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The paper reports results of both surface charge vs pH mea-
surements and of electrokinetic determinations performed on su-
spension of monoclinic zirconia. The time length os the pre-con-
ditioning of the oxide in the electrolyte (KNOj;) appears to affect
the value both of the c.i.p. and of the i.e.p. and to modify the
pattern of charge curves. The transition from »fast« to »slow«
titrations also introduces remarkable differences in the degree of
hysteresis and in the overal trend of charge curves. A common
interpretation of these phenomena is proposed considering the
high temperature of preparation of the samples and the possible
consequent removal of the surface chemisorbed water.

INTRODUCTION

The paper reports some results concerning the interfacial characterization
of samples of monoclinic ZrO,. Zirconia has received much attention as a high
temperature solid electrolyte, while results of surface and interfacial charac-
terizations, in room temperature conditions, are limited and concern mainly,
the hydrous oxide or the hydroxide!®. This occurs notwithstanding the rele-
vance these aspects may bear to different low temperature applications of
zirconia, i.e. in the production of ceramics®, in catalysis’, in corrosion proces-
ses8. The monoclinic phase is the only stable crystallographic form of the Zz'V
oxide up to c.a. 1200 °C. Metastable tetragonal and cubic phases happen to
form however, in the lower temperature region (from the initial formation of
crystalline pahses up to c.a. 800 °C) together with the monoclinic phase?®il.
High temperatures (900—1000 °C) have therefore to be reached in order to
obtain zirconia a pure monoclinic phase.

EXPERIMENTAL

Two different ZrOs samples have been used in this work, both high purity
commercial samples obtained by calcination of Zr'Y compounds in the high tempe-
rature region: Sample A, ZrOs 99.99% by Aldrich and Sample B, ZrO: 99.9% by
Ventron. .

* Based on a contributed paper presented at the 8th »Ruder BoSkovié« Institute’s
International Summer Conference on the Chemistry of Solid/Liquid Interfaces, Red
Island, Rovinj, Croatia, Yugoslavia, June 22 — July 1, 1989,
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All chemicals were of reagent grade quality and used without further purifi-
cation. Water was purified by means of a Milli-Q apparatus and nitrogen (SIO N 50)
was used as the de-aerating means. Charge vs pH curves have been determined
with the usual »fast« potentiometric titration procedure (save when stated differen-
tly) in KNOj as the base electrolyte. The first titrations obtained at the lowest KNO3
concentration (in the alkaline direction and then backwards in the acid direction
or bdice versa) were always discarded and results in the following pertain to sub-
seqtient sets of titrations.

Error bars of common intersection points of charge curves (c.d.p.) (Fig. 3) re-
present the maximum pH distance (averaged on indenpendet experiments) which
occurs between the different intersections of the curves obtained at the three ionic
strengths (both in the alkaline and in the acid direction).

Isoelectric points (i. e.p.) have been obtained from the point of zero mobility
of microelectroforetic mobilities vs pPH curves. Microelectroforetic mobilities have
been determined by means of a Rank Brothers Mark II apparatus. The accuracy of
these determinations may not be very high due to different reasons: a) the high
polidispersity of the powders, b) possible PH drifts ensuing the transference of the
suspension from the outgassed reservoir to the measuring cell, c¢) possible inac-
curacies in the optical determinations of both stationary levels and of the mo-
bilities themselves. Error bars of i. e. p. values (Fig. 3) are based on the reproduci-
bility of independent mobility vs pH curves.

Before performing both titrations and electrokinetic determinations, the samp-
les were subjected to conditionings in KNOs of variable time lengths. Different values
of the pH of the conditioning solution were tested: acid, neutral and alkaline. No
effect appeared to be introduced by the different pH values either on tha pattern of
charge curves or on the electrophoretic mobilities. The following procedure was adop-
ted: the samples were conditioned at spontaneous pH (pH = 7.5) for the first part of the
conditioning and then left at pH = 4.5 for the 16 h immediately preceding the test.

