CROATICA CHEMICA ACTA
CCACAA 76 (4) 279-286 (2003)

ISSN-0011-1643
CCA-2883
Feature Article

Theoretical Description of Calorimetric Effects of Proton Adsorption
on Metal Oxides from Electrolyte Solutions Based on 1-pK and 2-pK

Surface Protonation Models

Wiadystaw Rudzinski®:b-* and Wojciech PiaseckiP

“Department of Theoretical Chemistry, Faculty of Chemistry, Maria Curie Sklodowska University,

Pl. Marii Curie Sklodowskiej 3, 20-031 Lublin, Poland

bGroup for Theoretical Problems of Adsorption, Institute of Catalysis and Surface Chemistry,
Polish Academy of Sciences, Ul. Niezapominajek 8, Krakow, 30-239 Poland

RECEIVED JUNE 6, 2003; ACCEPTED JULY 4, 2003

A rigorous thermodynamic description of ion adsorption on metal (hydr)oxide/electrolyte solu-
tion interface, including calorimetric effects, is given. Temperature dependence of potentiometric
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INTRODUCTION

Good understanding of processes occurring at the metal
(hydr)oxide/electrolyte interface is of great importance for
explanation of phenomena such as mineral dissolution,
migration of contaminants in soils, stability of colloid
suspensions, efc. A complete physicochemical descrip-
tion of the interface requires the analysis of calorimetric
effects accompanying the process of the electric charge
formation on mineral surfaces and ion adsorption. Anal-
ysis of calorimetric data provides much more informa-
tion about the course of these phenomena than the val-
ues of free energy alone.

The most commonly used experimental technique in
investigations of oxide/electrolyte interface is potentio-
metric titration, which makes it possible to determine the
surface charge as a function of pH. The heat of ion ad-

titration curves for suspensions, the heat (enthalpy) of proton adsorption, and the influence of
surface potential on calculated quantities are analyzed. The calculations were based on the
1-pK Basic Stern Model (BSM) and the 2-pK Triple Layer Model (TLM) of the oxide/electro-
lyte interface. Comparison of the results obtained by means of these two models with experi-
mental data is presented.

sorption can be measured in appropriate calorimetric ex-
periments, or deduced from the temperature dependence
of adsorption data.

Berube and de Bruyn! were the first to start research
on the heats accompanying proton adsorption, which was
based on recording PZC changes (Point of Zero Charge)
with temperature. Such investigations were conducted later
by other researchers.>!! The influence of temperature on
the surface charge isotherm was also studied.'>!7 For
example, in their pioneering papers, Machesky, Wesolow-
ski, and Palmer'®!7 presented the results obtained for rutile
and magnetite under hydrothermal conditions up to 300 °C.

The first direct calorimetric experiments were reported
by Griffiths and Fuerstenau'8 and by Foissy,!® who mea-
sured the heat of immersion of a degassed solid oxide
sample into solutions of changing pH.

* Author to whom correspondence should be addressed. (E-mail: rudzinsk@hermes.umcs.lublin.pl)
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The last experimental technique, titration calorimetry,
was developed by De Kaizer et al.,”® Machesky et
al.>'=2 Mehr et al.,** and by Casey.?> Here, the measure-
ment procedure is as follows: after introducing the solid
sample into a solution, the pH of the solution is measured.
Next, the titration step is carried out, and the evolved heat
as well as the equilibrium pH are recorded. Kallay et
al.2%-28 have recently designed an experiment of this kind,
aimed at determining the conditions under which the ob-
tained experimental data could be free of the electrostatic
contribution to the measured heat of ion adsorption. Ac-
cording to Kallay,? the electrostatic contributions to the
enthalpy will cancel if the difference between the initial
pH of the suspension and the point of zero charge equals
the difference between final pH and pH,,,.

Valuable information about calorimetric measurements
for the (hydr)oxide/electrolyte system has been collected
in the short review by Machesky.?

At the beginning, however, development of this exper-
imental technique was not accompanied by a suitable prog-
ress in the theoretical interpretation of the experimental re-
sults. This was caused by the fact that the measured heats
of adsorption are due to a number of simultaneously occur-
ring surface reactions. It was only in the 1990s that
Rudzifski and co-workers proposed a rigorous thermody-
namic description of enthalpic effects accompanying ion
adsorption at the metal oxide/electrolyte interface 304!

