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ABSTRACT 

Thermoanalytical techniques can be most valuable in relating the chemical 
history and the role of precipitants to the surface chemical properties of gels 
and have been used to elucidate the origin of porosity in zirconia gels. The 
aspects discussed are: (a) aqueous chemistry and polymerization, (b) role of 
precipitating conditions on development of surface properties, (c) application 
of thermoanalytical techniques to elucidate the origin of porosity and (d) 
study the glow phenomenon in zirconia gels. 

The surface and microstructural properties of zirconia gels precipitated 
from zirconyl chloride solution by NH3 gas, NaHCOa and NH4HC0s were characteri- 
zed by nitrogen and water adsorption, X-ray diffraction and electron microscopy. 
NH, yielded a microporous gel that was thermally unstable whereas sodium bicar- 
bonate gave a mesoporous solid that increased in mesoporosity with increasing 
temperature (20 - 45OOC). The gel resulting from ammonium bicarbonate showed 
an intermediate behaviour. 

TG, DTA and EGA have confirmed that the development of a mesopore system 
in the NaHCOa precipitated gels can be directly related to the retention of a 
small amount of CO2 as a bidentate ligand in the structure of the gel; this 
would explain the stability and development of mesoporosity. Thermoanalytical 
techniques have also been useful in showing that for ammonia-precipitated gels 
the micropore volume is essentially protected by monodentate Hz0 and NH3 
ligands. 

The chemical history of different zirconia gels can also be related to 
their crystallization during glowing by thermoanalytical techniques. For 
carbonate-precipitated gels the endothermic effect of COzevolution compensates 
the exothermic glow phenomenon but crystallization progresses despite the ab- 
senge of the exotherm. The lower limit of the exotherm was established as 
375 c. It is also shown that ligands derived from various precipitants incor- 
porated in the gels strongly influence their high-temperature behaviour. The 
observed properties are interpreted on the basis of a defect structure involv- 
ing 02- vacancies generated through the removal of these ligands. These 
studies suggest that a similar approach would be very valuable in investigating 
other hydrous oxide gel systems. 
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Most surface chemical investigations involving oxides have been carried 

out on the so-called "active oxides", (e.g. silica, alumina, titania, magnesia, 

uranium oxides, chromia and thoria), because of their catalytic properties and 

their considerable industrial importance. Extensive studies published include 

the various preparative methods employed and their relation to the subsequent 

surface properties of the oxides. A logical extension of these studies would 

be to the Group IV elements of the Periodic Table. Of these silica and titan- 

ia have been extensively studied, but the next oxide Jn the series, zirconia 

(ZrO,), has received comparatively little attention. For this reason the em- 

phasis of this review will be on the factors that influence the surface chemis- 

try of ZrO, and on the thermoanalytical techniques that can help in elucidating 

the origin of porosity in zirconia gels. 

Surface chemical techniques (viz., adsorption studies using different 

adsorbates) help to characterize surface area, porosity, specificity of inter- 

action between the surface and the adsorbates while X-ray crystallographic and 

electron microscopic studies reveal structural and microstructural features. 

These techniques, however, disclose little about the origin of porosity in 

zirconia gels. On the other hand, thermoanalytical techniques such as thermo- 

gravimetry (TG), differential thermal analysis (DTA) and evolved gas analysis 

(EGA), offer a unique opportunity of relating the chemical history and the role 

of precipitants to the surface chemical properties, thus revealing the origin 

of porosity in zirconia gels. A further application of DTA is in the study of 

glow phenomenon and the defect structure in zirconia gels. Hence, the follow- 

ing aspects of thermochemistry and surface chemistry of zirconia gels are con- 

sidered below: (a) aqueous chemistry and polymerization, (b) role of precipi- 

tating conditions in development of surface properties, (c) application of 

thermoanalytical techniques to elucidate the origin of porosity and (d) the 

study of glow phenomenon in zirconia gels. 

Unlike Cr, Cu, Ti and Sn, which exhibit variable valencies, zirconium 

occurs almost exclusively in its compounds with the oxidation number 4+. 

