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Abstract

This paper demonstrates the critical role of pH in the colloidal (i.e. sol-gel) synthesis of nano size a-Al2O3. Investigation, based
on X-ray diffraction pattern, indicates that the transformation of a-Al2O3 from gels obtained at high pH57, undergoes via for-
mation of boehmite (gel!AlOOH!g-Al2O3!a-Al2O3). On the other hand, the transformation of a-Al2O3 at low pH (46) follows

the gel!g-Al2O3 !a-Al2O3 sequence. The transmission electron microscopy reveals that the particle size of the a-Al2O3 decreases
from �750 to �70 nm with decreasing pH from 12 to 2.5, respectively. The a-Al2O3 with large surface area (�130 m2/g) is obtained
when it is processed at low pH (2.5). The true powder density of the a-Al2O3 sample derived at pH=2.5 is observed to be 3.92 g/

cm3 after sintering at 1450 �C, due to fine particles. The isoelectric point (iep) and x of the a-Al2O3 are found to be 8.7 and 9.2 when
synthesized at pH 2.5 and 12, respectively.
# 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The Al2O3 exists in several distinct crystallographic
phases (such as g, d, y, a-Al2O3), and it can undergo a
variety of transitions until the most stable corundum
structure a-Al2O3 forms at high temperature.1�2�3

a-Al2O3 is a ceramic material of industrial importance,
due to its promising structural, chemical, and morpho-
logical properties.1 Traditional method of fabricating
a-Al2O3 includes direct sintering of the transitional alu-
mina phases. This method requires very high tempera-
ture, which inevitably results in a considerable degree of
particle coarsening with small surface area. Several wet
chemical methods have been employed to synthesize the
a-Al2O3 at low temperature. Bell et al. has reported a
hydrothermal method for the fabrication of a-Al2O3,
using 1,4-butanediol and has demonstrated how to
control the particles size and morphology.4 Addition-
ally, the concept of seeding with a-alumina has also
been employed in order to enhance the kinetics of
transformation and to achieve the synthesis of a-alu-

mina at a lower temperature. A fraction of ultrafine
alumina crystallites, as seed materials, and the intro-
duction of dopant (e.g. MnO2) were tried by Messing
and Gouvea, respectively, in order to reduce the tem-
perature of transformation of stable alumina.3,5 Sharma
et al. has crystallized the a-Al2O3,which has a median
particle size 60 nm, by hydrothermal method using a
surface modifier.6 Nevertheless, the colloidal method,
using sol-gel processing, is another chemical approach
that provides an alternative route to synthesis of
a-Al2O3. In order to utilize chemical process for synth-
esis of nano sized powder, the control over thermo-
dynamics of interfaces with in the reacting system has to
be required as these fine particulate system tend to
minimize their surface energy either by growing to large
particles or agglomeration. One approach is to modify
the surface of growing particles during precipitation
process in a way that growth reaction can take place but
a ‘‘growing together’’ is prevented. The surface free
energy of these particulate can reduced to an appro-
priate level by using surface active compound (so called
‘‘surface modifier’’) which interact with the generated
particle surface. The synthesis of pure alumina materials
via organic or inorganic sol-gel method has been exten-
sively studied over the past three decades. Yoldas has
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carried out investigations on the hydrolysis of alumi-
num isopropoxide in the presence of various inorganic
and organic acids as peptides.7,8 The use of chelating
agents has also been employed to control the hydrolysis
and condensation rates during the sol-gel processing of
alumina with desired physicochemical properties.9 A
number of papers discuss the effect of pH during the
sol-gel process on pore size, pore volume, particle size,
and surface area of SiO2, Y2O3, TiO2.

10,11 Rao and Ji
have discussed the role of pH during the sol-gel proces-
sing of alumina. However, they did not mention the
variation in particle size of the alumina with pH
change.9,12 Nevertheless, the surface area of the alumina
reported in their investigations was <56 m2/g. From the
perspective of developing alumina based high tempera-
ture stable catalyst, high surface area of a-Al2O3 is very
important. In recent years, the nanophase metal oxides,
because of their fine particle size and large volume fraction
of grain boundaries, exhibit superior properties over their
larger polycrystalline counterparts.13,14 Moreover, the
surface area of the alumina depends on the size of the
particle in the final product. Research has been con-
tinued in regard to control of the particle size of a-
Al2O3 by means of reducing the temperature of phase
transformation. Therefore, it is important that retention
of the enhanced properties associated with smaller par-
ticle size requires the development of new processing
routes that will drastically suppress the particle growth
during densification, and leads to a high surface area.

