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ABSTRACT: In this preliminary research, the catalytic activity of isopropyl alcohol
conversion to diisopropyl ether through dehydration reaction catalyzed by zeolite-Ni
and zeolite-Ni(H2PO4)2 was comparatively described. The natural zeolite was
treated with 1% HF and 6 N HCl prior to modifications using the impregnation
method. Isopropyl alcohol conversion was examined at a mild temperature of 150
°C for 3.5 h on the reflux system with various catalyst loadings. X-ray diffraction and
Fourier transform infrared analysis confirmed the successful impregnation of nickel
and nickel phosphate into the zeolite. Scanning electron microscopy analysis
revealed a cubic-like structure on zeolite-Ni(H2PO4)2, whereas homogenously
distributed nickel species were observed on the zeolite-Ni catalyst. Energy-dispersive X-ray spectroscopy analysis reinforced the
accomplishment of zeolite modifications. The N2 physisorption isotherms showed a decline in the surface area and total pore volume
of the zeolite because of the blocking of pores. The zeolite-Ni(H2PO4)2 catalyst had higher acidity than unmodified zeolite and
zeolite-Ni catalysts, which inherently suggested that the presence of phosphate groups results in higher catalytic activity toward
isopropyl alcohol. The highest catalytic activity was attained by 8 mEq/g metal loading zeolite-Ni(H2PO4)2 with isopropyl alcohol
conversion of 81.51%, diisopropyl ether yield, and selectivity of 40.77 and 33.16%. The reusability study suggested that the zeolite-
Ni(H2PO4)2 catalyst was still active and had sufficient catalytic activity stability toward isopropyl alcohol after the third cycle was
reused. This nickel phosphate-based modified zeolite was adequately potential for diisopropyl ether production through isopropyl
alcohol dehydration.

■ INTRODUCTION
Nowadays, there has been a pronounced motivation to
improve the combustion efficiency of gasoline pools as this
condition is related to the accumulation of pollutants emitted
during the combustion process.1 Recently, oxygenate com-
pounds such as ethyl tert-butyl ether (ETBE), methyl tertiary
butyl ether (MTBE), tertiary amyl methyl ether (TAME), and
diisopropyl ether (DIPE) have been employed as gasoline
additives because they can enhance the cleaner combustion
process.2 This ether-based fuel additive diminishes hazardous
emissions such as NOx, COx, and HCx and also increases the
octane number of fuel that offers a sustainable fuel additive
than other ethanol-based ones.3 However, the toxic and high
soluble water properties of MTBE are crucial drawbacks,
preventing this fuel additive from being continuously used
because it contaminates soil groundwater,4 whereas ETBE and
TAME are likely economically feasible,5 but their inadequate
stock can cause considerable problems. Among the available
options, DIPE appears to be a viable alternative as a gasoline
additive because it leads to cleaner production with a
nonpolluting chemical.3,6 In addition to improving the octane
number of gasoline, DIPE has better compatibility with high
oxygen content, resulting in better combustion conditions.7,8

Moreover, adequate blending properties and its lower
solubility in water make DIPE a reasonably efficient substitute
compared with other gasoline additives.9 Some studies have
reported that DIPE could minimize the knocking in the
combustion of HCCI,10 while the test of engines containing
DIPE and gasoline blend has confirmed the viability of DIPE.11

Currently, DIPE can be produced through the dehydration
of alcohol using a heterogeneous catalyst. In this context, a
wide type of catalysts such as iron and alumina,7 Ni−Cu−Cr-
and Ni−Cu-loaded H-β-zeolite,9 carbon acid,12 Pt-promoted
CuO/TiO2-ZrO2,

13 Ru- and Pd-supported N-doped carbon
nanotubes,14 crystalline heteropolyacids,15 Al2O3−TiO2,

16

SiO2−ZrO2,
17 Ni-W sulfides,18 and (WO3)n and (MoO3)n

19

have been extensively employed, which show various catalytic
activities. Presently, natural alumina silicate-based catalysts
such as zeolites and clays are promisingly auspicious because
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they are economically favorable, abundantly available, and have
adequate catalytic active sites, which have catalyzed various
reactions. Zeolites are readily preferred over other acid
catalysts because of their wide pore size distribution, thermal
stability, and selectivity on the desired product.9 Various
zeolite-based catalysts, including ZSM-5, SAPO-34, mordenite,
AlPO-4, and clinoptilolite, have been revealed to be active in
the alcohol-involved dehydration reaction.20 However, the
product selectivity to DIPE may be hampered by the formation
of undesired byproducts or deactivation of the catalyst’s active
site due to the presence of water. This condition can be
overcome by modifying the pore structure and acidity of the
zeolite.21,22

