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a  b  s  t  r  a  c  t

The  phase  transformations  of platelet-  and  rod-shaped  �-Al2O3 were  investigated  and  compared  to  that  of
a  commercial  sample  by  XRD,  BET  surface  area  measurements,  transmission  electron  microscopy  (TEM),
solid state 27Al-NMR,  and  ethanol  temperature  programmed  desorption  (TPD)  after  sequential  annealing
in  air  up  to 1100 ◦C. After annealing  at 1100 ◦C, commercial  �-Al2O3 mostly  transformed  into  �-Al2O3

with  drastic  surface  area  reduction  (from  200  m2/g to  25 m2/g). Interestingly,  platelet-  and  rod-shaped
�-Al2O3 which  showed  exactly  the  same  XRD  patterns  transformed  into  different  phases  upon  the  high
temperature  calcinations.  Platelet-shaped  �-Al2O3 transformed  into  �-phase  while  the  rod-shaped  �-
Al2O3 transformed  into  the  �-phase  and  not  to  the  �-polymorph.  Both  platelet-  and  rod-shaped  aluminas
retained  significantly  higher  surface  area  (∼60 m2/g)  than  the commercial  one after  the  same  treatment
at  1100 ◦C. These  results  suggest  that  the  phase  transformation  in �-Al2O3 is  strongly  affected  by  not  only
the  crystal  structure  of the  starting  material,  but its  morphology  as  well.  Ethanol  TPD  from  platelet-  and
rod-shaped  alumina  after  1100 ◦C  annealing,  showed  significantly  different  desorption  profiles  which
suggest  different  surface  characteristics  even  though  they  had  almost  the  same  surface  areas.  These
different  phase  transformations  were  also  supported  by solid  state 27Al-NMR.  After  1100 ◦C  annealing

3+
commercial  alumina  showed  the  presence  of  mostly  octahedral  Al ions,  but  the other  two  samples
displayed  even  higher  number  of tetrahedral  Al3+ ions  than  the  initial  �-Al2O3. Morphological  changes
were  also  confirmed  by  TEM.  All  these  results  consistently  suggest  the  morphology-dependent  phase
transformations  of  �-Al2O3 and the improved  thermal  stability  of  platelet-  and  rod-shaped  �-Al2O3 in
comparison  to a commercial  �-Al2O3.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

�-Al2O3 is one of the most important catalytic materials and
idely used both as an active catalyst and as a support for cat-

lytically active phases. Due to its high surface area and thermal
tability, �-Al2O3 is intensely used in many chemical processes
rom petroleum refining to automobile emission control catalysis.
t is well known that �-Al2O3 is one of the metastable transi-
ion structural polymorphs formed by thermal decomposition of
oehmite (AlOOH) [1–3]. Upon high temperature treatment, the
-Al2O3 phase transforms through metastable �- and �-phases to
-Al2O3, the thermodynamically stable polymorph [1–3]. These
hase transformations directly affect both the surface area and the
Please cite this article in press as: J. Lee, et al., Appl. Catal. A: Gen. (201

umber of active sites, which are critically important for practi-
al applications. For these reasons, considerable research efforts

∗ Corresponding author. Tel.: +82 52 217 2552.
E-mail address: jhkwak@unist.ac.kr (J.H. Kwak).

ttp://dx.doi.org/10.1016/j.apcata.2015.03.040
926-860X/© 2015 Elsevier B.V. All rights reserved.
have been focused on to understand the mechanisms of the thermal
phase transformation and possible stabilization of �-Al2O3 [4–14].

It is well known that oxide additives, e.g., lanthanum oxide and
barium oxide, improve the thermal stability of �-Al2O3 [11,13,14].
Other oxides are also reported to be effective for the stabiliza-
tion of �-Al2O3 at high temperature [15,16]. Recently, we reported
that penta-coordinated Al3+ ions, formed on the (1 0 0) facets of
the alumina crystallites, play a crucial role in the phase transi-
tion of �-Al2O3 into the �-phase [17]. We  have shown that when
penta-coordinate Al3+ sites were eliminated by oxide additives,
the thermal stability of the �-phase increased significantly. We
have also shown that although the XRD pattern of a calcined Al2O3
sample suggested pure �-phase, the surface exhibited chemical
properties consistent with that of the �-phase using surface sen-
sitive ethanol TPD [18]. These results strongly suggested that the
phase transition was  initiated by surface processes on specific crys-
5), http://dx.doi.org/10.1016/j.apcata.2015.03.040

tal facets of �-Al2O3.
Although the alumina surface is critical for the phase transfor-

mation, it is hard to characterize the commercial alumina because
of their structural complexities and small domain sizes. Recent

dx.doi.org/10.1016/j.apcata.2015.03.040
dx.doi.org/10.1016/j.apcata.2015.03.040
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
mailto:jhkwak@unist.ac.kr
dx.doi.org/10.1016/j.apcata.2015.03.040
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dvances in nanotechnology allow us to prepare nano-faceted
l2O3 with systematic variations in their morphologies [2,19–25].
hus, the prepared crystallites have different relative ratios of
pecific facets allowing systematic studies aimed at finding corre-
ations between phase transformations of �-Al2O3 and crystallite

orphologies that otherwise would be very difficult with commer-
ial �-Al2O3. These information will be very useful for potential
evelopment of thermally stable �-Al2O3 without any surface mod-

fier such as La, Ba, etc., that can affect the catalytic properties
11,13–16,26–29].

