
INTRODUCTION

Clay is a natural material constructed from the tetrahedral
silica sheet and octahedral alumina. The most important minerals
in clays are those that have layered structures and are classified
as phyllosilicate. Phyllosilicate is structured lattice silicates
which are formed from a series of silica tetrahedral sheets with
octahedral alumina bonded due to oxygen atoms used together.
Among the most commonly used phyllosilicate clay minerals
for making pillared layered solids is the montmorillonite group
(bentonite). Montmorillonite attracts a lot of attention as it
has the ability to expand (swell) has exchangeable cations and
can be intercalated. Montmorillonite is included in the smectite
group, having molecular formula Nax[Al(x-2)Mgx(Si4O10)(OH)]·
mH2O [1,2].

It is easy to expand nature and its ability to exchange ions
through the cations exchange mechanism are potential key
points for clay modifications. The modifications inferred include
intercalation, which is the replacement of ions between the
silicate layers with the cationic polymer in the form of organic
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compounds or polyhydroxy metals. If polyhydroxy intercala-
tion is performed and continued with calcination, then the process
is called pillarization and the resulting material is called pillared
clays (PILCs) [3-5].

Clay materials are interesting to be researched because
of their chemical and physical properties that can be changed
or modified in various ways. In addition, the catalysts in the
process of oil cracking that are currently being developed are
catalysts with a large pore size in order to be able to crack the
heavy oil fraction. The use of clays as catalysts is due to its ability
to be modified to form large pore sizes so as to crack long chains
of hydrocarbons that cannot enter the zeolite pore. However,
some factors such as thermal stability and weak acidity of its
in-between layers still need to be overcome. Thus, modifica-
tions such as pillarization using metal oxide can be used as an
alternative to overcome subdue problems [6-8].

Pillared bentonite has a high porosity obtained through
the separation of bentonite sheets with buffer molecules or
pillar agents. Preparation is performed by cation exchange of
the original bentonite with a part of hydrated polymer or oligo-
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meric metal ion complexes that have been heated and exper-
ience dehydration/dehydroxylation generating a pillar arrange-
ment of thermally stable oxide groups of metals. Furthermore,
large size pillar agents may form larger channels than zeolites
(5-20 Å versus 3-11 Å), which make pillared bentonite a suitable
catalyst for cracking large molecules such as long-chained
hydrocarbons that cannot penetrate the pore system of zeolites
[9].

Several investigations have focused on optimizing catalysts
synthesis, particularly in the formation of metals and metal
oxides dispersed into stable support solids. Zirconium dioxide
has been selected in previous studies as a pillaring agent
because of its high thermal stability properties and acid properties
that play an important role in the cracking mechanism [10].
The acidic character of the pillared bentonite is obtained from
Brønsted (proton donor) acid or Lewis acid (electron pair acceptor).
Properties of Brønsted acid appear when joined with free
protons during the dehydroxylation process of the pillaring
agent and the clay sheets, while the Lewis acid properties are
associated with the metal oxide of the pillars. The amount and
strength of these two properties have strong relation to bentonite
type and pillaring agent [11].

Montmorillonite pillarization with ZrO2 reported by several
researches has demonstrated its ability to be applied into high-
temperature reactions. Zirconium oxide pillared bentonite
exhibits high d(001) value of up to ~ 20 Å and a large surface
area (200-300 m2/g) depending on variable preparation methods
[12-14]. Throughout the literature search, the authors had not
found any previous research that synthesized nickel metal catalysts
embedded in zirconia-pillared bentonite. The objectives of this
study, therefore, were to synthesize and determine the physico-
chemical properties such as basal spacing, skeletal structure,
acidity level, specific surface area and morphology of Ni/ZrO2-
bentonite catalyst. The Ni metal was selected as a promoter
metal due to its relatively low-cost price, its very strong adsor-
ption ability due to the electrons in d-orbitals that are not fully
charged and its hydrogenation activity. Nickel metal has been
widely applied to hydrocracking reactions either as a single
metal or a fusion with other metals embedded in an inert carrier
or active catalyst.

EXPERIMENTAL

The materials used in this study were bentonite, Ni(NO3)2·
6H2O (Merck), ZrOCl2·8H2O (Merck), ammonia [25 % (v/v)],
AgNO3 and distilled water.

