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Condensation and gelation of inorganic 
ZrO 2-AI 20 3 sols 
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The Partial Charge Model has been applied to analyse quantitatively experimental data on the 
process of hydrolysis and condensation, leading to gelation of AI 3§ and Zr 4+ cations in aciclic 
concentrated inorganic sols. Both AI 3+ and Zr 4§ can condense to high polymeric species, but 
Zr 4§ requires a higher ratio of hydrolysis than aluminium to initiate polymerization. Oxolation may 
occur in both aluminium and zirconium precursors. The role of ahions in the polymerization 
process may also be calculated by this model and is assessed. In mixed AI-Zr gel systems, 27AI 
nuclear magnetic resonance shows that AI 3+ does not participate in the initial polymerization, but 
instead decomposes to low polymer species upon mixing. Ageing has little effect on the 
polymerization of AI 3+. Calorimetry shows that the polymerization of Zr 4+, initiated by 
aluminium, accelerates at the beginning and gradually slows down after passing through a rate 
maximum. For mixtures of aluminium and zirconium precursors, temperature, composition (AI/Zr 
ratio) and concentration can significantly affect the rate of polymerization, as estimated from the 
rate of heat evolution. 

1. I n t r o d u c t i o n  
Zirconia-toughened ceramics have attracted wide at- 
tention because of their unique mechanical properties. 
However, difficulties can arise in processing conven- 
tional ceramic powder precursors; sol-gel precursors 
are a possible alternative route. Sol-gel processing 
offers the possibility of making ultrahomogeneous 
structures at the molecular level and has been widely 
used in the synthesis of glass and ceramics [1-4]. 
Many papers have been published on ZrO2 A1203 
sol gel methods, but most published methods require 
organometallic precursors, such as the alkoxides of 
aluminium and zirconium [2-4], but these are expen- 
sive and, moreover, it is not easy to eliminate carbon 
residues arising from the organic ligands after firing 
I-5]. Inorganic precursors may reduce these disadvan- 
tages and are relatively inexpensive and widely avail- 
able [6, 7]. However, it is characteristic of sol gel 
methods that the quality of the product is influenced 
by all stages of precursor manipulation, including 
events occurring during the sol gel transformation, 
and that this stage of the process is largely empirical. 

Basically, the sol-gel process implies the synthesis 
of an inorganic network by chemical reaction in solu- 
tion at low temperature. The mechanism of sol-gel 
transformation has been studied by various methods. 
The reaction mechanisms have been most extensively 
studied for silica, but rather less so for other metal 
oxide precursors. The aqueous chemistry of inorganic 
salts is quite complicated because of hydrolysis reac- 
tions and the experimental difficulties of characteriz- 
ing aqueous species. Simple ions, e.g. A13 +, Zr 4 +, do 
not exist in significant concentrations in the crucial 
range for gelation; instead complex new ionic species 

or precipitates develop, depending on pH and concen- 
tration. Therefore, it is essential to develop a clearer 
understanding of solution speciation and of the mech- 
anisms whereby condensation can occur. Theory can 
assist: Livage and co-workers have developed a Par- 
tial Charge Model [8, 9], which provides insight into 
inorganic polymerization pathways and enables us to 
predict the nature of stable cation species by calculat- 
ing the magnitude of partial charge transfer between 
oxo-, hydroxo-, or aquo-ligand and cations. 

In the present investigation, the Partial Charge 
Model has been applied, used to calculate the partial 
charge transfer between selected aluminium and zirco- 
nium cation species and associated ligands, and there- 
after, to predict the speciations of cations and the 
pathways to polymerization of mixtures of AI 20 3 and 
Zr02 sols and to correlate experimental data. The 
nature of A13 + species in precursors and speciation 
changes occurring during sol-gel transformations 
have also been determined by 27A1 nuclear magnetic 
resonance (NMR). The kinetic processes of gelation 
and accompanying enthalpy changes have been deter- 
mined by isothermal conduction calorimetry. 

2. Experimental procedure 
Different inorganic precursors containing basic A13 + 
and Zr 4+ salts were prepared. The main precursor 
was ZrO 2 sol, which, upon analysis, corresponded to 
Zr(OH)2.95(NO3)l.05 (3.65 M in zirconium) [10]. 
Two kinds of A13+ precursors were used: the main 
precursor was A12(OH)sC1 (6.17 M in alurn]nium, A1- 
bright and Wilson Ltd, and referred to as A1203 sol); 
but other precursors used to study the role of anions 
include partially denitrated AI(OH)x(NO3)3_ x 
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(2.10 M in aluminium) made from AI(NOa)3 with con- 
trolled basicity, x; values of x range from 1.1 2.1. 

