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Kinetics of Hydrous Aluminum Oxide Conversion in Mixtures of 
Amorphous Alumina Gels of Various Acid Reactivities 
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Abstract 0 Mixtures of two amorphous alumina gels of different 
acid reactivity change physically and chemically upon aging until 
a constant state is reached. The gels, when individually aged, retain 
their initial properties. The end-point appearance, viscosity, X-ray 
diffraction pattern, DTA thermogram, acid-insoluble fraction, and 
acid reactivity of the mixture are identical to those of the gel having 
the lower acid reactivity. The change in properties appears to be 
due to the conversion of the gel having the higher reactivity into 
the less reactive form. The rate of conversion is first-order, tem- 
perature-dependent, and directly dependent on the initial con- 
centration of the less reactive gel. 

Keyphrases 0 Hydrous aluminum oxide conversion-kinetics 
Alumina gels, amorphous, effect-AI2O3 conversion 0 X-ray 
diffraction-identity 0 Calorimetry-anlysis, gels 

The physical and chemical properties of hydrous 
aluminum oxide depend on the nature of the reactants 
used in its formation (1, 2), the pH and temperature of 

its precipitation (3-59, and the conditions under which 
it is aged (6,  7). The effects of mixing alumina gels of 
different physical and chemical properties have not 
been reported. Preliminary experiments in the authors’ 
laboratories have indicated that when amorphous 
alumina gels of various acid reactivities are mixed, there 
are changes in the physical and chemical properties of the 
mixtures during aging. The purpose of the present study 
was to examine these changes in greater depth. 

EXPERIMENTAL 

Source of Gels-One alumina gel was prepared by the reaction 
of aluminum chloride with sodium carbonate and sodium bicar- 
bonate at 25” and pH 5.8, according to the procedure of PapCe et at. 
(S) ,  and washed with deionized water until the concentration of 
chloride ion in the filtrate, as determined by the Volhard method 
(9), was less than 0.1 Z.  This gel ( I )  possessed the full theoretical 
acid reactivity in terms of its Al2O3 content. Gels with reactivity less 
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Table I-Initial Properties of Alumina Gels I and I1 and Their 1 : 1 Mixture 

1 : 1 Mixture of 
Alumina Gels I 

Property Alumina Gel I Alumina Gel I1 and I1 

Physical appearance White, dense Opaque semisolid White, dense 
of 4% suspension suspension suspension 

Form Amorphous Amorphous Amorphous 
Percentage of theoretical 100 25 6 2 . 5  

acid-consuming capacity 
Appearance after acid- Clear solution Insoluble residue Slight 

consuming capacity test insoluble residue 
Viscosity at 25" (c.P.s.) 1 40 3 700 800 
Endotherms by DTAa 140" 140", 320" 140", 320" 

a Differential thermal analysis. 

Table 11-Acid Reactivity, Both Initially and after Storage at 
Elevated Temperatures, of Mixtures Containing Various 
Initial Ratios of Alumina Gels I and I1 

Initial 
Concen- 
tration 
of I1 in Initial Acid End-Point Acid Reactivity" when 
Mixture Reactivity", Agedoat z % 35 O 35 60" 

a Expressed as percent of theoretical acid-consuming capacity. 

than theory were prepared by the addition of strong ammonia solu- 
tion NF to aluminum chloride solutions at 25" and controlled pH. 
Gels reacting at 25% of theory (11) and 70% of theory (Ill) were 
obtained by precipitating at pH 7.7 and 4.9. respectively; washing as 
in (I); and aging until the end-point reactivity was reached (10). 
Aluminum hydroxide compressed gel (F-5000) (IV) was obtained 
through normal commercial channels. This gel possesses 10% of 
theoretical acid reactivity. Aluminum hydroxide compressed gel 
(F-500)l (V) and aluminum hydroxide gel2 (Vl) were likewise 
obtained from commercial sources and were found to react stoichio- 
metrically with 0.1 N HCI. 

Gel Mixtures-Binary mixtures containing 4% w/w AlaOa were 
prepared from the gels so as to contain various concentrations of 
the less acid-reactive components. Appropriate weights of I, 11, and 
111 were used, depending on the A1203 content. Gels IV, V, and VI 

I 

35 30 25 20 15 10 5 
2.9 DEGREES 

Figure I-Initial X-ray diffraction pattern of Alumina Gel I .  

Reheis Chemical Co., Division of Armour Pharmaceutical Co.. 

* Merlum No, 8031, Merck Chemical Division, Merck & Co., Inc., 
Chicago, Ill. 

Rahway, N. J. 

were diluted with distilled water to form 4% w/w suspensions prior 
to the preparation of the mixtures. 

The mixtures were aged in sealed, screw-capped glass bottles at 
60, 45, and 35". The sample bottles were tared and the weight 
checked at every assay. No weight losses were noted. 

Tests-The acid reactivity of each gel was described by its per- 
centage of the theoretical acid-consuming capacity, based on the 
stoichiometric reaction of the A1203 with 0.1 N HCl. The precision of 
the USP acid-consuming capacity test (1 1) was improved by titrating 
to pH 3.5 rather than by using bromophenol blue T.S. 