Preparation of bentonite: Bentonite was sieved using a
200 mesh sieve, then washed several times with distilled water,
vacuum filtrated and dried in an oven at 110-120 ºC. Dry bentonite
was crushed until smooth then sieved again using a sieve with
mesh size of 200 mesh. The bentonite was later characterized
by XRD, FT-IR, XRF, TEM, BET and its surface acidity using
gravimetric method with NH3 vapor.

Synthesis of Ni/ZrO2-bentonite catalyst: The pillaring
solution of oligo-cation zirconia was synthesized by hydrolysis
method, where (0.1 M) ZrOCl2·8H2O solution was refluxed
for 2 h at 70 ºC. Then bentonite was added into the oligomer
solution slowly and stirred for 24 h at room temperature. Then,
the suspension of bentonite zirconia oligo-cation was centri-

fuged and the obtained precipitate was neutralized with distilled
water so that the filtrate is free of chloride ions. The precipitate
obtained was dried in an oven at 70 ºC and then crushed and
sieved through 200 mesh sieve. Calcination was then perfor-
med using the furnace at 400°C for 2 h with a heating rate of
10 ºC/min to obtain ZrO2-bentonite.

Nickel metal impregnation in ZrO2-bentonite was perf-
ormed by the wet impregnation method. A total of 1.4867 g of
Ni(NO3)2·6H2O was dissolved into 100 mL of distilled water
in a round bottomed flask. ZrO2-bentonite was added and
refluxed while being stirred with a magnetic stirrer for 4 h at
80 ºC. The impregnation result was then dried in an oven for 3 h
at 110 ºC. Afterwards, the sample was calcined at 500 ºC and
purged with N2 gas with a flow rate of 20 mL/min for 5 h. After
calcination, the sample was reduced by purging H2 gas at 400
ºC and at a flow rate of 20 mL/min for 4 h. The sample was
then stored in a desiccator. The Ni/ZrO2-bentonite catalyst was
later characterized by XRD, FT-IR, XRF, TEM, BET and its
surface acidity using gravimetric method with NH3 vapour.

RESULTS AND DISCUSSION

X-ray fluorosence analysis: Table-1 shows the contents
of Zr and Ni metals present in Ni/ZrO2-bentonite samples. The
bentonite sample used in this study was detected to contain
Ni metal of 0.20 % and did not contain any Zr metal. After
pillarization with ZrOCl2·8H2O precursor and impregnation
with Ni(NO3)2·6H2O, ZrO2-bentonite sample obtained Zr metal
concentration of 52.9 % and Ni metal decreased to 0.04 %
[15]. However, an increase in Ni metal concentration was
observed, after the impregnation process of Ni/ZrO2-bentonite
sample, to 2.70 % and reduction of Zr metal concentration to
50.9 %. Reduced concentrations of Ni metal in ZrO2-bentonite
and Zr metals samples in Ni/ZrO2-bentonite samples may be
caused by washing and heating at high temperatures (calci-
nation) processes at the pillarization and catalyst impregnation
stages.

TABLE-1 
Zr AND Ni METAL CONTENTS IN 

ZrO2-BENTONITE AND Ni/ZrO2-BENTONITE 

Sample Zr (%) Ni (%) 
ZrO2-bentonite 52.9 0.04 

Ni/ZrO2-bentonite 50.9 2.70 

 
X-ray diffraction analysis: Fig. 1 shows the X-ray diff-

raction patterns of ZrO2-bentonite and Ni/ZrO2-bentonite
samples. After the pillarization phase with ZrO2, the specific
peaks of montmorillonite mineral still visible at 2θ = 19.445º
(d = 4.561 Å) and 2θ = 29.197º (d = 3.056 Å) [7,14-16].

In previous study, it was found that the clay samples used
were montmorillonite minerals with typical peaks in d001 at 2θ
= 5.29º (d = 16.69 Å) [8]. The typical peak of montmorillonite
is still visible but has shifted to angle 2θ smaller than 5º. There
is a reflection shift of d001 at a low angle associated with an
increase of d001 as a result of intercalation and pillarization
processes. Theoretically, if the pillarization is able to increase
the spacing between the silica montmorillonite layers, there
will be a shift of the typical peak to the left showing basal spacing
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Fig. 1. Diffractogram of (a) ZrO2-bentonite and (b) Ni/ZrO2-bentonite

d001 [8]. Lower intensity indicates that the thermal treatment and
chemical reactions have considerable effects on the montmori-
llonite structure. Based on previous studies [12] that synthe-
sized metal oxide pillared clays, the data indicate a thermal
transformation involving dehydration reaction during the calci-
nation process. The characteristic peaks for ZrO2 are at 2θ =
34.09º (d = 2.627 Å) and 2θ = 61.65º (d = 1.503 Å).