NMR measurements have been performed on zirconia (A samples) with the
following procedure: the samples have been prepared by cooling the dry powder
under vacuum and then diffusing a known amount of D20 over the sample bed.
Changes in the water content were prevented by sealing the hydrated ZrOz in
glass tubes. Deuterium NMR spectra were recorded on a Bruker WM 300 spectro-
metem:, at a resomance frequency of 46.07 MHz. The use of the quadrupolar echo
technique was necessary, as a consequence of the large spectral width required, with
two 90 pulses spaced by 30 us. The relaxation dalay was 1 s. Given the small amount
of absorbed water and the large width of the spectra, between 50,000 and 100,000
scans were meeded to assure a good signal to noise ratio. All measurements were

conducted at 20 °C and the temperature was controlled by a BUT-1000 unit with
an accuracy of * 1°C,

RESULTS

X-ray diffraction proved both A and B samples to be pure monoclinic
phases with crystallities dimensions of about 1000 A. The specific surface area
of the samples was obtained by B.E.T. measurements and found to be: sample
A = 1.4m?/g, sample B = 0.66 m?/g.

Fig. 1 reports charge vs pH curves of sample A subjected to an overnight
(16 h) conditioning in KNOs 10® at acid pH (pH = 4.5). The titrations were
performed with the usual »fast« procedure with waiting times of 5 minutes
between successive additions of acid or base. The alkaline end of the pH range
was fixed at pH = 9.8 in order to prevent any possible alkaline dissolution of
the oxide and to minimize alkaline errors of the glass electrode. The curves
in Fig.1 are representative of titrations performed both in the acid and in
the alkaline direction for each ionic strength. Due to the low degree of hyste-
resis, points pertaining to alkaline and to acid going runs have been, in fact,
interpolated, with a good approximation, by a single curve at each ionic
strength. No intersection is apparent between the curves relative to the three
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Figure 1. Charge vs pH curves of sample A subjected to an overnight (16 h)
conditioning in KNO, 10° M. @ and A refer to titrations performed, respectively,
in the acid and in the alkaline direction.

KNOs concentrations, the curves merging one into the others for pH > 9.4.
Also sample B subjected to 16 h conditioning in the electrolyte shows a picture
very similar to the one reported in Fig.1 the curves merging for pH > §.8.
When the time of equilibration of the oxide in the electrolyte is increased,
the pattern of charge curves undergces significant modifications. As an
example Fig. 2 reports charge vs pH curves obtained for sample A subjected to
53h conditioning in KNO; 102 M. In this case some degree of hysteresis is
present at each ionic strength and charge curves, although not showing a
common intersection point, decfinitely cross each other with intersections
occuring in a neutral pH range. The pattern of charge curves reported in Fig. 2
is common to all determinations performed on both A and B samples equili-
brated in solution for times longer than 16—20 h:

i) an un-avoidable degree of hysteresis is in any case present between
curves obtained in the acid and in the alkaline direction at the same ionic
strength.

i) the curves obtained at the three KNOs concentrations never intersect in a
single point and the cross-overs are spread in rather broad pH ranges.

iit) the pH range of the intersections, although never narrow, apparently
undergoes a transition from alkaline to neutral pH values with increasing the
time of conditioning of the sample.

Concerning this last item Fig.3 collectively reports results of common
intersection points of charge curves and of isoelectric points (from microelec-
trophoresis determinations) of both sample A and sample B, subjected to
increasing times of conditioning in KNO; before beginning the experiments.
Although with some scatter and with large error bars, the figure clearly
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Figure 2. Charge vs pH curves of sample A subjected to 53 h conditioning in KNOs
10°% M. Titrations_have been performed with fast additions (5 min.). Full and dotted
curves refer, respectively, to acid and to alkaline going titrations.
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Figure 3. Common intersection points of charge curves and isoelectric points of
sample A and B subjected to conditionings of increasing time length

[0 O ci.p. values, sample A and sample B, respectively
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indicates that the parameters of zero charge progressively shift from alkaline
to neutral-acid pH values with increasing the time length of the oxide condi-
tioning in the solution.

The trend of variation of the electrical parameters is not accompained by
a parallel variation of other parameters. NMR spectra obtained on A samples
do not show, in fact, any significant variation upon increasing the time length
of the contact of the sample with the diffusing D,O.
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Figure 4. Charge vs pH curves of sample A subjected to 53 h conditioning in KNO,

10 M. Titrations have been performed with slow additions (20 min.). Full and

dotted curves as in Fig. 2; a, 8 =103 M; b, b’ = 102 M; ¢, ¢’ = 10" M. For reasons
of space the figure does not centain the alkaline end of titrations.

