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A simple solvent-free preparationmethod was used to synthesize sulphated zirconia catalyst with various amounts of nickel promoter. This research
investigated the effect of nickel addition to sulphated zirconia on the catalyst performance in esterification of acetic acid (a bio-oil model) with
n-butanol. The results show that the addition of nickel contributed to the increase of sulphur content that bonded with nickel, the increase of
thermal stability of the catalysts, and the formation of additional sulphate groups, and thus resulted in better catalytic performance compared
to sulphated zirconia without nickel. More nickel being added resulted in a significant increase of acetic acid conversion; with 0.05mol/mol nickel
amount, the conversion was 97.93 %. This result represents a dramatic increase of about 2 and 3 times compared to the conversions of non-nickel
sulphated zirconia catalyst and non-catalyst reactions, respectively.
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INTRODUCTION

During the past decade, the shortage of fossil fuels and
severity of environmental issues have led to a great interest
in exploring renewable energy resources to enhance

energy security and sustainability. As fossil fuels become
exhausted, the development and utilization of renewable energy
resources has attracted much attention.

Fast pyrolysis of biomass has been extensively investigated as a
method for biomass conversionwhich results in pyrolysis oil (also
known as bio-oil). However, bio-oil composition is very complex
and contains a large amount of oxygenated compounds such as
carboxylic acids, aldehydes, phenols, and ketones.[1] The high
acid content of bio-oil, about 0.13 g/g (in palm-shell pyrolysis
oil),[2] makes it highly acidic and corrosive,[3,4] which limits its
applications as a fossil fuel substitute. The acids in bio-oil are also
reactive and unstable at high temperatures, contributing to the
acceleration of bio-oil aging and a decline in properties.[5]

Consequently, upgrading processes to remove acids must be
performed.

Catalytic esterification is widely studied for conversion of acids
(i.e. formic acid, acetic acid, propionic acid) to their corresponding
esters. Conventionally, esters are obtained from esterification in
homogeneous conditions with liquid acid catalysts such as
sulphuric, p-toluene sulphonic, or phosphoric acids.[6] As reported
byWeerachanchai et al.,[2] using a sulphuric acid catalyst not only
can give high acid conversion to esters, but also reduces the
amount of active aldehydes in bio-oil. However, the use of these
liquid catalysts results in some safety, economic, and environ-
mental drawbacks such as toxicity, corrosivity, pollution, and
separation of products. Therefore, replacing those acids withmore
environmentally-friendly solid acid catalysts is strongly favoured.
Among strong acid catalysts, sulphated zirconia has attracted
much attention since it exhibits promising catalytic activity in
many reactions, such as hydrocarbon isomerization, methanol
conversion to hydrocarbons, alkylation, acylation, esterification,
etherification, condensation, nitration, and cyclization.[7] The
weakness of sulphated zirconia is that it suffers from deactivation

due to coke formation at high temperatures, but this can be
overcome by modifying it with various transition metals such as
platinum.[7]

In recent years, much work has been done on studying the
utilization of sulphated zirconia. However, so far, research using
metals (i.e., Fe-Mn, Ni, Pt, Cr, Co, Al) on sulphated zirconia has
only been applied in n-butane isomerization[8,9,10,11] and toluene
disproportionation to produce benzene and xylenes.[12] Mean-
while, there has been little research published in which the work
has used sulphated zirconia in bio-oil upgrading via esterification.
Xu et al.[13] proposed that sulphated zirconia (SO4

2-/ZrO2) showed
the best results compared to SO4

2-/TiO2and SO4
2-/SnO2 through

bio-oil reactive distillation by using ethanol. In addition, Tang
et al.[14] and Dang et al.[15] promoted SO4

2-/ZrO2 with precious
metals, Pd and Pt respectively, on SBA-15 support for upgrading
bio-oil in supercritical ethanol under hydrogen pressure.

