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Abstract. The theoretical description of the enthalpic effects accompanying ion adsorption at the oxide-electrolyte
interface, developed recently by Rudzinski and co-workers, is used here to analyze the Kallay's experiment:
procedure of determining nonconfigurational heats of proton adsorption in a simple experiment involving use ©
titration calorimetry. That theoretical analysis, based on considering a certain real adsorption system, leads
important recommendation at which conditions the Kallay's titration experiment yields the most reliable figures
describing the heats of proton adsorption.
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Introduction light onto fundamental features of these adsorption
systems.
The oxide-electrolyte interface is the largest interface  The first attempts to estimate these enthalpic ef-
existing on our planet. Its importance for life on the fects started 25 years ago. The enthalpic effects were
earth and for technology can hardly be overestimated. elucidated first from the temperature dependence of
No surprise, that studies of the oxide-electrolyte inter- ion adsorption, but now they are more and more fre-
face are carried out extensively in many laboratories quently measured directly in appropriate calorimetric
around the world, and hundreds of papers have alreadysets. The measured calorimetric effects carry, how-
been published on that subject. ever, very complicated information about the enthalpic
So far, these studies have been oriented almost ex-effects of a number of surface complexation reactions
clusively toward adsorption isotherms of ions, (titration occurring simultaneously.
isotherms or individual isotherms). The determined  Attempts to analyze quantitatively that information
equilibrium constants provided, thus, researches with have been the matter of a series of papers published by
appropriate values of the free energies of ion adsorp- Rudziiski et al. (1991a, 1991b, 1992, 1997). There,
tion. Simultaneously, it has been realized for a long they have launched a theoretical description of the tem-
time, that the knowledge of the enthalpic effects ac- perature dependence and of the calorimetric effects of
companying the adsorption of ions may bring more ion adsorption at the oxide-electrolyte interfaces.
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Thattheoretical description results into a set of equa- where SO is the outermost surface oxygent ki the
tions which can be solved by computers to decode proton and A and C" denote the accompanying an-
the complicated combined information inherred in the ion and cation, respectively. The equilibrium constants
measured calorimetric data. However, the history of Kg‘lt, Kg‘zt, *K}{“ and*Kigt of these reactions were de-
science shows, that simple equations and simple ex-fined in literature (Davis et al., 1978; Davis and Leckie
perimental procedures are always the most attractive 1978, 1980).

way of gathering the required information. Using the notation,
Thus, Kallay and coworkers have proposed recently
an experimental procedure to elucidate certain impor- ¥ = [SOH] + [SOH!] + [SOH!A™]
tant figures describing heats of proton adsorption at the
oxide-electrolyte interface (Kallay et al., 1993; Kallay +[SOC*] +[SO7]

andZalac, 1994;Zalac and Kallay, 1996). This pro- . .
cedure is a special way of carrying out potentiometric [SOH;]/® =6, [SOH]/Z =6, 2)
titration, which should eliminate the less interesting [SO C']/Z =6c, [SOHJAT]/X = 6a,
configurational coulombic contribution to the heats of
proton adsorption.

While proposing that procedure Kallay and cowork-
ers launched certain Semiempirica| arguments. The we arrive at the foIIOWing isotherm equations describ-
purpose of the present publication is to analyze in a ing the formation of these surface complexes,
fully rigorous way the range of the validity of Kallay’s

i i i K fi .
argumentation, and to draw certain recommendations i iTi i =0, +.A.C 3)

