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Abstract: Rheological studies of boehmite sols based on pH was (1) to study the nature of flow properties of
the boehmite sols and (2) to identify the sol-gel transition of boehmite sols with the change of pH of the liquid.
It 18 evident that the shear rate and viscosity of the liquid extubit a pseudoplastic (shear thinming) flow behavior
for all pH level. The transformation of sol-gel at low pH probably due to the hydrogen bond between the layers
of the boehmite structure. The temperature has an appreciable effect on the activation energy during the sol-gel
transition. The flow activation energies AE, are in the range of 1.75 to 6.25 I mol ™" at temperature 298-384 K.
Based on these results, the flow activation energy of boehmite sols sharply decreases with decreasing the pH.
The flocculation of the suspension at pH 4 to 1 showed to be favourable in term of enhenced density of

boehmite.
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INTRODUCTION

Boehmite (AIOOH),
oxihydroxide has found important applications in the

a well known aluminium

preparation of catalysts and catalyst support used in
heterogeneous catalysis (Baumann et «l, 2005,
Kotamigawa et al., 1981; Hellgardt and Chadwick, 1998;
Knozinger and Ratnasamy, 1978). Recently, many
researchers have been focused on the synthesis of
boehmite particles due to the promising foresight of
their use in catalytic applications (Caiut et al., 2009,
Zhang et al., 2009, Yang, et al., 2009a,b;, Dash et al., 2009,
Lesaint ef al., 2008; Lepot et al., 2008; Guo ef al., 2008).
Especially, because of its large surface area, low cost,
thermal stability, good mechanical strength and volatile
acidity, v-AlL O, has been utilized as a carrier for catalyst
m petroleum refimng and petrochemical industries
(Okada et al., 2003; Park et al., 2003, Piqueras et al., 20064,
b; Jun-Cheng et al., 2006). A number of research studies
dealing with transesterification reactions catalysed by
AlO,; have been reported in the literature while many
papers are devoted
heterogeneous catalyst (Umdu et al., 2009; Noiroj et al.,
2009; Vyas et al., 2009). The physical properties such as
porosity, surface area of a catalyst hold promise for

to esterification reaction with

mcreasing the  performance of catalyst 1
petrochemical industries (Mbaraka and Shanks, 2006;
Ngamcharussrivichai et al., 2007). For this reason, the

successful synthesis of mesoporous aluminas with a
high surface area, a narrow pore size distribution and a
high pore volume 1s currently searched for (Ejka, 2003).
The catalytic performance that markedly affect the
characteristics of an aqueous suspension include solids
loading, pH, viscosity, density , gelling nature of the
liquid and concentration of the dispersant (Bleier and
Westmoreland, 1991). Kim et al. (2008) evaluated the
synthesize v-Al,O, catalysts with different surface areas
by varying preparation parameters systematically during
sol-gel synthesis and to correlate the catalytic activity
with the surface area of v-Al,0,. Tt was demonstrated that
the changes in the rates of catalytic reaction could be
intentionally used to obtain a particular type of gel
structure and physical properties (Brinker, 1988; Klem,
1985). Additionally, the type of catalyst has a decisive
role on the type of mechamsm mvolved in the sol-gel
process and the final properties of the gel (Ying et al.,
1993; Zarzycki, 1990). Clearly, the type of catalyst and pH
cannot be chosen indiscriminately because of their role on
the final morphology, densification and physical
properties. The formation of different concentrated gels of
significantly different liquid properties might be achieved
to mcrease the catalytic performance (Knozinger and
Ratnasamy, 1978 Jiratova and Beranek, 1982). As a
consequence, to optimize the origin of these properties 1t
15 necessary to know in details of the rheological
properties of the liquid, gelling behavior and effect of pH
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on it which make it to establish a relation between liquid
properties and catalytic performance of the boehmite sol.
To 1dentify the evolution of catalytic properties, liquid
properties with well known performance of the catalyst 1s
crucial to make out. The main restrictions for using the
catalyst are associated with the lack of knowledge about
many of the relation between the liquid and the physical
properties which influence the catalytic performance. To
bridge this gap, we study the liquid properties of
boehmite systemically and the results are being presented
in this study what, to our knowledge has not been yet
studied.

MATERIALS AND METHODS

Boehmite (AlIOOH) powders were produced by BASF
chemical  company  (G-250, medum  density
pseudoboehmite alumina, BASF Catalysts LLC mn TSA,
purity>99%). The sodium hydroxide were of analytical
grade. Different amounts of Boehmite (AIOOH, BASF)
ranging from 3 to 50 g, were dispersed separately in
100 ml. of deionized water, the suspension being
dispersed under ultrasounds for 2 min and then stirred for
20 min. The sols were further acidified as pH (1.0-7.6) at
25°C by the addition of concentrated hydrochloric acid.
Table 1 shows the chemical composition of AIOOH.