To the best of our knowledge, using nickel, a non-precious
metal, over sulphated zirconia catalyst which is synthesized
with a simple solvent-free method for esterification has not been
investigated yet. This present work investigated the effect of
adding nickel to sulphated zirconia and its catalytic activity for
esterification of acetic acid with n-butanol. Acetic acid was
selected as a model of the real bio-oil, since carboxylic acids
contained in bio-oil typically include formic acid, acetic acid,
propanoic acid, and low molecular unsaturated organic acids.
Among them, formic and acetic acid account for about 80 % of
the total acid amount.[16] Esterification is typically an endo-
thermic reversible reaction. To drive the reaction forward,
water removal is essential. In order to remove water, n-butanol
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was used due to its higher boiling point compared to water,
since it would stay in the solution while water was evapo-
rated at reaction temperatures above its boiling point. Moreover,
n-butanol is obtainable from renewable sources through
fermentation processes.[17]

METHODOLOGY

Materials

The chemical materials, including acetic acid (CH3COOH, 99.8%,
QReC), n-butanol (C4H10OH, 99.5%, QReC, New Zealand),
zirconium oxychloride (ZrOCl2 � 8H2O, 99%, QReC), ammonium
sulphate ((NH4)2SO4, 99%,Univar,AjaxFinechem,NewZealand),
sodium hydroxide (NaOH, Univar, Ajax Finechem, New Zealand),
nickel nitrate hexahydrate (Ni(NO3)2.6H2O, 97 %QReC, New
Zealand), and phenolphthalein (LobaChemie, Mumbai) were
obtained from Roongsub Chemicals Company, Bangkok. All
chemicals were used as received without further purification.

Catalyst Preparation

Sulphated zirconia catalysts were prepared by a solvent-free
method previously described in Sun et al.[18] A 1:6 mole ratio of
ZrOCl2 � 8H2O and (NH4)2SO4was ground in a porcelainmortar for
20min at 30 8C (room temperature). Then it was placed in a
crucible at this temperature for 18 h and calcined for 5 h at 600 8C.
The synthesized catalyst is labelled SZ. This present work
modified the previous preparation by addition of nickel to the
SZ preparation. Amounts of 0.01, 0.03, and 0.05mol/mol of nickel
from Ni(NO3)2.6H2Owere ground in addition to the 1:6 mole ratio
of ZrOCl2 � 8H2O and (NH4)2SO4 mentioned above to synthesize
0.01, 0.03, and 0.05mol/mol nickel over sulphated zirconia
catalysts. These catalysts are called 1Ni-SZ, 3Ni-SZ, and 5Ni-SZ,
respectively, throughout this paper.

Catalyst Characterization

Nitrogen adsorption-desorption measurement

Nitrogen adsorption-desorption measurements were performed at
�195.8 8C on a Quantachrome Autosorb-1C/MS instrument using
a standard adsorption technique. Prior to measurement, the
samples were outgassed at 200 8C for 15 h.

Scanning electron microscopy (SEM)

Scanning electronmicrographswere obtained from a Philips XL 30
SEM with an energy dispersive X-ray of 13 kV and 10 000�
magnification. Prior to analysis, the sprinkled samples were
coated with carbon as a conducting material using an Edwards
Scancoat Six coating machine.

Transmission electron microscopy (TEM)

Transmission electron micrographs were recorded on a Hitachi
transmission electron microscope HT 7700 operated at an
accelerated voltage of 120 kV with 70 000�magnification. All
samples were first dispersed in alcohol and then a drop of the
liquid was deposited on a copper grid coated with a formvar-
carbon film.

X-ray fluorosence (XRF)

The chemical composition of the sampleswas determined using an
X-ray analytical microscope Horiba Scientific XGT-5200 with
1000mA current, XGT diameter of 10mm, 200 s of live time, and X-
ray tube voltage of 30 kV.

Infrared (IR) spectroscopy

The infrared spectra were recorded on a Tensor 27 Bruker FTIR
spectrometer. The samples were prepared as thin films on KBr salt
plates. The wave length used was 500–4000 cm�1 with a
resolution of 4 cm�1.