Hence, its chemistry in general and surface chemistry in particular is likely 

to provide a model system, uncomplicated by variable oxidation states. The 

precipitation of the oxides is an important step in their preparation, since 

the surface area, pore size, development of porosity and resistance to sinter- 

ing are all strongly influenced by the conditions employed. Thus, the presen- 

ce of a unique oxidation state is helpful in providing a clearer view of the 

effects of the precipitation conditions and precipitating agents on the sub- 

sequent surface properties. 

Hydrous zirconia can be prepared with different zirconium compounds but 

the most frequently chosen source of zirconia is the zirconyl solution, 
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particularly zirconyl chloride in which the zirconium ion is coordinated by 

four OH and Hz0 groups, the lone pair of electrotsbeing provided by the oxygen 

(ref, 1, 2). The smallest unit present is the tetrameric complex (Fig. 1). 

Moreover, the Zr-Cl bonding that occurs in zirconyl chloride solution is absent 

(ref. 3). 

Fig. 1. Freshly formed single Fig. 2. Variation of pore volumes of 
tetramer of pure hydrous zir- ammonia and ammonium bicarbonate 
conium oxide, zero charge. precipitated gels, ARZr4 (N2 and H,O) 

and ARZr7 (N2 and H,O), respectively. 

The behaviour of zirconium complexes in solution is governed by hydration, 

hydrolysis and polymerization (ref. 2 - 6) that leads eventually to a three- 

dimensional network resulting in a gelatanous precipitate of "hydrous" zirconia 

ZrO,. xH20 (ref.7 - 10). When zirconia is precipitated with NH,OH or NH, gas, 

the NH,+ or NH3 ligand present in solution can replace certain aquo groups from 

the hydration sphere and compounds of the type ZrO,.xH,O. yNHs are likely to be 

generated (ref. 11). When precipitated with solutions of NH,HCOa or NaHCOs 

carbonatozirconates are the likely products (ref. 12). There is little pub- 

lished information on zirconium carbonates, although as early as 1825 Berzelius 

(ref. 13) prepared ZrOC0a..2Zr02 . 8HzO and recent studies (ref. 12, 14,'15) 

suggest that complex carbonate-zirconium anions form bidentate oxygen linkages 

of the type 

/O\ 
“\OiC = O 

As conditions of precipitation affect the polymerization of the zirconia 

gels they would also have a significant effect on its surface properties, 
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particularly surface areas and pore structure (ref. 16 - 21). However, two 

problems arise in attempting to relate precipitating conditions to subsequent 

surface properties of zirconia gels from the published literature. Firstly, 

there is very little information on the exact conditions and detailed chemical 

history of the gels and, secondly, even if reported, there is a lack of rigor- 

Ous control of the conditions of preparation of the gels. For this study, 

therefore, gels were prepared under strictly controlled conditions using zir- 

cony1 chloride and various precipitating agents. The agents employed at pH 

7.0 were sodium bicarbonate solution, ammonia gas and ammonium bicarbonate 

solution, but,to study the influence of pH,samples were also prepared using 

ammonia gas at different pH values. Details of the preparative procedures 

have been discussed elsewhere (ref. 11, 22 - 25) but to aid identification for 

the present purpose,the samples studied, their designation, method of prepara- 

tion and behaviour on thermal treatment are tabulated in Table 1. 

TABLE 1 

Preparation and thermal data for the zirconia gels studied 

% Weiqht loss at 

Sample Precipitant 
pH of Heating 

preparation atmosphere 25O'C 5OO'C 75O'C 9OO'C 

ARZr2 NaHCOs 7.0 - - ARZr3 NHs(g) 5.0 Air 2914 31.0 3113 31.4 
N, 29.4 31.3 31.8 31.8 
"2 30.3 31.9 32.6 - 

ARZr4 NHa(g) 7.0 Air 27.8 29.3 29.9 30.0 
N, 28.8 30.3 30.8 30.8 
H2 26.2 32.6 36.3 - 

ARZr5 NH,(g) 9.0 Air 29.2 29.4 30.6 30.8 
N2 28.6 30.1 30.3 30.4 
Hz 29.1 30.4 30.8 - 

ARZr6 NH,(g) 11.0 Air 30.2 31.6 32.0 32.0 
N2 30.2 31.8 32.1 32.2 
"2. 31.0 32.5 32.8 

ARZr7 NH,HCO, 7.0 Air 26.2 29.5 31.0 3112 
N2 26.7 31.0 31.0 32.2 
HZ 26.2 29.5 32.6 33.4 

Gels precipitated by NH, gas were exclusively microporous (ref. 22, 24, 

25) as shown by water and nitrogen isotherms, representing Type 1 in the 

BDDT (ref. 26) classification. Isotherms also clearly demonstrated an in- 

crease in the micropore volume and micropore size iyith increasing pH (ref. 25). 

