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a b s t r a c t

The influence of hydrothermal treatment on the structural and textural properties of Ni/�-Al2O3 cata-
lysts is investigated by means of X-ray diffraction (XRD), H -TPR, TG–DSC and N physisorption. After
eywords:
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i/�-Al2O3 catalyst
oehmite

2 2

hydrothermally treated at 90–150 ◦C and 8–48 h, the �-Al2O3 support transforms into its hydrated phase,
boehmite [�-AlO(OH)]. And the content of �-AlO(OH) increases with the hydrothermal temperature and
time increasing. Furthermore, the hydration of �-Al2O3 support induces the aggregation of carried Ni
crystallite and decreases the BET specific surface area and pore volume, and also reduces the inter-
action between Ni and �-Al2O3 support. The above structural and textural changes further cause the

cay o

ydration

hydrogenation activity de

. Introduction

Ni/�-Al2O3 catalysts are widely employed in many chemi-
al processes such as hydrogenation, dehydrogenation, reforming,
ethanation, desulfurization, dechlorination, to produce lots of

ulk and fine chemicals [1–6]. During the processes of preparation,
torage and usage, the Ni/�-Al2O3 catalysts are generally in contact
ith water [7]. For instance, these catalysts are generally prepared

y impregnation of nickel nitrate aqueous solution on an Al2O3 sup-
ort [8]. The Ni/�-Al2O3 catalysts are often stored in water or humid
tmosphere [9]. What is more, these catalysts are even employed in
ome catalytic reactions in aqueous solution, e.g. industrial produc-
ion of 1,4-butanediol by Reppe method [10], degradation of oxalic
cid [11], hydrogenation of 3-hydroxypropanal [12] and benzophe-
one [13]. It can be expected, owing to the environmental-friendly
ature, nontoxicity, abundance, low cost and so on, water will
lay an increasingly important role in the development of green
hemical industrial processes. Naturally, the influence of water
n properties of Ni/�-Al2O3 catalysts is a valuable research
oint.

It is well known that metal-free �-Al2O3 support can react with
ater, and transforms gradually into its hydrated phase. Some

ecent studies have shown that the hydration of �-Al2O3 occurs

ven at room temperature [7,9,14,15]. Moreover, many researchers
ave utilized the hydration reaction to modify �-Al2O3 support
roperties involving pore structure and surface acid–base, and to
romote the dispersion of a loaded metal on a �-Al2O3 support

∗ Corresponding author. Tel.: +86 351 7011587; fax: +86 351 7011688.
E-mail address: yxzhao@sxu.edu.cn (Y. Zhao).

920-5861/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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© 2010 Elsevier B.V. All rights reserved.

[16–20]. For Ni/�-Al2O3 catalysts, Ni species partially occupy the
surface tetrahedral or octahedral interstitial sites of �-Al2O3 sup-
port, which influence the hydration of �-Al2O3. Meanwhile, the
hydration of �-Al2O3 will inevitably change the properties of Ni/�-
Al2O3 catalysts, and then affect its activity, selectivity and lifetime.
If Ni/�-Al2O3 catalysts are employed in a water containing reaction,
the issue is more important. However, the influence of hydration
on properties of Ni/�-Al2O3 catalysts is scarcely reported in open
literature.

In this work, under hydrothermal conditions, the structural and
textural evolution of an industrialized 17 wt% Ni/�-Al2O3 cata-
lyst was investigated. Also, the hydrothermally treated catalysts
were employed in the hydrogenation of crude 1,4-butanediol (BDO)
aqueous solution, which is a classical reaction under hydrothermal
conditions. Effects of hydrothermal treatments on the hydrogena-
tion activity of Ni/�-Al2O3 catalyst were studied. This research is
helpful to understand the changes in catalytic performance when
the catalysts are employed in a water containing reaction.