In this study, we investigated the phase transformation of
latelet- and rod-shaped �-Al2O3 [21] by XRD, BET, ethanol TPD,
olid state 27Al-NMR and HR-TEM after sequential calcinations in
ir up to 1100 ◦C. After 1100 ◦C treatment, commercial �-Al2O3
ransformed to �-Al2O3 while platelet transformed to the �-phase
nd rod transformed to the �-phase. Furthermore, platelet- and
od-shaped alumina showed much higher surface areas (60 m2/g)
han commercial �-Al2O3 (25 m2/g) after 1100 ◦C annealing. In
ddition to higher thermal stabilities of platelet- and rod-shaped
luminas in comparison to commercial alumina, they showed dif-
erent catalytic properties after 1100 ◦C calcination. These results
onsistently suggest the morphology-dependent phase transfor-
ations of �-Al2O3 and improved thermal stabilities of platelet-

nd rod-shaped Al2O3 in comparison to a commercial �-Al2O3.

. Experimental

Platelet- and rod-shaped �-Al2O3 samples used for this study
ere synthesized based on a previous report [21]. Typical syn-

hetic procedure for rod-shaped �-AlOOH was as follows. First,
l(NO3)3·9H2O (24.9 g) was dissolved in distilled water (400 ml)

o form a transparent solution. Then, hydrazine monohydrate
N2H4·H2O, 10.8 g) was dropped into the solution, giving rise to

 milky precipitate at pH = ∼5. The resultant reaction mixture was
ransferred into a 500 ml  Teflon-lined autoclave, which was  then
ealed and kept in the electric oven at 200 ◦C. After 12 h, the
esultant precipitates were collected by centrifugation, repeatedly
ashed by DI water and isopropyl alcohol, and dried in air at 100 ◦C

or 12 h. Platelet �-AlOOH were also synthesized using the same
rocedure except that the initial pH value of the reaction mixture
as controlled to 9–10. The as-prepared-AlOOH samples were cal-

ined in a muffle furnace at 600 ◦C for 3 h, resulting in the platelet-
nd rod-shaped �-Al2O3.

Three �-Al2O3 samples, commercial (Puralox SBA-200 from
asol), platelet- and rod-shaped alumina were used in this work.
oth platelets and rods were synthesized by the synthesis proto-
ols described above. Each �-Al2O3 samples (0.5 g) were calcined
n a muffle furnace in air atmosphere simultaneously at specific
emperatures for 3 h. The annealing temperature was  increased
tepwise from 600 ◦C to 1100 ◦C in 100 ◦C intervals.

After the synthesis, X-ray diffraction (XRD) analysis was  car-
ied out to confirm the phase of the alumina. XRD patterns
ere obtained on a Bruker D8 Advance using Cu K� radiation

� = 1.5406 Å) in step mode between 2� values of 5◦ and 75◦, with
 step size of 0.05◦/s. The specific surface areas of the alumina
amples were determined by the BET method using an automated
dsorption instrument (ASAP2420). Prior to N2 adsorption, the
amples were treated in dry N2 flow at 150 ◦C for 4 h.

To characterize surface properties of the thermally treated alu-
ina samples, ethanol TPD experiments were carried out using the

ame experimental procedures as described in our previous report
Please cite this article in press as: J. Lee, et al., Appl. Catal. A: Gen. (201

30]. Prior to ethanol TPD experiments, 0.05 g of pre-treated alu-
ina was annealed again at 500 ◦C for 1 h under He flow (1.0 ml/s).
fter calcination, the sample was cooled down to room temper-
ture (23 ◦C), and ethanol adsorption was carried out for 30 min
 PRESS
eneral xxx (2015) xxx–xxx

using a 2.0% ethanol/He gas mixture (1.0 ml/s), followed by a
He purge for 30 min  in order to remove weakly-bound ethanol
molecules. After stabilization of the flame ionization detector (FID)
signal of an Agilent 7820A gas chromatograph (GC), a TPD exper-
iment was carried out in flowing He (1.0 ml/s) with a heating rate
of 10 ◦C/min, and the reactor outlet flowing directly to the FID (i.e.,
no GC column separation).

All solid state 27Al-NMR experiments were performed at room
temperature on a Varian VNMRS 600 MHz  FT-NMR spectrometer,
operating at a magnetic field of 14.4 T. The corresponding 27Al Lar-
mor  frequency was  156.299 MHz. All the spectra were acquired at
a sample spinning rate of 25 kHz, using a 1.6-mm pencil-type MAS
probe. Each spectrum was  acquired using a total of 2000 scans with
a recycle delay time of 1 s. All spectra were externally referenced
(i.e., the 0 ppm position) to a 1 M Al(NO3)3 aqueous solution. We
normalized the 27Al MAS  spectra with the same total NMR  peak
area for the ease of comparison.

Transmission electron microscopy (TEM) images were taken
with a JEM-2100 unit operated at 200 kV. A TEM samples were
prepared by dropping alumina particles onto a glass slide, and the
particles were carefully ground between two  glass slides. By slid-
ing the carbon coated Cu grid onto the glass slide, ground particles
were transferred onto the Cu grid.

Steady-state ethanol dehydration reaction was performed in a
quartz flow reactor using 0.01 g samples supported by quartz wool.
Samples were treated in flowing 20% O2/He at 500 ◦C for 1 h. The
carrier gas (He) was  passed through a bubbler containing ethanol
(99.5%, Sigma–Aldrich) kept at 23 ◦C and ambient pressure. The
ethanol concentration (2%) was controlled by relative He flow rate
(total flow rate of He was  1.0 ml/s). The outlet gases were ana-
lyzed by a GC (Agilent 7820A) using a HP-FFAP column and FID.
Catalytic activities were evaluated under conditions where ethanol
conversion was kept below 10%.