Lately, modifications of zeolite have been thoroughly
explored to enhance their properties with high conversion,
desired selectivity, and yield, and in a particular process.
Transition metal phosphates (MP) are currently attracting
significant attention because of their simple preparation,
excellent activity, and superior stability.23 Various MP
materials, such as nickel, cobalt, boron, and manganese
phosphates, have been developed and are widely used in
broad applications.24−28 MP with tunable acid characteristics
have been employed as catalysts for dehydration reactions
because of their diverse structures and compositions.29 MP
with relatively strong P−O covalent bonds have proved to be
chemically stable, and the MP framework structure allows the
transition MP to provide abundant active sites and good
conductivity.30,31 In addition, materials that are nontoxic,
naturally abundant, and have vast potential also make MP
receive prominent attention.32,33 In particular, nickel phos-
phate is a noteworthy chemical in inorganic chemistry that has
been employed in various applications, including super-
capacitors, photocatalysts, energy conversion, sensors, lithium
batteries, and electrocatalytic reactions.34−37 Nickel phosphate
has several benefits, including high efficiency, outstanding
environmental compatibility, a stable bifunctional catalyst, and
a low cost.38 Specifically, Ni significantly impacts electro-
chemical performance, while P influences the formation of a
stable structure.39 Hence, by combining natural zeolite with
nickel phosphate could potentially enhance the catalytic
activity toward isopropyl alcohol conversion by providing a
synergetic active site that promotes high production and
selectivity on DIPE. According to the literature review, until
now, the modification of natural zeolite using nickel phosphate
has not been reported previously, and its applicability for
isopropyl alcohol conversion and DIPE production is limited.

In this present work, the natural zeolite was modified using
nickel phosphate using a simple impregnation method. The
effect of metal loading of zeolite−nickel phosphate on
isopropyl alcohol conversion, DIPE yield, and selectivity will
be evaluated. The catalytic activity of zeolite−nickel phosphate
would be compared with the zeolite−nickel catalyst. The as-
synthesis catalyst would be assessed using X-ray diffraction
(XRD), Fourier transform infrared (FTIR), scanning electron
microscopy−energy-dispersive X-ray spectroscopy (SEM−
EDX), and N2 physisorption. The acidity of the catalyst will
be examined using the gravimetric method and FTIR-pyridine.
The products of isopropyl alcohol dehydration would be
analyzed using gas chromatography−mass spectrometry (GC−
MS).

■ RESULTS AND DISCUSSION
Characterization of the Catalyst. In this present study,

unmodified zeolite, zeolite-Ni, and zeolite-Ni(H2PO4)2 were
characterized using XRD, FTIR, SEM−EDX, N2 physisorption,
and acidity of catalysts. Figure 1 depicts XRD diffractograms of

catalysts. It can be noticed that the diffraction peaks located at
2θ of 6.37°, 9.75°, 13.45°, 19.61°, 22.26°, 23.49°, 25.60°,
26.16°, 27.56°, and 29.77° in Figure 1a were ascribed as a type
of the zeolite structure.40 These typical peaks could be
attributed to the mixture of clinoptilolite (JCPDS card 71-
1425) as well as mordenite (JCPDS card 6-239) phases.41,42

Yan et al.43 and Wibowo et al.44 also observed many mineral
phases when preparing natural zeolite obtained from different
districts. Subsequently, sharp peaks were spotted in the
diffractograms, indicating that a crystalline phase catalyst had
been acquired.45 As presented in Figure 1b, a prominent peak
at 2θ of 36.12°, 43.24°, 62.77°, 76.43°, and 78.12° appeared,
which corresponded to the nickel oxide phase (JPCDS card
47-1049).46 A distinguished diffractogram pattern of zeolite
after being impregnated with nickel was also reported by Peron
et al.47 Moreover, the absence of the nickel oxide phase shown
in Figure 1c indicated the new phase, that is, the Ni(H2PO4)2
phase. This condition was confirmed as a new diffraction peak
revealed at 2θ of 12.25°, 16.41°, 18.88°, 20°, 22.64°, 26.22°,
30.87°, and 33.12°, which corresponded to the nickel
phosphate phase (JCPDS card 46-1388).48 These peaks were
relatively difficult to observe, presumably due to the highly
dispersed Ni(H2PO4)2 on the zeolite surface or the pore
surface.49,50 As presented in Figure 1, the main diffractogram
of zeolite mineral remained unchanged after modifications,
indicating that impregnation did not alter the crystalline zeolite
structure.47