For the pH7 gel outgassed at 25 and 200°C, there is a good agreement between 

the pore volumes available to both nitrogen and water molecules (Fig. 2). The 

microporosity is, however,, complex as the gels exhibit low pressure hysteresis 

(ref. 11, 24) and undergo ageing. Typical water isotherms are shown in Fig. 

3. 
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Fig. 3. Water adsorption-desorption 
isotherms on hydrous zirconia gels 
at different outgassing temperatures. 
Precipitants used were ammonia and 
ammonium bicarbonate. 

Fig. 4. Nitrogen adsorption-desorp- 
tion isotherms on sodium bicarbonate 
precipitated gels, at two outgassing 
temperatures, indicating mesoporos- 
ity. 

The drastic loss of micropore volume in ammonia-precipitated gels at 

400°C (Fig. 2) is similar to that observed with chromia under the same condi- 

tion (ref. 27), and may be associated with the reorganization of the structure 

prior to crystallization and the onset of the glow phenomenon, which occurs at 

ca 470°C for zirconia (ref. 23). - 
When NHQHCOais the precipitant the gels are mostly microporous when out- 

gassed at 25'C but when outgassed at 2QO°C, the micropore structure collapses 

dramatically (Fig. 3). Moreover, in contrast to ammonia-precipitated gels, 

the ammonium bicarbonate precipitated gels show an increase in their pore 

volumes in the range 200 - 400°C, (Fig. 2). The significance of this will be 

discussed later. 

The surface properties of the gels prepared by NaHCOa as precipitant are 

distinctly different, as shown by the representative isotherms in Fig. 

4. These conventional Type IV isotherms in the BDDT classification (ref. 26) 

represent well defined E-type hysteresis loops as classified by de Boer (ref. 

28) and hence represent mesoporosity. The water isotherms show similar meso- 

porosity (ref. ll), and the BET surface areas obtained by water and nitrogen 

are compared in Fig. 5. Surface areas or pore volumes of these gels when out- 

gassed at 400°C show characteristic behaviour. For ammonia precipitated gels, 

the microporosity collapses whereas the ammonium bicarbonate product shows a 

small increase in pore volume and the NaHCOs precipitate is mesoporous with 

very high surface areas at comparable temperatures. 



8 

7 --o-- NZ 

,” -ti*o 
E LO- P. \ 
2 

: \ 
: \ 

Q: b-._. Fig. 5. Variation of BET sur- 
ti 
s zo- 

: _/‘-_ face areas obtained with water 

: 

: 
: and nitrogen on sodium bicar- 

I- d 
bonate precipitated hydrous 

: _- 
_-- 

tirconia gel with outgassing 
W_--c temperatures. 

0 200 400 to”C 600 800 

Thermoanalytical (TG, DTA and EGA) study of the zirconiagels have proved 

most helpful in explaining the above behaviour. As the results have been 

discussed in detail elsewhere (ref. 11, 23) only the salient features are 

summarised below. Initial experiments established tyt, for the samples 

studied, the weight loss observed with increasing temperature was sensitive 

both to the rate of heating and to the nature of the carrier gas. Typical 

TG curves for samples prepared with the three precipitants employed, measured 

with a nitrogen flow, are illustrated in Fig. 6 (a), while the DTG curves for 

the same samples under the same conditions are depicted in Fig. 6 (b). All 

TG curves indicate a final weight loss of about 30% of the initial sample 

weight, although differences occur between individual samples regarding the 

Temperature lDCl 

Fig. 6. (a) Typical TG curves for zirconia gels prepared with various precipi- 
tants. All samples prepared at pH7; curves measured with nitrogen gas flow 
of 10 cm3minW1 at a heating rate of 10°C min-l. (b) The corresponding DTG 
curves for the same samples.---, ARZr2 (NaHC03); -.-. ARZr4 (NH,);---ARZr7 
(NH,+HC03). 
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various temperature ranges over which significant weight loss occurs. Thus, 