3. Results and discussion

We  synthesized platelet- and rod-shaped aluminas using the
synthesis procedure shown in Fig. 1(a). After hydrothermal treat-
ment at 200 ◦C, platelet- and rod-shaped boehmite (AlOOH) phases
were confirmed by XRD (�-AlOOH, JCPDS 21-1307), which are
shown in Fig. 1(b). Platelet- and rod-shaped boehmites showed
identical XRD patterns, but morphological differences were con-
firmed by TEM analysis discussed later. After calcination at 600 ◦C,
both platelet- and rod-shaped boehmites transformed to �-Al2O3
that was also confirmed by XRD patterns shown in Fig. 1(c). The
obtained XRD patterns are consistent with previously reported XRD
patterns of �-Al2O3 and also commercial �-Al2O3 (Puralox SBA-
200) [31].

We  need to point out here that the synthesis protocols used in
this study for the preparation of the rod and platelet shaped alu-
mina samples and the subsequently extensive rinsing with water
and isopropyl alcohol ensured that no alkali impurities were left in
the alumina samples. It has been well documented that impurities
such as alkali metals (e.g., Na+) can substantially modify the thermal
stabilities of �-Al2O3 and also influence its phase transformations
[11,13,14,26–29].

Morphologies of the synthesized alumina samples were con-
firmed by TEM analysis (Fig. 2). Panels (a) and (b) show
as-synthesized boehmites of typical platelet with a rhombus
shape and rod-shaped morphologies. After calcination at 600 ◦C,
boehmites were converted to �-alumina which shows the same
5), http://dx.doi.org/10.1016/j.apcata.2015.03.040

platelet- and rod-shaped morphologies, as shown in Fig. 2(d)
and (e) [32]. Commercial �-alumina, shown in Fig. 2(c), exhibits
a morphology of agglomerated particles with irregular shapes.
In Fig. 2(d), �-alumina particles formed from platelet boehmites

dx.doi.org/10.1016/j.apcata.2015.03.040
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�-alumina to �-alumina is consistent with the drastic surface area
erns for synthesized aluminas (platelet and rods) before 600 C calcination. (c) XRD
atterns for commercial alumina (Puralox SBA-200) and synthesized aluminas after
00 ◦C calcination.

aintained their morphologies of thin platelets of a rhombus
hape with short diagonal distance in the plane of 30–70 nm and
Please cite this article in press as: J. Lee, et al., Appl. Catal. A: Gen. (201

hickness of 10–20 nm.  Some hexagonal-shaped platelet aluminas
ere also observed. Rod-shaped �-alumina of 70–180 nm length
as observed in Fig. 2(e). The results of XRD and TEM analyses
 PRESS
eneral xxx (2015) xxx–xxx 3

confirm that all three starting aluminas in this work have �-phase
but very different morphologies.

To investigate the phase transformation of �-Al2O3 with differ-
ent morphologies, we heat treated the commercial, platelet- and
rod-shaped �-alumina samples from 600 ◦C to 1100 ◦C in air and
the obtained aluminas were characterized by BET, XRD, HR-TEM,
solid state 27Al-NMR and ethanol TPD.

The effects of heat treatment on the external surface area of
alumina were confirmed by the BET method and the results are
summarized in Fig. 3. The initial surface area for commercial �-
Al2O3 was  184 m2/g. Surface areas of the platelet- and rod-shaped
�-Al2O3 were 86 m2/g and 111 m2/g, respectively. Those signifi-
cantly lower surface areas are the consequence of the relatively
large crystallite sizes of the synthesized �-Al2O3 materials in com-
parison to the commercial one. Rod-shaped alumina showed higher
surface area than platelet alumina. With increasing calcination
temperature (3 h at each temperature) the surface areas of the �-
Al2O3 samples decreased gradually. Commercial, platelet and rod
aluminas all showed similar trend in surface area variation with
annealing temperature.

In the 1000–1100 ◦C temperature ranges the surface areas
changed significantly. Commercial �-Al2O3 showed a drastic sur-
face area decrease to 25 m2/g after the calcination at 1100 ◦C. On  the
other hand, platelet- and rod-shaped aluminas did not show sud-
den decreases of their surface areas. Initially, commercial alumina
had higher surface area than platelet- and rod-shaped ones, while
after high temperature calcinations the platelet- and rod-shaped
aluminas showed much higher surface areas than the commercial
one (platelet – 62 m2/g, rod – 67 m2/g and commercial – 25 m2/g).
The severe surface area reduction in the commercial alumina was
related to the phase transformation from � into � which will
be discussed by other characterizations later. Interestingly, the
platelet- and rod-shaped aluminas did not transform to �-Al2O3
like the commercial sample did, even after 1100 ◦C calcination. The
higher surface areas retained in platelet- and rod-shaped alumi-
nas after 1100 ◦C calcination suggest better thermal stabilities of
these materials in comparison to the commercial �-Al2O3 studied
here.