Thermogravimetric and derivative thermogravimetric
analysis (TGA and DTG)

Thermogravimetric and derivative thermogravimetric analysis
were carried outwith a simultaneousDSC-TGA analyzer SDT2960
Perkin Elmer instrument, in 100mL/min of air flow, up to 1000 8C
with a heating rate of 20 8C/min. The samples in the form of fine
powderwere placed in an alumina-covered crucible, and an empty
crucible was used as a reference.

Catalytic Esterification

The esterification of acetic acid with n-butanol was carried out in a
three-necked 250mL Pyrex flask equippedwith amagnetic stirrer,
a reflux condenser, and a water separator (Dean-Stark apparatus),
which was placed in a thermostatic oilbath. The reagent mixture
(n-butanol and acetic acid with a mole ratio of 2.4:1, which was
the optimummole ratio from our preliminary study)was heated to
115 8C while being stirred at 750 rpm. Once the desired temper-
ature was reached, the esterification reaction was started by
introducing the catalyst in the form of 0.01 g/g solution (this value
was fixed in this study as it exhibited the optimum condition for a
similar reaction[19]). These conditions were maintained for 1 h.
After the reaction was completed and the contents were cooled to
30 8C (room temperature), a 0.5mL sample was taken and
analyzed. The sodium hydroxide standard solution was used to
measure the acetic acid conversion quantitatively using titration.
Thus:

Acetic acid conversion ¼ 1� V
V0

� �
� 100% ð1Þ

where V and V0 are the volumes of standard sodium hydroxide
solution consumed in neutralizing of 0.5mL solution sample by
changing the phenolphthalein to pink in the esterification process,
and at the beginning of the reaction, respectively.

RESULTS AND DISCUSSION

Catalyst Characterization

Nitrogen adsorption-desorption measurement

According to the IUPAC classification, the typical type IV isotherm
is characteristic of mesopore structures.[20] The shape of the
isotherms in Figure 1 is typical of a type IV isotherm. The catalyst
with the lowest nickel content (1Ni-SZ) exhibited hysteresis H3, as
did that without the addition of nickel (SZ). Similar to SZ and 1Ni-
SZ, the catalysts with medium (3Ni-SZ) and high (5Ni-SZ) nickel
content also showed a H3 hysteresis loop. However, both of those
catalysts demonstrated a wider pore size distribution (1–30nm)
compared to that of SZ (4–30nm), indicating the existence of
microporosity,[20] and in the case of 5Ni-SZ, the microporosity can
be even more clearly observed (see inset to Figure 1d).
The BET surface area was reduced in the order of

SZ> 1Ni-SZ> 3Ni-SZ> 5Ni-SZ (Table 1). In comparison with
SZ, the declines of surface area were about 3, 9, and 20 times for
1Ni-SZ, 3Ni-SZ, and 5Ni-SZ, respectively. This result was also
confirmed by the reduction of support (ZrO2) composition that
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rose as the nickel content increased, indicating that the added
nickel was mainly located inside the mesoporous channel.[21]

Similar to the surface area trend, both the pore volume and the
pore diameterwere significantly reduced (Table 1). These could be
attributed to two possibilities: the decrease of distribution of
mesoporous sulphated zirconia in the catalysts due to the high
loading of the metal active component, and/or the blocking of
mesopores because of the incorporation of nickel particles.[22,23]

SEM

Figure 2 shows the surface morphology of the synthesized
catalysts. Without nickel addition, the surface of SZ catalyst
shows a clean and smooth surface with small and large
agglomerations on the support (Figure 2a). The addition of nickel
during SZ synthesis leads to cracking of the support. The more
nickel added in the preparation, the more cracking on the support

Figure 1. Adsorption-desorption isotherm and BJH pore distribution of catalysts: (a) SZ, (b) 1Ni-SZ, (c) 3Ni-SZ, (d) 5Ni-SZ.

