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Abstract—Nanoporous -Al2O3 samples were synthesized via a 

sol-gel technique, introducing changes in the Yoldas´ method. The 
aim of the work was to achieve an effective control of the 
nanostructure properties and morphology of the final -Al2O3. The 
influence of the reagent temperature during the hydrolysis was 
evaluated in case of water at 5 ºC and 98 ºC, and alkoxide at -18 ºC 
and room temperature. Sol-gel transitions were performed at 120 ºC 
and room temperature. All -Al2O3 samples were characterized by X-
ray diffraction, nitrogen adsorption and thermal analysis. Our results 
showed that temperature of both water and alkoxide has not much 
influence on the nanostructure of the final -Al2O3, thus giving a 
structure very similar to that of samples obtained by the reference 
method as long as the reaction temperature above 75 ºC is reached 
soon enough. XRD characterization showed diffraction patterns 
corresponding to -Al2O3 for all samples. Also BET specific area 
values (253-280 m2/g) were similar to those obtained by Yoldas’s 
original method. The temperature of the sol-gel transition does not 
affect the resulting sample structure, and crystalline boehmite 
particles were identified in all dried gels. We analyzed the 
reproducibility of the samples’ structure by preparing different 
samples under identical conditions; we found that performing the sol-
gel transition at 120 ºC favors the production of more reproducible 
samples and also reduces significantly the time of the sol-gel 
reaction.  

 
Keywords—Nanostructure alumina, boehmite, sol-gel technique, 

N2 adsorption/desorption isotherm, pore size distribution, BET area. 

I. INTRODUCTION 

OROUS -alumina has been extensively used in many 
different industrial applications such as catalysis and 

membrane separation processes. This material is highly 
appreciated due to its high thermal stability, chemical and 
microbiological resistance and high surface area [1]-[3]. 

Synthesis of -Al2O3 by the sol gel technique originally 
developed by Yoldas through a low temperature process, 
yields high purity materials with small pores and narrow pore 
size distributions [2], [4], [5]. Basically, Yoldas´ method 
consists in four steps: 1-hydrolysis of aluminum alkoxide, 2- 
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peptization of the hydroxide to boehmite sol, 3-sol-gel 
transition and 4-thermal treatment of the dried gel to alumina 
[4]-[7]. 

Many efforts have been made in the past to control the 
morphology of -Al2O3 during the sol-gel process. It is well 
known that water/alkoxide and acid/alkoxide molar ratios and 
temperature of the hydrolysis reaction are the most important 
factors affecting the structure and morphology of the final 
product [4], [6], [7]. Several studies have been reported on 
synthesis conditions; such as type of acids [4], use of cationic 
exchange resins [1], acid concentration [4], [5], and also 
hydrothermal treatment on boehmite films [2]. These works 
demonstrated how some of the different synthesis conditions 
modified the nanostructure of the final -alumina. 

In our laboratory, γ-alumina has been traditionally 
synthesized by the original Yoldas´ method. Aluminum sec-
butoxide is hydrolyzed to get a sol of boehmite, which is then 
peptized by adding nitric acid, to give place to a stable 
particulate sol. The sol gel transition is conducted in an oven 
at 120ºC and afterwards the xerogel of boehmite is treated at 
600°C for 4 h to yield nanoporous -Al2O3 with high surface 
area. 

The aim of this work was to introduce some modifications 
in the traditional -Al2O3 synthesis in order to improve the 
control of structure parameters such as surface area, total pore 
volume, porosity and pore size distribution of the samples.  

II. EXPERIMENTAL 

The present work was focused on the hydrolysis and sol-gel 
transition steps. For this purpose, hydrolysis reaction was 
performed with reagents, i.e., both water and alkoxide, at 
different temperatures. Gelation reaction was conducted at 
room temperature and 120 ºC. 

A. Sample Preparation 

Fig. 1 shows a scheme of the general procedure. As 
indicated, aluminum-tri-sec-butoxide diluted with sec-butanol, 
was used as precursor of the hydrolysis reaction; a mass ratio: 
1/2 alkoxide/dry alcohol was used. 