[SO]/S=1—0g—0, —6c—6p =6_

concerning the use of Kallay’s experimental proce- LYK

dure. For that purpose, the theoretical description of

the enthalpic effects of ion adsorption, developed by where

Rudziiski and coworkers is used to analyze the data ‘

obtained by applying the Kallay’s procedure. 1 1 K
kg TTRrwm T

Theor 1

y pEI @

The equations which will be used here to analyze the
experimental data have been developed in our previ- and wheref;, (i = 0, +, A, C) are the following func-
ous publications (Rudaski etal., 1991a, 1991b, 1992, tions of proton and salt concentrations:
1997). Here, for the reader’s convenience, we will re-
peat only some principles and the final form of the e
developed expressions. fo= exp{ - % - 2.3pH} and f = f§
We begin our study with considering the most popu-
lar triple layer model proposed by Davies et al. (Davis (o eyo €
et al., 1978; Davis and Leckie, 1978, 1980) from the C=aEXP) ~ 1T TiT a
conceptualizations of the electrical double layer dis-
cussed by Yates et al. (1974) and Chan et al. (1975).
General reviews and representative applications of this
model have been given by Davis and Leckie (1979) and
by Morel et al. (1981). hereay is the proton activity in the equilibrium bulk
Thus, we consider the following surface reactions, Phase, anda, ac are the bulk activities of anion and
cation, respectively. Furthefy is the surface potential
SOH «— SOH + H* (1a) andy is the mean potential at the plane of specifically
SOH < SO 4 H* (1b) adsorbed counterions, which is given by the equation,

SOHJA™ «— SOH + H" + A~ (l¢)
SOH + C* «— SO C* + H* (1d)

(5)

— 50
Vg = Yo — o (6)
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Figure L Diagrammatic presentation of the Zpnodel with three
charged planes (TLM)yo, so0—the surface potential and the sur-
face charge density in the 0-plang; and §g—the potential and
the charge of thg-plane formed by the specifically adsorbed ions
(cations C and anions A) of the basic electrolyte/q, §4—the po-
tential and charge diffuse layesj, c,—the electrical capacitances,
constant in the regions between the planes.

in which the surface chargy is defined as follows,

30=B@O, +6a —6c—06_), whereB=Ns-e

(@)

c; in Egs. (5) and (6) is the first integral capacitance
andNs in Eq. (7) is the surface density (siteg)m
Figure 1 shows the schematic picture of the triple-
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whereg is given by
o\ 12
2N (kin\ Y o
- CDLkT K;nlt

In Eq. (9) cp. is the linearized double-layer capaci-
tance. The value afp, can be theoretically calculated
(depending on the salt concentration in the solution),
in the way described in Bousse’s work (Bousse et al.,
1983):

1 _ 2kT/e 1
CoL - (8greok T V2

10
Cstern ( )

wheree; is the relative permittivity of solventy, is
the permittivity of free space ards the concentration
of the electrolyte (ions/f). The value of thesem is
assumed to be 0.2 Fin

To evaluate the bulk activity of iong, (i =A, C),
we assume that the activity coefficiemtss are given
by the equation proposed by Davies (1962):

VT
1+ V1

wherez is the valency of ioni®, | (mol/dn?) is the
ionic strength of the suspension aAds given by

log y; =—Azz|: —0.3-|}, i=A,C (11)

_1.825-10°

= @n 42

In Eq. (12)¢, is the relative permittivity of the solvent.
Taking into account Eq. (7), the nonlinear equation
system (3) can be transformed into a one nonlinear

equation, with respect gy,

K+f+~|—KAfA—chc—1
1+ZiKifi ’
i —0,+.A,C (13)

So=B

layer model accepted to describe ion adsorption at the

oxide-electrolyte interfaces.

To express théy — pH dependence, which occursin
Egs. (3)—(7) for individual adsorption isotherfsand
for the surface charg&, we accept the relation used

This nonlinear equation f@dg can next be easily solved
by means of an iteration method, to give the valugof
for each pH value. Having calculated these values, one
can easily evaluate the individual adsorption isotherms

by Yates et al. (1974) and by Bousse et al. (Bousse 6:'s from Eq. (3).

et al., 1983; van der Vlekkert et al., 1988).

ey

kT

evo

_ inp-1 [ =¥0
2.303(PZC— pH) = + sinh (ﬁkT) (8)

The point of zero charge (PZC) is defined by the
condition,

So(pH = PZO) =0 (14)
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For pH=PZC,8y = 0 andyo = 0, and Eq. (13) can Now, let us consider the calorimetric effects ac-
be transformed to the following form: companying the formation of the surface complexes
SOH, SOH], SOHJA~, SO C*. In the calorimet-