2. Experimental

2.1. Catalyst preparation

A Ni/�-Al2O3 catalyst with 17 wt% loading of Ni (HC-08, devel-
oped by Shanxi University, has been employed in hydrogenation
of crude 1,4-butanediol aqueous solution by Shanxi Sanwei Group

Co. Ltd.) was prepared by wet impregnation method, using nickel
nitrate salt [Ni(NO3)2·6H2O] as precursor and a high specific sur-
face area �-Al2O3 (SBET = 310–330 m2/g) as support. The catalyst
was dried at 120 ◦C for 3 h and calcined at 450 ◦C for 3 h and then
reduced by flowing hydrogen at 450 ◦C for 2 h.

dx.doi.org/10.1016/j.cattod.2010.07.015
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:yxzhao@sxu.edu.cn
dx.doi.org/10.1016/j.cattod.2010.07.015
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appeared for the alumina calcined at 400–1000 C. Absi-Halabi et
al. [16] reported that �-Al2O3 transformed into �-AlO(OH) in the
presence of water vapor in the temperature range of 150–300 ◦C. In
the present study, the �-Al2O3 support in Ni/�-Al2O3 catalyst also
transformed into �-AlO(OH) phase after the hydrothermal treat-
76 H. Li et al. / Catalysis

.2. Hydrothermal treatment of Ni/�-Al2O3 catalyst

The Ni/�-Al2O3 catalyst was hydrothermally treated in a closed
tainless steel autoclave reactor with stirring (200 rpm) at various
emperatures and times. The hydrothermally treated catalysts were
ashed with distilled water and then dried at 120 ◦C in nitrogen

efore the characterization.

.3. Hydrogenation activity tests of Ni/�-Al2O3 catalyst

The hydrogenation of crude BDO aqueous solution was per-
ormed using a fixed bed reactor (15 mm i.d.). Before the reaction,
ample was loaded in the reactor and the feed was pumped
ontinuously into the reactor. And the reaction conditions were
s follows T = 393–427 K, PH2 = 13 MPa, LHSV = 1.2/h. The feed
mployed in this study was the product of the first-stage hydro-
enation of 1,4-butynediol (BYD) aqueous solution, consisted of
0 wt% BDO, and a minor amount of BYD, 1,4-butenedio (BED), 4-
ydroxybutyraldehyde (HBD) and other carbonyl compounds. The
arbonyl number of the feed was about 10.6 mg (KOH)/g.

.4. Catalyst characterization

Powder X-ray diffraction (XRD) was performed using a Bruker
8 Advance X-ray diffractometer with a Cu K� source at 40 kV and
0 mA. Scanning was carried out over a 2� range from 10◦ to 80◦ at
speed of 6◦/min.

N2 physisorption measurements were performed on a
icromeritics ASAP 2020 instrument. Before measurements,

he samples were degassed under vacuum at 120 ◦C. The specific
urface area was calculated using the BET method, and the pore
olume and pore size distribution curves were determined from
he N2 desorption isotherm using BJH method.

TG–DSC measurements were carried out using a Netzsch STA
49 thermal analyzer. Samples were heated at a rate of 10 ◦C/min
rom room temperature to 800 ◦C in flowing N2 (20 mL/min).

TPR experiments were performed in a quartz reactor. The
ntreated and hydrothermally treated catalysts were calcined at
50 ◦C in air before the measurements. In a typical experiment,
0 mg of sample (40–60 mesh) was loaded in a quartz reactor,
hich was placed in a furnace and heated from room temperature

o 800 ◦C with a heating rate of 10 ◦C/min, and 5% H2/N2 with a total
ow rate of 20 mL/min was used as a reducing agent. The hydrogen
onsumption due to the reduction of NiO was detected by a ther-
al conductivity detector (TCD) and a computer data acquisition

ystem.

