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A  comparative  study  of  the  textural  properties  of  �-Al2O3 prepared  by solvothermal-assisted  evaporation-
induced  self-assembly  (SA-EISA)  and  conventional  evaporation-induced  self-assembly  (EISA)  processes
has been  carried  out using  aluminum  isopropoxide,  triblock  copolymer-type  nonionic  surfactant
(Pluronic  P123)  and  ethanol.  The  solvothermal  reaction  was  carried  out  at 100 ◦C for  24  h  followed  by
slow  drying  at  60 ◦C for  48  h. The  synthesized  products  were  characterized  by  thermogravimetry  analy-
sis  (TGA),  differential  thermal  analysis  (DTA),  X-ray  diffraction  (XRD)  analysis,  N2 adsorption–desorption
study and  transmission  electron  microscopy  (TEM).  The  �-Al2O3 prepared  by  SA-EISA process  became
stable  up  to  1000 ◦C. The  powder  prepared  by  SA-EISA  process  resulted  in  a  significant  increase  in textural
esoporous
urface area
icrostructure

properties  (BET  surface  area,  pore  volume  and  pore  diameter)  compared  to that  prepared  by  conventional
EISA  process.  A  better  adsorption  capacity  for Congo  red,  a  carcinogenic  dye  used  in  textile  industry,  was
exhibited  by  the  powders  prepared  by  SA-EISA  process.  A  proposed  mechanism  was  illustrated  for  the
formation  of  mesoporous  �-Al2O3 obtained  by  EISA  and  SA-EISA  processes.

© 2015  The  Ceramic  Society  of Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V.  All  rights  reserved.
. Introduction

The discovery of ordered mesoporous silica (the M41S fam-
ly) [1] using templates with surfactant assemblies has been a
reakthrough in the research field for its potential applications in
atalysis and in other realms of chemistry. In extension, the efforts
ave been made for the synthesis of other groups of mesoporous
xides in nonsilica systems. In comparison to mesoporous silica,
esoporous alumina (MA) is important for its wide applications as

dsorbents, catalysts, catalyst supports, membranes, ceramics, etc.
he first successful synthesis of ordered mesoporous alumina was
eported by Vaudry et al. [2] using long-chain carboxylic acids as
he structure directing agents. For preparing MA,  many other syn-
hesis routes like sol–gel [3], aerosol generation of particles using
lock copolymers [4], cationic [5] and anionic surfactants [2], block
opolymers [6,7], mesoporous carbon templates [8], colloidal pre-
ursors with amine-based structural agents [9], Stevia rebaudiana
∗ Corresponding author. Tel.: +91 33 2473 3496x3516; fax: +91 33 2473 0957.
E-mail address: milan@cgcri.res.in (M.K. Naskar).
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187-0764 © 2015 The Ceramic Society of Japan and the Korean Ceramic Society. Produc
leaves extract as templating agent [10], spray pyrolysis method
[11], etc. have been developed. Glucose has been used for enhance-
ment of porosity and surface area of alumina [12]. Recently, we
have reported the role of tetramethyl urea for the synthesis of
mesoporous alumina [13]. The MA was also obtained by normal
evaporation-induced self-assembly (EISA) method using aluminum
alkoxides and triblock copolymers as surfactants [14]. However, the
influence of solvothermal reaction in the conventional EISA process
has not yet been reported earlier.

The potential applications of alumina depend upon its struc-
tural, textural and morphological characteristics. There has been
a great interest in obtaining mesoporous alumina (MA) with
high surface area, large pore volumes, crystalline pore walls, and
good thermal stability for favorable enhancement of catalytic and
adsorptive performances. The porosity of the materials depends
on the way the hydrolysis-polycondensation reaction of aluminum
alkoxides with the aid of co-assembly of surfactant [15] occurs. The
nature of interactions between polymerizing inorganic species and
surfactant molecules is important in tailoring the porosity and pore

structures of mesoporous alumina. Hydrothermal reaction signifi-
cantly improved the textural properties of SBA-15 [16].

