladimir Simeon for helpful discussion.
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SAZETAK
Entalpija elektri¢kog nabijanja medupovrsine kovinski oksid / voda
Nikola Kallay i Suzana Zalac

Usporedene su razlidite pretpostavke o stehiometriji povrsinskih reakcija koje dovode do
elektrickog nabijana medupovrsine kovinski oksid / vodena otopina. Analiziran je problem
odredivanja entalpije protonacije, A, H° i deprotonacije, A;H°, amfoternih povrsinskih grupa.
Da bi se odredila standardna vrijednost tih reakecijskih entalpija, potrebno je u baznu (odnosno
kiselu) suspenziju dodati kiselinu (odnosno bazu), tako da to¢ka nul-naboja (p.z.c.) leZi toéno
u sredini izmedu pocetne i konaéne pH vrijednosti. Na taj se naéin dobiva vrijednost AJH° —
A,H° koja odgovara rezultatu dobivenomu iz temperaturne zavisnosti p.z.c. Prikazani su rezul-
tati sa suspenzijom silicijeva dioksida (SiO,). Kalorimetrijska vrijednost, A,H° — A H° = 34,4
kJ mol™, slaZe se s rezultatima mjerenja pH,,(T) (32,5 kJ mol-).
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