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Abstract
Aluminium hydroxide as a powder precursor for making advanced ceramic materials such as yttrium aluminium garnet (YAG) was

prepared from aluminium nitrate and ammonium hydroxide by two different procedures and was analyzed for determining its physico-

chemical characteristics. It was observed that through the end products were essentially Al(OH)3, they differ in their physico-chemical

properties. Rate constants evaluated by thermal analysis were compared and the differences observed were explained in terms of structural

parameters by FTIR and related analysis.
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1. Introduction

Alumina is a versatile material used as refractory,

engineering ceramics material, abrasive and in various other

applications where chemical inertness coupled with its high

hardness and abrasiveness is of primary importance. In

addition to this, alumina is also used in combination with

other materials such as MgO, SiO2 and Y2O3 to produce

versatile materials, like magnesium aluminates spinel [1],

mullite [2] and yttrium aluminium garnet (YAG) [3].

Preparation of later types of materials like YAG requires

high degree of purity and homogeneity in the raw materials,

i.e. Al2O3 and Y2O3 [4]. This is possible only in wet

interaction method. Alumina in wet mixing process is

generally derived from the aluminium hydroxide, which

exists in several modifications (gibbsite, bayerite, boehmite

and diaspore). The structure of the aluminium hydroxide in

all its forms consists of stacked double layers of oxygen

atoms in which all the cations are located in the octahedral

coordination in the interstices [5]. The packing of oxygen

ions inside the layer can be either hexagonal or cubic,
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whereas the symmetry for each hydroxide is determined by

the distribution of hydrogen. The relative distances between

hydroxyl groups, both within and between the layers, have

been suggested to control the mechanism of dehydration for

the particular hydroxide [6]. This structure of aluminium

hydroxide depends on the aluminium hydroxide precursors

which in turn may be influenced by the aluminium salts used

as the starting reagents as well as on the procedure by which

the precursors have been prepared [7]. This aluminium

hydroxide precursor often results in alumina gel. Alumina

gel has been prepared by sol–gel technique [8–10], as

proposed by Yoldas, using aluminium alkoxide as pre-

cursors. One of the major advantages of the sol–gel

processing is that the properties of the alumina can be

altered by manipulating any of the processing steps during

precursor formation. For example: the resultant gel structure

can be altered by parameters that affect the kinetics of the

reaction. These are the kinetics of hydrolysis and

polymerization. They are in turn affected by: (a) starting

compound and host media [7], (b) dilution, water alkoxide

ratio [11], (c) catalyst and (d) temperature [12–15]. The

resultant gel structure ranges from all the varieties of

aluminium trihydroxides to monohydroxide [15,16], crystal-

line, more or less amorphous or even superamorphous [17].
ved.
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Fig. 1. (a) DTA and TGA of HHG sample and (b) DTA and TGA of NHG sample.
In the present work aluminium hydroxide is prepared

through two different sequences of chemical ingredients

addition. The products obtained, Al(OH)3 in both the cases,

were characterized to get an idea about the overall chemical

reactivity of Al(OH)3 formed by two different routes.
2. Experimental

A saturated solution of Al(NO3)3�9H2O was added to

ammonia in one case (this process led to HHG) and in

another 1:1 (v/v) ammonia was slowly added (this process

led to NHG). The pH of the hydroxide precipitation was

adjusted in the value of 4.5–5.5 for complete precipitation of

the specific cations as hydroxides. The gel like masses so

obtained was aged overnight for complete reaction. The

extraneous insoluble impurities were removed by washing

with water and the precipitate was dried at (100 � 10 8C).

The characteristics of the powder precursors prepared by

both routes were examined by DTA, TGA, kinetics studies,

FTIR spectroscopy. DTA,TGA and kinetics studies were

conducted using Libratherm TGA instrument (no. PID-300/

25). FTIR spectroscopy was done by FTIR spectrometer

(Perkin–Elmer, model no. 1615) on the heat-treated samples

to identify the nature of the bonding.
Fig. 2. (a) Weight loss vs. time for HHG sample and (b) weight loss vs. time

for NHG sample.
3. Results

Dynamic equilibrium studies on the sample hydroxyhy-

drogel (HHG) and normal gel (NHG) studied in the

temperature range 300–1000 8C revealed the existence of

several peaks indicating the existence of H2O in the main

network structure in different forms. This observation is

partly supported by the existence of corresponding DTA
peaks as shown in Fig. 1(a) and (b). The loss of water took

place in three distinctly different stages and the values are

given in Table 1. From Table 1 it appears that HHG samples

and NHG samples have different characteristics as the net

water content of HHG sample is more than that of NHG
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Fig. 3. (a) Hydroxyhydrogel log(L0 � L) vs. time and (b) precipitated gel log(L0 � L) vs. time.
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Table 1