The morphological surface of catalysts at a magnification of
10,000 times is presented in Figure 2. The unmodified zeolite
catalyst, as shown in Figure 2a, had a bulky structure with
irregular plates. This appearance was consistently reported by
Gea et al.51 when preparing Sarulla natural zeolite and
activated by acids. Another study also reported that natural
zeolite had a granular structure.52 Subsequently, Figure 2b
shows that there was a relative change in the morphological
surface of zeolite-Ni compared with unmodified zeolite. It was
revealed that the nickel was dispersed toward the zeolite

Figure 1. XRD diffractograms of (a) zeolite, (b) zeolite-Ni, (c)
zeolite-Ni(H2PO4)2.
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surface, which suggested that the nickel had been successfully
impregnated. A similar finding was reported by Azzolina-Jury
et al.53 when preparing as-synthesized USY/Ni and ZSM-11/
Ni zeolites. Upasen et al.46 corroborated that the tiny particles
were attributed to the nickel-based dispersion on the surface of
the zeolite. Furthermore, as presented in Figure 2c, the
morphological surface of zeolite-Ni(H2PO4)2 showed distin-
guishable morphologies from the zeolite−nickel, presumably
due to the effect of phosphate species.

Chemical compositions of zeolite and modified zeolite
analyzed by EDX are shown in Table 1. It can be seen that

zeolite mainly contains oxygen, silica, and aluminum as a major
constituent of the zeolite framework. A similar finding was
coherently reported by Wibowo et al.44 when preparing the
natural zeolite from Suka Bumi, West Java. Because the as-
prepared zeolite was collected from nature, 3.01% of impurities
such as alkali and transition metals were reasonably detected.
Low metal impurities were present on the zeolite, which was
due to the activation by acid prior to modification.54

Furthermore, 15.88% of carbon was detected in zeolite, and
this condition was also reported by Gea et al.51 which reported
that Sarulla natural zeolite had a considerable amount of
carbon (20.27−23.25%). According to Table 1, there was an
increase in the nickel content up to 10.59%, which indicated
that nickel had been successfully impregnated on the zeolite. A
similar circumstance was also reported by Permata et al.55

which showed that the nickel constituent was presented after
introducing the nickel to the zeolite, as confirmed by EDX
analysis. Moreover, the coexistence of 4.05% of nickel, 20.68%
of phosphate, and 68.07% of oxygen presumably corresponded
to the presence of nickel phosphate.37 Table 1 also shows that
the Si/Al ratio relatively remains unchanged, indicating that
the zeolite structure was sustained during modifications.50 The
EDX analysis was consistent with XRD and SEM analyses, as
previously described.

The functional groups of zeolite-Ni and zeolite-Ni(H2PO4)2
are presented in Figure 3. The zeolite-Ni (Figure 3a) exhibited

peaks at 3620 cm−1, which were attributed to the stretching
vibration of isolated OH groups from water that interacted
with cations.56 The bending vibration of H−O−H water or
Si−OH molecules was also observed at 1670 cm−1.57 The
bands at 1076−1211 cm−1 corresponded to the asymmetric
strain vibrations of silicon−oxygen bonds (SiO4) as well as
aluminum−oxygen (AlO4) in a tetrahedral network.44

Subsequently, low intense bands at 457 and 794 cm−1 were
associated with the symmetrical strain vibrations of the O−Al−
O and Si−O−Si bridge bonds.58 On the other hand, the
bending vibrations of Ni−O and Ni−O−H were observed at
453 and 558 cm−1, respectively.24,36 These typical zeolite-Ni
peaks, that is, zeolite frameworks and nickel functional groups,
also appeared on the zeolite-Ni(H2PO4)2 catalyst (Figure 3b)
with a slight shift due to the interaction of hydrogen phosphate
ions. As can be seen in Figure 3b, the apparent new peaks were
clearly observed at 2335 cm−1, corresponding to the (P)−OH
group vibration.59 Furthermore, the peak at 763 cm−1 was
attributed to the vibration deformation of the P−O−P
group,39,60 whereas the peaks at 921, 983, and 1436 cm−1

were assigned to the asymmetric bending vibrations of
phosphate ions.24,31 According to these results, the mod-
ification of zeolite using nickel and nickel phosphate was
successfully accomplished.