. Results and discussion

.1. Structural change of Ni/�-Al2O3 catalyst caused by
ydrothermal treatment

XRD patterns of the Ni/�-Al2O3 catalysts hydrothermally
reated at different temperatures (90 ◦C, 110 ◦C, 130 ◦C, 150 ◦C) for
h are presented in Fig. 1. Compared with the untreated cata-

yst, a new boehmite [�-AlO(OH)] phase (2� = 14.5◦, 28.2◦, 38.4◦,
9.3◦, 55.3◦, 60.6◦, 64.1◦, 65.0◦, 67.7◦, 72.0◦) started to appear on
he treated catalyst at 110 ◦C, and its diffraction peak intensity
ncreased with the temperature raising. The result indicated that
he support �-Al2O3 partially transformed into �-AlO(OH), the �-
lO(OH) content increased and the �-AlO(OH) phase growth to
arge grain with the increase in temperature [7]. Another change
n XRD patterns is that the intensity of metal Ni diffraction peaks
2� = 44.5◦, 52.0◦ and 76.5◦) was also increased along with the
emperature raising. The mean crystallite size of metal Ni were
bout 6.5 nm, 6.7 nm, 7.0 nm, 7.8 nm and 8.9 nm for the untreated
Fig. 1. XRD patterns of Ni/�-Al2O3 catalysts hydrothermally treated for 8 h at dif-
ferent temperature (a) untreated catalyst, (b) 90 ◦C, (c) 110 ◦C, (d) 130 ◦C, and (e)
150 ◦C.

and 90 ◦C, 110 ◦C, 130 ◦C and 150 ◦C treated catalysts, respectively,
which were calculated from line broadening of Ni (2 0 0) diffraction
line using the Scherrer equation. The result indicated that the aggre-
gation of Ni crystallite on support occurred during hydrothermal
treatment.

The XRD patterns of Ni/�-Al2O3 catalysts hydrothermally
treated for various times (8 h, 12.5 h, 16 h, 39 h, 48 h) at 110 ◦C were
shown in Fig. 2. The intensity of �-AlO(OH) and metal Ni diffraction
lines increased with the increase in hydrothermal time from 8 h up
to 48 h. The trend was similar to that found in Fig. 1.

The transformation of �-Al2O3 into a hydrated phase has already
been reported by other researchers, the hydrated species formed
during the hydration process varied depending on the medium
pH, the temperature and other factors [7,9,14]. Carrier et al. [7]
studied the transformation of �-Al2O3 in aqueous suspensions at
room temperature and found that the main hydrated phase was
gibbsite in the acidic pH range, while the bayerite was predomi-
nantly observed at near-neutral pH and higher pH. Rinaldi et al.
[9] found that �-AlO(OH) phase was observed during the hydra-
tion of alumina calcined at 200–500 ◦C, and the bayerite phase

◦

Fig. 2. XRD patterns of Ni/�-Al2O3 catalysts hydrothermally treated at 110 ◦C for
different time (a) untreated catalyst, (b) 8 h, (c) 12.5 h, (d) 16 h, (e) 39 h, and (f) 48 h.
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Table 1
Textural properties of Ni/�-Al2O3 catalysts.

Hydrothermal
time (h)

Specific surface
area (m2/g)

Pore volume
(cm3/g)

Average pore
diameter (nm)

�-AlO(OH)
content (%)

Fresh 285 0.65 9.17 –

(i) the physically adsorbed water increased on the Ni/�-Al2O3
catalyst,

(ii) the physically adsorbed water transformed into surface
hydroxyl,
ig. 3. TG–DSC profiles (A: TG curves; B: DSC curves) of Ni/�-Al2O3 catalysts hydro
d) 48 h.

ent in the temperature range of 110–150 ◦C, and the presence of
etal Ni did not change the property of �-Al2O3 hydration remark-

bly.
Also, the aggregation of Ni on supports has been widely

eported, which is generally driven by temperature and unlikely
ccurs when temperature is below 200 ◦C [21–23]. But in the
resent work, the supported Ni species was aggregated obviously at
emperature range of 110–150 ◦C in the hydrothermal conditions.
hus, it can be supposed that the aggregation of metal Ni should not
e mainly caused by the temperature driven migration and coales-
ence. Considering that the mean metal Ni crystallite size and the
-AlO(OH) content are increasing simultaneously, we speculated
hat the aggregation of metal Ni on the surface of �-Al2O3 support
s caused by the transformation of �-Al2O3 into �-AlO(OH).