Charge formation on oxide surfaces is commonly de-
scribed in terms of the site-dissociation model. There are
many versions of this model; all of them are a combina-
tion of a double-layer model and a model describing the
adsorption of protons by means of one or several surface
reactions.*>*3 The most popular double-layer models are
the Triple Layer Model (TLM)* and the Basic Stern
Model (BSM).* The charging mechanism of the metal
(hydr)oxide surface is described by the 2-pK,*46 1-pK#7
or MUSIC approach.*849

In this paper, we present the results of theoretical cal-
culations based on the 1-pK BSM and 2-pK TLM, which
include analyses of potentiometric titration curves, the
heat of proton adsorption, and the influence of tempera-
ture on the surface charge isotherm. The 1-pK BSM is the
simplest model, which can describe correctly different ex-
perimental data and the 2-pK TLM is the most popular
model. The presented results are based on our earlier pa-
pers.’9-33 Since the models are similar, we only give a
short theoretical description of 1-pK BSM.

THEORY

Essentials of the 1-pK Basic Stern Model

According to the 1-pK Basic Stern Model,*3#7 protons,
along with the anions and cations of the basic electro-
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Figure 1. Diagrammatic presentation of the 1-pK model with two
charged planes (Basic Stern Model). wg, 89 — surface potential
and surface charge density in the O-plane; wy, 54 — diffuse layer
potential and charge; c; — electric capacitance of the rigid layer.
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The above reactions, leading to the formation of these
1

surface complexes onto the free surface sites SOHT,

have the following equilibrium constants: K! = 1/ 'K}",
K. ="K and K\ = 'K / 'K} for the adsorption of
protons, cations and anions, respectively. The last equi-
librium constant corresponds to the combination of reac-
tions, (la) and (lc), leading to the following reaction:

1

1
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+H + A« 5 SOH2 A,
1
HZ A -
k. = SO AT o {e("’(’kT"’d)} . (1d)
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In Egs. (la—1d), v is the surface potential and vy is
the mean potential at the onset of the diffuse layer. Fur-
ther, ay, ac and a, are the bulk activities of protons, an-
ions and cations, respectively.

As can be deduced from Figure 1, the following re-
lations between the charges and the potentials within the
compact and the diffuse layer hold:

0
Vo~ VWa=— (2a)
C]
2
Wy = Eln s + % +1| (2b)
\z\e \/8808r kTI \/8808r kTI

where ¢, is the relative permittivity of the solvent, g is
the permittivity of the free space, and [ is the ionic
strength of the solution (ions m=3). Eq (2b) follows the
Gouy-Chapman theory of the diffuse layer.

The above relations can be combined to yield the
following equation:
+ 1} .(3)

We may rewrite the equation system (la—1d) into the
following Langmuir-like form:

2
0=60+2len[ nd %

+
‘Z‘e \/8808r kTI \/8808r kTI

K.f,

W, i=+ A, C 4)

i=

where 6; is the surface coverage (i = +, A, C) and f; re-
fers to the following functions,

ey,
= exp+ — —2.3pH 5a
fe p{ T P } (52)
ey,  ed
= ac exps — + 5b
Je=ac P{ T ch,} (5b)
fa=as exp{— 0 —2.3pH} . (5¢)
Cl

We can express the surface charge o, as follows,
g = %B(9++9A—9,—0C) where B =e¢-N, (6)

where N; is the total number of surface sites.

As it has been shown in recently published papers,*3-3
the surface potential y in the 1-pK model can be ex-
pressed as a function of & (we assume that H = @y and a =
ac = ap):
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%B(aHK/;X ~1)=6, (1+aHK \ X)

Vo=——1In | |
e K K

HE 5| 1428 | Lg - oRe
HK'X ) 27\ HK'X

X = exp[— ;;52 J 7
1

Theoretical Description of the Temperature
Dependence of Surface Charge Curves and
Titration Calorimetry Data

where

In the 1-pK charging model, the heats accompanying reac-
tion (1a, 1b, 1d) are given by the following expressions:>°

| 1 el Oy,
_ e 8
Q+ QaH l//O [a(l/T))vg LpH ( a)
. ~ e oy,
Q¢ = T[a(l/T)j{gl},pH "
o * e \ar e,
oc
Qk = QlaA ( IJ
8T {0, }.pH
k[aln aAj (8c)
8(1/T) pH

where Q!,,, 0!, and Q!, denote the non-configurational
heats of reactions (la, 1b, 1d):

] lKinl dec
kw=2.3k PH,

o 9

Qu d(1/T) d(1/7) G
1 din(1/'K™)

= f——~"2c’ 9b

Q.c 401/ T) (9b)

0 = dInCK TR ©)

d(1/T)

As we can see, configurational heats Q', Q]C and Q'
depend on the surface potential and its derivative over
temperature. This temperature derivative of the potential
may be calculated™® from relation (7).