Environmental problem relating to the water pollution is a chal-
lenging issue in recent time. The pollution of water resources by

tion and hosting by Elsevier B.V. All rights reserved.
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yes from textiles and mining industries has become a serious
oncern. It is worth mentioning that the textural and framework
roperties related to surface area, pore volume, porosity, pore size
istribution (PSD), and ordering of the pores of alumina could
ffect on its adsorption behaviors toward the removal of toxic and
arcinogenic dyes, Congo red (CR). Recently we  have studied the
dsorption efficiency for Congo red with the nanostructured meso-
orous alumina synthesized from boehmite sol [17,18].

Keeping this view in mind, in the present investigation we  have
tudied the solvothermal effect on the synthesis of mesoporous
-Al2O3 by EISA process, in terms of crystallization, textural proper-
ies, and adsorption efficiency for CR removal. A comparative study
as performed in the absence of solvothermal reaction (conven-

ional EISA process). To the best of our knowledge, it is the first
ime we report the significant improvements of textural proper-
ies as well as CR adsorption efficiency of mesoporous alumina
ynthesized by solvothermal-assisted EISA process.

. Experimental

.1. Material preparation

Aluminum isopropoxide, Congo red (CR) and triblock copoly-
er  (Pluronic P123) were purchased from Sigma–Aldrich Co. (USA).
bsolute ethyl alcohol and nitric acid were from Merck (India). All
eagents were used as received.

In a typical experiment, 1.6 g of P123 was dissolved in 40 mL  of
thyl alcohol under stirring at 35 ◦C for 60 min. Then 4.16 g of alu-
inum isopropoxide dissolved in 40 mL  of ethyl alcohol and 2.8 mL

f 67 wt% nitric acid was added into the former solution. The mix
olution was allowed to stir for 5 h to obtain a homogeneous sol.
he above sol was divided into two parts. One part of the sol was
oured into a petri dish and kept in an oven at 60 ◦C for 48 h for sol-
ent evaporation (EISA process). Another part of the sol was poured
nto a Teflon-lined autoclave and kept at 100 ◦C for 24 h followed
y natural cooling. A gelly-like mass (wet gel) was obtained after
olvothermal treatment. It was then put in an oven at 60 ◦C for 48 h
o evaporate the solvent as done in normal EISA process. The sec-
nd process was termed as solvothermal-assisted EISA (SA-EISA)
rocess. To optimize the effect of solvothermal reaction tempera-
ure on the textural properties of powders, the SA-EISA process was
epeated at 80 ◦C and 130 ◦C. The dried powders obtained from both
he EISA and SA-EISA processes were calcined at 400 ◦C for 4 h with

 heating rate of 1 ◦C min−1, and at 700 ◦C, 900 ◦C, 1000 ◦C, 1100 ◦C
ith a heating rate of 1 ◦C min−1 up to 400 ◦C/4 h followed by heat-

ng rate of 5 ◦C min−1 up to those temperatures with 1 h dwell time
ach.

.2. Characterization

The thermal behaviors of the prepared powders were stud-
ed by differential thermal analysis (DTA) and thermogravimetry
nalysis (TGA) (NETZSCH, STA 449C) up to 1000 ◦C in air atmo-
phere at the heating rate of 10 ◦C min−1. The wide-angle XRD
easurements were performed for calcined samples using pow-

er diffraction technique by a Philips X’Pert Pro XRD (Model: PW
050/60) with Ni-filtered Cu-K� radiation (� = 0.15418 nm), oper-
ting at 40 kV and 30 mA.  The low-angle XRD measurements of
he calcined samples (400 ◦C) were recorded by Rigaku Smartlab
9 kW)  using Cu-K� radiation, operating at 45 kV and 200 mA.  Nitro-
en adsorption–desorption measurements were conducted at 77 K

ith a Quantachrome (ASIQ MP)  instrument. The powders were

utgassed in vacuum at 250 ◦C for 4 h prior to the measurement.
he surface area was obtained using Brunauer–Emmet–Teller
BET) method within the relative pressure (P/P0) range of
ic Societies 3 (2015) 198–205 199

0.05–0.20 and the pore size distributions (PSDs) were calculated
by Barret–Joyner–Halenda (BJH) method. The nitrogen adsorption
volume at the relative pressure (P/P0) of 0.99 was used to deter-
mine the pore volume. The samples were imaged by a transmission
electron microscopy, TEM using a Tecnai G2  30ST (FEI) instrument
operating at 300 kV. For TEM analysis the powder samples were
dispersed in ethanol by moderate sonication followed by dropping
on the carbon-coated copper grid.