Comparison of the DTA and TGA results of hydroxyhydrogel with the normal gel

Name of samples Net water content

(wt.% loss in 1 gm sample)

(%)

DTA peaks (8C) Water lost in each zone (%) Percentage of total water

lost in each zone

1st 2nd 3rd 1st 2nd 3rd

Hydroxyhydrogel 50.22 139, 262.4, 416, 860.3 21.07 14.98 13.54 41.95 29.82 29.26

Normal gel 35.8 106, 290, 430, 695, 820, 843, 878 7.76 22.43 5.61 21.67 62.65 5.61
sample. More number of DTA peaks was found for NHG

samples. Though for both the samples, three stages were

marked for loss of water but the amount varied considerably.

For example, water loss in initial and final stage is more in

HHG than in NHG. But, for the intermediate region the

reverse order was noted. In fact, almost 21% of the total

water in HHG was lost in the initial temperature zone, with

almost 29% water lost in both the intermediate and in the

final temperature zone. But, for NHG samples maximum

loss of water was noticed in the intermediate zone. A small

fraction remains for the final temperature range. Thus, from

this experiment itself it may be suggested though both the

samples were aluminium hydroxide, their physiochemical

nature was different.

To understand about the nature of bonding in the prepared

compound, a detailed analysis was undertaken through

isothermal thermo gravimetric analysis (TGA). The weight

loss of the samples followed exponential relationship

(representative curves are shown in Fig. 2(a) and (b)),

which suggests the application of first-order kinetics.

According to the first-order kinetics weight loss of water

from the sample at any instant could be proportional to the

concentration of water present in the system at that time.

The concentration of water in the sample would be equal

to the weight of the water present in it, which can be lost at

the experimental temperature divided by the volume of the

sample. Therefore, if the weight and hence the volume of the

initial sample is kept fixed, the concentration may be

replaced by weight loss. Thus, at a given temperature if L is

the weight loss of the sample at time t and L1 is the total

weight loss at infinite time, then L1 is equivalent to the

initial concentration of water dehydratable at the experi-
Table 2

Showing validity of first-order kinetics

Dehydration

temperature

Extent of validity

of first-order reaction

considering k1 for HHG

Extent of validity

of first-order reaction

considering k1 for NHG

300 96.67 57.29

350 92.94 96.22

400 91.56 89.4

450 95.8 91.62

500 99.13 72.67

550 99.41 98.66

600 99.42 98.75

650 99.48 99.09

700 99.56 99.5
mental temperature. Therefore, L1 � L is equivalent to the

concentration of water remaining in the sample at time t.

Therefore, according to the first-order kinetics the rate of

loss of water will be given by the Eq. (1).

dL

dt
¼ �kðL1 � LÞ (1)

L1 � L
� �

�kt

log10 L1

¼
2:303

(2)

Eq. (1) permits the evaluation of rate constants for dehydra-

tion from the slope of the line obtained by plotting

log10(L1 � L)/L1 versus t provided we know the value

of L1. As the first-order equation can never go to completion

theoretically any direct determination of L1 will be inac-

curate and was not attempted. Therefore, the method that

was suggested by Guggenheim [18] and later followed by

Marrey and White [18] was adopted for the evaluation of

rate constants.
Fig. 4. (a) Dehydration rate (k1) vs. temperature and (b) dehydration rate

(k2) vs. temperature.
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Fig. 5. Activation energies for HHG and NHG.

Table 3

Activation energy for the samples in two stages

Sample DH1 (cal/mol) DH2 (cal/mol)

HHG 2885 1946

NHG 1988 752
Let Lt be the loss in grams at any time t, the end point

being L1; then using Eq. (2) we may write

L1 � Lt ¼ L1 e�kt

Suppose L1, L2, . . ., Ln are the respective readings at t1, t2,

. . ., tn, without any restrictions as to the time intervals, and

let n more readings of L be taken L0
1, L0

2, . . ., L0
n at times

t1 + Dt, t2 + Dt, . . ., tn + Dt each at a constant time Dt after

the previous set.