27 A1 NMR chemical shifts were determined relative 
to a 0.1 M solution of AI(NO 3)3. The principal alumi- 
nium species in this solution is Al(H20)63+ [11-13]. 
The spectra were obtained on a Bruker spectrometer, 
operating at 65.2 MHz under static conditions. The 
pulse time was 11.4 Its with 1 s delay. 

Thermal events associated with sol-gel transforma- 
tion were traced on a JAF conduction calorimeter. 
This calorimeter was originally designed for measur- 
ing isothermal heats of hydration of cement, so it has 
a very stable baseline which enables slow heat evolu- 
tions, up to ~72  h, to be measured. It is thus very 
suited to following sol-gel transformations which 
typically require some minutes or hours for comple- 

3. 1.1. Hydrolysis and condensation o f  
A I  3+ and Zr 4+ 

Under conditions of decreasing acidity, the reaction 

[ M O , H 2 , ]  z+ + s H 2 0  

= [ M O ,  H z , _ s ] ( Z  s)+ + s H 3 0 +  (3) 

will continue until 8(OH) = 0, leading to charge con- 
servation [9] 

s = 1.45Z - 0.45n - 1.07(2.71 - x ~  ~ (4) 

where x ~ is the electronegativity of the neutral atom 
M. In the present case, both AI(III) and Zr(IV) have 
two species in equilibrium: see Table I. 

The condensations of both AI(III) and Zr(IV) com- 
mence with olation; they first form a hydroxo bridge, 
M - O H  M [12]. For AI(III), dimerization may take 
the form 

[ A I ( O H ) ( O H 2 ) 5 ]  2+ + [ A I ( H 2 0 ) 6 ]  3+ = [ ( H 2 0 ) s A 1 - O H - A I ( O H 2 ) 5 ]  5+ + H 2 0  

8(OH) = - 0.0145 8(OH) = 0.0123 

(5) 

OH 

2[AI(OH)(OH2)5]  2+ = [ (H20)4AI  / ~ 'Al (OH)2)4]  2+ + 2H20 

6(OH) = - 0.0145 N O H /  8(OH) = - 0.0078 

(6) 

tion. In this method, one sol is placed in the calori- 
meter cell and the second sol is added also thermally 
equilibrated by injection. The duration between 
readings of the heat evolution over the first 20 min 
were 3 s, subsequently increased to 2 min. 

3. Results and discussion 
3.1. Application of the partial charge model 

to the ZrO2-AI=O3 sol-gel system 
When two atoms combine, a partial electron transfer 
occurs so that each atom acquires a positive or negat- 
ive partial charge, 8~. The process of charge transfer 
will stop when the electronegativities of all constituent 
atoms become equal to the mean electronegativity, ){. 
The partial charge, 8~, can be deduced from the rela- 
tionships [8, 9] 

6,  = (Y, - x ~  ~ 1/2 (1) 

and 
y; = ( p , X  o 1/2 + k z ) / ( p ~ / X  o 1/2) (2) 

where )( is mean electronegativity of all constitutent 
atoms as defined in Equation 2; p~ corresponds to the 
stoichiometry of ith atom in the compound and z is 
the total charge of the ionic species; X ~ is the elec- 
tronegativity of the neutral atom and k is a constant 
which depends on the electronegativity scale (k = 1.36 
for the Pauling scale). This partial charge model 
(PCM) can predict the relative stabilities of different 
forms of a given cation in aqueous solution. 

TABLE I Data for the most acidic forms of AI(III) and Zr(IV) 

M z .  n X ~ 2n p Couple 

Zr 4 8 1 .29  11 .41  [Zr(OH)(OH2)7]3+/[-Zr(OH2)8] 4+ 
AI 3 6 1 .50  15.14 [AI(OH)(OHz)s]z+/[AI(H20)6]  3+ 