_ H? H2apn *K Mg 1=0 (15 ric experiments reported by Griffiths and Fuerstenau
- K;“l‘Kglj + K;nzt *Ki{“ K;nzt - (15) (1981) and by Foissy (1985), they measured the heat
of immersion of an outgassed solid sample into a so-
where lution of certain pH,Qim(pH). As we discussed it in
our previous publication the theoretical interpretation
H = 10°P%¢€ (16) of this “batch adsorption calorimetry” is rather diffi-

cult. Similar conclusions have been drawn by other
The experimental studies show that in the majority authors. Much easier to interpret are the heat effects
of the investigated systems the value of the point of zero measured in the experiment called “titration calorime-
charge does not depend practically upon the salt con-ry” reported first by Machesky and Anderson (1986)
centration in the bulk solution (Davis etal., 1978; Davis and de Kaizer et al. (1990).
and Leckie, 1978; Sprycha, 1984; Foissy et al., 1982). Here after introducing an outgassed solid sample into
It seems that this very interesting feature of these sys- @ solution, the pH of that solution is measured, and
tems has not received enough attention so far. We haveSometimes also the concentration of other ions in the
shown itin our previous publications (RudsKi et al., equilibrium bulk electrolyte. Then, a titration step is
1991a, 1992) that, while drawing mathematically rig- carried out (from the base or acid side) and the evolved

orous formal consequences of the existence of CIP, oneheat is recorded. Depending on the reported experi-
can arrive at interesting physical conclusions. ments the consumption (adsorption) of protons and the

Namely, except for very low and very high PZC val- ions of the inert electrolyte is monitored, accompany-
ues and very low salt concentrations, one can assumeind the change of pH bispH. The recorded heat effect
thatac = ax = a. Thus, the independence of PZC of 1S described by the following equation,
the salt concentration can be expressed as follows:

pH+ApH 39|
AQ= >Q ( ) dpH,
i T

U HY —*K,gt:o (17) PR apH
da  KZ*Kxt K3 i=0,+,A,C (21)

Solving the set of Egs. (15) and (17) we obtain whereQ;’s are the molar differential heats of the for-

. 2 ‘ H2 mation of the surface complexes,
* t t
ng = —* th and Klanz = K—'T (18) B X
a a _
| _ Qo = —k MSOH — My (22a)

Correlations (18) between the paramet&r§', KX I/ kT ool

. . .+.C.A
and *K&, *Ky' reduce the number of the true )
free parameters—intrinsic equilibrium constants to be 9 KsoH; — 2up,
found by fitting the experimental data from 4 to 2. This @+ = _ka(l/T) KT _— (22b)

- 0,4-.C.A

fact has not been realized until we published our three

papers (Rudziskietal., 1991a, 1991b, 1992), in which s T b

the consequences of the existence of CIP were sub- Q. = —k Msocr — “C*i| (22¢)
{60,+.ca}

jected to a rigorous mathematical analysis. IA/TH| kT
While accepting relations (18) we obtain the follow- ~
ing expressions for the value of the point of zero charge, 9 Isorra- — Ha- — 2ud
PZC, AT kT
L {6o,+.cal
1, . .
PZC= S (PKal + PK32) (19) (22d)
1 - i here + - are the chemical
PZC = =(p*Knt * K int 20 W USO-C*y HSOH; A= » HSOH: HsOH; :
2(p c TP Ra ) (20) potentials of these surface complexes. For the particular
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triple-layer model accepted here, along with the as-  Next, we have shown that the derivatives
sumed two-fK charging mechanism, the molar differ- (a(i%){ei},pm i = C, A, can be expressed as follows,
ential heats of complex formatioQy, Q, Qc, Qa

take the following form, 08y — _20172.10%.T%a |
o/ .0 0 a Iny
e/ 9 i =A,C (26)
Qo = Qaz— €0 — ?(8(11//"_}» (23a)
(6.pH whereas the derivative;;/%)pn takes the following
e/ ay form,
0
= — 2el — —
Qi = Quz+ Quu— 2090~ = (a(l/T)%}‘pH (o)
(23b) IA/T) / pn
e(_ o B t Qa— Qa
Qc = Qac—e¥o T (8(1/T)>{9i},pH vo |:,3 +t + B+t 2kT
kT B aPzC
8o  €5T <3Cl> ( dlnac ) 4+23— 27)
e+ e +k e p+tal/T
o @2 \oT )y o ) pAtad/T)

