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ABSTRACT

In this work, diisopropyl ether (DIPE) was pmlced through catalytic dehydration of isopropanol over zirconium phosphate-
modified phosphate modified natural zeolite. The catalyst was prepared via the wet impregnation method. They were tested at
150 °C for 3 hours under a reflux system. The effect of zeolite-Zr(H2POu4)s metal loading and zeolite-Zr without phosphate
incorporation on dehydration isopropanol was also assessed. The results showed the natural zeolite was successfully modified as
confirmed by XRD, FTIR, SEM-EDX, N> physisorption, and catalyst acidity by the gravimetric technique. The highest
isopropanol conversion (66.73%) was accomplished by 8 mEq/g zeolite-Zr(H:POy)4 followed by the DIPE yield and selectivity
up to 35.81% and 47.8%, respectively. Further reusability investigation showed that zeolite-Zr(H,POy)s catalyst provided
adequate reusability up to the fourth reused with relatively decreased catalytic activity towards isopropanol dehydration.

Keywords: Diisopropyl ether, lisopropanol Isopropanol conversion, Modification, Phosphate, Zeolite, Zirconium

1. Introduction
(SI) engines and also has an appreciative vapor pressure

Air pollution from gasoline fuel vehicles has become of Reid mixture, abundant feedstock, and its solubility
one of the most pressing issues in recent years, in water is only one-quarter of MTBE [5]. Kale et al. [6]
particularly in major cities [1]. Prolonged consumption reported that the NO, emission on HCCI combustion
of gasoline fuel, however, can potentially worsen the air could reduce from 96 ppm to 81 ppm as the increase of

quality. In this context, blending potential additive DIPE load from 10 to 60% on gasoline blends. Uyumaz
compounds into gasoline is one effective strategy to et al. [7] reported that the DIPE with 40% loaded could

reduce air pollution. Besides, additives compounds are increase the power output to 24.7% at a lambda of 2 and
used to guarantee that fuels satisfy technical criteria or 1000 rpm with a maximum indicated thermal efficiency
improve gasoline's performance and qualities [2]. of 23.4% at a lambda of 2.33 on HCCI combustion,
Gasoline additives function as oxidizing agents, which suggested that DIPE may be able to increase the
increasing octane number and combustion efficiency range at which H@FI can operate while preventing
[3]. Until now, diisopropyl ether (DIPE) is the most knocking. Further, diisopropyl ether is regarded as a
critical oxygenated gasoline due to its eco-friendly  cost-effective and eco-friendly fuel additive based on its
chemical and anti-knocking properties [4]. DIPE can effect on the heat release rate and cylinder pressure
erfflance the gasoline octane number in spark ignition study on HCCI combustion.

“Corresponding author:
E-mail  address: hasanudin@mipa.unsri.ac.id (H.
Hasanudin)

At this time, the production of DIPE has widely been
substantially conducted through a typical dehydration
reaction of alcohol-based feed stocks with various acidic
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catalysts and conditions reactions. It is well known that
the catalyst's performance is strongly correlated to the
efficiency of DIPE production, consequently, the
development of a suitable catalyst currently has
considerable attention. A typical of oxide-based such as
AlgO;, Sl’]01, Ti01, Feg();, Z[Og, SnO, MgO, MOO;
[8.9], AlOs-TiO, [10], Zr0,-8i0, [ 11], semicrystalline
polyethylene-grafted sulfonated styrene [12], supported
iron oxides [13], keggin-type heteropolyacids supported
Zr0: [14], Ni-W Sulfides [15], ion exchange resin [16],
zeolite-based catalysts and their modifications [3,17],
have been extensively proposed as dehydration
reaction’s catalyst. These catalysts exhibited high
conversion at certain conditions. However, some of
these catalysts have drawbacks due to low selectivity
and vyield towards DIPE and require high-cost
precursors. Particularly, typical alumina-silicates such
as modified zeolite-based catalysts catalyst quite
fascinating due to their acidic nature, which provides
both Brgnsted and Lewis acid sites and porous so that
promote the dehydration of alcohol-involved reactions
as well as many typical reactions [18-22]. Zeolite has
high stability and adjustable acid porosity and texture
properties, so it is broadly employed as an
environmentally friendly support catalyst [23]. Several
catalyfils such as Ni-W modified ZSM-5 and B-zeolite
[17], Ni-Cu—Cr/H-Zeolite-p [3], have been utilized for
dehydration reactions. At the present, transition metal
phosphate materials sudfjas zirconium phosphate are
increasingly enchanted research interest due to their
exceptional physical and chemical features, including a
prominently high ion-exchange capability and
magnificent thermal stability. Because of these
outstanding characteristics, as well as their ease of
synthesis and functionalization, zfonium phosphate
materials are intriguing prospects for a wide range of
applications [24-28]. Zirconium phosph can be
easily assembled by functional groups due to the
presence of a moderately strong brgnsted P-OH group
[29,30], which has the potential to catalyze alcohol
dehydration reactions. Zirconium ffijolving zeolites is
recognized for its excellent stability and easy
regeneration by calcination [31]. They have a broad
implementation of catalytic reactions, especially in
reactions requiring desired acidity and oxidizing ability
[32]. The modification of zeolite using zirconium
phosphate can potentially promote the catalytic activity
towards isopropanol to diisopropyl ether through a
positive effect of alternative high acidic sites of both
materials with synergetic textural properties.