VOLUME 94, JANUARY 2016 THE CANADIAN JOURNAL OF CHEMICAL ENGINEERING 83



was formed (Figures 2 b–d), as well as the more nickel filled the
pores. As a result, the pore diameter and the pore volume of
supports decreased with the increase of nickel addition.These
results were consistent with the physical properties obtained from
nitrogen adsorption-desorption measurements mentioned above.

TEM

TEM images of the SZ and 5Ni-SZ appear in Figure 3. The SZ
showed irregular shapes of nanosize particles which were highly
aggregated (Figure 3a). On the other hand, Figure 3b demonstrates
that with the 0.05mol/mol nickel addition, the 5Ni-SZ image
presented smaller sizes of particles (on average �10nm) and also
moderate agglomeration (in accordance with the SEM result).

XRF

XRF results confirmed that calcination at 600 8C caused some ion
sulphates to be decomposed to form SO3 (in agreement with TGA
result described below). Ion sulphate can be decomposed to SO3 at
high calcination temperatures.[24] Furthermore, the formed SO3

increasedwith the addition of nickel. Nickel bondswith sulphate. As
more nickelwas added,more sulphateswere bonded; as a result, the
formed SO3 increased with the increase of nickel content (Table 1).

IR-spectroscopy

The IR spectra of the sulphated zirconia catalysts containing
different amounts of nickel, and also without nickel, are shown in

Figure 4. All of the spectra possessed a broad peak at around
3450 cm�1, attributed to the vibration of hydroxyl groups.[25,26]

The other similar peaks are near 2370 cm�1, corresponding to
organic residue from the precursors,[26] and an intense peak near
1650 cm�1 due to the characteristic of non-dissociated water
molecules (dHOH).

[26] From previous work, it is known that the IR
bands of the sulphate groups are in the region of 900–
1200 cm�1.[27] This work demonstrated that, in addition to two
peaks at about 1250 cm�1 and 1160 cm�1 as observed for SZ, Ni-SZ
catalysts demonstrated two additional peaks of sulphate groups at
about 1060 cm�1 and 1010 cm�1. This implies that nickel addition
during preparation of sulphated zirconia possibly contributes to
the formation of more sulphate group bonds, as observed for 1Ni-
SZ, 3Ni-SZ, and 5Ni-SZ (in agreement with the TGA-DTG results
described below).
Furthermore, the effect of nickel amount can be seen in the IR

spectra. As the amount of nickel increased, the peaks became
narrower, which implies an increase in the sulphate amount. This
result suggests that a situation with nickel added to sulphated
zirconia catalyst is able to retain more sulphur than a situation
without nickel due to the addition of the structure of sulphate
groups in sulphated zirconia, which is consistent with the work of
Wang et al.[28] on using aluminawith sulphated zirconia. The next
peaks different from those of SZ were observed for Ni-SZ at
670 cm�1, which is characteristic of Ni-O stretching vibration
mode.[29] The other peaks obtained for all prepared catalysts were
at around 770 cm�1and 620 cm�1, and these correspond to the
characteristics of ZrO2.

[30]

TGA and DTG

The results of thermal analysis of the prepared catalysts are
presented in Figure 5. The highest mass loss is shown by the
catalyst with the highest nickel content (5Ni-SZ). The order of the

Figure 2. SEM images of prepared catalysts: (a) SZ, (b) 1Ni-SZ, (c) 3Ni-SZ,
(d) 5Ni-SZ.

Table 1. Physical properties of the prepared catalysts

Composition (g/100g, mass%)b

Catalyst BET surface area (m2/g) Pore volume (cm3/g) Pore diameter (nm)a NiO SO3 ZrO2

SZ 86.87 0.358 7.786 - 0.008 99.992
1Ni-SZ 29.06 0.202 7.770 1.714 0.036 98.249
3Ni-SZ 9.23 0.089 2.177 4.572 0.040 95.388
5Ni-SZ 4.34 0.023 2.182 8.576 0.043 91.381
aBased on BJH desorption method
bXRF results

Figure 3. TEM images of prepared catalysts (70 000�magnification): (a)
SZ, (b) 5Ni-SZ.
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decomposed amount of sulphate is SZ< 1Ni-SZ< 3Ni-SZ< 5Ni-SZ.
This suggests that the sulphur content of those catalysts is in the
same order.