In this paper, we are reporting a new colloidal method
using a surface modifier, which not only produces a-Al2O3

at a low temperature, but also reduces the particle size to
the nano range. A surface modifier and the seed of
a-Al2O3 have been employed during the sol-gel process
so that temperature for formation of a-Al2O3 can be
lowered from 1300 to <1000 �C. In this work, we
examine the effect of pH on the temperature of phase
transformation of a-Al2O3 very carefully. Additionally, this
paper also focuses on the fundamental aspects of hydrolysis
and condensation of sol-gel processed alumina under the
influence of pH. This method allows the variation in parti-
cle size and produces a-Al2O3 with unusually high surface
area that may be valuable in catalytic applications.

2. Experimental procedure

A modifier solution was prepared by dissolving a
measured amount (10 wt.% with respect to a-Al2O3) of
surface modifier in 500 ml of methoxyethanol. A mix-
ture of emulsogen OG and b-alanine was used as a sur-
face modifier. The solution was stirred for an hour at
room temperature. A known amount of (1 mol) alumi-
num iso-propoxide (AIIP) was added to the modifier
solution. The minimum amount of acetic acid was
added to the above solution in order to form a clear

solution. The ratio of acetic acid and solvent to AIIP
was 3:1 and 500:1 molar ratio (m.r.), respectively. The
solution was reflux for three hours, with stirring. Water
is required for the hydrolysis, therefore, 3 m.r. of water,
with respect to AIIP, was added to the above solution.
It was reflux for another three hours. This sol was divi-
ded equally into six parts. The pH of three samples was
adjusted to 8, 10, and 12 by NH4OH. Acetic acid was
used to maintain the acidic pH (2.5, 4 and 6) of the
remaining three sols. The 4 wt.% of a-Al2O3 particles
(size 0.055 mm) was added to 30 ml of methoxyethannol
and sonicated for 48 h in order to avoid the agglom-
eration in the seed particles. Then, the suspension of
dispersed seed was transformed into the Al2O3 sol. This
suspension was ball milled for 48 h. The slurry was then
dried at 80 �C for 24 h. The sol was transformed to a
thick mass (so called ‘‘gel’’). The schematic diagram of
the preparation of alumina gel, under the influence of
pH, is shown in Fig. 1. The xerogel of Al2O3 was then
grounded by mortar and pestle.

Differential thermal analysis (DTA) studies were car-
ried out using Universal V2.5H TA thermoanalyzer, in
air, from 25 to 1200 �C. The true powder density of
materials was measured using Densitometer (Accu Pyc
1330). The crystalline phase was determined by powder
X-ray diffraction, using Scintag diffractometer (DMC
105) with copper Ka radiation, for 2� from 20� to 60�.
The BET surface area of the powders was measured by
Micromeritics ASAP 2000 after degassing the sample at
150 �C, for 24 h. Zeta potential values of the ceramic
powder suspensions in water were measured with Zeta-
sizer (Malvern Instrument, PCS V1.23, England) at
(20�1)�C without adding any electrolyte. This suspen-
sion was sonicated for 20 min before the measurement
of zeta potential. During the potentiometric titration,
constant agitation of the suspension was required. The
microstructure of particles was investigated in a trans-
mission electron microscope (TEM) (Philips, EM
420ST). High-resolution transmission electron micro-
scopy (HRTEM) on the sample was carried out using a
Hitachi-2000. The sample for the HRTEM study was
prepared by grounding raw sample thoroughly with
acetone. A 300-meshed copper grid was suspended in
the suspension liquid, and kept for 30 min in an open
atmosphere so that all of the acetone evaporated.

3. Results and discussion

The structural analysis of the powders derived from
pH 2.5 and 12 is investigated by XRD and shown in
Figs. 2 and 3. The critical processing parameter for
sol-gel processing of any metal oxide is the pH, because
that is what determines the phase formation, particle
size, and morphology of the final product. Fig. 2 shows
the XRD powder pattern of the products after heat
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Fig. 1. Flow diagram of the preparation of alumina xerogel under the influence of pH.