(23¢) where
1
QA=QaA—e¢o—E< 9vo ) = ———x= (28)
T {6:),pH

a1/ T) (82)+1
8o esT (&) k( dInaa In Eq. (27) the derivativeai';/z%) is replaced by the
¢t (€)2\AT )\ o1 /T ) o term (Qa1 + Qa2)/4.6k, according to the result of the
formal differentiations of PZC in Eq. (19), and the def-
(23d) inition of Qa1 Qazin Eq. (24),
where the non-configurational heats are, ~» PZC Qa1+ Qa2 (29)
_ /T T 2k
SIS S o
Qa = — d1/T)’ =4 (242) Equations (23) along with the expressions (25)—(29)

allow to expres%);’s as functions of temperature, pH,

dIn(K /<Ko and concentration of the inert electrolyte, provided that

Qac = —kK d(1/T) (24b) the other parameters are known. Having kno@i's
. , we may calculate the heat accompanying the change of
Qun — —kd In(K2 - K (240) pH by ApH, and monitored in the course of the poten-
aA d1/T) tiometric titration. The derivativesa%) appearing in
Eqg. (21) have been given in our previous publications
While calculating the derivative%){gi},pH we fol- (RudZi’jSki et al._, 1991a, 1991b, .1992-). Here, f(?l’ the
lowed Blesa’s recommendation (Blesa et al., 1984) to réader's convenience, they are given in Appendix.
treatc; as the following linear functions, Also, forthe reader’s convenience, we give in Table 1

the brief description of the surface reactions, along with
CL=Cry = C‘L +a,-AT, pH<PZC (25a) the c_orres_ponding equilibrium con_stants and the “non-

configurational” heats of adsorptioQa1, Qa2 Qac,
ci=¢_=¢c 4+a_-AT, pH>PZC (25b)  Qaa.

Equation (29) has been known in literature for along
which may be considered as formal Taylor expan- time, though it was developed in a somewhat different
sions aroundT =Ty such thatcy, (To)=c, and way. Now let us remark that, similarly as in Eq. (19),
c1_(Ty) = c(l’_. the same differentiation with respect(t{a) in Eq. (20)
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Table 1 Surface reactions, equilibrium constants and heats of adsorption.

No. Reaction type Equilibrium constants Heat of reaction
1 SOH + Ht «<— SOH} —pKint Qa1
2 SO 4 H* «— SOH’ —pKint Qa2
3 SOH + H + A~ <— SOHf A~ —p*Knt Qaa — Qa2
4 SO Ct + HT «— SOH + C* —prK it Qa2 — Qac
5 SO + 2H «<—> SOH} —pKint — pK %t Qa1+ Qa2
6 SO 4 2H* + A~ «<— SOH; A~ —pKI% — prKint Qaa
7 SO +Ct «— SO C* prKOt — pKint Qac
8 SOHf + A~ «— SOH{ A~ pKInt — prK it Qaa — Qa1 — Qa2
leads to the following result, information about a number of heat effects accompa-
nying the surface reactions taking place at the same
_ 9PZC — Qan — Qac (30) time. Decoding that information to obtain tlkg, and
a(1/T) 2k Qa2 Values is possible, but requires an advanced nu-

merical analysis of many experimental data. This may
not be an attractive perspective for many researchers
having at their disposal either a commercially avail-
_ _ able, or home-made experimental set for carrying out
Qan = (Qa1+ Qa2 = Qac (1) calorimetric titration.
Thus, three years ago, Kallay and coworkers (Kallay
etal., 1993; Kallay andalac, 1994Zalac and Kallay,

in view of the definitions 0fQ,c andQ,a in Egs. (24b)
and (24c). From Egs. (29) and (30) we have,

which is surely an intriguing result.