FTIR analysis: Infrared spectra of ZrO2-bentonite and
Ni/ZrO2-bentonite minerals were observed at 4000-500 cm-1

wavenumbers. Table-2 shows that the key characteristic wave-
numbers of several functional groups in bentonite minerals
obtained as in previous studies [15].

TABLE-2 
WAVENUMBERS AND VIBRATION TYPES IN  

BENTONITE SAMPLE  [Ref. 7,14,15,17-19] 

Wavenumber (cm–1) Vibration type 
462.92 Bending vibration of Si-O-Si  
524.64 Bending vibration of Si-O-Al  
879.54 Bending vibration of O-Si-O  
918.12 Bending vibration of O-Al-O 
1041.56 Stretching vibration of Si-O-Si 
1442.75 Stretching vibration of Si-O-Al  
1635.64 Bending vibration OH water molecule 
3448.72 Stretching vibration OH of Si-OH 
3695.51 Stretching vibration OH of Al-OH 

 
Fig. 2 shows the infrared absorption spectra of modified

bentonite by means of ZrO2 pillarization and impregnation with
nickel metal. The characteristic absorption band for stretching
vibration of OH group of Al-OH has shifted from wavenumber
3695.51 to 3749.62 cm-1 in ZrO2-bentonite and 3626.17 cm-1

in Ni/ZrO2-bentonite which is probably caused by the environ-
mental change due to the bond formation between ZrO2 pillars
and tetrahedral layer. An absorption band at 1041.56 cm-1 is a
characteristic for Si-O-Si stretching vibration is slightly displaced
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Fig. 2. FTIR spectra of (a) ZrO2-bentonite and (b) Ni/ZrO2-bentonite

in ZrO2-bentonite and Ni/ZrO2-bentonite samples with wider
absorption bands possibly due to the process of pillarization
and impregnation of Ni metal.

Fig. 2a shows the absorption bands at wavenumbers that
demonstrate the increasingly sharp site of Lewis acid (1635.64
cm-1) which indicates that after the pillarization with ZrO2, the
acidic properties were increasingly strong. One of the reasons
as to why this happened is caused by ZrO2, a transition metal
oxide in which Lewis acid properties are derived from zirconium
atoms [20]. The absorption band showing the Brønsted acid
site at 1442.75 cm-1 is less visible indicating the decrease of
Brønsted acid strength due to the dehydration in the calcination
process at 400 ºC. In Ni/ZrO2-bentonite sample (Fig. 2b), the
absorption band showing Brønsted acid site reappeared after
impregnation with Ni metal. The characterization results show
that the IR spectra could hardly give a clear indication of the
presence of zirconium oxide as a pillar within the interlayer
of bentonite [8].

Catalyst acidity test: The acidity test of ZrO2-bentonite,
and Ni/ZrO2-bentonite samples was performed by ammonia
absorption method. Determination of the number of acid sites
was done quantitatively by gravimetric technique using the
adsorption of ammonia base. The sample acidity (mmol NH3/
g) was determined using the following equation:

3 2

2 1

W W
Acidity (mmol/g) 1000

(W W ) M

−= ×
− ×

where M is the molecular mass of ammonia (17.007 g/mol).

[Ref. 7,14,15,17-19]
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The acidity values of ZrO2-bentonite and Ni/ZrO2-bento-
nite are found to be 4.340 and 7.105 mmol/g, respectively. Based
on the determination of acidity above, it appears that the process
of pillarization and impregnation had increased the number
of acid sites.

In order to find out the distribution of Lewis and Brønsted
acid sites on the surface of the catalyst, IR spectra can be useful.
Fig. 3 shows the changes that occured in absorption bands
with characteristic wavenumbers for Lewis acid sites and Brønsted
acid sites after the absorption of ammonia. The Brønsted acid
site is formed because of H+ cation which functions to balance
the negative charge of alumina silicate on bentonite [21]. Pillari-
zation significantly increased the acidity of the solids. Lewis′s
acidity ratio against Brønsted (L/B) is increased by  pillari-
zation which means that Lewis′s acidity distribution is greater
than Brønsted acidity [22].
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Fig. 3. FTIR spectra of (a) ZrO2-bentonite and (b) Ni/ZrO2-bentonite after
the absorption of ammonia

The Lewis acid site formed acts as a lone pair electrons
acceptor donated by N atoms from ammonia molecules. The
bonds that occured between Lewis acid sites and the ammonia
molecules were due to the joint use of lone pair electrons from
N atoms (covalent coordination bonds). The higher the number
of Lewis acid sites, the more ammonia molecules are bonded
that result in an increase in the acidity of catalyst.