X-ray diffraction patterns for the three transition �-Al2O3
samples after 3 h calcinations at the specific temperatures are
shown in Fig. 4. These results clearly reveal that, although all the
starting aluminas exhibited identical XRD patterns characteristic
of the �-Al2O3 phase as shown in Fig. 2(c), the phase transforma-
tions of different alumina samples were dependent on their initial
morphologies. XRD patterns obtained from samples calcined from
600 ◦C to 800 ◦C showed no apparent deviation from the �-Al2O3
pattern (only 600 ◦C patterns shown here). However, XRD patterns
collected after calcinations above 900 ◦C demonstrated notable
phase transformations of the alumina samples and, interestingly,
showed different patterns depending on their initial morphologies.

After 900 ◦C calcination of the commercial alumina, phase trans-
formation to �-Al2O3 was  detected (Fig. 4(a)), as the XRD pattern
was consistent with that previously reported for �-Al2O3 (JCPDS
no.47-1770) [31]. Then new diffraction peaks at 2� values of 31.8◦,
32.9◦, 51.1◦, and 60.3◦ increased after 1000 ◦C calcination, indicat-
ing the development of the �-Al2O3 phase [31]. In addition, small
sharp peaks were observed at 2� values of 25.7◦, 43.4◦, and 57.6◦,
characteristic of the �-Al2O3 phase (JCPDS no. 010-0173). After
1100 ◦C treatment, the XRD pattern of the commercial �-Al2O3
sample was dominated by diffraction peaks of �-Al2O3 (intensity
in Fig. 4(a) was reduced by 1/4) while a small portion of �-Al2O3
phase was also detected. The phase transformation of commercial
5), http://dx.doi.org/10.1016/j.apcata.2015.03.040

reduction shown in Fig. 3.
Phase transformation behavior of the platelet shaped �-alumina

was somewhat different from the commercial one as shown in

dx.doi.org/10.1016/j.apcata.2015.03.040
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ig. 2. TEM images for platelet (a), rod (b) boehmites and commercial (c), platelets
a)  and (b). (Inset shows the indexing of the crystallographic planes and directions 

ig. 4(b). After 900 ◦C calcination, the �-phase was detected with
Please cite this article in press as: J. Lee, et al., Appl. Catal. A: Gen. (201

omewhat sharper peaks than those in the commercial alumina
hat can originate from the larger crystalline domain size of this
ample. After 1000 ◦C treatment, new diffraction peaks at 31.8◦,
2.9◦, 51.1◦, and 60.3◦ corresponding to �-Al2O3 phase developed
d rods (e) �-Al2O3. (d) and (e) These are TEM images after calcination at 600 ◦C of
s of a cubic crystal lattice [2,22]).

[31,33], indicating the presence of a mixed �/� phase. After 1100 ◦C
5), http://dx.doi.org/10.1016/j.apcata.2015.03.040

treatment, the intensities of the �-Al2O3 related peaks increased
significantly. The XRD pattern obtained from platelet alumina after
1100 ◦C treatments were very similar to the �-Al2O3 reported by
Zhoe and Snyder [33]. The highly crystalline platelet alumina after

dx.doi.org/10.1016/j.apcata.2015.03.040
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Table 1
The number of chemisorbed ethanol/nm2 of alumina surface on commercial-,
platelet- and rod-aluminas as a function of activation temperature.

Calcination temperature (◦C) Dissociative adsorption (ethanol/nm2)

Commercial Platelet Rod

600 1.3 1.8 1.6
700  1.6 1.8 1.6
800 1.5 1.7 1.3
900  1.3 1.6 1.8
ig. 3. BET surface area changes of aluminas after calcination at specific temperature
or 3 h.

100 ◦C calcination suggests relatively more pure �-phase than
efore which might be expected to give insights for structural

nformation of �-Al2O3 [34]. Fig. 4(c) shows XRD patterns of rod-
haped alumina. At 900 ◦C rod-shaped alumina showed �-Al2O3
hase but slightly different pattern from both commercial and
latelet aluminas as the diffraction peak at 2� = 33◦ showed higher

ntensity in these latter samples. Here, rod-shaped alumina dis-
layed narrower peaks and higher intensities at 30◦ than 33◦. In
he 1000–1100 ◦C temperature region, the intensities of diffraction
eaks at 2� values of 31.8◦, 32.9◦, 51.1◦, and 60.3◦, corresponding
o �-Al2O3 phase, increased [31]. Especially, it showed different
RD patterns from both commercial and platelet aluminas dis-
ussed above. After 1000 ◦C and 1100 ◦C calcinations, rod-shaped
lumina systematically showed higher intensities of the peak at
� = 30◦ than the peak at 33◦. However, platelet alumina showed
uch higher intensities at 2� = 33◦ than 30◦. Also, in 2� region of

4–48◦, the 1100 ◦C calcined rod-shaped alumina showed different
RD patterns from platelet alumina treated under identical condi-

ions. Rod-shaped alumina showed only two peaks at 2� values of
4.7◦ and 47.7◦. This pattern is different from the platelet-shaped
lumina which showed four peaks at 2� = 44.7◦, 45.5◦, 46.5◦, and
7.7◦. These different XRD patterns suggest different structural evo-

ution for the platelet- and rod-shaped aluminas upon calcination.
onsistent with previous reports, the platelet shaped �-alumina
ransformed into �-phase, while rod-shaped alumina transformed
o a phase similar to �-Al2O3 [31,33].