Then

L1 � L1 ¼ L1 e�kt
1

and

L1 � L0
1 ¼ L

e�kt�k Dt
11

Subtracting,

L0
1 � L1 ¼ L1 e�kt

1 ð1 � e�k DtÞ
Taking logarithms and expressing in general terms,

logeðL0 � LÞ ¼ �kt þ loge½L1ð1 � e�kDtÞ�
or

log10ðL0 � LÞ ¼ �kt

2:303
þ log10½L1ð1 � e�k DtÞ�
or

log10 DL ¼ �kt

2:303
þ log10½L1ð1 � e�k DtÞ�

Subsequently, log10(DL) was plotted against time for both

the samples for different temperatures of investigation. Two

representative curves Fig. 3(a) and (b) are shown. It appears

from Fig. 3(a) and (b) that entire process of dehydration at a

given temperature followed two rate constants; one for the

initial stage (k1) and another is for final stage (k2). The extent

of validity of first-order kinetics was estimated by consider-

ing the linearity of log10(DL) versus time curve, which is

shown in Table 2. It is found from the table the extents of

validity of first-order kinetics were in the acceptable level.

Rate constants are calculated following the procedures

discussed above are shown in Fig. 4(a) and (b) for HHG and

NHG sample respectively. k1 values for both the samples are

found to increase with the increase in temperature in a
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regular pattern in general. k1 for HHG sample were found to

be more than NHG samples, which appeared to converge at a

higher temperature. This indicates that after certain

dehydration after sufficient pores, channels and cavities

become open and partially empty dehydration kinetics

tended to become uniform. This is more closely revealed in

Fig. 4(b), where the values for k2 were plotted against

respective temperatures for both the samples. k2 values for

both the samples followed a general pattern, i.e. increasing

with increase in temperature without much distinguishing

factors between the samples. However, generally k2 values

for NHG samples are higher than that of HHG samples. This

is in conformity with our earlier observation as stated in the

course of discussion (Fig. 4(a)) where the k1 vales were

found approaching each other at higher temperature.

Log10 k1 was plotted against 1/T to calculate the

activation energy of the respective system by following

the Arrehnius equation.

d lnðkÞ
dt

¼ DH

RT2

i.e.

log10 K ¼ log10 PZ � DH

4:575T

From the slope of the line DH was calculated and the plots

were shown in Fig. 5. The activation energy values were

given in Table 3. For both the samples activation energy for

initial stages of dehydration were found to be more than that

of the later stage of dehydration. Again the activation energy

for HHG samples was more than for NHG sample. High

values for initial stage of dehydration are due mainly to the

crowding of the cavities and channels of the materials and

for the other minor reasons. After sufficient space was

created the activation energy also lowered at the later stage

of dehydration. For HHG samples activation energy was

found to be more than that of NHG sample. This indicates

that in NHG sample either staggering was less (total water

content in HHG sample was 50%; and water content of NHG

sample was 35.8%) or water molecules were less strongly

bound with the central cation in HHG samples.
Fig. 6. Polynuclear complex of HHG sample.
4. Discussion

Aluminium salts when dissolved in water (a polar solvent)

behaves in the following manner. Al3+ forms complexes

[Al(H2O)6]3+, water of which was gradually replaced by

OH�1 ions during reaction with hydroxide more or less in the

following sequences: [Al(OH2)6]3+ ! [Al(OH)(OH2)5]2+ !
[Al(OH)2(OH2)4]1+ ! [Al(OH)3(OH2)3] polymerization

proceeded with the formation of polynuclear complexes

[19]. The above hydrolysis is always accompanied by

complicated process of the formation of polynuclear com-

plexes in which the linking bridges may be oxy-, hydroxy- or

hydrogen bonding, in addition to the bridges offered by
anionic species, such as NO2. The coordination number of the

central Al3+ ions in aqua complexes generally corresponds to

the characteristic co-ordination number of aluminium which is

4. But, in dilute aqua solutions these ions form octahedral type

complexes [Al(H2O)6]3+ [20]. The formation of polynuclear

complexes through the joining of the octahedral or tetrahedral

complexes along their edges or faces or at their apexes may be

regarded as the first stage in cation polymerization in solution.