The particle size distribution of alumina powder was
measured by Particle Analyzer (HORIBA LA-300-Laser
Scattering Particle Size Distribution Analyzer, Japan).
The viscosity of the boehmite was measured using
viscometer model LV-DV III+ (Brookfield Engineering
Laboratories, Inc., USA) at different of spindle speeds in
rpm. The readings were taken only after 5 min of
revolution. The appropriate disc spindle was selected so
that the torque readings were not below 10% of the total
scale. The apparatus is designed to measure rheological
parameters of shear stress and viscosity at given shear
rates. The theometer was connected to a circulating water
bath (Brookfield Refrigerated Bath/Circulator Model TC-
500, Brookfield Engineering Laboratonies, Inc., Stoughton,
MA 02072-2398 USA) for precise temperature control. The
liquid density was measured at 25°C by using a digital
density/specific gravity meter (Kyoto Electromcs
Manufacturing Co Ltd, Tapan). The pH of the liquid was
measured by pH meter at 25°C using pH meter (Cyber
Scan pH 1500, Eutech Instruments Pte Ltd, Singapore).

Table 1: The chemical compositions of AIOOH
Tropurities (wt.%6)

AlOOH Surface area
(wt.%) 810, Fe,0, Na,0 Cal 80, (m’g™h
=09.6 0.02 0.01 0.03 0.03 0.3 355

Sonication of the suspension was performed by high
intensity ultrasonic processor with temperature controller
microprocessor controlled (750 Watt model).

RESULTS AND DISCUSSION

Flow behavior: Measurements were performed within the
range of shearing rate from 10 to 306 sec™, while the
dynamic viscosity ranged from 4 to 1200 ¢P at a tem-
perature of 25°C. Experimental data showing variation of
viscosity with shear rate for the boehmite shurries at
different pH are illustrated in Fig. 1 The dynamic apparent
viscosity decreases exponentially on increasing the shear
rate which is remarkable for all the investigated solution
pH. It 15 evident that the liquid exlibit a pseudoplastic
(shear thinming) flow behavior for all pH level. As a matter
of fact, strong shear dependence 1s observed. At the same
shear rate, the apparent viscosities of low pH 1s lugher
than the viscosities of higher pH. The viscosity decreases
less than proportionally with the increase of shear rate.
The flow properties of boehmite sols under acidic and
basic conditions shows shear thinning/non-Newtonian
pseudoplastic behaviour that might be the functions of
particle-particle aggregation due to weak forces of
attraction (e.g. VanderWaals forces) Fig. 2. Tt can be
explammed by reason that the aggregates of particles are
formed just after lowering the pH and broken into pieces
at lngh shear rates results i shear thinning behavior.

Flow activation energy: For further understanding the
sensitivity of viscosity to temperature at different pH, the
flow activation energy (AE ) is deduced by Arrhenius
equation (Eq. 1):

n=A exp (AE /RT) (1

A 18 the temperature independent pre-exponential
term  or the frequency factor, R the gas constant
(8.314 I/mol K ) and T the reaction temperature in Kelvin.
Taking the logarithm of Eq. 2 and plot of log (n) vs. 1/T
should be linear with a slope of (AL, /R). The solid lines in
the Fig. 3 obtained from linear least-squares fitting of the
experimental data to Eq. 1.

Table 2 gives the values of activation energy at zero
shear rate for different pH at various temperatures. The
Armhenmius  equation indicates the general tendency
observed for an apparent viscosity decrease with a
temperature increase. In general the greater the activation
energy the greater the temperature effect on viscosity.
This 1s evident from the viscosity values observed for
boehmite sols, which vary significantly from 25 to 75°C.
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Fig. 1: The particle size distribution of Boehmite powder
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Fig. 2: Viscosity versus shear rate plot for 30 % (w/v)
boehmite for different pH at 25°C
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Fig. 3: Viscosity at zero shear rate of boehmite solution
sols of 30% (w/v) at different pH as a function of
temperature

The results revealed that acid catalysed system (pH 1)
had a AE of 1.75 Jmol™' and base catalysed system
(pH 7.6  had a AE of 6.25 Tmol™. The main purpose of

Table 2: Influence of pH on gelation at various temperatures (30% (w/v) of

boehmite sol

pH Activation energy (AE) (J mol™) R?