Hydrolysis was carried out by addition of the 
alkoxide/alcohol solution into an excess of Milli-Q water (100 
water/alkoxide molar ratio). Initial temperature of the 
hydrolysis reagents and the temperature of the gelation 
process were different in the preparation of each sample. A 
reference sample was prepared by following the standard 
Yoldas´ method (REF). 

Débora N. Zambrano, Marina O. Gosatti, Leandro M. Dufou, Daniel A. Serrano, M. Mónica Guraya, Soledad 
Perez-Catán 

Nanostructure of Gamma-Alumina Prepared by a 
Modified Sol-Gel Technique 

P



International Journal of Chemical, Materials and Biomolecular Sciences

ISSN: 2415-6620

Vol:10, No:5, 2016

652

fo
wa
hy
sa

75
tem
(a
of

in
he
a c

in 
12

in 
tra
af

alu
be
co
of

cal

 

The alkoxide
or the synthesi
as prepared w
ydrolyzed in b
amples A5RT 

Hydrolysis re
5 ºC for 30
mperature wa

alkoxide/alcoh
f sample prepa

Fig. 1 Sol-gel

Peptization w
to the reactio

eating and stir
clear boehmite
Sol-gel transi
 air flow, taki

20 ºC (TC), ge
Thermal trea
 air flow, wi
ansform boeh
fterwards, befo

Samples wer
umina; XX w
efore. Three d
onditions in ca
f TC´s conditio

 

Samp
Name 

A5RT 

A5TC 

A98RT

A98TC

REF 
1The temperatur

lcinated at 600 ºC

e/alcohol solut
is of all samp
with that solu
boiling water 
and A5TC we
eaction was p
0min, while 
as reached wit
ol – water). T

aration. 

l technique by Y
intr

was performed
on solution (
rring condition
e sol was obta
ition was carr
ng several day

etting a dried g
atments were c
ith a heating 
hmite into γ
ore their chara
re named us
water tempera
different sampl
ase of A98RT,
ons two sampl

TA
CONDITIONS OF 

ple 
Hydr

Initial Tem

alkoxide/al

-18 

-18 

T -18 

C -18 

20 
re of hydrolysis r
C for 4h. 

tion was cool
ples but the re
ution at 20 ºC
for samples A

ere prepared us
performed at a

briskly stirr
thin 2h after m

Table I summa

 

Yoldas´ method 
roduced 

 
d by adding n
0.04 acid/alk

ns were mainta
ained. 
ied out at room
ys to complete
gel in a few ho
conducted at 6

rate of 10 º
γ-Al2O3. Samp
acterization. 
ing the follo

ature and RT
les were prepa
, A5RT and R
les were synth

ABLE I 
SAMPLES PREPAR

rolysis 

mperature(ºC) 
Te

lcohol water 

5 

5 

98 

98 

98 
reaction was 75 º

led down to -
eference one, 

C. The solutio
A98RT and A
sing water at 5
a temperature 
ring. The re
mixing the re
arizes the cond

and modificatio

nitric acid (7.
oxide molar 
ained for 2-3h

m temperature
e the process, 
ours. 
600 °C, durin
ºC/min, in or

mples were g

owing code: 
T or TC as d

ared under ide
REF, whereas i
hesized. 

RED1 

Gelation 

emperature (ºC)

Room 

120 

Room 

120 

120 
ºC and the sampl

 

-18 °C 
which 

on was 
A98TC; 

5 ºC.  
above 

eaction 
agents 
ditions 

ons 

.38 N) 
ratio); 

h, until 

e (RT) 
and at 

ng 4 h, 
rder to 
round, 

A for 
defined 
entical 
in case 

les were 

B

T
char
The
Inst
heat
pha
(XR
Difr
Size

N
nitro
an A
at 4
proc
stra
one 
eval
deso
rela
wer
obta
and 

A
(DT

A
hyd
DTA
tem
the 
corr
app
dehy
coin
peak
a te
mas

T
iden
resu
that
third
the 
exp
gel.
reag
We 
rate
mat
Our
prod

B. Characteriza

Transition ph
racterized by 

ermogravimetr
trument. The 
ting rate of 10
se of sample

RD) experime
ractometer (St
e: 0.026). 

