CHAPTER IV
NICKEL LOADED ALUMINA VIA SOL-GEL PROCESS

4.1 Abstract

Supporting nickel has been used in a wide range of applications for industrial
reactions, such as, steam reforming, hydrogenation and methanation. In this work,
nickel aluminate was prepared by sol-gel process using alumatrane as alkoxide
precursor, directly synthesized from the reaction of inexpensive and available
compounds, aluminium hydroxide and TIS (triisopropanolamine) via the Oxide One
Pot Synthesis (OOPS) process. Various conditions of the sol-gel process, viz. pH,
calcination temperature, hydrolysis ratio and ratio of nickel to aluminum are studied.
All samples are characterized using FTIR, TGA, XRD, TPR, DR-UV and BET. The
BET surface area measurements are found to be in the range of 300-450 m 2y at the
calcinations temperature of 500°c having the pore distribution in the mesoporous
region. The catalyst activity tasting on CO oxidation reaction depends on Ni to Al
ratio and calcinations temperature. The higher activity was obtained from the higher
Ni content and lower calcination temperature. In addition, catalysts prepared using
alumatrane precursor had higher % conversion than those prepared from aluminium

hydroxide.
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4.2 Introduction

The uses of supported metal oxide catalysts are applicably important,
especially to most of petrochemical industries due to their wide range applications of
industrially important reactions. Several studies on alumina-supporting nickel
catalyst [1-2] revealed the formation of nickel aluminate spinel, NIABO*!, being a
stable compound with strong resistance to acids, alkalis, and having high melting
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point and surface area. More importantly, nickel aluminate is capable of resistance to
deactivation by coke formation [3].

Traditionally dried mixing of ceramics and metal powders followed by heat
treatment is often difficult to control, resulting in non-uniform dispersion of the
components. In contrast to chemical technique, sol-gel process offers several
advantages. It is low cost and allows greater control in size and morphology. It can
design materials of specifically macroscopic morphology, such as ultra-fine panicle,
fiber, thin film and monolith. The sol-gel process is one of the most interesting ways
to prepare nickel aluminate. This process is performed at low temperature followed
by appropriate heat treatment. It provides a uniform microstructure with a high
degree of dispersion between the metal and ceramic phases [4]. In addition, this
process gives high product purity. Owing to the hydrolysis reaction involved, water
can induce so called “sol”, subsequently condensed to metal oxide network, leading
to a gel formation. Parameters inthe sol-gel process, such as, pH, proportion of water
used for the hydrolysis and the presence of either acid or base catalyst [5], are
important. In addition, calcinations temperature and duration of calcination also have
a significant impact on the final structure and texture of nickel aluminate spinel. An
increase in calcinations temperature results in a development of crytallization of
NiAl20 4 [3],

Generally, the metal alkoxides, such as, aluminium sec-butoxide, aluminium
isopropoxide, are popular metal oxides used as ceramic precursors due to the purity
of starting materials and the low temperature for a reaction to occur. However, there
are also disadvantages from these metal alkoxides, which are expensiveness and low
hydrolytic stability. These problems have heen resolved by .synthesis of simple
alkoxide precursors containing one or more alkoxide ligands, making them more
hydrolytic stability because of the obstruction of coordination site at the metal. The
function of chelating agent is to retard the hydrolysis and condensation reaction rates
in order to obtain homogeneous gels. Aluminium hydroxide can be used as a
precursor, but the gelation of aluminium hydroxide occurs rapidly. It is thus difficult
to obtain a uniform gels. This problem can be solved by slowing down the
precursor’s reactivity by either using a strong mineral acid [¢] or using a chelating,



such as, triisopropanolamine or TIS to form alumatrane complexes [7] to be used as a

precursor for preparing high surface area alumina [5].

In this work, alumatrane is used as an alkoxide precursor for loading nickel
onto alumina by means of the sol-gel process. Optimal conditions to obtain high
surface area and the catalyst activity test on CO oxidation reaction of nickel

aluminate are investigated.
4.3 Experimental

Materials
Aluminium hydroxide hydrate [AI(OH)s XH20] was purchased from Sigma

Chemical Co. Triisopropanolamine (TIS, N(CH2CHCHsoH)s) and nickel acetate
[(CHsCOO)2Ni] were obtained from Aldrich Chemical Co. Inc.( A). They were
used as a received. Ethylene glycol (EG, HOCH2CH20H) used as solvent for the
alumatrane synthesis was purchased from J.T. Baker Inc. (Phillipburg,USA).
Acetronitrile (CHsCN) and methanol were obtained from Lab-Scan Company Co.,
Ltd. and distilled before use. Nitric acid and ammonia solution used to adjust pH in
the sol-gel process were purchased from Lab-Scan Company Co., Ltd., and used as

received.