Although XRD is the most commonly used bulk analysis tech-
ique to determine the phases of crystalline materials, it is

neffective for detecting changes in surface structures which might
e different from the bulk. Chemical probes, on the other hand,
re ideally suited to provide information about surface properties
f solids. Ethanol TPD has shown remarkable sensitivity toward
he surface structures of aluminas [18,30]. In our prior work we
nvestigated ethanol TPD to verify the modification of surface char-
cteristics of a commercial alumina sample by high temperature
reatment. Before ethanol adsorption all samples were calcined
t 500 ◦C to ensure the dehydration/dehydroxylation of alumina
Please cite this article in press as: J. Lee, et al., Appl. Catal. A: Gen. (201

urfaces [30].
Fig. 5 shows the ethanol desorption profiles obtained for the

hree alumina samples studied in this work. Each ethanol TPD trace
howed two peaks: one below 150 ◦C, which related to molecularly
1000 1.2 1.4 1.4
1100 0.6 0.9 1.2

adsorbed ethanol and another one above 200 ◦C originating from
dissociatively adsorbed ethanol. These TPD profiles were similar to
previously reported profiles for aluminas [30].

Here we  are only interested in the change in the high tem-
perature desorption profiles which showed direct correlation with
changes in the alumina surface structure during phase transforma-
tions [18].

The three alumina samples showed the same trend: the max-
imum ethanol desorption temperature shifted to higher values
with increasing calcination temperature. On commercial alumina
(Fig. 5(a)), the desorption peak temperature after the 600 ◦C
calcinations appeared at 247 ◦C and shifted to 267 ◦C, 277 ◦C,
finally 367 ◦C after 3 h calcination at 900 ◦C, 1000 ◦C, and 1100 ◦C,
respectively. For platelet alumina (Fig. 5(b)), after 600 ◦C thermal
treatment, this peak appeared at 247 ◦C identical to that on com-
mercial alumina. Upon high temperature calcinations this peak
shifted gradually to 264 ◦C, 277 ◦C, and 327 ◦C for the 900 ◦C, 1000 ◦C
and 1100 ◦C calcined samples, respectively. For rod-shaped alu-
mina (Fig. 5(c)), the desorption peak shifted from 241 ◦C to 252 ◦C,
267 ◦C, and finally 292 ◦C after the same thermal treatment.

The commercial and platelet alumina samples showed exactly
the same ethanol desorption temperatures at 247 ◦C before high
temperature treatments. This result suggests that these two  alu-
mina samples have very similar surface characteristics, even
though their morphologies were fundamentally different. The
slightly lower desorption temperature (241 ◦C) observed for the
rod-shaped alumina might be related to the very different facet
ratio of this sample from the other two  alumina samples. Desorp-
tion amounts decreased with calcination temperature, consistent
with the overall decrease of surface areas determined by the BET
method. For more quantitative information, we calibrated the
amount of desorbed ethanol and normalized based on alumina
surface area. The results summarized in Table 1. All samples basi-
cally demonstrate the same trend: chemisorbed ethanol amount
shows maximum at around 700 ◦C then decreases with calcina-
tion temperature. These results are consistent with the two factors
affecting the chemisorption of ethanol that the surface dehydrox-
ylation which will increase with activation temperatures and that
the alumina phase transformations which starts at around 700 ◦C.

The TPD peak positions for the 900 ◦C calcined alumina sam-
ples were different for the three samples of different morphologies.
Commercial alumina showed a peak at 267 ◦C, while the platelet-
and rod-shaped aluminas exhibited desorption features at 264 ◦C
and 252 ◦C, respectively. After 1100 ◦C calcination the TPD peak
positions of the three alumina samples, shown in Fig. 5(d), were also
significantly different. In the TPD profile of the commercial Al2O3
the peak appeared at 367 ◦C, while for the platelet- and rod-shaped
alumina samples this high temperature desorption feature was
centered at 327 ◦C and at 292 ◦C, respectively. The different desorp-
tion temperatures observed for aluminas calcined under identical
5), http://dx.doi.org/10.1016/j.apcata.2015.03.040

conditions suggest that their surface characteristics changed dif-
ferently during thermal processing. These results are consistent
with the data of XRD analysis that revealed morphology-dependent

dx.doi.org/10.1016/j.apcata.2015.03.040
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ig. 4. XRD patterns for thermo-treated alumina samples at selected temperatures 

riangles are given as guides to the �-phase.

hase transformation for these three alumina samples. Combin-
ng the results of ethanol TPD and XRD (i.e., a surface and a bulk
echnique) allows us to conclude that not only the bulk phase but
he surface characteristics of these three �-Al2O3 samples changed
ifferently during identical calcination procedures. Especially, the
aximum ethanol desorption temperature changes in the order

f commercial > platelet > rod-shaped alumina. It is also consistent
ith XRD results that, after 1100 ◦C treatment, the commercial �-
l2O3 transformed into �-phase while platelet- and rod-shaped
luminas did not transform to �-Al2O3.

Beside variation in the temperature of maximum desorption
ate, the TPD traces of Fig. 5(d) clearly demonstrate that the
mount of desorbed ethanol also changes with alumina prepa-
Please cite this article in press as: J. Lee, et al., Appl. Catal. A: Gen. (201

ation. Platelet- and rod-shaped aluminas showed significantly
igher amounts of desorption products than the commercial
lumina after the 1100 ◦C calcinations. The small area of high
emperature desorption peak from commercial alumina is most
C, 900 ◦C, 1000 ◦C, and 1100 ◦C). (a) Commercial, (b) platelets, and (c) rods. The solid

probably related to its small surface area (25 m2/g). Interestingly,
the integrated area under the high temperature desorption peak
of rod-shaped alumina was  almost twice as high as that of the
platelet alumina, despite their very similar surface areas (62 m2/g
for platelet and 67 m2/g for rod-shaped aluminas). These results
suggest that the sites where dissociative ethanol adsorption takes
place are related to some specific facets of the alumina surface. The
ratio of these facets is significantly different due to clearly differ-
ent morphologies despite their similar surface areas. These drastic
changes of ethanol desorption amount with desorption temper-
ature will affect the ethanol dehydration reaction on these three
types of alumina samples.