.2. Quantification of hydrated phase

TG–DSC curves of the Ni/�-Al2O3 catalysts hydrothermally
reated at different times are presented in Fig. 3. For the untreated
i/�-Al2O3 catalyst, a 2.90 wt% mass-loss stage (from room temper-
ture to 210 ◦C) in the TG curve accompanied with an endothermic
eak at 100 ◦C in the DSC curve can be seen, which should be
ttributed to the desorption of physically adsorbed water [14].
he mass loss above 210 ◦C was owing to the removal of surface
ydroxyl. For the hydrothermally treated samples, the TG curves
an be divided into three stages. The first stage (from room temper-
ture to 210 ◦C), corresponding to an endothermic peak at 100 ◦C
n the DSC curve, was attributed to the desorption of physically
dsorbed water, the second stage (from 210 ◦C to 400 ◦C) to the
emoval of surface hydroxyl, and the third one (from 400 ◦C to about
60 ◦C), corresponding to one or two endothermic peaks in the DSC
urve, to the dehydration of �-AlO(OH) as the following reaction
7]:

�-AlO(OH) → �-Al2O3 + H2O.

Thus, the �-AlO(OH) content in the hydrothermally treated sam-
les can be calculated according to the following equation:

�-AlO(OH) = %H2O

MH2O
× 2 × M�-AlO(OH)

here %H2O is the mass loss between 400 ◦C and 560 ◦C, 2 is the sto-
chiometric factor, i.e. �-AlO(OH)/H2O ratio in the reaction, MH2O
nd M�-AlO(OH) are molecular weight of H2O and �-AlO(OH), respec-
ively. As shown in Table 1, the �-AlO(OH) contents were 18.2%,

2.7% and 69.3% for the 8 h, 16 h and 48 h hydrothermally treated
amples, respectively.

Evolution of mass loss for various temperature stages in the TG
urves with increasing hydrothermal time is shown in Fig. 4. It can
e seen, after 8 h hydrothermal treatment, the mass loss in the first
8 150 0.44 11.63 18.2
16 98 0.36 14.58 32.7
48 25 0.16 24.65 69.3

(below 210 ◦C) temperature stage in the TG curve had a decrease,
while the mass loss in both of the second (210–400 ◦C) and third
(from 400 ◦C to about 560 ◦C) temperature stages in the TG curves
increased. The results indicated that the physically adsorbed water
transformed into surface hydroxyl and hydroxyl in �-AlO(OH) lat-
tice. With the further increase in hydrothermal treatment time,
the mass loss caused by the removal of physically adsorbed water
and surface hydroxyl decreased, while the mass loss caused by the
dehydration of �-AlO(OH) phase increased. Indicating that both of
the physically adsorbed water and surface hydroxyl finally trans-
formed into hydroxyl in �-AlO(OH) lattice. The surface hydroxyl can
be considered as a intermediate state during the transformation of
physically adsorbed water into hydroxyl in �-AlO(OH) lattice. Thus,
according to the TG–DSC results, the hydration of �-Al2O3 support
may involve the following steps:
Fig. 4. Evolution of mass loss below 210 ◦C (�) and from 210 ◦C to 400 ◦C (©) and
from 400 ◦C to 560 ◦C (�) measured by TG as increasing hydrothermal time.
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mesopore peak for the untreated sample was around 5–20 nm,
accompanied with a secondary peak of 2–4 nm. For the 8 h
hydrothermally treated sample, the small pores less than 4 nm dis-
appeared and only one mesopore peak between 5 nm and 20 nm
ig. 5. TPR profiles of Ni/�-Al2O3 catalysts hydrothermally treated at 110 ◦C for
ifferent times (a) untreated catalyst, (b) 8 h, (c) 16 h, and (d) 48 h.

iii) the �-AlO(OH) phase formed and increased with the
hydrothermal time increasing.