Fig. 2. X-ray diffraction pattern of powders synthesized from pH=2.5 and heat treated at (a) 150 �C,(b) 450 �C, (c) 750 �C, and (d) 1050 �C.
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treatment at 150, 450, 750, and 1050 �C obtained at pH
2.5. It has been observed that the XRD pattern of the
powder is highly crystalline when the powder heat trea-
ted at 150 �C. Peaks appearing at a low value of 2� are
due to the formation of acetates of alumina in different
forms. The powder was synthesized in the presence of a
high concentration of acetic acid (i.e. 3 molar ratio
with respect to AlIP) used during the preparation of
alumina sol. Therefore, there may be a possibility of
formation of acetates of alumina due to the following
reactions

ð1Þ

ð2Þ

At 150 �C, the FTIR (not shown here) of the powder
indicates the presence of peaks at �1700 cm and �1255
cm�1, which are assigned to �asym(COO) and
�asym(COO) vibrations of acetic acid.9 The powder is
found to exhibits amorphous characteristics at any
temperature up to 750 �C. The appearance of amor-
phous characteristics is understood because the material
is derived from the higher organic precursors. This
powder does not show the formation of boehmite phase
during the transformation of a-Al2O3 accept a weak
peak at 2��28.3�. On the other side, the calcined pro-
duct at 750 �C exhibits the distinct diffraction peaks of

g-Al2O3. Peaks, due to g-Al2O3, disappear when the
temperature increases from 750 to 1050 �C. The XRD
pattern of the powder obtained at 1050 �C was similar
to the one matched with a-Al2O3. The XRD powder
pattern does not show any impurities, due to incomplete
transformation of any metastable phase of Al2O3 e.g. y-,
g-, a-, b at 1050 �C. These results show that the forma-
tion of a-Al2O3 at low pH (46), occurs by the following
steps: Gel ! �Al2O3 ! �Al2O3. Nevertheless, the
peaks referring to metastable alumina in the XRD pat-
terns (at 750 �C), are weak compared with a-Al2O3.
Therefore, the power was further heated to high tem-
peratures (e.g. 1100, 1150, 1200, and 1250 �C), to ensure
no amorphous phase present in the powder. It has been
observed that the intensity of d113 plane increases to 6%
when the temperature increases from 1050 to 1150 �C.
However, the enhancement in the intensity of d113 plane
from 1150 to 1250 �C was observed <2%. It indicates
that the material at 1050 �C may contain a small
amount of amorphous phase. Table 1 summarizes the
DTA results, due to exothermic reactions of xerogels,
obtained from sol-gel process in pH range from 2.5 to
12. The most important peak in Table 1 is the peak
associated to the transformation of transition aluminas
to a- phase, which is considered an exothermic reaction.
The peak, which appears at 930 �C can be attributed to
the formation of a-Al2O3. However, it completes at
1050 �C; therefore, the samples were heated at 1050 �C.
It is worth noting that the temperature of formation of
such an exothermic peak is observed to be shifting to a
higher temperature when the pH value increases.

Fig. 3. X-ray diffraction pattern of powders synthesized from pH=12 and heat treated at (a) 450 �C and (b) 1200 �C . Inset is the XRD pattern of

the powder 850 �C.

662 P.K. Sharma et al. / Journal of the European Ceramic Society 23 (2003) 659–666



Fig. 3 shows the XRD pattern of the powders derived
at pH=12 after heat treatment of 450, 850, and 1200 �C.
However, the powder at 150 �C (not shown here) has a
different XRD pattern than the one derived from pH-
2.5. The powder synthesized at high pH (57) does not
show any peak, due to the acetate formation of alumi-
num, unlike the powder derived at a low pH. None-
theless, the powder exhibits an amorphous
characteristic, which appears to exist up to the tem-
perature �450 �C. The boehmite phase was observed
when the powder was calcined at 450 �C. It has been
observed that for boehmite, the transformation
sequence, upon heating, is: boehmite! g! d! y!
a-Al2O3. In this study, boehmite transformation also
occurs via g phase. The g phase appears at 950 �C and is
shown in the inset of Fig. 3. Peaks, due to boehmite, are
found to disappear when this powder is annealed at
1200 �C, as shown in the Fig. 3. This transformation is
further confirmed by DTA analysis (refer to Table 1),
which indicates an exothermic peak at 1170 �C at pH =12.
The formation of boehmite is seen in all the gels derived at
pH57 and is obvious because of the excess amount of
hydroxyl groups (from NH4OH). Hence, at a high pH the
transformation sequence can be: gel! boehmite! g!
a-Al2O3. On the contrary, the powders derived at low pH
(6) do not show the presence of boehimte, due to the neu-
tralization of hydroxl ions by acetate ions. Ji et al. has also
reported that the alumina xerogel derived in presence of
access nitric acid did not undergo boehmite formation
during the transformation of a-Al2O3.