This may lead to a polynuclear complex formation in the Al–

OH–H2O system in the presence of strong OH�1 ions in

concentration as shown in the Fig. 6. In the figure effect of NO2

is not shown as there will be negligible effect of this particular

anion as a weak ligand in comparison to OH�1, from Fig. 6 it

appears that all the linked OH�1 bridges present in the

structure are not equivalent [20]. In the light of the above

discussions we may explain our result as shown in Table 1,

where it was found that the net water content of HHG samples

(50.22 wt.%) were much more than that of the NHG samples

(35.8 wt.%). This may be due to the different amount of hexa-

coordinated form will retain more amount of water than the

tetra-coordinated Al. this may also be precisely the reason for

different amount of water at the different temperature interval

as shown in Table 1. Therefore, it may be concluded that the

two hydroxides formed by following two different routes are

not exactly the same in nature. Similar conclusions was also

drawn [7], where Al(OH)3 have been precipitated from various

aluminium salts and it was found that the same compound was

synthesized with marked different reactivity from different

raw materials. Different TGA and DTA peaks supported the

observation. It appears from Fig. 1(a) and (b) that almost all

water molecules escaped the system at a temperature around

500 8C. Up to 500 8C, DTA peaks were identified for the

samples HHG and NHG both of which the initial two peaks

were strong; this indicates that the water molecules escaped

form the system are linked to the central cation with three

different energies and hence the rate constants for those three

different bonded water are likely to differ. In the present

experiment two different rate constants could be identified at

all temperatures and are shown in the figure. Representative

curves are shown in the figure. The third stage of dehydration

was not analyzed due to insignificant impact of the remaining

water in the overall process.
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Fig. 7. FTIR studies.
Fig. 4(a) and (b) shows that k1 values followed a path of

systematic rise with increase in temperature and values

appeared to converge at high temperature. The higher values

for k1 for HHG samples indicated more staggering of H2O

molecules in the cavities and channels of network structure.

This assumption is supported by the fact that the initial water

content of the HHG samples was more than that of the NHG

samples. When with rise in temperature the staggering factor

becomes less and less prominent which is reflected in the k2

values (Fig. 4(b)) of both the samples. The result is the
Table 4

Assignment of different IR analysis bands in FTIR curves

Sample Band position-1

(from FTIR curves)

Untreated hydroxyhydrogel 3469

1632

1385

1023

1069

523

Hydroxyhydrogel heat treated at 700 8C 3453

1638

1023

554

Normal gel (untreated) 3469

1646

1023

531

3546

3623

3455

Normal gel (heat treated at 700 8C) 3454

1646

846

1392

569
scattered position of the individual values of rate versus

temperature curve.

Thus, it may be assumed that water molecules present in

the prepared samples are linked to the network structure with

bonds of different energy. This is again reflected by the

activation energy values as shown in Table 3. This

assumption is further supported by IR analysis in

Fig. 7(a)–(d). In Fig. 7(a) and (b), IR analysis was conducted

for as prepared samples. The detailed analysis is given in

Table 4.
Band position-2

(from literature)

Band assignment

3472 Stretching vibration of OH bond

1639 Bending moments of H2O

1382 Ammonium nitrate

1072 Al–O bond

1072 Al–O bond

570 Al–O stretch

3472 Stretching vibration of OH bond

1639 Bending moments of H2O

1072 Al–O bond

570 Al–O stretch (AlO6)

3472 Stretching vibration of OH bond

1639 Bending moments of H2O

1072 Al–O bond

570 Al–O stretch (AlO6)

3521 Gibbsite

3620 Gibbsite

3469 Gibbsite

3472 Stretching vibration of OH bond

1639 Bending moments of H2O

843 Al–O stretch

1382 Ammonium nitrate

570 Al–O stretch (AlO6)
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The difference between HHG and NHG is that, HHG

sample analysis shows a very strong peak of Ammonium

nitrate but in case of NHG sample it was not there, though

the washing was conducted following singular procedure.

The second major difference is the absence of gibbsite peak

in the HHG samples. Presence of gibbsite phase indicates the

presence of directed bonds between OH groups of adjacent

layers rendering hydrogen bonds in the plane of the OH

groups longer than those between the layers. These results in

shortening of the shared ages of Al(OH)6, i.e. hexa-

coordinated Al were found in both the sample but for NHG

sample tetra-coordinated Al are also noticed. Ammonium

nitrate was not found in either of heat treated samples but the

presence of ammonium nitrate in untreated HHG samples

may be due to the reactive ion exchange sites present which

are analogous to the zaeolitic materials.
5. Conclusion

1. HHG contains more amount of water than NHG.
2. D
ehydration reaction followed first-order kinetics and

two sets of rate constants were recorded, one for the

initial part of the reaction and second for the final part of

the reaction.
3. R
ate of dehydration of water is higher for HHG than

NHG; however at higher temperature they converge.
4. A
ctivation energy required for the dehydration of water

from HHG samples is higher than the energy required for

dehydration of NHG samples in both the stages of

dehydration.
5. I
t appeared from IR analysis that Al was predominantly

in the octahedral coordination in HHG sample, whereas

in NHG, both octahedral and tetrahedral coordinated Al

was present. This was particularly observed when

specimens were heat treated at 700 8C temperature.
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