Frequent asymmetry of the surface charge curves
relative to pHp,. forced us to assume that the innermost
capacitance c; can have different values on both sides of
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. . .. 0
pHpe Thus, while calculating the derivative (C'j s
{0, }.pH

it was assumed that there were two different values of
the ¢, parameter: one for the acid region (pH < pH,,.)
and the other for the basic region (pH > pH,,). The sim-
plest way to take account of the temperature dependence
of ¢ is treating it as the linear function of temperature:

L L0
cp=c¢ =¢

+a -AT pH < pH,,. (10a)

ci=c¢ =¢’ +af ‘AT pH > pHp.c.  (10b)

The above equations may be considered as the for-
mal Taylor expansion for ¢; around 7 = T,, so that
¢/ (T,) = ¢ and ¢ (T;)) = ¢}’ The coefficients ' and
a’ play an important role in fitting the experimental val-
ues of ion adsorption heats.

In order to calculate the surface charge at different
temperatures, we have to know the values of pH,,. and
the equilibrium constants of reactions (la, 1b, 1d) at
these temperatures. When these values are given at one
temperature, the following equations can be used to cal-
culate pHp,. and equilibrium constants at another tem-
perature:

w |11
pHpZC (T2) = pszc (Tl) + QdH |: :| (113)

23T |T, T
p'Ky' (Ty) = p'Kyit (Ty) + 2.Q3iiT le—Tll (11b)
PIKI (T = pIKI (T)) + 2.Q3;I:T Tl—Tl (110)
PIK™ (T = p'K™ (1) +Q23_I§{Tl —Tl} (11d)

The other way of determining the temperature de-
pendence of the surface charge is:?

(06
8o (T, pH) = 8¢ (Ty, pH) + | (aTOJ ar. (12)

T pH

06
The derivative (a;j can be calculated by apply-
pH

ing the following equation:>2

(o)
(aaoj :_1(650] ZLM (13)
or ), TPl ), T (aaj

25,
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where

G='//o—5*0+
Cl

2kT -5 5,
““n d + d +1|=0. (14)
l2]e { [8e,e, kTT \ 85,8, kTI ]

As explained in the Introduction, the experimental
calorimetric data most suitable for the theoretical analy-
sis are those obtained from titration calorimetry. In this
experiment, the heat of the proton adsorption was mea-
sured. As follows from Egs. (1a, 1b, 1d) the molar heat
of proton adsorption is a composite quantity that can be
expressed by the following equation:

pH+ApH
| ZQ:[ae"j dpH
pH i 6pH T

QPr = DHeapH
CEENE
pH opH ), opH ),

i=+ C, A (15)

where heats Q;'s are given by Eqs. (8a—8c), and the de-

rivatives %, can be calculated numerically apply-
opH )
ing Eq. (4).

How Can the Number of Parameters Be Reduced?

In the most investigated systems, charge curves intersect
in one point, called CIP (Common Intersection Point),
which corresponds to PZC. This makes it possible to es-
tablish the relations between the intrinsic equilibrium
constants 'K/, 'K and 'K} under the condition that
the experimentally observed pH,,. is practically inde-
pendent of the salt concentration. From the system of
equations:

a50 (pHpZC )

=0 16
o (16)

So(pHp,e) =0 and

the following relations are obtained:

H="K}" and IKEH =1. (17)
A

Thus, for the 1-pK model, Egs. (17) reduce the num-
ber of unknown equilibrium constants determined from
fitting suitable experimental data, from three to one.

It follows from Egs. (17) and (9) that

Q;A :Q;H +Q21;C (18)
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This means that the heat of binding indifferent elec-
trolyte ions according to reactions (1b, 1d) is the same
for cations and anions of different electrolytes if only CIP
occurs. The simplest explanation of this fact is to assume

1
that the enthalpies of binding C* to SOH® group and

1
>+
A~ to SOH} equal zero because the inert electrolyte ions

interact with the oxide surface in the electrostatic way.
Moreover, the last relation makes it possible to eliminate
one of the three parameters Q' ,0!. 0!, from further
calculations.

RESULTS AND DISCUSSION

We would like to present some results on the enthalpic
effects of ion adsorption obtained by means of the 1-pK
Basic Stern Model and 2-pK Triple Layer Model. Theo-
retical analysis will concern experimental data obtained
from potentiometric titrations at different temperatures
and ionic strengths,'? and from titration calorimetry.22-2

First, we analyze the influence of temperature on
surface charge curves O¢(pH). The data reported by
Blesa et al.'? were used to test and compare the 1-pK
BSM and 2-pK TLM. These data are the potentiometric
titration curves for magnetite at three concentrations of
the inert electrolyte (KNOj), 0.001, 0.01 and 0.1
mol dm3, and at three temperatures, 30, 50 and 80 °C. It
was found that the 1-pK BSM produces results of the
same quality as the more complicated 2-pK TLM (i.e.,
demanding more parameters) in describing the experi-
mental values reported by Blesa et al.