This means that the heat effect related to the cation - ) '
adsorption on an empty oxygen atdac is the same 1996) started a theoretical-experimental study aimed at

as the heat of the attachment of the anion to the al- determining the experimental conditions, under which

ready existing complex SOj—| Qaa — (Qa1 + Qu). the obtained experimental data could be free of the
This is a very intriguing result, as it must be true for coulombic contributions to the measured heats of ad-

so many different oxides and pairs of ions of the in- sorption and referonlyto t_he_nonconfiguratiopal values
ert electrolytes, which combindly yield a large number Qa1andQa. This would eliminate the necessity of car-
of the adsorption systems in which the existence of "YiNd outacom.pllcated theoretical-numerical analysis.
CIP was reported. Looking for some rational explana- ' one of their papers the authors poJrs(t?uIated that the
tion of that result, we have postulated in our previous ~average” heat of proton ?dsqrpt'o'g*alz—az’ should
publication (Rudziski et al., 1997) that the heat of ~Ccorrespond to the heat of titration from (PZCApH)
cation adsorptio.c and the heat of anion adsorption {0 (PZC+ApH). So, letus consider in detail the above
Qaa — (Qa1 + Qa2 on the already formed complex deflnet_j heat effect, which we dgnote further(bm.
SOH] are equal, because they are simply nonexistent. 1 €N in terms of our theoro.. is described by the
As a matter of fact, assumption of that kind were earlier following integral,
expressed by Kosmulski (1994). PZCt+ApH 36,
That assumption, along with Eq. (29) reduces from Qot = / Qi (B—H) dpH,
four to one, the number of the unknown paramerters: P : Pr/
Qa1 Qa2 Qac, Qaa. This is because the derivative i=0,+AC (32
(%) can be experimentally determined, and was
frequently reported in literature (Berube and de Bruyn,
1968; Tewari and Campbell, 1976).
The knowledge of the heats of the firstand the second PZC+ApH 90 90
v [ |2, o)
P T T

ZC—ApH

The change of the pH causes the adsorption on the
surface of a certain number of moles of protons,

proton adsorptionQ,; andQ,,is of a greatimportance apH ap_H
for fundamental studies of the charging mechanism at
the oxide-electrolyte interface. However, the equations 30,
developed by us show, that the heat accompanying the + (—) }d H
titration from pH to (pH+ ApH) carries very complex 9pH /1

ZC—ApH

(33)
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The consumption of protons from the bulk solution was Table 2 The collection of the best-fit and calculated pa-
monitored in the Kallay’s experiment so. the “average” rameters used by us to fit our equations to the Blesa’s titration

. L curves measured at three temperatures and for three concen-
molar heat of proton adsorptloQAv IS given by’ trations of the inert electrolyte (Rudwmki et al., 1997).

Qo+ 34 Ns Qa1 Qa2 Qac Qaa
Qav = Nor (34) (sites/nmd)  (kJ/mol)  (kJ/mol)  (kdI/moal)  (kJ/mol)
L 6 20.5 45.0 0.0 65.5
The purpose of the present publication is to study
the heat effecQay, and to determine the experimen- - — —~ —
tal conditions under which the performed experiments TK) pKag PRz prKE prKRt PZC
could provide a possibly simple information about the 303 440 920 660 700  6.80

heats of proton adsorption. 323 418 872 612 678 645

353 3.90 8.10 5.50 6.50 6.00

Results and Discussion

c o o
We have shown in our earlier work (RudzKi et al., (mol/dn?)  (FinPdeg)  (Fintdeg)
1997), that the theoretical description of the tempera- 01 0.003 0.0
ture dependence of ion adsorption, and of the calori- 0.01 0.005 0.0
metric effects accompanying ion adsorption, involves ' ' '