2.3. Congo red adsorption

For adsorption experiments with Congo red, in a typical exper-
iment, 20 mg  of the as-prepared M-�A was mixed with 20 mL  of
aqueous solution of CR (100 mg  L−1) under vigorous stirring at room
temperature. Analytical sample was  taken from the suspension
after different adsorption times and separated by centrifugation
(5000 rpm). The supernatant solutions were analyzed with UV–vis
spectroscopy (Varian, Cary 50) to obtain the concentration of CR
in solution. The characteristic absorption of CR at around 500 nm
was selected to monitor the adsorption process. The concentra-
tions of CR were determined using a linear calibration curve over
6.25–100 mg  L−1 based on the absorbance value at 500 nm. The
quantity (qt) of CR adsorbed (mg CR/g adsorbent) by the sample
(adsorbent) was determined as: qt = (C0 − Ct)V/m, where C0 and Ct

are the initial and time (t) CR concentration (mg L−1), respectively,
V is the volume of solution (mL), and m is the sorbent weight (g) in
dry form.

3. Results and discussion

3.1. Thermal analysis

Fig. 1 shows TG and DTA curves of the as-prepared powders
obtained from (a) normal EISA and (b) solvothermal-assisted EISA
(SA-EISA at 100 ◦C) processes. In the DTA curves, the endother-
mic  peaks at 121 ◦C for EISA and at 115 ◦C for SA-EISA were
attributed to the removal of adsorbed water. The sharp exother-
mic  peaks at 239 ◦C for EISA and 258 ◦C for SA-EISA were due to
the decomposition of organic surfactants [19]. Thermal decompo-
sition temperature of the surfactant (Pluronic P123) was slightly
more for SA-EISA compared to EISA; it was because of nonuniform
distribution of the pores (sponge-like) generated by the surfactant
(Pluronic P123) via the solvothermal reaction (discussed later). The
thermal stability of the samples obtained by EISA and SA-EISA was
confirmed by DTA analysis. The appearance of exothermic peak
at around 885 ◦C for the sample obtained by conventional EISA
could be ascribed to the transformation of �-Al2O3 to �/�-Al2O3.
However, in XRD pattern (discussed shortly), the phase transfor-
mation was not clearly observed at 900 ◦C, but became evident at
1000 ◦C. Interestingly, it was  noticed that for the sample obtained
by SA-EISA, no such exothermic peak was observed at around
800–1000 ◦C. It confirmed that the SA-EISA sample was  more ther-
mally stable than that of EISA sample. The TG curves for the samples
obtained by (a) EISA and (b) SA-EISA show a sharp decrease in
weight loss of 69.5% and 60.3%, respectively up to 400 ◦C, which
corroborated to the removal of water, hydroxides and organic sur-
factants (P123).

3.2. XRD characterization

Fig. 2 shows the XRD patterns of the calcined powders obtained
from (a) EISA and (b) SA-EISA (100 ◦C) processes. It was  observed

that for EISA-based samples, �-Al2O3 phase (JCPDS File No. 10-
425) was  observed up to 900 ◦C following a little transformation
to �-Al2O3 (JCPDS File No. 35-121) and �-Al2O3 (JCPDS File No.
48-366) at 1000 ◦C; the latter phase (�-Al2O3) transformed fully
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Fig. 1. TG and DTA curves of the gel powders obtained by (a) EISA and (b) SA-EISA (100 ◦C) processes.