the ammonia-precipitated sample (ARZr4) exhibits the greatest weight loss 

over temperatures up to '250°C, a final constant weight being attained at about 

35OOC. All samples prepared with this precipitant behaved similarly irres- 

pective of the pH of preparation. In contrast, although the zirconia gel 

sample precipitated with sodium bicarbonate (ARZr2) loses some 20% of its 

initial weight below 100°C, thereafter further weight loss occurs gradually, 

30% weight loss being attained only after heating to 6OO'C. The behaviour of 

the ammonium bicarbonate-precipitated product (ARZr7) is intermediate between 

that of ARZr2 and ARZr4, 30% weight loss being achieved by about 350°C but with 

a significant change in the rate of weight loss between 150-35O'C. 

The DTG curves shown in Fig. 6 (b) illustrate these differences more clear- 

ly. Thus the DTG curve for ARZr4 exhibits a sharp maximum at approximately 

100°C, the most probably temperature for the loss of adsorbed water. This is 

in agreement with the observations of other workers (ref. 29 - 31). In con- 

trast, the curve for ARZr2 is much more complicated, consisting of an initial 

but smaller peak with a maximum at about 100°C, probably due to the loss of 

adsorbed water as for the ammonia-precipitated gel ARZr4 and a subsequent peak 

at 3ClO-35OOC. 

The nature of the carrier gas has a considerable influence on the final 

weight loss sustained by a given sample, as illustrated by the results in 

Table 1 for ARZr7 and for various ammonia-precipitated gels. 

The existence in zirconia gels of a species that produces carbon dioxide 

on heating and is prepared using sodium bicarbonate as a precipitant has been 

demonstrated by EGA (ref. 11, 23) by chromatographic and gravimetric methods, 

Contents of carrier gases passed over sample ARZr2 heated to various tempera- 

tures and analyzed by chromatographic and gravimetric methods (ref. 11, 23) 

have shown that evolution of carbon dioxide commences at about 100°C and reaches 

a maximum at about 300°C (Fig. 7). Although the total amount of carbon dioxi- 

de evolved from the sample is relatively small (s 3.5% of its total weight) 

its dissociation has a significant effect on the surface structure of the re- 

sulting solid (ref. 11). Taken in conjunction with the TG data these results 

point to the existence within the structure of ARZr2 of a small proportion of 

bidentate carbonato ligands that are disrupted only at relatively high tempera- 

tures. 

The EGA 'spectrum' of sample ARZr5 (Fig. 8) obtained using the arrangement 

incorporating the detector of a gas chromatograph, shows a large desorption 

peak with a maximum at about 150°C, corresponding to the loss of water and 

possibly some ammonia in good agreement with the thermogravimetric results 

obtained for sample ARZr4 (Fig. 6). 
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Temperature (“C) 

Fig. 7. Evolved gas analysis of 
various zirconia gel samples. 
- (a) Evolution of CO2 gas from 
ARfr2; --- (b) evolution of 
NH, gas from ARZr6. 

Fig. 8. EGA 'spectrum' for an 
ammonia precipitated gel sample 
ARZr5. The plot is isothermal 
above 450 C. Attenuator range 
of gas chromatograph: 16. 

The DTA curves for zirconia gels exhibit an initial endothermic peak at 

about 170°C, corresponding to dehydration, followed by a strong sharp exo- 

thermic peak at about 430°C (the so-called 'glow phenomenon'), due to the 

amorphous to crystalline transition of ZrO, and Dollimore et al (ref. 32) have 

suggested the following scheme: 

Zr02. xH20 

i 1ooOc 

amorphous Zr02 

G 3oo"c 

metastable tetragonal ZrOa 

+ 600°C - 650°C 

tetragonal t monoclinic ZrOz 

J 800°C 

monoclinic t (some tetragonal) ZrO, 

This scheme is however, an over-simplification of a more complex and 

variable series of transformations (ref. 11). Typical DTA curves obtained 

for the variously precipitated gels (Fig. 9) show that irrespective of the 

precipitant used the curves for all samples exhibit a number of common features. 