0.001 0.060 0.0

introducing the same parameters and functions. There
we have given a general theoretical interpretation of
all kinds of the calorimetric experiments reported so 0.001 (mol/drd)  0.01 (mol/dn?) 0.1 (mol/dn¥)
far, along with the theore_tical description of the tem- o co ciy cr ciy cr
perature dependence of ion adsorption. However, the (k) (Fim?) (Fim?) (Fimd) (F/md)  (FIm?)  (FImd)
analysis of the available experimental data was limited
to the analysis of the temperature dependence of ion 303 140 1.80 0.95 1.15 1.10 1.30
adsorption at the magnetite/KNGOnterface, studied 323 260 18 105 115 116  1.30
experimentally (reported) by Blesa et al., (1984). 353 440 1.80 120 115 125 130
While fitting their experimental data by our the-
oretical equations, we arrived at a reasonably good
agreement between the theory and experiment. The
parameters found in these calculations are collected
in Table 2. Some of them could be determined inde-
pendently, some of them were calculated, and some o@ 30 4
them were found by computer as best-fit parameters. :z
Now, we are going to use these parmeters in our@
model calculations to see under which conditions the
data obtained in the Kallay’s titration calorimetry ex-
periment could be used to determine easily the heats o
proton adsorptionQa1, Qa2 We begin with studying
the behavior of the functio®a, defined in Eq. (34). 20 r r r .
For the parameters collected in Table 2, the behavior 0.0 05 1.0 15 20 25
of the calculated function®,, is shown in Fig. 2. —> ApH
One can see that when the concentration of the in- Figure 2 The behavior of the calculated functio@g,, depend-
ert electrolyte increases, the values of the function HQ ing onApH, at three temperatures and for three concentrations of the
tend to the valugt92, as it was assumed by Kallay ~ inert electrolyte KNQ. The solid line (—) is for the lowest tem-
and coworkers. However, our present model calcula- perature 303 K,'the dashgd line (——-) is for the temperature 323 K,
tions suggest, that in order to arrive closely at the value 8ndthedottedlin - - )is for 353 K. The numbers: 0.1, 0.01 and
Qar+Quo o . . 0.001 at the three families of the curves ( T TERERE ) denote
of 2 the Kallay's titration experiment has to the concentrations of the inert electrolyte (in mol&)ior which the
be carried out at possibly high concentrations of the three function®a, were calculated. All the calculations were done
inert electrolyte. Meanwhile, Kallay proved first his by using the parameters collected in Table 2.

35

'mol)
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hypothesis by comparing his experimental he@ss
for TiO, (Kallay etal., 1993), with the values 592

determined from Eg. (29). The agreement was very

good.

So, trying to find out under which conditions the
Kallay's calorimetric-titration experiment will yield
the value 3%, we rewrite Eq. (34) to the follow-
ing form,

Qu = QN+ QR, + Q& (35)

whereQ}3o"is the nonconfigurational (chemical) con-
tribution,

1 PZC+ApH 800
nonc
o (25
A Npr|: 2 PZC-ApH 8pH T
PZQ—ADH 89
(—*) dpH
pzc-apH \JpH /7
PZG—APH aec
+Q c/ <—> dpH
2 pzc—apH \OpH /g

PZCAPH / 59
<8—A> dpH| (36)
pzc-apH \IPH/ ¢

+ (Qa1+ Qa2

+ Qaa

¢l is the electric (coulombic) contribution,

o 1 /PZC+ApH e( awo )
AT N —eYo — —
Npr | Jpze-apH TNOA/T) /6 .pH
96 ) /ch+ApH
x [ —=) dpH+ —2e
<3DH T P PZC-ApH Vo
() (0 g,
T\@/T)/ g1/ \OPH/ ¢
PZC+ApH e/ ovo
+ —eyp— —
[ ( w1 (5arm)
S0  €sT <3C1> ( d6c )
+e 4 = =
c (c)?2\aT .o/ \OPH
PZCtApH e/ 9o
+ —eyp— —
v/F.’ZC—ApH ( Vo T (3(1/T))(6i].pH

680 edgT <3C1> ( 00
Cy (C1)2 oT (6},pH 8pH

{6i}.pH

wherea€Qais the contribution due to the temperature

dependence of the bulk activities of ions,

1 oY PZC+APH / a9
A k<—”aC) | <_) dpH
Nor a(1/T) pH JPZC-ApH opH/ ;

PZCt+ApH
() [ (2
a(1/T) pH JPZC-ApH opH/ ;
(38)

Our numerical calculations made not only for this
particular system, but also for a number of other sys-
tems showed tha®3%' makes very small (smaller than
the experimental error), thus negligible, contribution
to Qay. From Egs. (35)—(36) it follows, that the func-
tion Qav tends to2f%2 value under the following
conditions:

=

The electric contributio®8,, is negligible.