.3. Change of metal–support interaction caused by
ydrothermal treatment

The influence of hydrothermal treatment on Ni–support
nteraction in the Ni/�-Al2O3 catalyst was investigated by
PR experiments. It is known that supported nickel catalysts
how different reduction behavior depending on the nature of
ickel–support interaction, bulk nickel oxide that weakly inter-
ct with support is reduced around 350–400 ◦C, when nickel is
ighly dispersed on Al2O3, the metal–support interaction decreases
he reducibility of the nickel ion to Nio and its reduction peak
ppears above 500 ◦C [24,25]. As shown in Fig. 5, all samples
howed two reduction peaks. The untreated catalyst exhibited a
road high temperature reduction peak around 500 ◦C with a lit-
le shoulder at 400 ◦C, indicating that the Ni species mainly existed
s highly dispersed NiO crystallite having strong interaction with
upport [26–28]. For the hydrothermally treated samples, both of
he reduction peaks shifted to lower temperature and the frac-
ion of the lower temperature peak increased with increasing
ydrothermal time from 8 h to 48 h. The result indicated that the

nteraction between Ni and support �-Al2O3 was weakened during
he hydrothermal process [29,30].

The interaction between nickel and �-Al2O3 has been widely
tudied [31]. Many studies show that the metal–support interaction
n Ni/�-Al2O3 catalyst is related to the medium-strong and strong
ewis acid sites of �-Al2O3, the higher the content of medium-
trong and strong Lewis acid sites, the stronger the interaction
etween Ni2+ and �-Al2O3 [32–34]. Liu [34] found that the hydra-
ion of �-Al2O3 occurs preferentially on the medium-strong and
trong Lewis acid sites, i.e. the contents of the medium-strong
nd strong Lewis acid sites decrease after hydration. Thus, for the
i/�-Al2O3 catalyst, the hydration of �-Al2O3 support may result in

he decrease of medium-strong and strong Lewis acid sites, which
hould be one of the reasons for the weakening of Ni–support inter-
ction. In addition, it was also reported that the smaller the Ni
rystallite sizes, the higher the maximum temperature of reduction,

.e. the stronger the interaction between Ni and support [30,35].
hus, the growth of Ni crystallite sizes, which was observed by XRD,
ay be another reason for the weakening of Ni–support interaction.
Fig. 6. N2 adsorption–desorption isotherms of Ni/�-Al2O3 catalysts.

3.4. Textural change of Ni/�-Al2O3 catalyst caused by
hydrothermal treatment

The N2 physisorption isotherms of the untreated and hydrother-
mally treated Ni/�-Al2O3 catalysts are shown in Fig. 6. All the
isotherms are of type-IV, characteristic of mesoporous structure
with the hysteresis loops, but the patterns of the hysteresis loops
were different. According to de Boer’s theory, the loop of the
untreated and 8 h hydrothermally treated catalysts were of type
B associated with capillary condensation in slit-shape mesopore,
whereas the loop of the 48 h hydrothermally treated sample was
of type A associated with capillary condensation in cylinder-shape
mesopore. The loop of the 16 h hydrothermally treated sample
seemed to be the combination of both types. Thus, the mesoporous
structure of Ni/�-Al2O3 catalyst transformed from type B to type A
during the hydrothermal treatment.

Table 1 summarizes some textural properties of the untreated
and hydrothermally treated catalysts, and the pore size distri-
butions are shown in Fig. 7. The BET specific surface area of
the untreated catalyst was 285 m2/g. And the pore volume and
mean pore diameter of the untreated catalyst were 0.65 cm3/g
and 9.17 nm, respectively. After hydrothermal treatment, the BET
specific surface area and pore volume of the catalyst decreased
remarkably, however, the mean pore diameter increased with the
increase in hydrothermal time. As shown in Fig. 7, the primary
Fig. 7. Pore size distribution curves of Ni/�-Al2O3 catalysts.
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ig. 8. Activity tests of Ni/�-Al2O3 catalysts. (Reaction conditions: T = 393 K,
H2 = 13 MPa, LHSV = 1.2/h, feed carbonyl number 10.6 mg (KOH)/g.)

as found. With the further increase in hydrothermal time, the pri-
ary mesopore peaks around 5 nm and 20 nm decreased. For the

8 h hydrothermally treated sample, the primary mesopore peaks
round 5 nm and 20 nm almost disappeared. It is well known the
rowth of primary crystals can cause the decrease in pore volume
nd specific surface area of Al2O3 [16]. Thus, above textural changes
f the Ni/�-Al2O3 catalyst should be mainly attribute to the for-
ation and growth of boehmite crystals during the hydrothermal

reatment.