The X-ray diffraction pattern of each gel was obtained in the 
colloidal state by irradiating a sample in dialyzer tubing. 

The insoluble gel fraction which remained after the acid-consum- 
ing capacity test was collected by filtration on a tared 0.45-p 
Millipore filter.3 Two filters were used so that one could serve as 
a control. The control filter and the filter with the residue were 
dried to constant weight at 90" in a vacuum desiccator. The results 
were reported as the residue obtained from 1 g. of alumina gel. 

The viscosity of the alumina gels was determined at 25" using the 
Haake Rotovi~co,~ system mv. 11, head 500, speed 162. 

Thermograms of each alumina gel were obtained using a DuPont 
model 900 differential thermal ana ly~er .~  The gels were dried at 25' 
in a vacuum desiccator. A 2- to 3-mg. sample was introduced into a 
microcell and heated at a rate of 20" per min. to obtain the DTA 
thermograms. 

RESULTS AND DISCUSSION 

Mixtures of I and 11-fnitiul Properties-Gels 1 and I t  diffcred 
physically and chemically in several significant aspects, as seen in 
Table I. X-ray diffractometer scans indicate that the solid material in 
the gels is noncrystalline. The broad diffuse band is typical of 

, O t  -\ 

~~~ _ _  
10 20 30 40 50 60 

DAYS AT 45" 

Figure 2-Change in concenlration of Alumitia Gel I dirrbig agitig 
ofamixtureoJSO% Iand20Z IIat45". 

3 Millipore Filter Corp., Bedford, Mass. 
4 Brinkmann Instruments, Inc., Great Neck, N. Y. 
6 DuPont Instrument Products Division, Wilmington, Dcl. 
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Table In-Comparison of the Properties of an Aged 1 : 1 Mixture of Alumina Gels I and 11 with Those of I1 

1 : 1 Mixtur-- ---. 
Property Initial 

Aged at 45" to 
End-Point Properties Alumina Gel I1 

Opaque semisolid Physical appearance White, dense Opaque semisolid 

Form Amorphous Amorphous Amorphous 
Percentage of theoretical 62.5 25 25 

of 4 x  suspension suspension 

acid-consuming capacity 
Appearance after acid- Slight insoluble Insoluble residue Insoluble residue 

~~ 

consuming capacity test residue 
Viscosity at 25" (c.P.s.) 800 3 700 3700 

140", 320" la", 320" l a " ,  320" Endotherrns by DTA 

scattering by amorphous material (Fig. 1). Figure 1 is typical of the 
scans obtained for both individual gels and mixtures throughout this 
study. These properties of the individual gels did not change upon 
aging, even at elevated temperatures. The 1 : 1 mixture of I and I1 
had properties equivalent to the sum of those of the individual gels. 
Subsequent examinations of this mixture were conducted to deter- 
mine the changes which occurred during aging. 

Changes in Acid Reactivity upon Aging-At 45", all mixtures lost 
acid reactivity until a minimum (end-point) level was reached. For 
the 1 : 1 mixture of Gels I and 11, this end-point level was 25 % of 
theory and was observed after aging for 12 days at 45". For mixtures 
of Gels I and I1 containing 10,20,40, or 50Zof Gel I1,prepared and 
aged at 35, 45, and 60" (Table II), the end-point reactivities were 
also 25 % of theory. Since the end-point reactivity was independent 
of the temperature or the ratio of I to  11, but was always identical to  
the acid reactivity of 11, it is assumed that I converts to I1 during the 
aging of the mixtures. 
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% OF II IN MIXTURE OF I AND I I  

Figure 3-Efect of percentage of II on the rate of change of I in 
a mixture of Afumina Gels I and II. Key: 0, 60"; 0 ,45" ;  and m, 35". 

Under this assumption, the reactivity of mixtures of Gels I and 
I1 would be related to the amount of each present at time t by the 
following equation : 

where Rt = percent of theoretical acid-consuming capacity of the 
mixture at time t; I t  = percent of I unchanged at time t ;  H i n i t .  = 
percent of I1 in the initial mixture; Ii,it. = percent of I in the initial 
mixture. 

By rearranging the above equation, the amount of I present at 
any time in a mixture of I and I1 can be calculated and plotted. Such 
a plot shows that in a mixture initially containing 80% of I and 20% 
of 11, I converts to I1 according to  apparent first-order kinetics 
(Fig. 2). 

Rate constants for the conversion of I to I1 in mixtures with 
various initial concentrations of I1 were calculated for mixtures aged 
at 35,45, and 60". The rate of conversion of I to I1 increased at all 
temperatures and was directly related to the initial concentration of 
I1 (Fig. 3). 

The heat of activation for the conversion of I to I1 in a I : 1 mix- 
ture was calculated from Fig. 4 to be 26.2 kcal. mole-'. 

The effect of a change in temperature at which the acid reactivity 
test was conducted for the end;point mixture of I and I 1  and for Gel 
I1 further indicates a conversion of I to I1 during aging. For example, 
the reactivity of 11, which is 25% of theory at a test temperature of 
37". increased to 29.3% of theory when tested at 60". The reactivity 

3000 
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2. a n - 200 
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3.0 3.1 3.2 