Fig. 2. XRD patterns of the powders obtained by (a) EISA and (b) SA-EI
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ig. 3. Low-angle XRD patterns of the powders obtained by EISA and SA-EISA
100 ◦C) processes.

t 1100 ◦C. Interestingly, for the sample obtained by SA-EISA pro-
ess, the �-Al2O3 phase became stable up to 1000 ◦C followed by
he transformation to �-Al2O3 at 1100 ◦C. Therefore, �-Al2O3 phase
btained by SA-EISA was more thermally stable than that prepared
rom EISA process. These results also corroborated with the DTA
esults. The low-angle XRD patterns (Fig. 3) of the 400 ◦C-treated
owders obtained by EISA and SA-EISA (100 ◦C) processes exhib-
ted 2� peaks at 0.62 (d100 = 14.25 nm)  and 0.64 (d100 = 13.80 nm),
espectively, which indicated the presence of mesopores in the
amples. For the sample SA-EISA, a slight shifting of the low-
ngle peak to higher value accompanying with a lower d-spacing
SA (100 ◦C) processes. �: �-alumina; �: �-alumina; �: �-alumina

reflected a lesser organization of pores [20] along with larger pore
diameter [21] compared to those for the sample prepared by EISA
process. It was  supported by the textural and microstructural prop-
erties (discussed shortly).

3.3. N2 adsorption–desorption studies

To investigate the effect of solvothermal reaction temperatures
on the surface textural properties of the powders, the 400 ◦C-
treated samples obtained at the synthesis temperature of 80 ◦C,
100 ◦C and 130 ◦C were analyzed with N2 adsorption–desorption
studies. Fig. 4 shows (a) N2 adsorption–desorption isotherms and
(b) PSDs of the samples prepared at different solvothermal reaction
temperatures. It indicated that the powders prepared at 100 ◦C ren-
dered higher BET surface area, pore volume and pore size compared
to those obtained at 80 ◦C and 130 ◦C, which is clear from Table 1.
Table 1 also exhibits that the samples prepared at 80 ◦C contained
microporosity along with mesoporosity. It is worth mentioning
that for dye adsorption efficiency with mesoporous alumina, the
higher surface area, pore volume and porosity of the samples are
the important parameters. In the present study, the solvothermal
reaction temperature at 100 ◦C was found to be optimum in terms of
higher textural properties (surface area, pore volume and pore size).
Therefore, a comparative study was  performed with the samples

prepared by SA-EISA process at 100 ◦C and those obtained by con-
ventional EISA process. Fig. 5 shows the N2 adsorption–desorption
isotherms of the powders obtained by (a) EISA and (b) SA-EISA
(100 ◦C) processes followed by calcination at 400 ◦C, 700 ◦C, 900 ◦C,
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Fig. 4. (a) Nitrogen adsorption–desorption isotherms of mesoporous �-alumina obtained by SA-EISA process at 80 ◦C, 100 ◦C and 130 ◦C, and (b) pore size distributions of
the  corresponding samples.

Table 1
Textural properties of the powders obtained by SA-EISA process at different solvothermal reaction temperatures.

Reaction temperature (◦C) SBET (m2 g−1)a SExternal (m2 g−1)b SMicropore (m2 g−1)c Vp-Total (cm3 g−1)d Vp-Micropore (cm3 g−1)e Pore diameter (nm)f

80 322.5 253.7 68.8 0.365 0.037 3.72
100  742.9 742.9 0 1.355 0 10.08
130  524.0 524.0 0 0.875 0 5.45

a BET surface area.
b External surface area.
c Micropore surface area.
d Total pore volume.
e Micropore volume.
f Pore diameter by BJH desorption.

Fig. 5. Nitrogen adsorption–desorption isotherms of mesoporous �-alumina obtained by (a) EISA and (b) SA-EISA (100 ◦C) processes.

Fig. 6. Pore size distributions of mesoporous �-alumina obtained by (a) EISA and (b) SA-EISA (100 ◦C) processes.
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Table 2
Textural properties of the powders obtained by (a) EISA and (b) SA-EISA (100 ◦C)
processes.