.5. Activity tests of Ni/�-Al2O3 catalysts hydrothermally treated
or various times

The results for the liquid phase hydrogenation of crude BDO over
he untreated and hydrothermally treated Ni/�-Al2O3 catalysts are
hown in Fig. 8. The aim of the reaction is the hydrogenation of
YD, BED, HBD and other carbonyl compounds. It is well known
hat the hydrogenation of C O is more difficult than C C and C C.
hus, in industrial process, the contents of carbonyl compounds in
he hydrogenation product are the main concern for this reaction.
owever, the contents of carbonyl compounds in the crude BDO

olution are low, and the components are very complicated. Con-
equently, it is difficult to quantify the content of every carbonyl
ompounds by GC or GC–MS methods, while the chemical titra-
ion is a suitable method and has been widely used in industrial
rocess [36]. The principle of chemical titration is that the carbonyl

O reacts with hydroxylamine hydrochloride, releasing hydrogen
hloride. And then the hydrogen chloride is titrated with potassium
ydroxide. The equations are as follows:

COR + NH2OH·HCl → R2C NOH + HCl + H2O (1)

Cl + KOH → H2O + KCl (2)

Thus, the carbonyl number of the crude BDO solution is calcu-
ated according to the following equation:

C O = X × 56.1 × 0.1
W

here NC O is the carbonyl number, X is the consumption vol-
me of KOH solution, 56.1 is the molecular weight of KOH, 0.1

s the molar concentration of KOH solution. Therefore, the car-
onyl number of crude BDO solution after hydrogenation reaction

s the main basis for measuring the effects of hydrogenation, i.e. the

ctivity of Ni/�-Al2O3 catalyst, the lower the carbonyl number, the
igher the activity of the Ni/�-Al2O3 catalyst. As shown in Fig. 8,
he carbonyl number of the product for untreated Ni/�-Al2O3 cat-
lyst was about 0.2 mg (KOH)/g. After hydrothermal treatment for
he Ni/�-Al2O3 catalyst, the carbonyl number increased obviously.
158 (2010) 475–480 479

For the 48 h hydrothermally treated Ni/�-Al2O3 catalyst, the car-
bonyl number increased to about 0.38 mg (KOH)/g, indicating that
the catalyst showed distinctly activity decay after hydrothermal
treatment.

According to above characterization results, the hydrothermal
treatment resulted in the hydration of �-Al2O3 support, which fur-
ther induced the metal Ni crystallite aggregation, the increase of
average pore diameter, and the decrease of BET specific surface
area and pore volume for the Ni/�-Al2O3 catalyst. It is well known
that the aggregation of metal component and the decrease of spe-
cific surface area result in the loss of active surface area [21]. And
the reduction of the pore diameter increases the internal diffusion
resistance. Thus, all above structural and textural changes caused
the activity decay of Ni/�-Al2O3 catalyst during the hydrothermal
treatment. And the hydration of �-Al2O3 is considered the essential
reason.

4. Conclusions

Under hydrothermal conditions, the structural and textural
properties of Ni/�-Al2O3 catalyst are changed. The �-Al2O3 sup-
port transforms into �-AlO(OH) partially, and the presence of Ni
does not affect obviously the hydration of �-Al2O3 support. It can
be supposed that the hydration of �-Al2O3 support involves the fol-
lowing three steps: firstly, the water is physically adsorbed on the
Ni/�-Al2O3 catalyst surface, and then the adsorbed water reacts
with �-Al2O3, thirdly the �-AlO(OH) phase forms and its content
increases with the increase in hydrothermal time. It is also found
that the formation and growth of �-AlO(OH) crystal phase result in
the increase of average pore diameter, the decrease of BET specific
surface area and pore volume, and the aggregation of metal Ni. In
addition, the hydration of �-Al2O3 support further results in the
reduction of the metal–support interaction. The above structural
and textural changes also caused the activity decay of Ni/�-Al2O3
catalyst employed in hydrogenation of crude BDO aqueous solu-
tion.
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