The numerical value of 8 for the product indicates 
whether reaction can continue stepwise. In these 
examples, polymerization is predicted not to continue 
indefinitely to form a solid phase. This is mainly due to 
the fact that the nucleophilic strength of the hydroxo 
group changes during the condensation process. For 
Reaction 5, 8(OH) = - 0.0145 in the monomer (fa- 
vourable) and 0.0123 in the dimer, so it is not energet- 
ically feasible for reaction to proceed beyond this step. 
But for Reaction 6, 8(OH) = - 0.0145 in the mono- 
mer and -0 .0078  in the dimer; the hydroxo group 
remains negatively charged and keeps some nuc- 
leophilic character. Condensation can proceed further 
towards a higher polymer [A13(OH)4(H20)10] s+, 
whose 8(OH) = - 0.0064, which still remains nega- 
tively charged. Therefore, condensation may proceed 
further, eventually yielding a much higher polymer. 
The monomeric unit Al(H20)63+, and its dimer and 
trimer, A12(OH)z(H20) 4+ and A13(OH)4(H2 O)1o,5+ 
have been observed and characterized by poten- 
tiometry [14]. Experimentally, they are observed 
to be relative stable polynuclear hydrolysis products 
and this is supported by calculation. Occasionally, 
very high polymers occur, such as [A11304 
( O H ) z 4 ( H 2 0 )  12] 7+, which was found by Johansson 
in the solid state [15], and which was also reported to 
occur in solution from 27A1 NMR studies by Akitt 
and co-workers [16-19]. The value of 6(OH) in this 
Ala3 polymer is -0 .0460,  so it is still capable of 
further polymerization. The existence of still higher 
polymers is thus predicted, although they have not 
been reported. The Al13 unit, it may be noted, is 
formed by oxolation and is not stable under condi- 
tions of low pH. 

Zr(IV) cannot condense in the same way as AI(III). 
For example, writing reactions which are mechanistic- 
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ally the same as for aluminium 

[Zr (OH)(OH2)v]  3 +  q_ [Zr(OH2)8]4+ = [ ( H z O ) v Z r  - O H  - Zr (OHz)v]  7+ + H 2 0  

8(OH) = - 0.0035 8(OH) = 0.0167 

(7) 

2 [Zr (OH)(OH2)  7] 3 + 

~ ( O H )  = - 0.0035 

The numerical value of 8(OH) in both resulting con- 
densations, Reactions 7 and 8, is calculated to be 
positive, so the condensation would not go beyond 
these steps. Thus, condensation of Zr(IV) should not 
involve the mechanisms of Reactions 7 and 8. Instead, 
the initial steps must involve further hydrolysis, for 
example, to form [Zr (OH)  2(H 2 O)6] 2 + [20]. Calcu- 
lation shows that a high ratio of hydrolysis will pro- 
mote subsequent polymerization. Then 

. O H ~  

= [ ( H 2 0 ) 6 Z /  Zr(OH2)6]  6+ 

~ O H  / 8(OH) = 0.0099 

(8) 

that oxy-hydroxides, i.e. precursors with bridges 
M - O  M, can be obtained for most AI(III) and Zr(IV) 
precursors. 

3. 1.3. Role o f  anions 
The role of the counter anion has thus far been neg- 

2 [ Z r ( O H ) 2 ( H 2 0 ) 6 ]  2+ = [Z r2 (OH)4 (H20)xo ]  4+ + 2H20  

8(OH) = - 0.0319 8(OH) = - 0.0221 

8(OH) is still negative, so [ Z r 2 ( O H ) 4 ( H 2 0 ) l o ]  4+ 
can condense further 

2 [Zr2 (OH)4(H20)1o ]  4+ = [ Z r 4 ( O H ) s ( H 2 0 ) l s ] S + ( l i n e a r )  + 2 H 2 0  

8(OH) = - 0.0221 8(OH) = - 0.0160 

2 [Zr (OH)4(H20)~o]  *+ = [Zr4(OH)s(H20)~6]S+(cyc l ic )  + 4HEO 

8(OH) = - 0.0221 8(OH) = - 0.0088 

and 

The hydroxo groups remain negatively charged and 
keep some nucleophilic character in Reactions 10 and 
11. So, condensation can proceed further towards 
higher polymers. Zr(IV) has a great tendency to poly- 
merize by this route with no limiting value of molecu- 
lar weight evident [20]. 