Equipment

Functional groups of materials were followed using FTIR spectrophotometer
(Nicolet, NEXUS 670) with a resolution of 4 cm'L The solid samples were mixed
and pelletized with dried KBr. Thermogravimetric analysis (TGA) was carried out

using TG-DTA (Pyris Diamond Perkin Elmer) with a heating rate of 10°c/min in

the range of room temperature to 750°c under nitrogen atmosphere to determine the
thermal stability of alumatrane. Powder X-ray diffraction (XRD) patterns were
carried out to characterize crystallinity of samples using a Rigaku X-ray
diffractometer with CuKa as a source. A range from 5° to 90° was investigated using
a step of 5°/min. The diffuse reflectance UV-VIS spectra were collected on a

SHIMADZU uv 2550-VISIBLE spectrophotometer in the range of 190 to 900 nm.
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The reducibility was investigated by temperature-programmed reduction on
TPD/R/OIMS Themo Finnigan 1100. The reducing gas is 5% =21in Nzat a flow rate

of 40 ml/min. The rate of temperature was carried out at the heating rate of 10°c/min

ranging from room temperature up to 900°C. The BET surface area measurement,
pore volume and pore size distribution were measured by using nitrogen at 77 K in
Autusorb-1 gas sorption system (Quantasorb JR). Samples were degassed at 250°C
under a reduced pressure prior to each measurement. The morphology was studied on
SEM using JEOL 5200-2AE scanning electron microscope.

Methodology

Synthesis ofalumatrane by the OOPSprocess

The preparation of alumatrane or tris(alumatranyloxy-/-propyl)amine was
followed Wongkasemjit €@V works [5,7] via the Oxide One Pot Synthesis (OOPS)
process. Aluminium hydroxide, TIS and EG are added into a 250 ml two-necked
round bottom flask. The mixture was homogeneously stirred at room temperature

before being heated to 200°C under nitrogen in an oil bath for 10h. Excess EG was
removed under vacuum (10"2Torr) at 110°C to obtain crude product. The crude solid

was washed with acetonitrile and dried under vacuum at room temperature. Dried
products were characterized using TGA and FTIR.

Nickel loading onto alumina using alumatraneprecursor via the sol-gelprocess
Alumatrane was used as an alumina source via the sol-gel process at various
Ni/Al ratios, pH, hydrolysis ratios and calcinations temperature. Alumatrane and
nickel acetate were dissolved in methanol for + h before adding water and adjusting
pH. The pH value of the unadjusted mixture solution is pH 9. For acid conditions, pH
3, 5and 7, HN O3 was used whereas NH4OH was added for obtaining pH 11. Three
hydrolysis ratios of 9, 18, 27, as followed the previous work [5], were investigated.
The solution was vigorously stirred at room temperature followed by heat treatment
of the resulting gels at calcinations temperature ranging from 500°C to 900°C and

held at the final temperature for 7 h.
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Activity testing on CO oxidation reaction
The catalytic tests of CO oxidation with O2 were carried out in a fixed-bed

flow reactor in the temperatures ranging from 200°-450°C. A 0.2 g of catalyst was

employed for each experiment. For the reaction condition, 180 ml/min total gas flow
was maintained with feeding the reaction mixture 0f Co -o2-He (1%-2%-97%).

4.4 Results and Discussion

Synthesis of alumatrane precursor

Alumatrane precursor was synthesized from aluminium hydroxide and TIS
via the Oxide One Pot Synthesis (OOPS) process. The product obtained was a white
solid. The structure of alumatrane showing in Fig.l contains trialkanoamine ligand
which results in hydrolytic stable, as mentioned earlier. The function of this chelating
agent is to slow down the rates of hydrolysis and condensation reactions to obtain
homogeneous gels during the sol-gel process.

The TGA result of alumatrane (Fig. 2) showed two major transitions of
weight loss. The first region between 50°-250°C indicated the decomposition of
solvent trapped in the product and TIS ligand while the second region at about 250°-
500°c corresponded to the decomposition of the organic ligands and carbon residues.
The % ceramic yield of the product was 33 % which was higher than the theoretical
ceramic yield (23.7 %) due to the incomplete combustion of the product which can
be confirmed by the darker ash obtained.