Going back to consider point i), an attempt was made to try to reduce the
extent of the hysteresis loops. Instead of performing titrations with fast
additions, which might result in non complete equilibrium for the surface
reactions, several sets of titrations have been obtained adopting longer waiting
times (20 min.) between subsequent additions of acid or base. Fig. 4 reports
the case of sample A conditioned 53 h, in order to allow a direct comparison
with results in Fig.2 It can be seen that in the case of »slow« titrations the
degree of hysteresis, in contrast with what could have been expected, increa-
ses dramatically even at the highest ionic strength, the extent of hysteresis
largely exceding, the variation in charge due to the increase in ionic strength.
Besides hysteresis other aspects of charge curves in Fig. 4 appear to be ano-
malous when compared with the trend in Fig.2 In the case of slow titrations
the charge and the slope of charge curves becomes, in fact, much higher than



550 S. ARDIZZONE ET AL.

in the case of fast additions, while the charge variation upon increasing the
salt concentration is much smaller (expecially at positive charges).

DISCUSSION

Different evidences have to be considered and possibly interpreted within
a common frame:

1) The c.i.p’s of charge curves and the i.e.p.’s change frorﬁ alkaline to
neutral in passing from short to long conditionings of the oxide in the solution.

2) Hysteresis between acid and alkaline runs is never completely abseat.

3) In passing from »fast« titrations (5 min. waiting times between sub-
sequent additions) to »slower« titrations (20 waiting time) a definite increase

of the degree of hysteresjs takes place and the pattern of charge curves is
deeply modified.

The possibility to attribute hysteresis and the pH shift of the zero charge
parameters to phenomena related to adsorntion/release of impurities and/or of
specifically adsorbing ions, is to be excluded.

It is in fact well known that svecifir effects would determine shifts of the
c.i.p. of charge curves and of +h~ i.an. ‘n onnosite pH directions, while in the
present case the two narameters move conformingly (althoush with low acen-
racies) from alkaline to neutrs1 nH nnon increasing the time of conditioning.
Incidentally, on the apoarent ahsence nf snecific adsorption effects, the c.i.p.’s
of charge curves are all to be given the meaning of points of zero charge of
the zirconia surface’2.

As specifie adsorntion/decorntion effects ean be excluded, other factors
determining the trerd in Fig. 3 are to ke considered.

The present samvples, in order to he obtained as pure monoclinic phases,
had to be prenared hv calcinaticm nt verv hish temneratures (T >> 800 °C) (as a
consecience of the farmation nf metactahla nolimornhs at lower temveratin-
res). Heat treatments. even at low tarmneratures. mav significantlv affect the
state of oxide rmivfaces: more snerifieallv enlcinations nf oxides at temperaiu-
res higher than &00°C are remorted!d tn partiallv remove the water chemi-
sorbed at the oxide surfare. thus rendering the enrface less hvdronhilic. It
could. therefore. he exneceted that the eni~faca nf the nresent ZrO2 samvles is
partially dehydrated bv the hich tamneratiire nf nrenaration and progressivelv
re-hydrates with inereasineg the time of r~onditioning in solntion. The trend
shown in Fig. 3 is. however. anmnncita ta that exnected on a simnle transition
from an anvdrous surface tn tha ssme hvAdrated surface. An anvdrous oxide
surface is in foet exnerted +n chowr ~n7r fand ien) wvalues chifted in the acid
direction in comraricon with th~ n7~ af tha eame hvAdrated oxide. In Pari’s
correlation (2) an sanvdranc« nvide nrecants a naint of zara charge 2 nH unitg
lower than the rorresnonding shvdrated« nxide. Alea more recent resnlts from
Morimotn et. al (13) ipdicate a trend conornent with this exnecrtation: tho
j.e.n’s of a—Fe,O; samnles treated at temmeratures hisher than 800 °C shift
from acid to nentral nH 1'an inev~ncing the tima of fronditionins jin the <oln-
tion. that is 1"=nn inerancin~ tha hoedvatinn nf tha axternal Taver. The trend
shown in Fig. R ran nnt. therafara £inAd o Aircrt avnlanatinn an the hagis of a
simple nrosrescive hvdration nf tha mannelinin ZrNs cnirface. The fart that g
process of different nativa tgkee nlace dAurine the conditioning mav be sunvor-
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ted also by the invariance of the NMR spectra which would, otherwise, appear
modified by an increased interaction of the ZrO, surface with water.

Penners et al'4 suggest that when the surface of an oxide is strongly
de-hydrated by a high temperature treatment, the ensuing re-hydration
might occur through the formation of an external amorphous or gel-like layer
different from the internal crystalline core of the oxide.