(9) 

(10) 

(11) 

lected. However, the anion plays a very important  role 
in the control of the hydrolysis and condensation of 
the inorganic precursor. The gelation time of many gel 
systems, notably of A1-Zr mixed gels, can be affected 
by the presence of an acid catalyst [6]. Chemical 
control of nucleation and growth in aqueous solutions 
is often achieved by making a correct choice of anion, 
which is thus important  to successful preparation of 
the final product. The anions may play two roIes: 
chemical or (and) physical. The chemical role of the 
anion in influencing the pH of the system and its 
ability to participate in acidic buffers is comparatively 
well documented in standard textbooks. The physical 
role is less well documented. The anion can coordinate 
to the metal atom directly, leading to formation of 
a new molecular precursor whose chemical reactivity 
towards hydrolysis and condensation is altered, or the 
anion may participate as counter ions in an aquated 
M ( H 2 0 ,  O H - )  complex, forming an electrical 
double layer and thereby modifying the ionic strength 

3. 1.2. Oxolation 
Oxolation leads to the formation of oxo bridges, 
M O - M ,  between two metal cations M. The condi- 
tion for oxo bridge formation is that 8 ( H 2 0 )  > 0 in 
the following equilibrium [9] 

H ( 8 + ) ( 8 + ) H - O H - ( 8  - )  (12) 

I I 
M O M - ~ - M O M  

O H ( 8 -  ) 

Table II shows the calculated results of 8 ( H 2 0 )  for 
AI(III) and Zr(IV) aquo-hydro ligands. It shows 

TABLE II Stability of some AI(III) and Zr(IV) precursors deduced from Partial Charge Model calculations 

Precursor 8(H 2 O) Precursor 6(H 2 0 )  

[A12(OH)2(HzO)8] 4+ 0 . 0 9 5  [Zr2(OH)4(HzO) 10] 4+ 0.080 
[AI3(OH)4(H20)~0] 5+ 0 . 0 9 6  [Zr4(OH)8(H;O)~0] a+ 0.094 
[Al(OH)3(H20)3] 0.000" [Zr(OH)4(OH 2)4] 0.001 
AI(OH) 3 0.516 Zr(OH)4 0.002 

"Arbitrarily taken as zero. 

1131 



of the solution and tendency to coagulate of the n-mer. 
Of course, some anions will play a dual role. 

Associated species [M(OH)sX(OH)2),_s_ 1] ~z-s- 1)+ 
may be formed in an aqueous solution in the presence 
of anions. The stability of M - X  against both ionic 
dissociation and hydrolysis can be determined by 
means of PCM calculations. The criteria for M X to 
be stable are that x > 0 and 8(HX) < 0, where x is the 
charge variation of the anion, X, after its complexation 
[8, 9]. 

Calculations on some typical AI(III) and Zr(IV) 
precursors 

[AI(X)(OH2)4] 2+ and [AI(OH)(HX)(H20)3]  2+ 

[AI(X)(OH)(H20)3]  1 + and 

[AI(HX)(OH)2(OH2)2]  1 + 

[Alz(X)(OH)z(OH2)6]  3+ and 

[ A12 (HX)(OH) 3 (H 2 O)s ] 3 + 

[Zr(X)(H2 0 ) 6 ]  3 + and [Zr(OH)(HX)(OH2)5]  3 + 

[Zr(X)(OH)2(OHz)4]  t + and 

[ Zr(HX)(OH)3 (H2 O) 3 ] 1 + 

[ Z r z ( X ) ( O H ) z ( H 2 0 ) l o ]  5+ and 

[ Z r 2 ( H X ) ( O H ) 3 ( O H 2 ) 9  I s  + 

[Zr4(OH)8(X)(H2 O)14] 7 + and 

[Zr  4(OH) 9(HX)(H 2 0 )  13 ] 7 + 

have been made for C102 ,  NO;- ,  H S O 2 ,  HCO;- ,  
C H 3 C O O  , C1 and F . The results show that 
most anions can coordinate with A13+ and Zr 4+ in 
acidic solutions; C1 - and CH 3 C O 0  - are exceptions. 
On this basis, it is difficult to understand why 
CH 3 C O 0 -  prolongs the gelation time considerably 
[6]. Some researchers have studied similar systems, 
Zr(OR)4 and Ti(OR), ,  with acetic acid [5]. They 
pointed out that the coordination number of titanium 
increases from 5 to 6 upon addition of acetic acid, 
because an acetate group bonding to titanium behaves 
as a bidentate ligand (chelating and bridging); this 
leads to an increase in the activation energy barrier for 
polymerization and nucleation [23]. But PCM results 
on the A12 O 3-ZrO 2 sol system are not in agreement 

160 120 80 40 O -40  -80 
p.p.rn. 