Calculations were started from the lowest tempera-
ture (30 °C) in order to fit three charging curves at three
concentrations. Applying Eqs. (11) or Eq. (12), we could
fit the curves measured at two higher temperatures (50
°C and 80 °C). Figure 2 depicts the potentiometric titra-
tion data and theoretical curves for the 0.01 mol dm3
electrolyte concentration.

Although it was assumed that the equilibrium con-
stants 'K and 'K}" did not depend on temperature, an
increase of cation and a decrease of anion adsorption
with temperature was observed. It was attributed to the
temperature dependence of the double layer capacitance,
because the parameters ¢; and 'K iC"(‘A) were highly corre-
lated. We found that not all double layer parameters
could be treated independently if some simplifying as-
sumptions had not been made (e.g., the heat of adsorp-
tion of inert electrolyte ions was equal to zero).

Having at our disposal the equilibrium constants of
reactions and their enthalpies, we can calculate entropy
changes applying the basic thermodynamic formula,

TAS!, = AH\, — AG., = AH', —2.303RT-p'K% (19)
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Figure 2. Comparison®? of the theoretical potentiometric titration
curves (lines) calculated using 2-pK TLM [A] and 1-pK BSM [B]
with the experimental data (points) obtained by Blesa et al.12 for
the system magnetite/KNOj3 solution at a concentration of 0.01

mol dm=3 and at three temperatures: 30 °C | , ®), 50 °C

(———, +),and 80 °C (----- , 0).

In this equation AH); = -Q}, and p'K}; = pH,.

It was found that the heat of proton Q',, adsorption
equaled 32.8 kJ mol™!, the entropy change during the
process (at a temperature of 25 °C) TAS! ;= 6.5 kJ mol-!,
and the entropy change corresponding to the electrolyte
ions adsorption amounted to 2.3 kJ mol-' (enthalpy
equaled zero). Thus, enthalpy is the driving force for
proton adsorption and the small entropic effect for elec-
trolyte adsorption.

Now we consider the heat of proton adsorption
Op(pH) measured by means of titration calorimetry and
surface charge isotherms J4(pH). Experimental results
for three oxides (Al,O3, TiO,, SiO,) in NaCl solution
were analyzed®® by means of 1-pK BSM and 2-pK
TLM. We applied the following procedure: in the first
step, the surface charge isotherm was calculated roughly.
During calculations, the surface reaction equilibrium
constants and electric capacitance of the double layer c;
were found. In the next step, the calorimetric data were
fitted. The parameter values obtained in the first step
were precisely adjusted and the values of additional pa-
rameters, such as heats of the surface reaction (QLH,
Q!., 0!,) and temperature coefficients of electric ca-
pacitance (alL, a‘f), were found at this stage.

Croat. Chem. Acta 76 (4) 279-286 (2003)
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Figure 3. Comparison®® of the experimental potentiometric titra-
tion data (e) for the Al;O3/NaCl solution system measured by
Machesky and Jacobs,?2 with the theoretical 5o(pH) curves calcu-

lated by means of 1-pK BSM | ) and 2-pK TLM (———).
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Figure 4. Comparison®® of the experimental Q,, data (@) for the
Al;O3/NaCl solution system,?? with the theorefical Q,(pH) func-
tions calculated by means of 1-pK BSM | ) and 2-pK TLM.

Figures 3 and 4 display how the 1-pK and 2-pK mod-
els fit the potentiometric titration and titration calorimetry
data for the Al,O5/ NaCl solution system. These two mod-
els provide different theoretical Qp,(pH) curves. The 2-pK
approach is more flexible than the 1-pK one. It is easy to
model the shape of the O, (pH) curve in the former model
and it is difficult to obtain the desired shape in the latter.