Table 2 shows the mass losses during heating from 30–1000 8C
in airflow. The first regionwas due to the loss ofwater and also the
components of the precursors; this mass loss was continuous until
about 500 8C, but with a decreasing rate.[31,32,33] Srinivasan
et al.[34] and Sun et al.[18] also observed similar regions for
sulphated zirconia heated in air, occurring first between 100–
500 8C and then above 500 8C, the latter of which corresponds to
sulphate decomposition. Interestingly, in this work, besides the
second region, which showed an increase as the amount of nickel

rose, a third region with similar trends as those found in the
second region was also detected for Ni-SZ catalysts.

From the DTG curves (Figure 6), it can be seen that all catalysts
show similar peaks occurring around 100–500 8C. These first
peaks were due to water loss and the decomposition of the
precursors, as mentioned above when discussing the TGA
results.[32,33] These second peaks were observed at 710, 710,
730, and 740 8C for SZ, 1Ni-SZ, 3Ni-SZ, and 5Ni-SZ, respectively –

similar to results in the work of Jyothi et al.,[23] who observed the
decomposition of sulphate in sulphated zirconia at 700–750 8C.
These results indicated that the decomposition temperature
increased by increasing the nickel content as well as the mass
loss (in agreement with the TGA results).

Consistently with previous research,[35] the increase in sulphate
loading shifted peak maxima towards the high temperature
region. Moreover, in contrast to there being only one sulphate
decomposition peak, as observed for the SZ catalyst, Ni-SZ
catalysts demonstrated additional sulphate decomposition peaks
at 780, 820, and 840 8C for 1Ni-SZ, 3Ni-SZ, and 5Ni-SZ,
respectively, showing the presence of sulphate groups with
different thermal stability.[36] These results imply that the addition
of nickel might contribute to the rise of sulphur decomposition
temperature, as suggested by Srinivasan et al.[34] and Wang
et al.[28] that the effects of platinum and alumina on sulphated
zirconia catalyst were an increase of sulphur retention, and thus
the density of acid sites.

Catalytic Esterification

The effect of nickel addition to sulphated zirconia catalytic activity
in esterification of acetic acid with n-butanol is shown in Figure 7.
It shows the conversion obtained from different nickel content
catalysts. For comparison, the conversion of SZ in the absence of
nickel and for the esterification reaction without catalyst are also
presented.

The acetic acid conversions after esterification at 115 8C for 1 h
with a mole ratio of n-butanol to acetic acid of 2.4:1 and with
catalyst loading of 0.01 g/g mixed solution were 72.52%,
74.94%, 95.58%, and 97.93% for SZ, 1Ni-SZ, 3Ni-SZ, and
5Ni-SZ, respectively. For comparison, without catalyst, the
conversion obtained was only 31.33%; it increased by more
than twice when using SZ. Furthermore, the addition of a small
amount of nickel in sulphated zirconia preparation (1Ni-SZ) only
slightly increased the conversion compared to SZ, indicating that
adding a small amount of nickel has little effect on the catalytic
activity of sulphated zirconia under these conditions. However, as
more nickel was added, the conversion dramatically increased to
about 3 times higher than the results without catalyst (as observed
for 5Ni-SZ).

As esterification is an acid-catalyzed reaction, the rise of
conversion with the increase of nickel is possibly due to the
increase of sulphur content that bondedwith nickel (supported by
TGA-DTG and XRF results), the increase of thermal stability of Ni-

Figure 4. IR spectra of prepared catalysts: (a) SZ, (b) 1Ni-SZ, (c) 3Ni-SZ,
(d) 5Ni-SZ.