In order to understand the changes in the morphologies of these
5), http://dx.doi.org/10.1016/j.apcata.2015.03.040

different aluminas during thermal treatment [10,21], TEM images
were collected for the calcined samples and displayed in Fig. 6.
Fig. 6(a) demonstrates the morphological change of commercial
alumina by high temperature treatment. After 1100 ◦C calcination,

dx.doi.org/10.1016/j.apcata.2015.03.040
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ig. 5. Ethanol TPD profiles on alumina samples calcined at the indicated tempera
ods,  and (d) ethanol TPD profiles for the 1100 ◦C-calcined samples.

arge agglomerates with completely different morphology from the
riginal commercial alumina were observed. The agglomeration
f small crystallites of the original commercial alumina to large
-Al2O3 crystals is evident, and it appears that the small crystals
ere fused together to form the large ones. On the contrary, both
latelet- and rod-shaped aluminas retained their original morpho-

ogical shapes even after 1100 ◦C calcination.
Fig. 6(b) shows that the well-defined platelets with rhom-

us shapes were maintained after calcination at 600 ◦C and even
t 900 ◦C. The platelets after the 1100 ◦C calcination maintained
heir overall rhombus shape, however, some distortions appeared
t the edges of these crystallites. The TEM images presented in
ig. 6(c) for the rod-shaped alumina sample reveal that no appar-
nt morphological change took place during high temperature
alcinations up to 1100 ◦C. Unlike the platelets which exhibited
ome distortions after the highest temperature calcinations, the
od-shaped crystallites showed no apparent surface distortion. On
Please cite this article in press as: J. Lee, et al., Appl. Catal. A: Gen. (201

EM measurement, both 1100 ◦C calcined platelet and rod alumina
howed high crystallinity which is also consistent with the sharp
RD diffraction pattern recorded after the 1100 ◦C calcination.
hese results are consistent with the improved thermal stability of
(a) Commercial (inset: ethanol-TPD on 1100 ◦C calcined sample), (b) platelets, (c)

platelet- and rod-shaped aluminas compared with the commercial
alumina.

During phase transitions of �-Al2O3 significant modifications
in the environment of Al3+ ions in the crystal lattice and on the
surface facets can be expected. 27Al-NMR provides us an excellent
opportunity to follow the changes in the coordination environ-
ments of the Al3+ ions [9,17]. Fig. 7(a) shows 27Al-MAS-NMR spectra
for the commercial alumina sample after calcinations at selected
temperatures (600 ◦C, 1000 ◦C, and 1100 ◦C). The 27Al-MAS-NMR
spectrum of the 600 ◦C-calcined commercial �-Al2O3 substanti-
ate the presence of both octahedral and tetrahedral Al3+ ions as
it is manifested by the peaks observed ∼13 ppm and ∼72 ppm
chemical shifts, respectively (typical �-Al2O3 spectrum reported
previously) [17]. After 1000 ◦C calcination, the amount of tetrahe-
dral Al3+ increased from 35% to 37% (the percentage of the total
number of Al3+ ions). After thermal treatment at 1100 ◦C for 3 h, the
octahedral Al3+ peak shifted to ∼16 ppm and its intensity increased
5), http://dx.doi.org/10.1016/j.apcata.2015.03.040

significantly, strongly supporting the extensive formation of the �-
Al2O3 phase [35]. However, some residual tetrahedral Al3+ are also
detected, suggesting the presence of some other phases in this sam-
ple (most probably �-phase). This finding is consistent with those

dx.doi.org/10.1016/j.apcata.2015.03.040
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Fig. 6. TEM images for the thermally treated alumina samples in low magn

educed from the XRD pattern where, beside the majority of peak
haracteristic of the �-Al2O3 phase, other peaks belonging to other
lumina phases (in particular �) remained with very low intensity.

Fig. 7(b) shows 27Al-MAS-NMR spectra for the platelet alumina
ample calcined under the same conditions as the commercial alu-
ina. The 600 ◦C-calcined sample exhibits an octahedral peak at
13 ppm and tetrahedral peak at ∼72 ppm chemical shifts. After
000 ◦C heat treatment, the octahedral Al3+ peak shifted to ∼9 ppm
nd became much sharper than that obtained from 600 ◦C-calcined
ample, suggesting a more uniform chemical environment of the
l3+ ions in this calcined sample. At the same time, the peak of the

etrahedral Al3+ ions develops a shoulder at ∼78 ppm. These results
re interpreted as a consequence of phase transformation from
- to �- and/or �-Al2O3 during high temperature treatment. After
100 ◦C calcination, the octahedral Al3+ peak remains unchanged,
Please cite this article in press as: J. Lee, et al., Appl. Catal. A: Gen. (201

hile the intensity of the tetrahedral Al3+ peak increases signifi-
antly. In this sample the ratio between tetrahedral and octahedral
ites is 0.44:0.56, consistent with previous reports showing that
he tetrahedral and octahedral Al3+ ratio is 1:1 for the ideal �-Al2O3
on (a) commercial, (b) platelets, and (c) rods at 600 ◦C, 900 ◦C, and 1100 ◦C.