It is proposed that the same happens in the present case and that during
the time of conditioning the »phase composition« of the surface undergoes a
continuous transition; at very short equilibration times (16 h, Fig. 1) the res-
ponse of the oxide might reflect the behaviour of the crystalline monoclinic
zirconia, although, possibly, with surface reactions not fully equilibrated;
with increasing the conditioning length, Zr(OH)s;, might form, progressively
at the surface, giving rise to a continuous layer shielding the internal oxide
core. The i.e.p. and p.z.c. values determined on samples subjected to long
conditioning times (pH = 6.5 — 6.0) agree well with this hypothesis: literature
data reported for the i.e.p. and p.z.c. of zirconium hydroxide or of the amor-
phous oxide are, in fact, all around pH = 6.5(3—5). Zr(OH}; is a bulk ion-ex-
changer (1); if Zr(OH)s forms, progressively, at the surface of the samples, its
properties might be responsible for the un-avoidable presence of hysteresis
between titrations performed in the acid and in the alkaline direction; together
with surface ion adsorption/desorption reactions, bulk ion-exchange reactions
would, in fact, occur, these latter reactions being intrinsically slower and not
reversible on a short time scale. The presence of a slower, not ready reversible
reaction is clearly evidenced also by the dramatic effects introduced by increa-
sing the waiting time between successive additions of acid or base (see Fig. 4).
The formation, for long equilibration times, of a layer of hydroxide covering the
internal oxide core seems therefore quite reasonable; the attribution of the
more alkaline p.z.c. (and i.e.p.) values, which occur for short conditioning
times, to the intrinsic surface of monoclinic zirconia is instead more difficult
to assess. The only literature result concerning a crystalline ZrO, with the
baddelyite structure (8), indicates pH = 6.5 as the p.z.c. value. These results,
however, do not, necessarily, contrast with the present i.e.p./p.z.c. values obtai-
ned for short conditionings; the authors in (8), in fact, do not report any detail
concerning either conditioning or equilibration times, of the samples before the
titrations; a value of p.z.c. = 6.5 may in fact reflect the conditions of a mono-
clinic zirconia undergone a conditioning comparable to the one of the present,
longer equilibrated, samples. Results in (8), therefore, can not bring either
positive or negative support to the present results relative to short equilibra-
tions. Following a different approach, a value of point of zero charge for
monoclinic zirconia can be obtained by inserting the structural parameters of
the heptacoordinated Zr!V in the Yoon equation's:

pH

p.Z.Cc

2—y
= 18.43 —53.12 (»/L) — 1/2 log [ ]
%
where, » = 2/CN, is the effective charge on the cation per Me—O bond, z is
the cation charge, CN is the coordination number of the cation and L =
(Me—O) + r (OH).

The value calculated with L = 3.17 A is pH,,. = 8.65.
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By comparison with the calculated value the attribution of the alkaline i.e.p.,
p.z.c. values relative to short-conditioned samples (average p.z.c, i.e.p.
value = 9.1) to the monoclinic ZrO, surface seems not to be unreasonable.

If this were the case, results obtained for short conditionings might be
very interesting as they would represent the first data relative to the intrinsic
crystalline ZrO, surface not modified by the presence of the amorphous
hydroxide. As the direct consequence of the short equilibration in water, the
values of i.e.p. and p.z.c. obtained after 16 h conditionings, may be expected
however, to represent a non completely equilibrated surface still affected by
Lewis acid and basic behaviour.

Work is in progress in this laboratory in order to obtain monoclinic ZrO:
by different procedures not involving a high temperature calcination step.
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SAZETAK
Monoklinski ZrO, prah. Neke osobitosti medufaznog elektrostatskog ponasanja
S. Ardizzone, G. Chidichimo, A. Golemme i M. Radaelli

Prikazani su rezultati mjerenja povrSinskog naboja u odnosu na pH, te elek-
trokineti¢kih mjerenja na vodenim suspenzijama monoklinskog ZrO,. Dokazuje se
da vrijeme predobrade oksida u vodenoj suspenziji utjede na vrijednost kako pre-
sjeciSta krivulja naboja, tako i izoelektri¢ne tocke. Primjenom »brze« (koraci do-
dataka od 5 minuta) i »spore« (20 minuta) titracije ukazuje se na postojanje
histereze i na promjenu oblika krivulja naboja. Uzrok ovim pojavama nalazi se
u nadinu priprave uzoraka kod visokih temperatura (800 °C, kojom se s povrsine
uklanja kemisorbirana voda i povriina ¢ini manje hidrofilnom. Proces rehidrata-
cije nakon takve priprave tefe sporo i to putem vanjskog povriinskog gel-sloja,
razli¢itog od Kkristalini¢ne strukture u masi oksida.
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