 IT x 103 
Figure 4-Effect of temperature on the rate of change of I in a I : I  
mixture of Alumina Gels I arid II .  
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Table IV-End-Point Acid Reactivity of Aged I : 1 
Alumina Gel Mixtures' 

4 8 12 16 20 
DAYS A T  45" 

Figure 5-Effect of aging of alumina gels on the weight of the acid- 
insoluble residues. Key: 0, 2:1 mixture of Alumina Gels I and II; 
and 0,  11. 

of the end-point mixture of I and 11 also increased from 25 to 29.3 % 
of theory when the test temperature was increased from 37 to 60". 

Effect of Aging on Other Physical and Chemical Properties- 
Table 111 shows that the physical and chemical properties of the 1 : 1 
mixture of Gels I and I1 changed during aging at 45" until they 
reached the indicated end-point values. The end-point physical 
appearance, acid reactivity, residue remaining after the acid-con- 
suming capacity test, and viscosity of the mixture were identical to 
those of Gel 11. The same changes occurred in the 1 : 1 mixture of 
Gels I and IT aged at 35 and 60" and in various other mixtures of I 
and I1 aged at various temperatures. The only effect of temperature 
or ratio of gels was to change the rate of conversion of I to 11. In 
each instance, identical end-point properties were observed. 

Acid-Insoluble Fraction after Aging-All gels having less than 
the theoretical acid-consuming capacity left an acid-insoluble resi- 
due at the completion of the acid-consuming capacity test. This resi- 
due was believed to consist of completely acid-refractory aluminum 
oxide. Its weight was determined during the aging at 45 O of a 2 : 1 
mixture of Gels I and I1 and of Gel 11. The values obtained from 
triplicate assays, and the lines determined by least-squares analyses 
which best fit these points, are given in Fig. 5.  

As shown in the figure, 8.6 mg. of acid-insoluble residue was re- 
covered from 1 g. of a freshly prepared 2 : 1 mixture of Gels I and I1 
containing 4% w/w Altoa. This agrees well with the expected result 
of 10 mg., which assumes that I leaves no residue and that 11 is 75 % 
acid-insoluble. The weight of acid-insoluble residue increased as the 
mixture aged at 45" until a constant value of 27 mg. was reached, 
beginning at 13 days, which is approximately the same time that the 
acid reactivity of the mixture reached its end-point reactivity of 25 % 
of theory. From this point on, the quantity of acid-insoluble residue 
recovered from the mixture was virtually identical to the weight of 
residue recovered from a 4% w/w suspension of 11. For 11, the acid- 
insoluble residue remained constant during aging. These data again 
indicate a conversion of I to I1 in the 1 : 1 mixture of Gels I and 11. 

Properties of Mixtures of Other Alumina Gels-To test the gen- 
eral hypothesis that in mixtures of amorphous alumina gels of 
various acid reactivities, the more reactive gel is converted into the 
less reactive, a series of mixtures were prepared and aged at 60" 
(Table IV). In all cases when two alumina gels of different acid reac- 
tivities were mixed, the mixture lost reactivity until it reached a con- 
stant end-point reactivity equal to that of the less reactive gel. 

Clearly, in an aged mixture, the more acid-reactive gel is converted 
into the less reactive form. Since these gels are amorphous, the 
conversion does not involve a change in form but instead may be 
analogous to the polymorphic transformations which occur as a 
system converts to its more stable form upon aging. It can be 
assumed that a completely acid-refractory form is thermodynami- 

Alumina Gels in Mixture, 

Theoretical Acid-Consuming 
Capacity of Each Gel (in 

together with of % Theoretical Acid-Consuming 

Parentheses) 2 Weeks 3 Weeks 

Capacity after Mixture Aged 
at 60" for 

~~ 

I( 100) : II(25) 
I( 100) : IIl(70) 
IlI(70) :11(25) 
I( 100) : IV( 10) 
V( loo) : I V( 10) 
VI( loo) : 1V( 10) 

25 
68 
30 
14 
8 
8 

25 
69 
25 
12 
8 
8 

a All gels and the aged mixtures in this table were amorphous. 

cally the most stable, and that acid reactivity and related properties 
are inversely proportional to the thermodynamic stability. Thus the 
observed conversion of the system reflects its attainment of the most 
stable state. 

C 0 N C L U S I 0  N S 

Mixtures composed of two individually stable amorphous 
alumina gels of different acid reactivities change physically and 
chemically upon aging until they reach a constant state. At this 
point, their properties are identical to those of the less acid-reactive 
gel. The same constant state is obtained independent of temperature, 
but the rate of change depends on temperature and on the initial 
concentration of the less reactive gel. It is hypothesized that the more 
acid-reactive gel converts to the less reactive gel according to  appar- 
ent first-order kinetics. Since no changes in form are observed, the 
change may be thought of as analogous to the polymorphic trans- 
formations which occur as a system converts to  its most stable state. 
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