FTIR spectrum of the alumatrane precursor is shown in Fig. 3 The broad
band at 3300-3700 cm-1is the characteristic of O-H stretching vibration. The peak at
2725-3000 cm-1 corresponds to the stretching vibration of C-H bond. The peak
position at 1650 cm-1is assigned to the O-H overtone. The peak position at 1450 ¢cm
1is the bending vibration of C-H bond. The peak position at 1000-1200 cm 1 is
resulted from the C-N and/or O-H stretching vibrations. The peaks at 1078 and 500-
800 cm-1 indicate the stretching vibration of AI-O-C and AI-0 of alumatrane,

respectively.
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Nickel loading onto alumina via the sol-gel process

The preparation conditions and calcinations temperatures have significant
impact on the final structure and texture of nickel loaded alumina. XRD patterns of
nickel-alumina samples showed poor crystallinity at low calcinations temperatures
(Fig. 4). As increasing calcinations temperature, crystallization of samples can be
developed further. Calcinations at increasing temperature were also accompanied by
color changes of the catalysts from greenish to light blue coloration. However, due to
the overlaps of the XRD peaks of Al20s and NiAl2U4 phases, the 20 values and the
relative intensities were used to identify characteristics of the samples. The major
peaks of the NIAhCTt are the 20 values at 37 (1=100%) and 45 (1=60-65%), whereas
the major peaks of Al20s are the 20 values at 37 (1=80%) and 45 (1=100%). The
results of XRD patterns correspond to the three major peaks at 37(100), 45(65) and
65.5(60) of the nickel aluminate (ASTM#10-339) phase. The crystallinity of
NiAlzoa-like spinel phase improves slightly with the increase of the Ni/Al ratio, as
shown in Fig. 5. At lower Ni/Al ratio, the spinel phase is a solid mixture of MA 1204
and Al20s. The NIAFCh phase improves when increasing the Ni/Al ratio (using the
intensity ratio of the 20 values at 37 and 45 degrees as indicators)

Effects of pH and hydrolysis ratio in Fig. e and 7, respectively, do not show
any significant difference for the samples calcined at 500°C. Moreover, the results
from the effect of hydrolysis ratio of the samples calcined at 900°C in Fig. & show
the same pattern. However, the samples prepared at pH 3 in Fig. 9 show lower
intensity than other pHs ofthe samples calcined at 900°C due to too much acid added
into the system, causing faster the hydrolysis reaction rate, than the condensation
reaction rate. All the samples from these XRD results are an indication of the
formation of nickel aluminate, showing no formation of a nickel oxide-like phase.

FTIR analysis of the samples (Fig. 10) calcined at various calcinations
temperature shows two bands at 3000-3700 and 1300-1700 cm-1corresponding to the
stretching and bending vibrations, respectively, of the O-H bonds of water contained
in the samples. The IR bands observed below 1000 cm-1 can be attributed to the
stretching vibrations of M-OH modes (M = Ni, Al). The FTIR spectra at lower
calcinations temperature showing the broad band at 600 cm-1is the characteristic of



19

the NiAhoa structure [4], NIAhCX» spinel is clearly identified in the sample calcined
at 800° and 900°C, showing the bands at 730, 600 and 500 ¢m'L These bands are
related to the M atoms presenting both octahedral and tetrahedral sites. The FTIR
spectra of NiA 1204 at various hydrolysis ratios after calcination of 900°C in Fig. 11
show the same pattern. Fig. 12 shows the FTIR spectra of the samples calcined at
900°C and different pHs. There is no significant difference, except that the pH at 3
showed the lower intensity than others. This is in agreement with the XRD results.
The higher intensity of the band below 1000 cm-1was obtained with increasing the
ratio of Ni/Al, meaning that the higher Ni/Al ratio, the higher formation of nickel
aluninate (Fig. 13).