Figure 1 2VA1 NMR spectra of AI(III) precursor 
AI(OH) 1.6(NOa)a.4. (a) Original spectra, (b) vertical enhancement 
of the spectra in (a). 
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with those given by Mehrotra [5], which show that 
C H 3 C O O -  cannot coordinate with Zr 4+ and A13+ 
directly: zirconium has a high positive charge, and it is 
not easy to satisfy its full coordination. Therefore, 
nucleophilic addition of AcOH, as acetate, is believed 
to be feasible, giving rise t o  a temporary transition 
state with a high coordination. | t  is supposed that the 
acetate groups are not immediately removed by hy- 
drolysis and/or condensation. Thus, the functionality 
of [Zr(OH) n" mH20"(OAc)~-  ] ~4-"-x)+ is less than 
that of Zr[(OH)," m H 2 0 ]  (4-")+, and the more (OAc) 
groups become coordinated to the metal, the lower its 
functionality will be, with the result that gelation times 
are increased. 

3.2. 27AI N M R s t u d y o n A I 2 0 3  solsand 
their gelation 

27A1 NMR provides an excellent means for distin- 
guishing between 4-, 5-, and 6-coordinate aluminium 
species in solution and can thus play an important 
role in obtaining information on species in solution 
during the sol-gel processing stages for alumina. 
Broadly speaking, the observed range of chemical 
shifts can be separated into three regions [21]: (a) 
alkylaluminium compounds with 150 p.p.m, and more 
shift to the low field; (b) tetrahedrally coordinated 
aluminium with between 140 and 40 p.p.m, shift; (c) 
and octahedrally coordinated aluminium, between 40 
and - 4 6  p.p.m, shift. Five-coordinated aluminium 
is said to resonate between the octahedral and 
tetrahedral regions [21]. 

The 27A1 NMR spectra for a series of precursors, 
AI(OH)x(NO3)B-x, with different basicities, x, are 
almost the same, although their gelation times with 
ZrO2 sol are quite different [6]. Fig. la shows data 
for a sol with x = 1.6 and 2.1 M in aluminium. The 
sharp peak around 0 p.p.m, indicates that aluminium 
is in an octahedral environment which is attributed to 
AI(H20)~ + [12, 13]; the very narrow line width of the 
signals shows that aluminium is in a highly symmetric 
environment. The broad, weak peak on the left side of 
the sharp peak is assigned to the dimeric aluminium 
species A12(OH)2(H 2 )8  4 +  , and the presence of collo- 
idal aquated aluminium [12, 13]. After enlargement of 
these spectra, another very weak peak around 
75 p.p.m, can be seen (Fig. lb); it is attributed to 
tetrahedrally coordinated aluminium atoms in the 
cationic species Al1304(OH)24 (H20)~ + [15-19]. 
The concentration of the A113 polymeric unit in these 
sols is very low. 

However, the 27A1 NMR spectrum of Alz(OH)5C1 
is very different from the sample above: see Fig. 2e. 
One sharp resonance at 2.7 p.p.m, is still assigned to 
octahedrally coordinated aluminium cations. The 
wide and quite strong peak around 80 p.p.m, is also 
due to the polyoxycation Al13. Another strong but 
wide peak at 13.7 p.p.m, indicates that this sol con- 
tains a large number of polynuclear species: dimeric, 
trimeric as well as colloidal aquated aluminium. The 
pH of Alz(OH)sC1 solution (or sol) is 3.5, which is 
much higher than that of other precursors described 
here, whose pH is typically 2-3 [6]. So, the higher the 
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Figure 2 27A1 NMR spectra during the gelation and ageing with 
composition ZrO 2 s o l : A 1 2 ( O H ) s C l = 3 : l  (by volume). (a) 
t =  5 min, (b) t =  14 min, (c) ageing at 20~ for 2 weeks, 
RH = 100%, (d) the sample in (c) autoclaved at 130~ for 19 days, 
(e) precursor AI(OH)s CI. 

pkI of A13 + solution, the greater will be the concentra- 
tion of polynuclear species. The 27A1 NMR results are 
basically in agreement with an analysis of the speci- 
ation made using the PCM. 