2. The value ofQ,c is zero (or very small), as it has
been assumed by us.

3. The integral (39),

PZC—FADH 89
o s Gii), 22
pzc—apH \OPH/1
is negligible, becaus@,, alone is known to take
relatively high values (see Table 2).

(39)

The integral (39) tends to zero when the function
(060/0pH) is symmetrical with respect to PZC in such
a sense that

RIS 369

apH(PZC+ ApH) = apH(PZC ApH) (40)
The function6y(pH) was frequently calculated and
shown in our theoretical papers (Rudgzki et al.,
1991a, 1991b, 1992, 1997) and was always highly
symmetrical with respect to PZC, so the condition 40
is commonly well fulfilled. Figure 3 shows the func-
tion (06y/dpH) for the system magnetite/KNGQtudied
here by us, for two different concentrations of the inert
electrolyte.

One can see in Fig. 3 that condition 40 is very well
fulfilled in the vicinity of PZC. For the high electrolyte
concentration 0.1 mol/dfn condition 40 is fulfilled
well in the whole range of pH values. Neglecting thus
the integral (39) in Eq. (36) and assuming tQat = O,
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. Lo, 5T ( @)
0.1 - ¢ (C)*\T /g
\ 3¢ 30a
- [(ap—H) - (ap—H” 43)

Figure 4 shows the functioRg (pH) for the studied
system magnetite/KN§) for the same two concentra-
tions of the inert electrolyte, as those accepted to show

041 : . ; r T . the behavior of86y/dpH) shown in Fig. 3.

40 50 6.0 7.0 8.0 One can see in Fig. 4 that the functi@ig, (pH) is
—> PH much more symmetrical for the high electrolyte con-
Figure 3 The shape of the functiodo/apH), in the system  CE€Ntration. Correspondingly, Fig. 2 shows that the ex-

magnetite/KN@, calculated by us for the temperature 353 K, and Perimental functionQay gets then closer to the value
for two different concentrations of the inert electrolyte; 0.1 mofidm Qa1+ Qaz

dav/dpH

0.0

(the solid line, —), and 0.001 mol/dhithe broken line, - - -). Although itis difficult to prove it in a simple rigorous
The calculations were carried out by using the parameters collected way, we feel that the lack of symmetry in the electrical
in Table 2. . '
mTavie functionF¢', should be related to the lack of symmetry
Av edic Yy
of the two branches of the titration curve,
we obtain
—80(PZC+ ApH) = §o(PZC— ApH) (44)

Q™ observed on the experimental titration curves reported

 (QutQu 2o e( o ). o+ Qua sz 2o ( N ), dpH 't:)y B:[Ir(]as? etal. (198t4) tf.or thefstﬁst.em rtna}gnten}eirgntod

= , : ‘ or the two concentrations of the inert electrolyte stud-

] € Ry Y Y

ied in Figs. 3 and 4, Fig. 5 shows the behavior of the
(41) experimental titration curves.

With the assumptio®.c = 0, from Eq. (31) it follows 20
thatQaa = Qa1+ Qap, and then Eq. (41) reduces to the )
Kallay’s equation (assumption) th@ly, = 2592,

Now let us consider which is the condition for the
electrical contributionQg, to disappear. Of course,
like in the case of integral (39), the condition is the
following symmetry of the functiorF,f\',,

— B K)

—F2(PZC+ ApH) = FZ/(PZC— ApH)  (42)