1 1.757796 0.903
2 2.28635 0.998
4 232792 0923
6 5470612 0.976
7.6 6.252128 0.988
a catalyst in a chemical reaction is to lower the

activation energy of a reaction so that it can occur
at a lower temperature or to accelerate the reaction
(Laidler, 1987; Chang, 1988; Huheey ef al., 1993). The
flow activation energy of boehmite sols sharply
decreases with decreasing pH. This seems to be
attributed to the participation of the H' 1ons in the liquid
to form a gel network (M-O-M) during the condensation
process that may decrease the value of E.

Brinker et al. (1982) demonstrated that the
temperature can control the gelation process by
modifying the rates of hydrolysis and condensation.
Livage et al. (1988) proposed hydrolysis and
condensation mechanism through transition hydrogen
bonds according to Eq. 2 and 3. The relative different n
bond strength between the species and
molecule activation  energy
The reactions produce large
molecular weight molecules that continuously combine to
form an mfnite molecular weight network that
characterized by gel-point (Sperling, 1992; Munk, 1989;
Odian, 1981). The gel point occurs when an infinite
molecular weight molecule 1s formed throughout the
reaction medium. The H ions may bond weakly to the
boehmite gel network:

lomsable
may determine the
condensation process.

i
M-O-M

or may have a tendency to mobile in the gel with respect
to temperature at low pH. As the H' ions become part of
the gel networlk, they are not mobile anymore and have
tendency to form gel at low  temperature. The
morphology formed during the condensation of the sols
has a direct relationship to the final properties of the gel
(Ying et al., 1993; Zarzycki, 1990; Brinker et al., 1982;
Schmidt et al., 1984):

Ao H
M=+ oh—sm—a ()
5 & H---6—H
H chél‘)rzger?;)ond (2)
-y - -
M_O\T}-‘..o‘_/ — MOMILHO

(8 (water) = 0)
leaving group
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H

M—OQH +M—OH —» M—(O—M—OH

& 1,-OH bridge
Nucleophile
SRR AT (vaten = o) 3)
.- JL O - eaving group
M=0-M M-O-M + H,0
p,-O bridge

where, M is metal

Sol-Gel transformation: Sol-gel is the process in which a
sol agglomerates to form a gel. Tn this study, the
mfluences of pH on the zero-shear viscosity of boehmite
dissolved mn water 1s depicted in Fig. 4. The curve shows
similar trends in their viscosity values with respect to pH
of boehmite sols. The viscosity remains almost the same
as the pH decreases from 7.6 to 4 and then increases
sharply which might be mdicative a tendency of gelation.
The boehmite sols shows the lowest viscosity values at
the pH of 4 to 1 indicative of these as the regions of best
dispersion of boehmite particles for all concentration
which lowers the wviscosity a couple of orders of
magnitude (Fig. 4). The decrease of viscosity is due both
to the decrease of gel strength and to the re-dispersion of
the flocks. Small changes of viscosity 1 dispersion region
might be indicating no intermolecular mteractions owing
to electrostatic repellence.

With the progressive decrease of pH value from 4.0
to 1.0, the liquid exhibit a marked viscosity enhancement
suggesting  that the electrostatic repellence are
suppressed and enhanced the intermolecular bonds. Tt is
probably an indication of the high levels of agglomeration
of particles. Boehmite 1s not retain well disperse at pH 4
results i partly flocculated and it becomes fully
flocculated at pH 1 where the attractive interparticle
potential dominates. The gelling behavior of boehmaite
may rise the cohesiveness of the liquid to increase the
viscosity. It 1s reported that lugher viscosity observed at
very highly acidic (pH1£2) conditions is the characteristic
of flocculated suspensions (Yang et al, 2009a). A rapid
development of particle-particle mterconnectivities may
take place during lowering the pH. The viscosity relates
to the pH when particles tends to pack together, making
flow impossible (Cristiani et al., 2005; Leenaars et al.,
1984; Yoldas, 1975). The viscosity increases up to the
maximum level due to the growing amounts of gel, to the
increase of the gel strength and to the formation of the
flocks that make it clear to indentified the transition of sol
to gel of the liquid. Additionally, Gel formation 1s
associated with rapid increase 1 viscosity and
observations of a maximum viscosity (Sakka and
Kamiya, 1982; Nogami et al, 1980). The adhesion of
aggregates extends out through the whole suspension
and can give solid like gel structures.