Nanostructure 
ogen adsorptio
ASAP 2020 in
400 °C for 2 h
cessed accordi

aight, non-inte
end. The p

luation of the 
orbed with res

ative pressure 
re calculated 
ained consider

d 3.9 g/cm3. 

II

A. Differential 
TA/TG) 

All samples sh
drolysis or gel
A/TG plot fro

mperature below
xerogel, and 

responding T
ears in the reg
ydroxylation 
ncides with a 2
k is associated

emperature hig
ss change (con
The thermal b
ntical crystalli
ults reported b
t the width of 
d peak might 
boehmite gel
eriments do n
 Moreover, t
gent temperatu

expected, ho
e of hydrolys
terials with re
r results sho
duce any effec

ation 

hases from
means of Dif

ry (DTA/TGA
samples were

0ºC/min, in a 
es was deter
ents with a P
tart-End Angl

of -Al2O3 w
on/desorption 
nstrument; sam
h. The adsorp
ing to BJH alg
erconnected, c
pore size di
 derivative of
spect to the po
through the 
by BET e

ring two valu

II. RESULTS A

Thermal An

howed similar t
lation conditio
m our boehmi
w 200°C, is du
has associate
G curve. Th

gion between 3
transition of 

20-25% weigh
d to a crystalli
gher than 100
nstant TG curv
behavior of al
ine boehmite s
by Quattrini et
f the DTA-sec

be related w
l. The conditi
not modify th
the thermal s
ures does not 
owever, that t
sis and, cons
espect to the t
ow that temp
ct on the partic

boehmite to
fferential Ther
A) in a Ne
e heated up t
flow of dry a

rmined by X
PANalytical 
le: 10-90º; Tim

was characteri
isotherms at 7

mples were pr
ption/desorptio
gorithm. This 
cylindrical po
istributions a
f the pore volu
ore size, the la
Kelvin equati
quation, and

ues for the ma

AND DISCUSSIO

nalysis and T

thermal behav
ons. Fig. 2 re
ita samples. D
ue to the remo

ed a 10-20% w
he second bro
300 and 600 °
boehmite to 

ht loss. The pr
ine transforma

00°C, which o
ve).  
ll samples wa
structures in a
t al. [2]. These
ond peak and

with the grade 
ons of sol-ge

he crystallinity
shock caused
affect the par

thermal shock
equently, the
traditional Yo
perature mod
cle crystallinit

o -Al2O3 w
rmal Analysis
etzsch STA 
to 1200ºC wi

air. The crysta
X-Ray Diffrac
Empyrean Ph
me: 150:450; 

ized by mean
77K acquired 
reviously dega
on isotherms w
model is base

ores closed o
are calculated
ume adsorbed
atter related to
ion. Surface a

d porosities w
aterial density

ON 

Thermogravim

vior, regardles
epresents a typ

DTA first peak
oval of water 
weight loss in
oad structure
C, is related to
the -Al2O3, 

resence of the 
ation to α-Al2O

occurs without

as consistent 
agreement with
e authors indic
d the presence 

of crystallinit
l transition in
y of the boeh

d by the diffe
rticle crystalli

k would affect
e structure of
oldas´ method
ifications do 
ty. 

were 
s and 

409 
ith a 
alline 
ction 
hillip 
Step 

ns of 
with 

assed 
were 

ed on 
ff at 

d by 
d and 
o the 
areas 
were 

y: 3.5 

metry 

ss the 
pical 
, at a 
from 
n the 

that 
o the 

and 
third 
O3 at 
t any 

with 
h the 
cated 

of a 
ty of 
n our 
hmite 
ferent 
inity. 
t the 
f the 
d [8]. 