9

The microstructure of the a-Al2O3 particles at pH=12,
is observed to be almost like irregular hexagonal, with
particle size in the range of 450–750 nm. When pH
decreases to 8, the particle size of a-Al2O3 is found to be
150–300 nm (refer to Table 1). Although, the morphology
of the particles remain same, the phase transition to
a-Al2O3 is accompanied by severe aggregates, because
of sintering. On the other hand, the TEM particle size of
the powder at pH=2.5 is found to be bimodal (e.g. �70
and <30 nm) with spherical morphology. The fine par-
ticles (<30 nm) may belong either to any transitional
alumina which was present in the small amount and

remain undetected by XRD, or same phase crystallizes in
two different kind of particle sizes. The fine grains of
y-Al2O3 are observed to exist in the sintered specimen of
a-Al2O3 sintered at 1100 �C in the study of Deng et al.15

Further studies are underway to clarify this fact. Here,
the low pH seems to help in forming the spherical shape
of the particles. The aggregate is also noticed in the par-
ticles derived at low pH. It is usual, because nano particles
have large surface areas, and they tend to aggregate to
minimize their total surface energy.13,16,17

The results described above are indicate that the var-
iation in the initial pH has a significant effect on the
physical properties of the final product. As sol-gel pro-
cessing is based on several chemical processes, such as
hydrolysis and polycondensaion, this needs to be fur-
ther considered. Literature, indicates that at low pH
(46), the rate of hydrolysis [refer to Eq. (3)] is governed
by the hydronium ion in solution [Eq. (4)], therefore, the
amount of water is small, due to rapid formation of
H3O

þ:11 Sharma et al. has demonstrated that hydro-
lysis/ condensation is controlled and selective during the
sol-gel synthesis of Y2O3 at low pH, which leads to for-
mation of linear polymer.11

Al O � s � Prð Þ3þH3O
þ ! O � s � Prð Þ3�y

�Al � ðOHÞy þHþ þ yPrOH
ð3Þ

H2O þHþ ! H3O
þ ð4Þ

Condensation can take place by any of the following
equations:

O � s � Prð Þy�1�Al � OHð Þ þ OHð Þ �Al

� O � s� Prð Þy�1

! O � s� Prð Þy�1�Al �O �Al

� O � s � Prð Þy�1þH2O ð5aÞ

ðO � s � PrÞy�1 �Al � OHð Þ

þ O � s� Prð Þy�1�Al � ðOHÞ

! ðO � s� PrÞy�1 �Al �O �Al � ðOHÞ

þ PrOH ð5bÞ

On the other hand, the reaction is controlled by the
hydroxyl ions (OH) when powders are derived at
pH57. The reported work indicates that the initial
growth leads to a linear chain, but due to the high con-
centration of OH ions, it results in the cyclization, since
the probability of intermolecular reaction is higher than

Table 1

DTA and TEM results of xerogels derived at different pH

pH Exothermic

peak,

transformation

of a-Al2O3

Morphology TEM particle

size (nm)

2.5 930 Spherical 55–70

4 930 – –

6 1020 – –

8 1080 Irregular hexagonal 150–300

10 1150 – –

12 1170 Hexagonal 450–750
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the interamolecular reaction.10 Fig. 6 is a very simple
illustration of behavior of gels under the influence of pH.

ð6Þ

The hydrolysis and condensation are uncontrolled and
undirectional which result in highly-branched polymers.
The most probable meal-oxygen polymeric network,
formed at high pH, is the structure (6). Nonetheless, the
larger interstices at pH58 lead to larger grains. Hence,
the particle size is observed (refer to Fig. 4) to be larger
in the pH range from 8 to 12, than the one seen in pH
range, from 2.5 to 6 (refer to Fig. 5).