Figure 4a shows the acidity value of natural zeolite, zeolite-
Ni, and zeolite-Ni(H2PO4)2 with various metal loadings
calculated using the gravimetric method with pyridine as a
probe. As shown in Figure 4a, natural zeolite had the lowest
acid value (0.431 mmol of pyridine/g), whereas zeolite−nickel

Figure 2. SEM micrographs of (a) zeolite, (b) zeolite-Ni, (c) zeolite-Ni(H2PO4)2.

Table 1. Chemical Compositions of the Catalyst Analyzed
by EDX

elements

atomic (%)

zeolite zeolite-Ni zeolite-Ni(H2PO4)2
O 55.16 60.24 68.07
Si 20.98 22.44 5.45
Al 4.97 4.24 1.1
Ni 10.59 4.05
P 20.68
C 15.88
impurities 3.01 2.49 0.65

Figure 3. FTIR results of (a) zeolite-Ni and (b) zeolite-Ni(H2PO4)2.
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contributed an acid value higher than that of natural zeolite
(0.54 mmol of pyridine/g) because of weak acid sites of the
aluminosilicate matrix61 and impregnated nickel.55 After
modifications using nickel phosphate, at 2 mEq/g of metal
loading, the acidity of zeolite−nickel increased up to 0.79
mmol of pyridine/g. This condition indicated that the presence
of phosphate groups and their synergetic effect on metal, that
is, nickel, presumably promoted the increase in acidity strongly

by introducing a new active site.59 Furthermore, a prolonged
metal loading to 8 mEq/g dramatically increases the acidity of
the catalyst up to 1.27 mmol of pyridine/g. This condition was
presumably associated with more acid sites presented in the
zeolite-Ni(H2PO4)2 catalyst.62 However, higher metal loading
(10 mEq/g) decreased the acidity of the catalyst to 1.106
mmol of pyridine/g, which might be due to the agglomeration
of nickel phosphate on zeolite. A similar condition was

Figure 4. (a) Acidity analysis of natural zeolite, zeolite-Ni, and zeolite-Ni(H2PO4)2 catalysts at various metal loadings. (b) FTIR spectra before and
after pyridine was adsorbed.

Figure 5. N2 adsorption−desorption isotherms of (a) zeolite, (b) zeolite-Ni, and (c) zeolite-Ni(H2PO4)2 catalysts.
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reported by Susi et al.63 when preparing zeolite loaded with
nickel. The agglomeration made the acidity unevenly
distributed; as a consequence, the adsorption of pyridine by
the catalyst’s active site was ineffective. Some studies have
reported that agglomeration could reduce the catalyst acid sites
as well.2,64

The FTIR spectra of zeolite-Ni(H2PO4)2 before and after
pyridine was adsorbed is presented in Figure 4b. Timofeeva et
al.65 stated that the evaluation of adsorbed bases through a
spectroscopic study could be discerned between the Lewis and
Brønsted acid sites. It can be seen that the intensity of both
bands shown in Figure 4b increased after the catalyst adsorbed
the pyridine molecule. The band at 1650 cm−1 was attributed
to the representative of pyridinium ions, which demonstrated
the existence of Brønsted active sites from P(OH) groups,59

whereas at 1430 cm−1, it was noticed due to the molecule of
pyridine adsorbed to the Lewis acid sites.66,67 These active
sites inherently affect the dehydration process.68

The N2 physisorption isotherms of natural zeolite, zeolite-
Ni, and zeolite-Ni(H2PO4)2 are shown in Figure 5. As can be
seen in Figure 5, the zeolite and both modified zeolites had
relatively similar N2 adsorption−desorption isotherms which
indicated that the structure zeolite was not altered by the
modification of nickel and nickel phosphate.69 Based on the
IUPAC classification, those isotherms corresponded to type II
isotherms. A similar finding was also reported by other studies
when preparing natural zeolite.57 The demonstration of a
broad curve was observable, extending up to prolonged relative
pressures, which was attributed to the typical wide
mesoporosity and microporosity.70 These isotherms had a
hysteresis loop of the H4 type, which indicated the existence of
the mesopore structure.71 These hysteresis loops were
frequently attributed to the narrow slitlike pores as well as
particles with irregularly shaped internal cavities.72 Regardless
of the physisorption curve of all catalysts comparatively being
the same, the relative alteration of the hysteresis loop of
catalysts was presumably due to the effect of modification with
changed pore content.73