Since crystallization of nickel aluminate is not well defined at low
calcinations temperature, TPR was employed to investigate the reducibility of the
catalysts and their corresponding nickel aluminate spinel. The TPR profiles (Fig. 14)

of the catalysts calcined at 500°C show the maximum reduction tem perature (tm) at

600°C. The reduction temperature for this species is lower than bulk nickel
aluminate spinel, but higher than NiO, indicating a strong interaction between nickel
and alumina providing that the NiAl2U4 spinel was formed on the surface of the
support [s], The effect of calcinations temperature on the reduction profiles was also
studied. The reduction profiles obtained for the samples calcined between 500°
900°C are shown in Fig. 14. Increase of calcinations temperature made the reduction
increasingly more difficult as inferred from the shift of the main reduction peak and
Tm values to higher temperature. It is due to the larger crystallites sizes and the
stronger interaction between metal and support as increasing calcinations
temperature. This makes the reduction process more difficult. These results are
coincided with those obtained by Cesteros et al. [2] and Pena et al. 3],

The influence of Ni loading on reducibility at various Ni/Al ratios, from the
results in Fig. 15 showed that at lower Ni loading, the TM values were shifted to
higher temperature due to a presence of relatively large proportion of unreduced
nickel at low nickel containing catalysts which was stabilized at the vacancies of (X
alumina with defective spinel structure [9]. It means that the reduction of Ni required
higher temperatures as decreasing metal loading. The experiment condition and tm
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values obtained from the reduction profiles of supported Ni catalyst with various Ni
loadings and calcinations temperature are given in Fig. 14 and 15. Both parameters
had influence on the reducibility and the temperature of maximum reduction, which
can be described as the interaction between metal and support.

The effects of pH and hydrolysis ratio as given in Fig. 16 and 17, the results
showed the same reduction profiles which means that the reducibility of nickel
aluminate prepared at various hydrolysis ratios and pHs were not significantly
different.

To confirm the identity of nickel species and the formation of nickel
aluminate, DR-UV analysis was conducted, as showed in Fig. 18-21. The
characteristic bands in the region at 410 nm and around 600-645 nm are presented. In
all samples a nickel aluminate spinel-like phase is formed. The bands at 410 and 600-
645 nm indicate the distribution of the Ni(ll) ions among octahedral and tetrahedral
sites of alumina lattices like in a spinel structure, respectively [10]. The Ni(Il) ions
that enter in the Al20s lattices occupy simultaneously tetrahedral and octahedral sites
in a ratio depended on the calcinations temperature. The higher calcination
temperatures, the higher intensities of Ni(I1) fons distributed in tetrahedral sites than
the octahedral sites (Fig. 18). This is due to the fact that at the higher calcinations
temperature the structure was collapsed, resulting in Ni ions to distribute more in
tetrahedral sites of alumina than in octahedral sites because the hole in tetrahedral
sites are smaller than that of octahedral sites. The samples calcined at 800° and
900°C occur the peak shifted, indicating that Ni ions distributed in octahedral sites of
alumina from 410 nm to 375 nm due to the phase transformation of Y-Al203 to a-
Al20s [11]. In general, the (:-Al120s is usually found at the temperature exceeding
1200°C. However, the formation of the (X-Al20s phase can be formed at lower
temperature which is the characteristic of the miscible oxide systems (Co2+ Ni2+,
Cu2+and Zn24) [11], Nio -Al203 calcined at 900°C was resulted from simultaneous
crystallization of NiAl204 and a-Al20s [11], These results are corresponding to the
results from XRD and FTIR.

In addition, when increasing the ratio of nickel to alumina, more Ni(ll) ions
diffused into alumina lattices at both octahedral and tetrahedral sites (Fig. 19).
Except 4% Ni loading, the peak profile is different from others due to too small
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amount of nickel aluminate formed and hardly detected by DR-UV. However, there
is no significant difference at various pH and hydrolysis ratio of the samples
prepared during the sol-gel process, as shown in Fig. 20 and 21.

Taking into account of these DR-UV studies, the structure of nickel spinel is
partially inversed because of both octahedral and tetrahedral sites of Ni(ll) ions
distributing in the alumina lattices.

The BET surface areas determined are listed in Tables 1-4. It can be seen that
for catalysts prepared in this work their specific surface areas are much larger than
the results reported previously for the Ni/AHCE catalysts obtained from co-
precipitaion method (S.A. 110-200 m2g) [2, 12] or from other precursors via the sol-
gel process (S.A. 200-300 m2qg) [1, 13] at the same calcinations temperature
(500°C). All samples showed the pore size distribution in the mesoporous region
having a pore diameter around 3-6 nm.