Thus they all exhibit a broad endothermic peak, commencing at 75 - 100°C and 

extending to'230- 325'C, principally associated with the removal of water, 

and some also show the sharp exothermic peak that normally occurs at 470 

+ 0.5Oc. The existence of such an exothermic peak is a well documented 

feature of the DTA behaviour of many metal oxide and hydrous oxide systems 

(ref. 23) and has been referred to as a 'glow phenomenon'. However, in as- 

cribing a fixed temperature to this phenomenon, previous workers have either 
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Fig. 9. Typical DTA curves for 
zirconia gels prepared with 
various precipitants. All 
samples prepared at pH7; curves 
measured in static air envgron- 
ment at heating rate of 10 C 
min-l. (a) --- ARZr2; (b) -.-. 
ARZr4; (c) - ARZr7. 

Fig. 10. The influence of environ- 
ment on the glow exotherm of an 
ammonia-precipitated zirconia gel 
(ARZr5) -.-. (a) Static air; 
---lb) nitrogen gas flow (100 cm 
min l) (c) hydrogen gas flow 
(100 cm min-l); 
min-1 

heating rate 6'C 
in all cases. 

been unaware of, or overlooked, the existence of other factors and conditions 

which influence its incidence. Thus, in addition to the nature of the preci- 

pitant, which clearly has an important influence on the magnitude of the glow 

exotherm (Fig. 9) the environment used during a particular DTA run is also 

important. A systematic study of this factor using the ammonia-precipitated 

gels yielded similar results for each sample, Fig. 10 being a composite plot 

of those pertaining to ARZr5. 

X-ray diffraction and electron microscopic studies reveal that sodium 

bicarbonate product, although it shows no exotherm, has undergone crystalliza- 

tion (ref. 11, 23). Moreover, EGA and TG studies have shown that this gel 

evolves carbon dioxide around the temperature range of the glow exotherms. 

Thus, the endothermic effect of release of carbon dioxide apparently more than 

compensates the exothermic effect. Moreover, the amount of water present also 

affects 'the exotherm as shown by the better development of the exotherm for a 

wet sample in a flowing gas atmosphere (Fig. 11) and (ref. 11, 23). The magni- 

tude and the temperature of the glow exotherm are also affected by prior thermal 

exposure. For example if a sample is heated to a temperature between 375' and 

450°C and then held isothermally at that temperature, the glow exotherm appears; 

however, if the temperature is below 375'C no glow exotherm is exhibited no 

matter how long the isothermal treatment is maintained. 

The development of a mesopore system in the sodium bicarbonate precipitated 
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gel can be directly related to the retention of small amount of CO2 as a biden- 

tate ligand in the structure of the gel. A combination of TG, EGA and DTA 

has succeeded in characterizing this evolved CO2 and thus elucidating the 

origin and stability of mesoporosity in zirconia gels. The micropore volume 

in the ammonia products is essentially protected by water and some ammonia li- 

gand (ref. 24) both of which are monodentate and hence more easily removed as 

revealed by thermoanalytical studies (ref. 11, 23). The removal of water and 

ammonia ligands is responsible for the collapse of the micropore structure by 

2OO'C. (Fig. 2) and (ref. 22, 25). Ammonium bicarbonate precipitates would be 

expected to show the low-temperature microporosity of NH3 products and high- 

-3- 
-‘I- 

0 

curve obtained in dynamic hydrogen 
1 gas flow (100 cm min-l) for a simil- 

200 400 600 800 
Temcer0l"re ,"Ci ar wet sample. 

temperature mesoporosity of the CO2 ligands. A combination of surface chemi- 

cal and thermochemical investigation (ref. 11, 22 - 25) demonstrated this to be 

true. Furthermore, the results obtained from surface characterization and 

thermoanalytical studies show that ligands derived from the various precipitants 

are incorporated in these gels and strongly influence their high-temperature 

behaviour. The observed properties are interpreted on the basis of a defect 

structure involving 02- vacancies generated through the removal of these ligands 

at higher temperatures. The mechanism of this process has been detailed by 

Gimblett et al. (ref. 23). 

The above study reveals the value of thermoanalytical techniques in eluci- 

dating solid-state and surface-chemical properties of hydrous oxide systems. 