The textural properties of natural and modified zeolite are
elaborated in Table 2. According to Table 2, natural zeolite
had a high surface area of 149.42 m2/g, which significantly
decreased up to 56.11 and 68.58% after being impregnated
with nickel and nickel phosphate species, respectively. The
decrease in the zeolite surface area after being modified has
been consistently reported in other studies.46,53,57,74,75 This
condition may be due to pore channel blocking of zeolite by
nickel and nickel phosphate species.76 The surface area of
zeolite-Ni is 65.57 m2/g, which is higher than that of zeolite-
Ni(H2PO4)2, which only had a surface area of 46.95 m2/g.
Because the aggregate of nickel phosphate species was
sufficiently bulk than nickel, this may lead the pores in or in
the middle or center of the channel zeolite to be effectively
blocked, thus leading zeolite-Ni(H2PO4)2 to generate a low
surface area than zeolite-Ni. This condition was also linear,
with an increased average pore size of the modified zeolite,
whereby the zeolite-Ni(H2PO4)2 was higher than zeolite-Ni.

Moreover, as can be seen in Table 2, the total pore volume of
parent zeolite also decreased after being modified, which was
consistent with previous reports.61,75 Furthermore, the micro-
pore and external surface of parent zeolite were decreased after
being modified, and this indicated that the nickel and nickel
phosphate species were mostly located at both the micropore
and external surface of the zeolite.49

Conversion of Isopropyl Alcohol. In this present study,
0.5 g of natural zeolite, zeolite-Ni, and zeolite-Ni(H2PO4)2
were employed to catalyze the conversion of isopropyl alcohol
(50 mL) under a reflux system at a mild reaction temperature
of 150 °C for 3.5 h. The selectivity and yield of DIPE were also
evaluated with various metal loadings of catalysts. Figure 6

shows the catalytic activity of natural zeolite, zeolite-Ni, and
zeolite-Ni(H2PO4)2 toward isopropyl alcohol conversion,
DIPE yield, and selectivity, respectively, at various catalyst
metal loadings. As shown in Figure 6, natural zeolite generated
20.2% toward isopropyl alcohol conversion and increased to
30.57% when using a zeolite-Ni catalyst. Natural zeolite only
had a low acidic site derived from zeolite’s aluminosilicate
matrix. This increase in isopropyl alcohol conversion was
presumably due to the increase in the acidic site of the catalyst,
which originated from Ni as a Lewis acid site.77 The Ni species
on natural zeolite promotes the catalytic activity toward
isopropyl alcohol conversion. Furthermore, by employing 2
mEq/g of zeolite-Ni(H2PO4)2, the isopropyl alcohol con-
version was increased 34.93%. The isopropyl alcohol
conversion tended to increase up to 39.76% when the catalyst
loading of 4 mEq/g zeolite-Ni(H2PO4)2 was employed. The
increase of isopropyl alcohol conversion by Ni(H2PO4)2
suggested that the addition of phosphate ions into the catalyst
affects the conversion due to high acidic active sites. Bedia et
al.12 stated that high acidic sites can be attributed to the high
isopropyl alcohol conversion. Moreover, a prolonged catalyst
loading above 4 mEq/g had an insignificant impact on the

Table 2. Textural Properties of Natural and Modified Zeolite

catalyst surface area (m2/g) micropore area (m2/g) external surface area (m2/g) total pore volume (cc/g) average pore size (nm)

zeolite 149.42 115.78 33.64 0.11 1.42
zeolite-Ni 65.57 46.74 18.83 0.06 1.90
zeolite-Ni(H2PO4)2 46.95 33.03 13.92 0.05 2.27

Figure 6. Catalytic activity of natural zeolite, zeolite-Ni, and zeolite-
Ni(H2PO4)2 at various metal loadings.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c04647
ACS Omega 2022, 7, 38923−38932

38927

https://pubs.acs.org/doi/10.1021/acsomega.2c04647?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04647?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04647?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04647?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04647?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


isopropyl alcohol conversion, whereby the conversion likely
tended to achieve equilibrium with a relatively constant
isopropyl alcohol conversion ranging from 40.77−41.5%.