Table I presents the values of free energy, enthalpy,
and entropy of proton adsorption determined by applying
1-pK BSM. Since pHy,, is the measure of surface acidity,
the higher the pH,,., the more negative are the protonation
enthalpies. The enthalpy is connected with the chemical
bond formation energy while net solvation changes are re-

TABLE I. Values of the free energy AG.,, enthalpy AH.,, and entropy
TAS!,, of proton adsorption determined by applying®0 1-pK BSM

System AG,, /kI mol™' AH', /kJ mol~! TAS!, /kJ mol™!
Al,053/NaCl -48.5 —46.0 25
TiO, / NaCl -36.5 -33.0 3.5
Si0, / NaCl -20.0 -17.0 3.0
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sponsible for entropy in aqueous solutions.3® The small and
almost constant value of entropy suggests that the pro-
cesses occurring in the solution have a second order signif-
icance for proton adsorption onto the investigated metal
(hydr)oxides and silica. These results clearly suggest that
enthalpy is the driving force of proton adsorption.

Sverjensky and Sahai have recently proposed a new
method of theoretical prediction of single-site enthalpies
of surface protonation for oxides and silicates in water,
based on the combination of the crystal chemical and
Born solvation theories.>* For the same system, the val-
ues of heats obtained by us and those obtained by
Sverjesnky and Sahai are generally in good agreement.>0

As can be seen, the 2-pK model is more flexible than
the 1-pK one, but both approaches give comparable results.
In the 1-pK model, two main parameters can be found di-
rectly from experiment. The proton dissociation constant
p'K™ equals pHp,. and heat Q!,, can be determined from
the temperature dependence of pH,,,, as it follows from Eq.
(9a). The 2-pK model has two parameters more than 1-pK
(two protonation constants and two proton adsorption heats),
so its parameters cannot be unambiguously found.

As it follows from Egs. (8), the heats of ion adsorp-
tion depend on the surface potential v and its tempera-
ture derivative. There are several procedures® of calcu-
lating y,. Hence, the question arises how the surface po-
tential and its temperature derivative can influence the
calculated ion adsorption enthalpies.

Different procedures of surface potential calculation
give very similar values of y. Greater discrepancies are
observed in the case of the temperature derivative of v,
The molar heats of proton adsorption Q,, are calculated
by means of the same set of parameters, but various sur-
face potentials have different values (especially when
the Nernst equation is used).?

Figure 5 presents the O, values calculated by means
of 1-pK BSM applying Eq. (15). Despite the use of the

100
80
l
g 601
2 . . L] L]
~ 40_ L] hd
=4
Q . /. _ - /:_:—:‘
| o _ 8 —-_____ . —__--"
20 £ Rl
0 T T T T
5 6 7 8 9 10

pH

Figure 5. The molar heat of proton adsorption Qp{pH)
calculated®d by means of 1-pK BSM and assuming exact potential
given by Eq. (7) (=——-), simplified potential neglecting electro-
lyte ions adsorption (———), and the Nernst potential ).
Experimental points for the Al,O3/NaCl solution system.?2
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same set of parameters, the differences between the heats
calculated by applying various surface potential equations
are very clear. Especially the Nernst equation gives too
high values of Q. Use of the Nernst equation in 1-pK
BSM causes the configurational heat Q i (see Eq (8a)) to
be constant and equal to zero in the whole pH range.”3
This means that the heat of proton attachment to the sur-
face, Q Ln, is compensated by electrostatic work con-
nected with this process.

The results presented in our recent article> suggest a
significant influence of the assumed surface potential
upon the other calculated quantities (especially the
electrokinetic potential {). The best results are obtained
when y and its temperature derivative are calculated ap-
plying the exact equation (7), which is an integral part of
the 1-pK approach.

It follows from the above considerations that surface
complexation models can successfully describe calorimet-
ric effects accompanying ion adsorption on metal oxides.
However, the results obtained strongly depend on simpli-
fications applied during calculations, e.g., proton adsorp-
tion enthalpy is very sensitive to small changes in the sur-
face potential.
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SAZETAK

Adsorpcija protona iz elektrolitnih otopina na kovinske okside.
Teorijska interpretacija kalorimetrijskih efekata temeljena na 1-pK i 2-pK modelu
protoniranja povrsine

Wiadyslaw Rudzinski i Wojciech Piasecki

Dana je stroga termodinamicka interpretacija adsorpcije iona na medupovrSinu kovinski (hidro)oksid/elektro-
litna otopina, koja ukljucuje i kalorimetrijske efekte. Analizirana je temperaturna ovisnost potenciometrijskih
titracijskih krivulja suspenzija, topline (entalpije) adsorpcije protona i utjecaj povrsinskoga potencijala na racu-
nane vrijednosti. U racunima za medupovrsinu oksid/elektrolit primijenjeni su 1-pK temeljni Sternov model
(Basic Stern Model) i 2-pK model trosloja (Triple Layer Model). Rezultati dobiveni pomoc¢u ova dva modela
usporedeni su s eksperimentalnim podacima.
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