This approach has already been very useful in studies on chromia (ref. 27) as 

well as those on zirconia described above. Hence thermoanalytical tech- 

niques are likely to be applied increasingly in our efforts to understand the 

interdependence of the chemical history, the surface properties and the 

thermochemical behaviour of a wide range of hydrous oxide systems. 



13 

REFERENCES 

: 

8 
9 
10 

;: 
13 

;: 

;; 
18 
19 

;: 

22 
23 

24 

22: 

22: 

29 
30 

31 

32 

33 

A. Clearfield and P.A. Vaughan, Acta Crystallogr., 1956, 2, 555. 
H.Th. Rijnten, in "Physical Chemistry of Adsorbents and Catalysts" Ed 
Linsen, Academic Press, 1970, p. 318. 
ibid, p. 324. 
R. Wyatt, Chem. Weekbl., 1966, 62 310. 
A.W. Thomas and H.S. Owen, J. A%%-. Chem. Sot., 1935, 57,1825 and 2131. 
L.M. Zaitsev and G.S. Bocharev, Russ. J. Inorg. Chem. Tv64, 9 1463. 
W.B. Blumenthal, "Chemical Behaviour of Zirconium" van NostFBnd, New 
York, 1958. 
A. Clearfield, Rev. Pure and Appl. Chem. 1964 14 (l), 91. 
P. Pascal, Nouveau traite de chimie minerale, zme IX Marson, Paris; 1963. 
A. Clearfield, Inorg. Chem. 1964, 3 146. 
A.A. Rahman, Ph.D. Thesis, 1977, Bi%nel University, U.K. 
A.L. Hock, Chem. and Ind., 1974, 864. 
M. Berzelius, Am. Chem. Phys., 1825, 29, 337 
L.A. Pospelova and L.M. Zaitzev, Russ. J. Inorg. Chem., 1966, 11 (8), 995. 
J.J. Kharitonov, L.A. Pospelova and L.M. Zaitzev, Russ. J. In??g. Chem., 
1967, 12 (lo), 1890. 
J.D.F.Tiamsay and R.G. Avery, J. Mater. Sci., 1974, 9, 1681. 
R.G. Avery and J.D.F. Ramsay, J Colloid Interface. sci., 1973, 42 (3), 597. 
J.L. Woodhead, Sci. Ceram., 1967, 105. 

- 

J.H. de Boer, Proc. Brit. Ceram. Sot., 1965, 5, 5. 
L.A. de Wit and J.J.F. Schollen, J. Catal., 1975, 36_, 36. 
H.F. Holmes, E.L. Fuller and R.B. Gamage, J. Phys. Chem., 1972, 76 (lo), 
1497. 

- 

A.A. Rahman and K.S.W. Sing, Thermochem Acta, 1979, 2, 227. 
F.G.R. Gimblett, A.A. Rahman and K.S.W. Sing, J. Chem. Tech. Biotechnol., 
1980, 30, 51. 
F.G.R.%mblett A.A. Rahman and K.S.W. Sing, 3. Colloid Interface Sci., 
1981, jj (21, 357. 
A.A. Rahman, J. Vat. Sci. Technol, 1983, Al 2 

+ 
, 263 

S.J. Gregg and K.S.W. Sing in "Adsorption, urface Area and Porosity" 
Edn. 2. Academic Press, London, 1982. 
K.S.W. Sing, Thermochim. Coll. Int. CNRS, 1971, No. 21, 601. 
S. Ross, Proc. Int. Symp, Surface Area Determination, 1969, Ed. D.H. 
Everett, Pub. Butterworths. 
J. Stachtchenko and C. Duval, Anal. Chim. Acta, 1951, 5, 410. 
L.N. Komissarova, Y.P. Simanov, Z.A. Vladimirova, Zh. Neorg. Khim. 1960, 
5, 1413. 
c. Duval in "Inorganic Thermogravimetric Analysis", Elsevier, London, 1963, 
Edn. 2, pp 445. 
D. Collimore, A. Dyer, G.A. Galmen and C.A.C. Kang, Proc. 2nd European 
Symp. Thermal Anal. Ed. D. Collimore, Heyden 1981, p. 387. 
R.C. Mackenzie and G. Berggren in "Differential Thermal Analysis", Ed. R. 
C. Mackenzie, Vol. 1 Academic Press, London 1970, p. 315. 