Fig. 2 shows the 27A1 NMR spectra during sol gel 
processing and at different ageing times. This polymer 
had the initial formulation ZrO2 sol: Alz(OH)~C1 = 
3:1 (by volume). Comparing Fig. 2a and d with 
Fig. 2e, one can conclude that (1) the concentration of 
polynuclear species, including dimers and trimers, but 
especially of Al13, is reduced as a consequence of 
mixing and (2) the concentration of aluminium poly- 
nuclear species does not change very much during 
subsequent ageing. The main species in this mixture is 
octahedral AI(H20)~ +. But, after autoclaving at 
130~ for 19 days, the concentration of polynuclear 
species, especially of Al13, is slightly increased. This 
arises because the pH decreases sharply upon mixing 
aluminium reagent with ZrO 2 SO1; the latter has a very 
low pH, approximately zero. The results show that 
A13+ polynuclear species are reversibly decomposed 
at low pH and that simple hydrated AI(III) does not 
copolymerize with Zr(IV) during the sol-gel trans- 
formation. The pH of mixture increases gradually 
during ageing, but does not rise above 2, which is still 
much lower than that of the precursor aluminium 
solution of Alz(OH)5C1 and too low for significant 
aluminium condensation to occur. 

3.3. Kinetics of gela t ion  
Extensive literature exists on modelling gelation pro- 
cesses, leading to prediction of the kinetics of growth 
and of the fractal structures of the resulting clusters 
[25]. On the other hand, many techniques have been 
used to extract information on each step of the pro- 
cess. The experimental methods most frequently used 
to explore the kinetics of gelation are viscometry and 
NMR spectroscopy, including 1H NMR and, in sili- 
cate systems, 29Si NMR. But no single technique can 
give the whole picture of gelation. Gelation is an 
exothermal reaction, so it can be easily studied by 
thermochemical methods, preferably using an isother- 

mal calorimeter. These afford another perspective on 
the gelation process. In the following discussion, we 
assume that the heat of reaction per zirconium unit 
remains approximately constant per n-mer, which is 
probably true because n is already greater than 4 in 
the as-supplied concentrated ZrO 2 sol [20]. Figs. 3-5 
show isothermal calorimetric data, from which it is 
concluded that: 

1. Polymerization achieves a maximum rate in 
a very short time, within a few minutes, the rate 
decreasing sharply thereafter. After about 15 rain, the 
rate of polymerization is slow, but polymerization 
continues after the gelation point is reached; 

2. Temperature affects polymerization rates signi- 
ficantly (see Fig. 3). It determines the maximum rate 
of reaction, the time required to achieve this rate as 
well as the total heat evolution within a fixed time. 
The higher the temperature, the higher will be the 
maximum rate of reaction and the shorter the time 
required to achieve this maximum rate. 

3. In the ZrO2 sol A12(OH)sCI(AI203 sol) sys- 
tem, see Fig. 4, the higher the content of A12 O 3 the 
higher will be the maximum reaction rate and the 
shorter the time required to achieve this maximum 
value. As pointed out previously, A13+ ions do not 
polymerize in the course of the sol gel transformation, 
but they condition a higher pH regime in which hy- 
drolysis and polymerization of Zr 4+ occurs more 
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Figure 3 Isothermal calorimetry of the gelation process at different 
temperatures, same composition as sample in Fig. 4b. (a) T = 3 ~ 
(b) T = 2 1 ~  
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Figure 4 Isothermal calorimetry of the gelation process with differ- 
ent compositions at 21~ (a) ZrO 2 so l :Al20  3 sol = 3:1 (by 
volume), (b) ZrO 2 so l :AI20  3 sol = 1:2 (by volume). 
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Figure 5 Isothermal calorimetry of the gelation process with differ- 
ent AI(III) precursors at 21~ (a) ZrO 2 sol:Al(OH)2.1 
(NO3)0.9 = 3:1  (by volume), (b) ZrO 2 sol:Al(OH)l.1 
( N O 3 ) l .  9 = 3:1 (by volume). 

rapidly. The cumulative heat evolution is determined 
by the Zr 4+ content, but a high content of A1203 sol 
can make the reaction rate peak earlier, because the 
rate of polymerization is pH-dependent; 

4. In the ZrO2 so l -Al (OH)x(NO3)3-x  system, the 
higher the basicity value, x, the higher will be the 
maximum rate of reaction and the total heat evolution 
occurring in a limited time (see Fig. 5). 