where Fg! is the sum of all the functions under the 4,

integrals in the numerator of Eq. (37). 4.0 50 6.0 7.0 8.0
— pH

Fel _ ey — e Yo % Figure 4 The shape of the functiofg (pH), in the system

A 0 T\a(/T) apH magnetite/KNQ, calculated by us for the temperature 353 K, and
{é).pH T for two different concentrations of the inert electrolyte; 0.1 mofidm
(the solid line, —), and 0.001 mol/dh{the broken line, — — -).
5 a0, a0c 30 The calculations were carried out by using the parameters collected
+ <8pH>T <8pH)T <8pH>T in Table 2. Whlle considering the symmetry condition 40, please
note that for this temperature PZ€%5.
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where
0.1 1
; e 0
< Fo=—nKn— % _o3pn_n® _0 (a2a)
5 kT 0_
= 00
& o 2eyp 0,
\ Fy=—In(KJ - KB) - S —46pH—In = =0
0.1
(A.2b)
i i €Yo edg
-0.2 Fe=—In(KR/*KY) - =+ — +1In
¢ (Ke2/"Ke) kT TkTg 1%
4.0 5I.0 GjO 7?0 8?0 9?0 10.0 —In G_C =0 ( A ZC)
—— pH 0 .
Figure 5 The experimental titration curves reported by Blesa Fa=—In (Kint . *Kint) _ e_wo _ o +1Inax
(Blesa et al., 1984) for temperature 353 K, and the two differ- az A kT kTg
ent concentrations of the inert electrolyte)(0.1 mol/dn?, (O) 9
0.001 mol/drA. —4.6pH—1In Q_A -0 (A.2d)

One can seethatthe condition (44) is much better ful-

filled for the high electrolyte concentration, for which While evaluating the partial derivative4t.) occur-
Qu Values are closer t&2£%2  Thys, it seems that  ring i pH :
AV o= ' A ring in the numerator of Eq. (A.1), one has to consider
the symmetry of the titration curves may be a practical y, as a function of pH defined in Eq. (8). Then,
guide to a successful application of the Kallay’s proce-
dure of estimating®5%2. Of course, the validity of dFo g ! aF, t

that practical guide deserves further theoretical studies. 8p—H ' m apH t+8

Such model calculations will require first a full
analysis of the temperature dependence of adsorption oFc -2 B R = _2,32t + 5 (A.3)
(titration) isotherms or a full analysis of accurately opH t+p  9pH t+p
determined heats of titration in a wide range of pH. 3F

Further, while, evaluating the derivatives(aei),

Unfortunately, the small body of the experimental data i . ;
j =0, +, A, C) one has to consider the equation,

reported so far in literature, and certain problems re- @,
lated to their accuracy create, for the moment, serious

limitations for an exhaustive study of such a kind. o= B(20+ +26n +60—1 (A-4)
to obtain:
Appendix
0F0  6o+6_ OF. 6. +0_
The derivatives(azjim)p (i = 0,+,A,C) are to be 3 G- 06, 0.0
evaluated from Eg. (3). For instance,
oFc Oc+60_ OFa On + 60— >
‘ ‘ —c__ A _ _ 2w
o T G 96c OcO-  0a 06—
aF, oF, 9F, aF,
TR 0 W T 9o _ 9Fo _0F _9F, 3R, 9Fy
9Fc 9Fc 9Fc dFc 30, 06c  96a 38y  06c  06a
dpH 96L 096c 96a (A 5)
98 9Fa 9Fa 9Fa 3Fa dFA 1 '
0 _ apH 96. d0c 06 = —= ——
! o e 9F, 1 aFc  OF 1
aFy 9Fy 0F, 0Fy gc__= Jge_9'¢_ _ =
90 0, e 90a 8 ~ oY B8, o6 o T
36y 06, 06c 06a 8FA 1 aFA 1
OFs Fa OFa 0Fa =W == =20
300 00, 00c 90 d6g 6o 00 6_




where

eB
w =
kTC1

(A.6)

After solving the determinants, we arrive at the fol-
lowing explicit form of the derivativeg})i,

06 2.36; X .
= —— —, |:0’ ,A,C A7
opH t+8 Y + (A7)
where

Xo =t[0_ + 6c — 04 — Oa] + 2wt[6_6a — 6,6c]
+ BlOc — 6l

X, = t[fo + 26— + 26c]
+ wt[fofc + Oabo + 40a0_ + 400c]
+ BlOc — 0l

Xc = —t[fo + 205 + 26a]
+ wi[0ob; + O_60 + 40_0, + 40_0a]
— BlOo + 04 + 60— + 204]

Xa = t[fo + 26 + 20c]
— wt[0ofy + 6_6p + 406, + 40,0c]
+ Bl6o + 64 + 6 + 20¢]

Y = 1+ w[0a(26_ + 20 + 60)
+0c(20, + 20a + 60)]

(A.8)
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