[9]. If we  consider the presence of very low intensity of XRD peaks
associated with the �-Al2O3 phase (octahedral aluminum only) at
2� = 25.7◦, 43.4◦, and 57.6◦, the tetrahedral vs. octahedral aluminum
ratio is very close to 1:1 in this platelet shaped alumina sample. The
interesting line shapes of tetrahedral aluminum ions are related
with the chemical environment of tetrahedral Al3+ in �-Al2O3 unit
cells. By combining XRD peaks showing high crystalline �-Al2O3
phase and tetrahedral vs. octahedral Al3+ ratio from NMR  spectrum,
further studies of platelet alumina after 1100 ◦C are expected to give
insights on the structural information of �-Al2O3 [34].

Fig. 7(c) displays 27Al-MAS-NMR spectra obtained from the
rod-shaped alumina samples after calcinations at different tem-
perature. The 27Al-MAS-NMR spectrum of the 600 ◦C-calcined,
rod-shaped alumina sample is practically identical to that of
the commercial and platelet-shaped �-Al2O3. After 1000 ◦C treat-
5), http://dx.doi.org/10.1016/j.apcata.2015.03.040

ment, it exhibits very similar spectrum to that of platelet-shaped
Al2O3. The 1100 ◦C calcined rod-shaped Al2O3 shows a high inten-
sity NMR  peak of tetrahedral Al3+ sites and the observed line
shapes can be related to �-Al2O3 (we could not find significant

dx.doi.org/10.1016/j.apcata.2015.03.040
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ig. 7. Solid state 27Al-MAS-NMR spectra for the thermally treated (a) commercia
olid  state 27Al-MAS-NMR spectrum for (d) 600 ◦C and (e) 1100 ◦C calcined samples

ifference between �-Al2O3 phases formed from platelet- and
od-shaped aluminas). The octahedral aluminum peak located at
10 ppm suggests that the rod-shaped alumina does not pro-
uce significant amount of �-Al2O3 that shows an octahedral

3+
Please cite this article in press as: J. Lee, et al., Appl. Catal. A: Gen. (201

luminum peak at ∼16 ppm. And the remaining tetrahedral Al
s also consistent with XRD results showing very minor �-
l2O3 formation. The intensity ratio between tetrahedral and
ctahedral Al3+ sites is 0.45:0.55, similar to that in platelet
latelet- and (c) rod-shaped �-Al2O3 after 600 ◦C, 1000 ◦C, and 1100 ◦C calcination.

Al2O3 after 1100 ◦C thermal treatment. In contrast, the XRD pat-
tern of the rod-shaped alumina sample is very different from
that of the platelet Al2O3, suggesting that they indeed proceed
through different crystallization (phase transformation) paths.
5), http://dx.doi.org/10.1016/j.apcata.2015.03.040

Additional detailed studies for platelet- and rod-shaped Al2O3
phases formed after high temperature treatments are required to
fully understand the processes occurring during high temperature
calcinations.

dx.doi.org/10.1016/j.apcata.2015.03.040
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ig. 8. Ethanol dehydration activity over commercial, platelet- and rod-shaped al
thanol  dehydration reaction temperatures were from 170 ◦C and 200 ◦C for 600 ◦C
or  1100 ◦C calcined platelet-shaped alumina.

For easy comparison, Fig. 7(d) and (e) show 27Al-MAS-NMR
pectra for aluminas thermally calcined at 600 ◦C and 1100 ◦C. At
00 ◦C, commercial, platelet and rod all consistently showed identi-
al NMR  spectra. All showed two main peaks at 13 ppm and 72 ppm,
hich is typically �-Al2O3. However, at 1100 ◦C explicit difference

ppeared on tetrahedral Al3+ peak. Commercial showed drastically
educed intensity while platelet and rod aluminas remained their
etrahedral Al3+ sites peak intensities. On octahedral Al3+, com-

ercial alumina showed high intensity peak at 16 ppm suggesting
-Al2O3. Platelet and rod Al2O3 showed no peak at 16 ppm which
uggests that both did not transform to �-Al2O3.

The results of ethanol TPD experiments discussed above sug-
ested that the 1100 ◦C treated Al2O3 samples may  exhibit different
atalytic behavior for ethanol dehydration [36–41]. To this end, we
arried out ethanol dehydration experiments on both 600 ◦C and
100 ◦C calcined Al2O3 samples, which showed apparent differ-
nces in ethanol TPD.

Fig. 8 shows ethanol dehydration activities measured on
elected alumina samples. For easy comparison, we normalized the
thanol dehydration activity based on the surface area of alumina.
nterestingly, within experimental error, all three 600 ◦C-calcined
-Al2O3 samples showed very similar ethanol dehydration activ-

ties and selectivities, despite their very different morphologies.
his might be related to the same �-Al2O3 structure and very sim-
lar surface characteristics attested by ethanol TPD, even though
heir morphologies are different. Activation energies calculated for
thylene and di-ethyl ether production were 170–175 kJ/mol and
5–98 kJ/mol, respectively (Table 1).