The results of conductivity measurements made on 
the same compositions are in good agreement with 
calorimetry; see Fig. 6. Conductivity decreases sharp- 
ly at the beginning of reaction, but the rate of change 
slows because the content of mobile ions decreases 
and the viscosity of sol increases during polymeriz- 
ation. 

Normally, gelation can be divided into three stages. 
In the first, the reaction (polymerization) is controlled 
by diffusion: one sol is diffusing into another after 
initial mixing. Once diffusion is finished and the mix- 
ture is homogeneous, the first stage will merge imper- 
ceptibly with the second stage. In this second stage, 
reaction is controlled mainly by the rate of polymeriz- 
ation. In the A12 O 3 - Z r O  2 sol gel system, it is only 
controlled by the rate of polymerization of Zr 4+ be- 
cause, as shown, aluminium remains in a low state of 
polymerization. Therefore, the kinetics of polymeriz- 
ation can be treated by the Arrhenius relation: the 
constant of reaction is 

k = koexp( - E/RT)  (13) 

where ko is constant, R is the ideal gas constant, T is 
temperature and E is activation energy. This is an 
accelerating stage, because polymerization is an 
exothermic process and reaction is accelerated as tem- 
perature increases. The temperature-dependence of 
gelation time, tgei , c a n  be deduced from Equation 13, 
leading to 

ln(tgel) = A + E g / R T  (14) 

where E g  is an activation energy for gelation. The 
composition of mixtures (Zr/A1 ratio) can affect the 
gelation time markedly (see Table III). The higher the 
content of A1203 sol, the shorter the gelation time 
will be. Thus, higher pH accelerates the polymeriz- 
ation Zr 4 +. But the activation energy calculated from 
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Figure 6 Conductivity changes during sol-gel transformation 
(T = 20 ~ Composition ZrO 2 sol: A1203 sol = 3:1 (by volume). 

TABLE III Composition of mixtures and the gelation para- 
meters (20~ 

Composition a 

1:3 1:1 3:1 6:1 10:l 

tgel(min) 5.3 8.5 11.3 17.3 32.3 
Eg(kcal tool -a ) 18.4 17.9 17.4 18.8 18.2 

aRatio of ZrO/sol to A1203 sol by volume: see text for sol composi- 
tion. 

Equation 14 does not change when the compositions 
are different; Table III  compares different values from 
which it can be seen that activation energy almost 
remains constant at 18.1 _+ 0.7 Kcal mo1-1 

This low activation energy implies that gelation will 
occur rapidly and also, may occur at all temperatures 
at which an aqueous phase persists. Actually, this 
"activation energy" cannot be ascribed to any particu- 
lar reaction, because gelation depends in a complic- 
ated way on the rates of hydrolysis, polymerization 
and diffusion of clusters. 

In the third stage, the reaction rate again becomes 
diffusion controlled. Now, however, the diffusion pro- 
cess involves two components: one is the diffusion of 
reaction product (higher molecular weight zirconium 
polymer) and the other is the unreacted units (lower 
molecular weight polymer). Polymerization should 
slow gradually because of two factors: the concentra- 
tion of potentially reactive low-molecular weight units 
becomes progressively less, and the diffusion coeffi- 
cients of unreacted and reacted units decrease as gela- 
tion proceeds due to the increasing viscosity of the sol. 
The gelation kinetics demonstrated by calorimetry are 
consistent with this general description of the process. 

4.  C o n c l u s i o n s  
Theory and experiment show that both AI 3+ and 
Zr 4+ precursors can condense to high polymers, but 
Zr 4+ needs to achieve a higher ratio of hydrolysis 
before its condensation can proceed spontaneously. 
Oxolation may occur in cationic precursors. Most of 
the anions considered can coordinate to aluminium or 
zirconium atoms; C1- and C H 3 C O O -  are excep- 
tions. Application of the partial charge model theory 
is very successful in correlating and interpreting data. 



aTAI NMR shows that A13+ does not copotymerize 
with zirconium but instead, higher molecular weight 
polymers of aluminium decompose to lower molecu- 
lar weight units. AI 3 + precursors do, however, supply 
the rise in pH necessary for Zr 4+ polymerization. 
Isothermal calorimetry results show that gelation re- 
actions accelerate initially, but gradually slow down 
after achieving a maximum rate. The higher the tem- 
perature, and/or the higher the content of A13 + pre- 
cursor, and/or the higher the basicity of A13 + precur- 
sors, the higher will be the maximum rate of reaction 
and the greater the total heat evolved up to the gel 
point. 
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