Sample (calcination
temperature (◦C))

SBET (m2 g−1)a Vp-Total (cm3 g−1)b Dp (nm)c

EISA (400) 419.6 1.134 3.92
EISA (700) 371.4 0.5227 3.93
EISA (900) 220.9 0.4520 3.93
EISA (1000) 146.6 0.3353 3.94
SA-EISA (400) 742.9 1.355 10.08
SA-EISA (700) 616.5 0.8959 5.83
SA-EISA (900) 422.8 0.7408 5.81
SA-EISA (1000) 182.6 0.3949 6.82

a BET surface area.
b Total pore volume.
c Pore diameter by BJH desorption.
02 S. Ghosh et al. / Journal of Asian

000 ◦C and 1100 ◦C. It was noticed that all the curves displayed
ype IV isotherm according to IUPAC classification, which indicated

esoporous characteristic of the sample. For 400 ◦C-treated EISA
ample, a steep increase in adsorption occurred from a P/P0 of about
.9. The N2 adsorption–desorption isotherms of SA-EISA process
Fig. 5b) also shows type IV isotherms with a distinct condensation
tep at a P/P0 range of 0.6–0.9. With increase in calcination temper-
tures, the decrease sizes of the hysteresis loops indicated lesser
mount of capillary condensation in the mesopores. Fig. 6 shows
he BJH pore size distributions (PSD) of the powders obtained by (a)
ISA and (b) SA-EISA (100 ◦C) processes. It was noticed that for the
amples prepared by EISA process, the pore size centered at around

 nm,  while the samples prepared by SA-EISA rendered the pore
ize at around 6–7 nm.  However, 400 ◦C-treated samples prepared
y SA-EISA exhibited a significant increase in pore size of about
0 nm.  The textural properties (BET surface area, total pore volume
nd pore diameter) of the powders obtained by the EISA and SA-
ISA (100 ◦C) processes after calcination at different temperatures
re shown in Table 2. With increase in calcination temperatures, the
ET surface area and pore volume decreased for both the samples
ISA and SA-EISA. It was due to the collapse of the pores at higher
emperatures. It is interesting to notice that a significant increase
n BET surface area and total pore volume were obtained from SA-

ISA samples for all the calcinations temperatures. For SA-EISA at
00 ◦C, the BET surface area was 742.9 m2 g−1, and that for the sam-
le EISA at 400 ◦C, it was 419.6 m2 g−1. Therefore, the significant

ncrease in BET surface area for SA-EISA samples was attributed to

Fig. 7. TEM images of mesoporous �-alumina obtained by EISA process follo
the more abundance of mesopores generated under solvothermal
reaction (SA-EISA process). Table 2 also shows that pore sizes of the
samples prepared by SA-EISA were more than those obtained by
EISA method. Under solvothermal reaction at 100 ◦C, pore enlarge-
ment occurred with the surfactant, Pluronic P123 in the presence of
the solvent (ethanol), which became restricted in the conventional
EISA process. More solvent molecules entrapped into the gel net-
work under solvothermal process enhancing the pore properties of

the samples.

wed by calcination at (a) 400 ◦C, (b) 700 ◦C, (c) 900 ◦C, and (d) 1000 ◦C.
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Fig. 8. TEM images of mesoporous �-alumina obtained by SA-EISA (100 ◦C) p

.4. Microstructural studies

Fig. 7 shows the TEM images of the samples obtained from EISA
rocess followed by calcination at (a) 400 ◦C, (b) 700 ◦C, (c) 900 ◦C
nd (d) 1000 ◦C. The worm-like mesostructures of the samples
ere found for 400 ◦C and 700 ◦C-treated samples. With increase in

alcination temperatures at 900–1000 ◦C, sponge-like mesoporous
tructure was  noticed. However, under solvothermal reaction (SA-
ISA) at 100 ◦C, sponge-like microstructure was obtained for all
he temperatures (Fig. 8). It is believed that under autogenic pres-
ure at 100 ◦C of solvothermal reaction, the entropy of the system
as high having random movement of the colloidal particles in

he system. It hindered for the generation of uniform pore struc-
ures. Under solvothermal reaction, the randomness of particle

ovement enhanced the abundance of pores with larger pore sizes
esulting in higher BET surface area, pore volume and pore size
ompared to those obtained from conventional EISA method.