◦

Please cite this article in press as: J. Lee, et al., Appl. Catal. A: Gen. (201

The ethanol dehydration activities of the 1100 C-calcined alu-
ina samples decreased significantly. For commercial Al2O3, the

ctivity was very low although ethanol dehydration was carried
ut up to 300 ◦C. This is, at least partly, the consequence of very

able 2
onversion, selectivity, and activation energy for the ethanol dehydration reaction over s

Sample Calcination temperature (◦C) Reaction temperature (◦C) Conv

Commercial 600 180 4.59 

Platelet  600 180 2.98 

Rod  600 180 3.06 

Platelet  1100 300 1.25 

Rod  1100 260 4.07 
s after calcination at 600 ◦C and 1100 ◦C ((a) ethylene and (b) diethyl ether). The
ed alumina, 220–280 ◦C for 1100 ◦C calcined rod-shaped alumina and 300–340 ◦C

low (25 m2/g) surface area of the commercial Al2O3 sample after it
phase-transformed to �-Al2O3. In ethanol TPD this sample showed
very small desorption amount in the high temperature desorption
state. Therefore, it seems reasonable to associate the low activity
observed in the 1100 ◦C-calcined sample to the small amount of
strongly bound ethanol on �-Al2O3 surfaces. Ethanol dehydration
reaction activities of the other two  aluminas (platelet- and rod-
shaped) after 1100 ◦C calcination were also very low in comparison
to the original �-Al2O3. When we compare the high temperature
activities of these alumina samples calcined at 1100 ◦C, we  found
that at same reaction temperature the rod-shaped alumina showed
much higher ethanol dehydration activity than platelet alumina
(Fig. 8). This observation seems to correlate well with ethanol TPD
profiles of the 1100 ◦C treated alumina samples presented above.
Although the BET surface areas were very similar on these two
samples, they exhibited different ethanol desorption amounts and
maximum desorption rate temperatures. In light of these results
it is reasonable to assume that relatively high desorption amount
and lower desorption temperature on rod-shaped alumina trans-
lates into higher catalytic activity in comparison to the platelet
alumina. Interestingly, the activation energy for ethylene formation
decreased from 170–175 kJ/mol (on �-Al2O3) to 126–127 kJ/mol for
both platelet and rod shaped aluminas. On the contrary, the acti-
vation energy for diethyl ether formation was  89–94 kJ/mol for all
three �-Al2O3 samples (Table 1). These results suggest a poten-
tial change in reaction mechanism or active sites between ethylene
and diethyl ether. Detailed understanding of ethanol dehydration
and activation energies will require further studies. In this study,
5), http://dx.doi.org/10.1016/j.apcata.2015.03.040

we only focused on how the variation in crystallite morphologies
affected both the phase transformation and the surface chem-
istry (as probed by ethanol TPD and ethanol reaction) of Al2O3
(Table 2).

elected aluminas.

ersion (%) Selectivity Activation energy

Sethylene (%) Sether (%) Ethylene (kJ/mol) Ether (kJ/mol)

1.91 98.1 170.5 98.5
1.69 98.3 175.7 98.5
2.25 97.7 172.8 95.0

13.8 81.3 126.6 94.8
8.42 91.5 127.4 89.2

dx.doi.org/10.1016/j.apcata.2015.03.040
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. Conclusions

In this work, we investigated the phase transformation of
latelet- and rod-shaped �-Al2O3 by XRD, BET, HR-TEM, solid state
7Al-NMR, and ethanol TPD after sequential annealing in air up
o 1100 ◦C and compared them with a commercial. After anneal-
ng at 1100 ◦C, commercial �-Al2O3 transformed to �-Al2O3 with
rastic surface area reduction (initially 200 m2/g to 25 m2/g after
100 ◦C treatment). Interestingly, platelet- and rod-shaped alumi-
as which showed exactly same initial XRD patterns transformed

nto different phases. Platelet-shaped �-Al2O3 transformed mostly
o �-Al2O3, while rod-shaped �-Al2O3 phase transformed prefer-
ntially to �-Al2O3. Both aluminas sustained significantly higher
urface area (∼60 m2/g) than the commercial one under identical
onditions. These results strongly suggest that the phase transfor-
ation of �-Al2O3 is strongly affected by not only the elementary

rystalline structure of the starting materials, but also by their sec-
ndary morphologies.

Ethanol TPD traces collected from platelet- and rod-shaped
luminas after 1100 ◦C annealing showed significantly different
esorption profiles which suggest different surface characteris-
ics, although their surface areas remained very similar. These
ifferent phase transformations were also supported by solid
tate 27Al-NMR. Commercial alumina shows mostly octahedral
l3+ ions after 1100 ◦C annealing, consistent with the formation
f the �-phase, but the other two samples show even higher
ntensities of tetrahedral Al3+ ions than the initial �-Al2O3 does.

orphological changes were also confirmed by TEM. Surface dis-
ortion appeared in the 1100 ◦C-calcined platelets, but no apparent
hange was seen in the rod-shaped alumina. Also, 1100 ◦C calcined
lumina showed different catalytic behavior for ethanol dehy-
ration which was consistently supported by ethanol TPD. After
100 ◦C calcinations the order of ethanol dehydration activity was
od > platelet > commercial alumina. These results consistently sug-
est the morphology-dependent phase transformations of �-Al2O3
nd improved thermal stability of platelet- and rod-shaped �-Al2O3
n comparison to a commercial �-Al2O3 only by morphological
hange without any surface modifiers.

Finally, nano-faceted Al2O3 with well-defined morphologies
platelet and rod) are ideally good model system which might
nable the fundamental study how the metal interacts with
l2O3 in atomic level otherwise difficult with commercial Al2O3

34,42,43]. This study gives insights into surface characteristic
hange on these well-defined model systems.
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