not 



International Journal of Chemical, Materials and Biomolecular Sciences

ISSN: 2415-6620

Vol:10, No:5, 2016

653

 

 

0 200 400 600 800 1000 1200
-30

-20

-10

0

10

20

30
A5RT

3

2

T
G

(%
)

D
T

A
 (
V

)

Temperature (°C)

DTA

TG

1
-40

-35

-30

-25

-20

-15

-10

-5

0

5

 

 

Fig. 2 DTA/TG curves of boehmite gel samples 

B. X-Ray Diffraction (XRD) Patterns of the -Al2O3 Samples 

In Fig. 3, XRD patterns from boehmita gel samples are 
compared. It is well known after Yoldas´ studies that 
hydrolysis performed with hot water (> 80 °C) gives place to 
formation of crystalline boehmite whereas with cold water, 
produces an amorphous hydroxide. This hydroxide can 
transform to boehmite when heated at temperatures above 80 
°C for 3 or 4 h, or to bayerite when is kept at lower 
temperature [4], [6], [7]. In our case, the heating of reagents 
started immediately after mixing the reagents and the reaction 
temperature (>75 ºC) was reached before 2h. 

All XRD patterns showed structures consistent with 
boehmite phase; thus indicating that if the reaction 
temperature (>75 ºC) is reached soon enough after mixing, the 
gel phase can be controlled independently of the original 
reagent temperatures. This result demonstrates that the initial 
temperature of the reagents is not the determining parameter 
of the product of the hydrolysis.  

Using cold water however prevents any explosion reaction 
because of the lower thermal shock between reagents. 
Moreover, the lower vapor production when water is not 
boiling, avoids that hydrolysis occurs before the alkoxide 
reached the liquid water. That facilitates the alkoxide addition 
into the reactor vessel. 

The XRD patterns of all samples shown in Fig. 4 are 
consistent with the gamma-alumina phase. This fact gives 
further evidence to the conclusion that the product obtained in 
all hydrolysis was boehmite. The identical width of the 
primary peaks (46º and 67º) in all -Al2O3 samples indicates 
the presence of crystallites with similar size, according to the 
Scherrer equation. 

C. Nitrogen Adsorption Characterization of Nanostructure 
of -Al2O3 

The nitrogen adsorption/desorption isotherms of the -Al2O3 
samples are presented in Fig. 5. These isotherms correspond to 
type IV under BDDT classification, and show capillary 
condensation in the mesopore range (20-500 Å). Hysteresis 
loops are type H2 (p/p0 = 0.4-0.9) that represents a globular 
morphology, where big cavities are connected to the outside 
by small throats, known as ink-bottle pores. These results are 

in agreement with those of Quattrini et al. [2]; the authors 
found that the crystallinity of the boehmite, that determined 
the pore morphology of the -Al2O3, is related to the 
temperature of the sol-gel transition. In our experiments, both 
RT and TC conditions, gave place to low-crystalline boehmite 
(Fig. 2), which is responsible of the globular morphology 
found (Fig. 5). 

 
TABLE II 

NANOSTRUCTURE PROPERTIES OF -AL2O3 SAMPLES 

Sample Results 
BET 

(m2/g)
Pore Total  

Volume (cm3/g) 
Mean Pore 
Size (A) 

Porosity (%) 
(*) 

a) b) 

A98RT 
Average 269 0.38 56.78 57 60 

SD 28 0.03 0.94 3 2 

A5RT 
Average 280 0.38 54.05 57 59 

SD 38 0.03 4.85 2 2 

A98TC 
Average 253 0.39 61.17 57 60 

SD 6 0.01 0.08 1 1 

A5TC 
Average 253 0.39 61.17 57 60 

SD 5 0.01 0.18 0.4 0.4 

REF 
Average 263 0.39 59.75 58 61 

SD 2 0.02 3.96 2 2 

  