350+ —0—30% wiv
——20% w/v
—&—10% w/v
—o—5% w/v

(9%
(=3
T

2504

2004

1504

Zero shear rate viscosity (cP)

100

W
[
1

Fig. 4. Effect of pH on viscosity at zero shear rate for
different concentration at 25°C

However, continuous decreasing pH brings particles
closer, stronger iteraction and finally a sufficiently
developed gel structure. Brinker and Scherer (1990)
reported that catalyst type and pH of the reaction
determines the resulting morphology and growth model in
sol-gel chemistry. Fast hydrolysis and slow condensation
rates characterize an acidic liquid which produces
clustered structures that is described by a cluster-cluster
growthmodels (Brinker and Scherer, 1990; Schaefer, 1988).
These lunitations m the condensation reaction result m a
variety of structure for acidic liquid system. Because the
reaction conditions, the final mechanical properties are
dependent on whether the skeleton structure is produced
from linear or cluster structure (Brinker and Scherer, 1990).
The final microstructure that evolves acidic or basic liquid
is schematically represented in Fig. 5.

From Fig. 4 and 5, it 1s apparent that the liquid
properties are extremely important for the production of
catalyst. In order to gain additional insight on the affect
of pH, Ying et al. (1993) found that acid catalyzed gels
had significantly higher porosity and dimensional
shrinkage. It can be demonstrated that catalyst and pH
actually control the final gel properties by mfluencing
microstructure of the gel. The degree of structure
formation such as agglomeration, flocculation and the
strength of the mterparticle binding forces is manifested
by the limit of gel formation of the liquid. Munk (1989)
reported that the viscosity increase has been associated
with the increase of the attraction forces among the
colloidal agglomerates or progressive aggregation of
particles that implies gelation and a branched cluster
structure.  Therefore, the gelling behavior affect the
shape, size and porous characteristics of boehmite sols
that are important factor for better performance of
catalyst.
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Fig. 5. Schematic representation of an arbitrary gel
densification from or base or acid catalysed
system (a) Lmear or randomly branched gel
structure and (b) highly clustered structure
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Fig. 6: Density of boehmite as a function of pH

Effect of density on pH: The effect of pH on density of
different wt.% (w/v) boehmite sols  exhibits
considerable differences as seen mn Fig. 6. Based on
experiments, it is demonstrated that pH of the boehmite is
responsible for changing the density of the liquid.
Surprisingly, high density was found at low pH even in
and Pask (1996)
reported the alumina powder reacts in an acid solution to
form a gel and consequently formed hard agglomerates.

the low concentration Kitayama

Boehmite may form agglomerate by condensation of
dissolved aluminum species at interparticle contacts
during the formation of gel. If gel is formed by
precipitation of the dissolved species from solution, the
bonding between particles will be much coherent and
stronger that might responsible for increase the density of
solution.

The influence of pH may affect the interparticle
bonding forces of the boehmite sols and subsequently
increase the density depending on the nature of the
mterparticle force (Kwon and Messing, 1997). Of these
bonding mechanisms, we believe that chemical bonding
1s the reason for the ligher density of the water-dispersed
boehmite agglomerates. The solubility of the material itself
may be the reason for agglomerate density (Brinker and

Scherer, 1990). Therefore, either electrostatic forces or
Vander Waals forces are considered to be responsible for
increasing the density of the gel (Kwon and Messing,
1997). Liquid densities for acidic and basic liquid will vary
depending on the imitial reaction condition but it can be
generalized that basic liquid are always lower in density
than thewr acidic ligmd. Smce gelling on the alumina
surface depends on the population and the 1omization
status of hydroxyl groups presented on the alumina
surface, this suggests the electrostatic mteraction
between boehmite particles to play a dominant role in
determining the density behavior of boehmite even when
the pH of system 1s high (Chen et al, 1998). This 1s
attributed to pH dependence of possible hydrogen
bonding as a result of the pH dependent 1onization of
hydroxyl groups on boehmite. This can be accounted by
the enhancement of particles interaction that are closer to
each other at low pH. Correlation between the suspension
rheology and the density of boehmite sol suggests that
increased interaction between particles at low pH to be a
possible reason higher density.

CONCLUSION

The rheological properties of boehmite sols under
acidic and basic conditions shows shear thinning/non-
Newtoman pseudoplastic behaviour that might be the
functions of particle-particle aggregation due to weak
forces of attraction (e.g., Vander Waals forces). A rapid
development of particle-particle interconnectivities may
take place during lowering the pH. Gelation activation
energy (AE,) is dependent of the boehmite concentration
and pH of the solution. Based on the results, the
temperature can control the gelation process by
modifying the rates of hydrolysis and condensation to
increase value of E. The sol-gel transition of boehmite
sol is identified by the pH shows that the viscosity
increases up to the maximum level due to the growing
amounts of gel, to the increase of the gel strength
and to the formation of the flocks. Correlation between
the suspension rheology and the density of boehmite
sol suggests that increased interaction between
particles at low pH to be a possible reason for higher

density.
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