The band at 1404.18 cm-1 showed that the Brønsted acid
site reappeared in ZrO2-bentonite sample after ammonia absor-
ption. Sharpening absorption bands at 1388.75 cm-1 after absor-
ption of ammonia in Ni/ZrO2-bentonite sample showed the
strength of Brønsted acid site. The presence of H+ cation in
bentonite will interact with NH3 gas adsorbed on the surface
of bentonite and forms ammonium ion (NH4

+).
Surface area and porosity analysis: Surface area, pore

diameter and pore volume measurements were determined by
BET surface area analyzer (SAA) instrument. Specific surface
area, pore diameter and pore volume of bentonite obtained in
the previous study were 27.385 m2/g, 10.16 Å and 0.139 cc/g,
respectively. This surface area experienced a significant increase
to 89.115 m2/g after bentonite was modified by pillarization
with ZrO2 (Table-3). Pillarization causes an increase spacing
between layers of silica due to the insertion process of active
metal components into the space between layers of silica in
bentonite. Pillarization also lead to the formation of house of
cards structure through the formation of new pores into micro-
pores, whilst the card structure caused the pore size to become
mesoporous [14]. Table-3 also shows an increase in the specific
surface area of ZrO2 pillared bentonite after impregnation with
nickel metal to 99.071 m2/g. This increase in surface area can
be attributed to the formation of new pores due to the accumu-
lation of nickel metal particles in open pores which also directly
cause a decrease in pore diameter and pore volume.

TABLE-3 
RESULT OF SURFACE AREA, PORE  

DIAMETER AND PORE VOLUME 

Sample Surface area 
(m2/g) 

Pore  
diameter (Å) 

Pore volume 
(cc/g) 

ZrO2-bentonite 89.115 49.77 0.222 
Ni/ZrO2-bentonite 99.071 20.29 0.100 

 
The isotherm adsorption-desorption pattern of N2 gas on

ZrO2-bentonite and Ni/ZrO2-bentonite samples is shown in Fig.
4. Based on the isotherm adsorption according to BDDT classifi-
cation, the isotherm patterns of both samples fall under type
IV, showing that the adsorption of solids and pore diameter
are greater than the micropore (the formation of mesoporous
solids) which is characterized by the hysteresis loop. The pattern
of isotherm adsorption-desorption of bentonite samples used
in this study also fall under type IV. The type IV isotherm patterns
have four types of hysteresis loop according to IUPAC. The
hysteresis loops of bentonite, ZrO2-bentonite and Ni/ZrO2-
bentonite, are H3 hysteresis loop type indicating the presence
of pores with a narrow slit structure [22].

TEM analysis: A morphological analysis showing changes
in the interlayers of bentonite, ZrO2-pillared bentonite and ZrO2-
bentonite embedded with 1 % Ni metal are shown in Fig. 5. The
parallel lines showing the layered structure of bentonite are
increasingly apparent after the pillarization stage with ZrO2

(Fig. 5b). This demonstrates that the successful insertion of
zirconium metal oxides as pillaring agents in the silica inter-
layers of bentonite. The same is also shown in the observation
of the specific surface area that increased significantly after
the bentonite pillarization stage as shown by the BET data.
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Fig. 5c shows the increasing number of black spots on the
surface of ZrO2 pillared bentonite which is thought to be the
accumulation of embedded Ni metals that consequentlyform
a new pores. Nickel metal exposure resulted in a increase in
the specific surface area of ZrO2 pillared bentonite (BET data),
and did not cause collapse and breakage of pillars on the bento-
nite cross-section as shown in the XRD where the typical peak
of d001 was still formed and a reflection shift occured at the
lower angle associated with increase of basal spacing d001.

Conclusion

There is a reflection shift of d001 at a low angle associated
with an increase of d001 as a result of intercalation and pillari-
zation processes. The Ni metal impregnation stage does not
cause the collapse of the pillar, displayed by the still-typical
peak d001 at the lower angle. The catalyst synthesis produced a
catalyst with increasing acid properties proven through the
acidity test involving absorption of ammonia. There is an increase
in the specific surface area, after bentonite pillarization and
nickel metal impregnation step.
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