Media 263 0.38 58.58     

SD 12 0 3 

CV (%) 4 1 5     

(*)  Porosity a) was calculated considering δ= 3.5 g/cm3 and b), δ= 3.9 
g/cm3. 
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Fig. 3 XRD patterns of boehmite obtained with hot (98 ºC) and cold 
(5 ºC) water 

 

The nanostructure properties of all -Al2O3 samples are 
listed in Table II. A comparative analysis of the values of BET 
area, pore total volume and mean pore size show that the 
differences among all samples are less than 5%, and porosity 
ranges 57-60%. This little deviation of the results for all 
different preparations, suggests that the modifications 
introduced in this work have no appreciable effects in the final 
-Al2O3 nanostructure. 
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Fig. 4 XRD patterns of the -Al2O3 samples 
 

Values of all properties and their standard deviations of 
Table II refer to the mean value and dispersion of the two (or 
three) samples prepared under identical conditions as it was 
explained in the experimental description. Mean and standard 
deviation values of BET surface areas are plotted in Fig. 6. 
The standard deviation of BET areas for samples A5RT and 
A98RT is one order of magnitude higher than that for samples 
A5TC, A98TC and REF. This difference could be related with 
water evaporation when the sol-gel transition proceeds at 
120°C, which would give more stable reaction conditions than 
room temperature and consequently more reproducible results. 
Therefore, BET surface area is sensitive to the temperature of 
sol-gel transition. 
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Fig. 6 Statistics results of BET surface area of samples 
 
Pore size distributions, calculated by derivation of the pore 

volume adsorbed or desorbed with respect to the pore size, are 
represented in Figs. 7 and 8. As the morphology of the pores is 
ink-bottle-like, the pore size distributions obtained from the 
adsorption branch of the nitrogen isotherm (Fig. 7) are broader 
than those obtained from the desorption branch (Fig. 8). 
Moreover, the differences in pore size distribution among 
different samples prepared under identical conditions, are 
more evident in desorption than in adsorption. Our BET 
surface area results indicated that those differences are more 
important for RT that TC samples. 

The higher reproducibility observed for TC samples 
regarding BET area and pore size distribution could be 
explained by the effect of capillary pressure on the obtained 
xerogel and subsequently on the pore structure of the final -
Al2O3. As capillary pressure exerted by water evaporation is 
directly related to the temperature, the system would evolve in 
a more controlled way when the reaction proceeds at 120 ºC. 
If the xerogel is constituted by uniform particles, TC 
conditions could be useful to control the particle network, thus 
achieving a more uniform pore distribution when comparing 
samples prepared under equivalent conditions [8]. 

The use of cold reagents facilitates handling and prevents 
the reaction being initiated by the presence of boiling water 
vapor outside the liquid phase. This provides an operational 
advantage and does not alter the final nanostructure of -
Al2O3, as long as the reaction temperature above 75 ºC is 
reached soon enough. 

Our results showed that although -alumina structure is not 
affected by sol-gel transition temperature, performing the 
reaction at 120 °C improves the reproducibility of the samples 
and significantly reduces the time of the sol-gel reaction. 
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Fig. 7 Pore size distribution of -Al2O3 samples from adsorption branch 
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Fig. 8 Pore size distribution of -Al2O3 samples from desorption branch 
 

IV. CONCLUSIONS 

We have studied the influence of the temperature in two 
steps of Yoldas´ method for synthesis of -Al2O3 on the 
nanostructure of both the intermediate gel and the final 
alumina. 

Our results showed that the initial temperatures of 
alkoxide/alcohol solution and water as well as the sol-gel 
transition temperature have no significant effects on the -
Al2O3 nanostructure. The nanostructure of all -Al2O3 samples 
presented similar properties such as BET surface area and pore 
size distribution.  

Handling the reagents at low temperature represents an 
experimental advantage during hydrolysis and does not affect 
the formation of boehmite if the reaction temperature is 
reached within two hours. 

Although the temperature of the sol-gel transition does not 
affect the final alumina structure, performing the reaction at 
120ºC has proved to produce more reproducible samples and 
to reduce the sol-gel reaction time. 
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