Furthermore, the effect of pH on the surface modifier,
and seed can not be ignored. Sharma et al. has demon-
strated that the surface modifier layer that protects the
particles, and prevents the grain growth during thermal

treatment, is found to be more effective only in the
acidic pH in the Eu doped Y2O3.

11 In the basic pH, the
modifier layer is found to be less effective due to the
presence of excessive OH- ions in the system. It results
in the aggregation and larger particle size in the pH>7.
On the other hand, the seed in the acidic pH may have
distributed well enough that their seeding ability might
have enhanced. Further study has to be required in
order to understand the influence of pH solely on the
seeding.

The influence of pH is, once again, found to be sig-
nificant while considering the surface area and true
density of the powders (as shown in Fig. 7). The surface
area of the powder at 1050 �C is found to be �25 m2/g
at pH=12, which increases to 130 m2/g when the pH
decreases to 2.5. It is worth noting that the surface area
of the commercially available a-Al2O3 is <35 m2/g. As
both the powders derived at low and high pH trans-
formed to a-Al2O3 at 1200 �C. Therefore, a comparison
has been made on the surface area and true density of
the powders derived at different pH conditions after
heat treatment at 1200 �C. In low pH regime, linear
chain growth seems to be preferred, as discussed earlier,
which results in higher reactivity at the chain ends. It is
well known that the linear chains obtained at low pH

Fig. 4. TEM micrograph of powder derived at (a) pH=12 and (b) pH =8.

Fig. 5. TEM micrograph of the powder derived at pH=2.5.

Fig. 6. Schematic diagram of the behavior of alumina gel under the

influence of pH.
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leads smaller grains, since the relation between the par-
ticle size and surface area is inverse.13 Therefore, the
surface area increases when pH decreases from 12 to
2.5. The low pH (47) gives finer particles which can
further to be attributed to the packing of the particles
and leads to high-true powder density i.e. 3.43 g/cm3

(�86% of theoretical density). The true powder density
decreases when the particles become coarser at high pH
(�68% at 12).18 Furthermore, the maximum true pow-
der density of the a-Al2O3 sample, derived at pH=2.5
that can be achieved, is observed to be 3.92 g/cm3 when
sintered at 1450 �C, due to fine particle.

Fig. 8. Zeta potential of a-Al2O3 at (a) pH=8 and (b) pH=2.5.

Fig. 7. Surface area and true density of the powders derived at different pH after heat treatment at 1200 �C.
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The zeta potential (�) is an important parameter in
colloidal stability, since it reflects the variation in sur-
face potential for a specific material. These powders
were derived from solution route at low temperature,
therefore, it was necessary to understand the surface
charge of these powders. Hence, zeta potential studies
were done. Fig. 6 shows the zeta-potential data of an
aqueous suspension of synthesized a-Al2O3 heat treated
1050 �C, as a function of pH (range 4–12). There is no
addition of any electrolyte to control the ionic strength
of the solutions. The Al2O3 particles are positively
charged at pH<8.7 with maximum �=47 mV (at pH 4).
Above this pH, the a-Al2O3 particles are negatively
charged to increase the negative � values. The iep value
of powder derived at pH=8 is found to be 9.2, as shown
Fig. 8(a). Nevertheless, the iep of the powder derived at
pH=2.5 is 8.7. The iep value is associated with several
factors e.g. phase composition, OH-group content, cal-
cinations temperature etc. It can be assumed that powder
synthesized in presence of acid, has a positive charge on
the surface even at the temperature of 1050 �C. Hence, a
shift in iep was observed towards lower value of pH.

4. Summary

In summary, the particle size of a-Al2O3 can be tai-
lored by controlling the pH of the modified alumina sol.
TEM study confirms that at pH=2.5, the a-Al2O3 with
particle size 70 nm can be achieved due to linear chain
polymerization. The particle size increases to 750 nm by
increasing pH to 12 due to 3D network of polymer.
Surface area and true powder density of a-Al2O3 are
highly dependent on the reaction conditions of the alu-
mina sol. The hexagonal morphology of the particles
was obtained at pH=12, which was changed to the
spherical one at pH=2.5. Hence, morphology can be
altered by changing the pH of the alumina sol. The a-
Al2O3 particles derived from low pH are observed to
have a positive charge, which causes a shift in the value
of iep in the powder.
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