With regard to the DIPE yield, only 1.21 and 2.48% were
achieved by a natural zeolite and zeolite-Ni catalyst,
respectively. Surprisingly, a remarkable increase in DIPE yields
up to 48.22% was noticed when employing zeolite-Ni-
(H2PO4)2 with 2 mEq/g catalyst loading. A similar condition
was reported by Yaripour et al.78 which showed that the
phosphorous alumina catalyst showed higher catalytic activity
compared with unmodified alumina. Moreover, a prolonged
zeolite-Ni(H2PO4)2 metal loading increased the DIPE yield up
to 81.51% at 8 mEq/g catalyst loading and a slightly decreased
DIPE yield (78.58%) at 10 mEq/g catalyst loading. This trend
was consistent with the catalyst acidity results and suggested
that the catalytic activity behavior was robustly correlated to
the acidic active sites. Armenta et al.7 stated that the acidic site
on the catalyst provided enormous hydrogen ions, which
interact with isopropyl alcohol to a generate high DIPE
product. Isopropyl alcohol catalyzed by the Brønsted acid site
was likely a typical acid−base reaction, which started with the
formation of a protonated alcohol group and was followed by
the attack of the nucleophile on the carbon atom and then
replacing water molecules. The final DIPE product was
generated through the deprotonation process. The catalyzing
process of the dehydration reaction through Lewis acid was
also favorable but required higher energy activation.7

Regarding the selectivity of DIPE, as shown in Figure 6,
natural zeolite and zeolite-Ni had a low DIPE selectivity, which
was only 0.05 and 0.16%, respectively. As the same trend with
isopropyl alcohol conversion and DIPE yield, the DIPE
selectivity remarkably enhanced to 16.68% after employing
the zeolite-Ni(H2PO4)2 2 mEq/g metal loading catalyst. The
highest DIPE selectivity was achieved by 8 mEq/g metal
loading zeolite-Ni(H2PO4)2 with 32.75% DIPE selectivity.
More than 8 mEq/g metal loading generated a relatively
constant DIPE selectivity, which was presumably due to the
saturation of the catalyst’s active site. This high selectivity
toward DIPE was presumably derived from the synergetic
Brønsted and Lewis acid sites derived from Ni−O−P
centers.79 Limlamthong et al.80 reported that the introduction
of the phosphorous species into alumina noticeably enhances
the selectivity of diethyl ether. Some study reported that high
DIPE selectivity might be correlated to the decrease in
catalyst’s surface area and type of pores;13,22 however, despite
the fact that this study also revealed the same, it was
considered that acidity was a dominant factor over the surface
area regarding DIPE selectivity. This proposed condition was
also reported by Ni et al.59 when employing zirconium
phosphate for sorbitol and fructose dehydration, as well as by
Armenta et al.7 while using the supported iron oxide catalyst
for 2-propanol dehydration. Turek et al.15 reported that γ-
Al2O3 and ZrO2 catalysts produced 8.6 and 0% toward
diisopropyl ether selectivity, respectively, whereas heteropoly
acids with various molar ratios produced 24−33.2%, under the
temperature reaction of 206.85 °C. Min et al.17 generated 5−
13% of DIPE when employing SiO2−ZrO2 catalysts at 180−
210 °C. Rekoske and Barteau81 reported that high DIPE
selectivity up to 100% was achieved using the TiO2 catalyst at a
temperature of 175 °C, but the isopropyl alcohol conversion
was only 6%.81 According to Figure 6, the catalytic activity of
zeolite-Ni(H2PO4)2 on isopropyl alcohol dehydration was
relatively comparable with other catalysts. Despite the fact that

the zeolite-Ni(H2PO4)2 catalyst exhibited relatively high
isopropyl conversion, further optimization of the dehydration
process, such as temperature, reaction time, and other
parameters, is necessary to be explored in order to get
optimum results.

The reusability study of 8 mEq/g zeolite-Ni(H2PO4)2
catalyst was performed to see their stability toward isopropyl
alcohol dehydration. This catalyst was employed because it
exhibited the highest catalytic activity toward isopropyl alcohol
dehydration. Figure 7 represents the catalyst reusability

performance at three consecutive runs. It can be seen that in
the first cycle, isopropyl alcohol conversion decreased to
39.21%, whereas the DIPE yield and selectivity also decreased
to 79.32 and 21.96%, respectively, which implied that there
was a decrease in the catalytic performance to 2.79% on the
isopropyl alcohol conversion, 3.82 and 3.61% on the DIPE
yield and selectivity, respectively. Furthermore, the catalytic
performance toward isopropyl alcohol dehydration gradually
decreased in three consecutive runs. This issue was most likely
caused by the leaching of the catalyst’s active site during the
regeneration process.82 The reusability study suggested that
the zeolite-Ni(H2PO4)2 catalyst was still active and had
adequate catalytic activity stability toward isopropyl alcohol
after the third cycle was reused.