.5. Adsorption property for Congo red

Fig. 9 shows UV–vis absorption spectroscopy measurements of
he 400 ◦C-treated samples prepared by (a) EISA and (b) SA-EISA
100 ◦C) processes for the determination of CR concentration before
nd after adsorption. It demonstrates that for both the samples
ith increasing time, the absorbance values decreased indicating

ecreased concentration of CR, which signified adsorptivity of the
amples. This effect became more pronounced for the sample pre-
ared by SA-EISA process. Fig. 9c shows the change of adsorption
apacity with time. The adsorption capacity for both the samples
s followed by calcination at (a) 400 ◦C, (b) 700 ◦C, (c) 900 ◦C, and (d) 1000 ◦C.

(EISA and SA-EISA) increased sharply up to 90 min. However, the
adsorption capacities of about 70 mg/g and 100 mg/g were obtained
after 120 min  for the samples prepared by EISA and SA-EISA, respec-
tively. It is clear that the sample prepared by SA-EISA process
exhibited higher adsorption capacity for Congo red as compared
to that prepared by EISA process. The higher BET surface area and
pore volume as well as larger pores for the sample obtained from
SA-EISA process caused for higher adsorption capacity for Congo
red [22].

3.6. Formation mechanism

Fig. 10 depicts a tentative mechanism for the formation of
worm-like mesostructures for the sample prepared by EISA,
and sponge-like mesostructures for the sample prepared by SA-
EISA. In EISA process, surfactant (P123) concentration increases
with evaporation of solvent (ethanol), which drives self-assembly
of alumina-surfactant micelles. In alumina-surfactant micelle,
hydrophobic polypropylene oxide (PPO) moieties of the surfac-
tant remain in the core surrounded by hydrophilic polyethylene
oxide (PEO) moieties in the corona. The hydroxyl (–OH) groups in
the alumina sol particles obtained by the hydrolysis of aluminum
isopropoxide in acidic medium interact with the hydrophilic
polyethylene oxide (PEO) of the surfactant molecules through
hydrogen bonding. It was reported that alkylene oxide segments

can form crown-ether-type complexes with inorganic metal ions
through weak coordination bonding [6]. Therefore, in the present
case both the hydrogen bonding and coordination interactions
could exist between the surfactant and alumina particles. With
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Fig. 9. Absorption spectra of CR after different time intervals using mesoporous �-alumina obtained by (a) EISA and (b) SA-EISA (100 ◦C) processes, and (c) their adsorption
capacities for Congo red, after calcination at 400 ◦C/4 h each.
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Fig. 10. Schematic representation for the formation of mesopo

low evaporation of the solvent (by EISA process), self-organization
f micelles results in the formation of final mesostructure. It has
een reported [23] that EISA process is governed by both the kinetic
rocesses of (a) condensation of inorganic species (alumina) and (b)
lumina-surfactant micelle organization, which are influenced by
he removal of volatile species (solvent). However, it is difficult to
redict whether the above processes occur successively or simul-
aneously during drying. Under solvothermal condition, a jelly-like

ass composed of alumina precursor, surfactant and solvent
as obtained. It demonstrates that under solvothermal condition,
igher degree of condensation of alumina species takes place before
olvent evaporation via EISA. With more condensed species of
lumina, the micelles are randomly arranged yielding disordered
tructure (spongy) under solvothermal-assisted EISA process. After
hermal decomposition, elimination of template molecules renders
orm-like mesopores for conventional EISA-treated samples, and

isordered (spongy) mesopores for SA-EISA-treated samples. It is
o be noted that under autogenic pressure at 100 ◦C, the weaken-
ng of noncovalent interaction (e.g. hydrogen bonding) causes the
xpansion of inorganic framework resulting in larger pore size.
-alumina (MA) obtained by (a) EISA and (b) SA-EISA processes.

4. Conclusions

The effect of solvothermal reaction on the physico-chemical
properties of solvothermal-assisted EISA-based mesoporous �-
Al2O3 was  investigated. The �-Al2O3 prepared by solvothermal-
assisted EISA process was  thermally more stable up to 1000 ◦C,
while the same prepared by conventional EISA process is stable up
to 900 ◦C. A significant increase in textural properties (BET surface
area, pore volume and pore size) was  noticed under solvothermal
reaction condition. The more abundance of pores accompanying
with higher BET surface area and pore volumes for solvothermal-
assisted sample rendered higher adsorption capacity for Congo
red compared to that for the sample prepared in the absence of
solvothermal reaction.
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