The effect of Ni/Al ratio resulted in the surface areas compared to blank
alumina support (Table 1), indicating that the nickel metal was uniformly distributed
in the final product [14]. 1t did not accumulate on the surface, but became integrated
into the solid structure. The effect of calcinations temperature in Table 2 showed that
the BET surface area of nickel aluminate decreased from 410 to 140 m2g as the
calcinations temperature increased from 500° to 900°C, whereas the crystallinity
increased (sinterization). The BET surface area from samples prepared at various
pHs in Table 3 showed the lower pH used, the lower surface area obtained because
more amount catalyst added into the system made faster hydrolysis than
condensation rates, not being able to form a perfect gel network. Thus, pH which is
the pH of isoelectric point of system [5] provided enough time to form a 3-D gel
network giving the highest surface area. The effect of hydrolysis ratio as shown in
Table 4 indicated that the samples prepared using the hydrolysis ratio of 18 showed
the highest the BET surface area compared to other hydrolysis ratios. Low hydrolysis
ratio leads to more difficult hydrolysis which consequently limits the condensation
step. Thus, a higher water/alkoxide ratio would result in a great extent of hydrolysis
and condensation reactions [15]. However, if too much water added during the sol-



gel process gives faster hydrolysis than condensation, resulting in weak branch and
lower surface area.

SEM showed the morphologies of the samples calcined at 500°C in Fig. 22 a.
The sample had rather amorphous with irregular shape. As increasing the
calcinations to /00°C (Fig. 22 b), the morphology indicated higher crytallinity which
is also in agreement with the XRD result.

The catalytic activity test on CO oxidation reaction with O2 showed the
temperature dependence on the conversion of CO oxidation reaction (Fig. 23). Their
activities depend on the ratio of Ni to alumina. The activity increased with the
increase of the Ni content.

Fig. 24 shows the activity results obtained from the samples calcined at

different calcinations temperatures. Samples calcined at 500°C had higher %
conversion than those calnined at 900°C due to the higher the BET surface area

obtained at 500°C, providing better Ni jons distribution in lattices.

Further studies of the catalyst activities were carried out with different
aluminium sources (Fig. 25). The samples synthesized from alumatrane precursor are
more active than the samples produced by AI(OH)s precursor. This is probably due
to the purer and more homogeneous nickel aluminate obtained from alumatrane
precursor, giving better Ni ions distribution in alumina phase, while that obtained
from aluminium hydroxide precursor contains a NiO phase in addition to a nickel

aluminate phase.

45 Conclusions

Alumatrane synthesized from inexpensive and available compound via the
one step process is successfully used as an alkoxide precursor for preparing nickel
loaded alumina via the sol-gel route followed by heat treatment. The calcined
samples favor the formation of nickel aluminate spinel, M A 1204, confirmed using
XRD, FTIR, TPR and DR-UV. The calcinations temperature and the nickel content
affected to the crytallinity of the samples. The higher crystallinity was resulted from
the higher calcinations temperature and nickel content. A high Ni/Al ratio promotes
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the inter-diffusion of Ni(ll) ions into alumina phase, and the formation of tetrahedral
sites as increasing the calcinations temperature. The BET surface area measurements
are found to be in the range of 300-450 m g at the calcination temperature of 500°C,
having the pore distribution in the mesoporous region. The activity testing on CO
oxidation depends on Nito Al ratio and calcinations temperature. The higher activity
was obtained from the higher Ni content and lower calcinations temperature.
Catalysts prepared using aiumatrane precursor had higher % conversion than those
prepared from aluminium hydroxide.
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AI(OH)3 + TIS + EG
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Condition ~ Surface area (m2g)

Al120 5 416
4% Ni 416
8% Ni 382
12% Ni 402
16% Ni 380
20% Ni 381
24% Ni 312
28% Ni 405
33% Ni 410

Table 1



Condition Surface area (mg)

1/2 of NifAl 500uc 410
1/2 of NifAl 600uc 272
112 of Ni/Al 700uc 260
1/2 of NifAl 800°¢ 174
1/2 of Ni/Al 900uc 140

Table 2



Condition Surface area (m2g) ofh =9 Surface area (m2g) ofh = 18

112 of NilAl pH 3 30 337
112 of NilAl pH 5 30 36
112 of NilAl pH 7 302 8
112 o NilAl pH 9 410 1
12 of Ni/Al pH 1L 30 350

Table 3



Condition
h=9
h=18
h=27

12 of Ni/AI 14 of NifAI

410 31
422 452
375 416

Table 4.

18 of Ni/Al
317
402
393

of
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