■ CONCLUSIONS
In this study, the modification of natural zeolite using nickel
and nickel phosphate using the impregnation method was
successfully accomplished, and the resulting catalyst enhanced
the catalyst acidity and showed adequate catalytic activity in
the conversion of isopropyl alcohol. The zeolite-Ni(H2PO4)2
had a cubic-like structure with higher acidity compared with
zeolite-Ni. This high catalyst acidity with the existence of
Brønsted and Lewis acid sites derived from nickel phosphate
species was considered to significantly affect the catalytic
activity toward isopropyl alcohol conversion. The study
revealed that the highest catalytic activity toward isopropyl
alcohol dehydration was achieved by the catalyst loading of 8
mEq/g zeolite-Ni(H2PO4)2 with isopropyl alcohol conversion
of 40.77%, diisopropyl ether yield, and selectivity of 81.51 and
33.16%. The reusability study suggested that the zeolite-
Ni(H2PO4)2 catalyst was still active and had sufficient catalytic
activity stability toward isopropyl alcohol after the third cycle
reused. This study suggested that the zeolite-Ni(H2PO4)2 had

Figure 7. Reusability of the zeolite-Ni(H2PO4)2 catalyst.
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adequate performance and potential as an acceptable choice
for upscale isopropyl alcohol conversion. Further optimization
conversion study was necessary to improve the output process.

■ MATERIALS AND METHODS
Preparation of Zeolite. A bulky natural zeolite (Bayan,

West Java) was sieved up to 200-mesh and dried in an oven at
120 °C for 3 h. The zeolite was activated prior to modification
using 1% HF solution by stirring for 1 h and subsequently
washed with distilled water. Afterward, the zeolite was
saturated with 6 N HCl for 4 h. The zeolite was filtered and
washed using distilled water until the pH gradually reached
neutral. Lastly, the zeolite was dried in the oven at 120 °C for
12 h.
Modification of Zeolite. The zeolite modification was

conducted using the impregnation method. Briefly, 0.1 M
Ni(NO3)2·6H2O solution as the Ni2+ precursor, with different
metal loadings of 2, 4, 6, 8, and 10 mEq/g, was mixed with 1 M
NH4H2PO4 solution and 5 g of activated zeolite. The mixture
was stirred for 24 h at room temperature. Afterward, while
stirring, the temperature gradually increased up to 80 °C until
the paste formed and dried in the oven at 105 °C. The powder
was later calcined at 350 °C for 4 h. The modified zeolite was
referred to as the zeolite-Ni(H2PO4)2 catalyst. As a
comparison, the zeolite-Ni catalyst was also prepared with
the same procedure without adding phosphate solution.
Study of Isopropyl Alcohol Dehydration. Dehydration

of isopropyl alcohol was conducted in a batch reactor using 0.5
g of catalyst and 50 mL of isopropanol alcohol at 150 °C for
3.5 h. The product was separated with the catalyst and
analyzed using GC−MS. The isopropyl alcohol conversion
(Xconversion), diisopropyl ether yield (Yyield), and selectivity
(Yselectivity) were evaluated according to eqs 123, respectively, as
follows:

= ×X
n n

n
100conversion

o

o (1)

= × ×Y
y

n n
2

100yield
o (2)

= ×Y
y
n

100selectivity
o (3)

where no and n are the initial and final mole of isopropyl
alcohol, whereas y is the mole product of diisopropyl ether.
Characterization of the Catalyst. Rigaku MiniFlex 600

(Cu-Kα rays with a wavelength of 1.5406 Å) was employed to
measure the crystal structure of catalysts. FTIR Shimadzu-
Prestige 21 was used to determine the functional groups of
catalysts. The acidity of the catalyst was examined using the
gravimetric method with pyridine gas as a probe,2 and the
FTIR-adsorbed pyridine was also analyzed. Tescan Vega 3
SEM with EDX was assessed to determine the morphology and
the elemental composition of the catalyst. The textural
characteristics of catalysts were analyzed using Quantachrome
NOVA.
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