Figure 5. TGA curves of prepared catalysts: (a) SZ, (b) 1Ni-SZ, (c) 3Ni-SZ,
(d) 5Ni-SZ.

Table 2. Mass loss of the prepared catalysts as resulted from TGA curves

SZ 1Ni-SZ 3Ni-SZ 5Ni-SZ

Range (8C) mass% loss Range (8C) mass% loss Range (8C) mass% loss Range (8C) mass% loss

Region-1 60–500 6.33 100–500 7.30 100–500 8.30 100–500 7.37
Region-2 570–750 14.95 560–760 16.25 570–760 18.85 590–780 20.18
Region-3 - - 760–810 1.44 760–900 8.10 780–900 10.09
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SZ catalysts, and the formation of more sulphate groups compared
to those of SZ (supported by FTIR results). Yamaguchi[27] reported
that the IR bands of the sulphate groups in the region of 900–1200
cm�1 exhibited high catalytic activity. Moreover, nickel incorpo-
ration also resulted in the formation of additional acid sites on the
ZrO2 support.

[22] In addition, Adeeva et al.[37] suggested that the
extraordinary activity of metal-modified sulphated ZrO2 is likely
due to a good stabilization of the surface intermediates. As the
result, the Ni-SZ catalysts prepared in this work exhibited better
catalytic performances than that of SZ catalyst.

The catalyst prepared in this work (5Ni-SZ) showed results
comparable to those of previous research on esterification of acetic
acid and n-butanol. Results for various catalysts are presented in
Table 3.

Catalyst Stability

Many solid acid catalysts lose their catalytic activities in water-
containing solutions due to severe poisoning of the acid sites by
water.[43] To investigate the stability of the prepared catalyst, the
used 5Ni-SZ (which showed the highest catalytic activity in the
present study) from the first cycle of the reactionwas separated via
decantation, vaporized to remove the liquid, and dried at 120 8C
for 1h before being reused in the next run under the same reaction
conditions. The results obtained are presented in Figure 8.
From these results, it can be concluded that the 5Ni-SZ showed

high stability for the first 3 cycles with the acid conversion of
both the 2nd and 3rd cycles being close to that of the 1st cycle
(fresh 5Ni-SZ); the values obtained were 97.75% and 96.81% for
the 2nd and 3rd cycles, respectively. Unfortunately, the con-
version decreased to 90.81% by the 4th cycle, and in the 5th was
reduced by about 20% with respect to the fresh one. However,
even this result was about 5% greater than the conversion
obtained with fresh 1Ni-SZ.

CONCLUSIONS

A simple solvent-free preparation method was applied to
synthesize sulphated zirconia catalysts with a nickel promoter.
The addition of nickel increased the sulphur content that bonded
with nickel, the thermal stability of Ni-SZ catalysts, and the
number of sulphate groups compared to SZ. The nickel addition
resulted in better catalytic performance compared to sulphated
zirconia without nickel. More nickel being added resulted in a
significant increase in acetic acid conversion. The catalytic activity
of prepared catalysts for esterification of acetic acid and n-butanol
under the present conditions decreases in the following order: 5Ni-

Figure 6. DTG curves of prepared catalysts: (a) SZ, (b) 1Ni-SZ, (c) 3Ni-SZ, (d) 5Ni-SZ.

Figure 7. Catalytic activity of prepared catalysts. Reaction conditions:
115 8C for 1hwith amole ratio of n-butanol to acetic acid of 2.4:1 andwith
catalyst loading of 0.01g/g mixed solution.
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SZ> 3Ni-SZ> 1Ni-SZ> SZ. The 5Ni-SZ catalyst also showed high
stability under repeated use for three cycles under the present
study conditions.
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97.93

Figure 8. Reusability of prepared catalysts. Reaction conditions: 115 8C for
1 h with a mole ratio of n-butanol to acetic acid of 2.4:1 and with catalyst
loading of 0.01g/g mixed solution.
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