In regards to economical cost and complex preparation
concerns, the enlargement of low-cost catalysts has been
pointed to utilizing natural zeolite due primarily to their
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abundant presence and cost-effectiveness compared
with synthefff] zeolite [33]. To the best of existing
knowledge, neither studies nor reports have been yet
revealed regarding the modification of natural zeolite
using zirconium phosphate for isopropanol conversion
to DIPE via dehydration reaction. In this research, the
zirconium phosphate-zeolite and its catalytic activity
will be compared with the zirconium uncontained
phosphate-zeolite.

2. Experimental

2.1 Preparation of zeolite

EAially, 200-mesh natural zeolite (Bayan, Central Java)
was dried in an oven at 393.15 K for 3 hours and then
cooled in a desiccator. Afterward, 100 g of natural
zeolite was immersed in a hydrogen fluoride solution (1
%), subsequently stirred for 1 hour, and then washed
with distilled water 7 times each for 24 h. The natural
zeolite was later immersed in a 6 N HCI solution (125
mL) for 4 hours, separated, and rinsed with DW until the
pH was nearly neutral [34].

2.2 Synthesis of zeolite-Zr(H2POq)4

Zeolite-Zr(H,POs)s  was  synthesized using the
impregnation method with ZrOCl:.8H.0 (= 99% purity,
Merck) as a Zr** precursor. Firstly, 5 g of as-prepared
natural zeolite was dispersed on 0.1 M ZrOCl».8H-0
solution by varying the volume of Zr*" precursor (25,
50,70,75, 100, and 125 mL corresponding to 2, 4,6, 8,
10 mEq/g, respectively) and stirred for 1 hour utilizing
a magnetic stirrer (SH-2 Corona) at an ambient
temperature. Afterward, the 1 M NH4H,POs (= 99%
purity, Merck) solution was gradually dropped using a
burette into the mixture at a rate of 1 mL/min until it
reached 10, 20, 30, 40, and 50 mL volumes,
corresponding to 2, 4, 6, 7, 10 mEg/g of zirconium
phosphate, respectively, and stirred for one day. After
impregnating process, the temperature was increased by
353.15 KEGRtil the solution formed a paste. The paste
was later washed with distilled water until free from CI
ions. The free CI" ions can be indicated by no white
precipitation on the filtrate formed after beinfsted by
the AgNOj; solution (0.01 The paste was dried in an
oven at 378.15 K for 24 h. The solids were then crushed
and sieved through a 200-mesh sieve and then calcined
at 623.15 K for 4 hours. The zeolite-Zr was synthesized
as the same as zeolite-Zr(H.PO4)s as previously
described, but without involving NH4H2POs solution.

2.3 Catalyst characterization
The crystal structure and phase of natural and modified
zeolite were assessed using the X-ray diffractometer
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Rigaku MiniFlex 600 (Japan). FTIR Shimadzu-Prestige
21 (Japan) was utilized with the KBr pellet technique for
functional group analysis (recorded from 4500 to 500
cm™). The textural characteristic was evaluated using N>
physisorption at 77.35 K in a Quantachrome instrume &
(USA). The catalyst was vacuum degassed to 300 "C
with afFating rate of 10 “C/min for 60 min. The multi-
point BET method was employed to determine the
catalysts' surface area, the pore features were
E¥lermined by the BJH method, whereas the external
surface area and the micropore area were evaluated
using the t-plot method. The catalysts' morphology and
elemental composition were inspected using a Tescan
Vega 3 (Czech Republic) scanning electron microscope
(recorded at 5000x magnification with HV of 15 kV)
assisted with X-ray energy dispersive spectroscopy
(Bruker QUANTAX, US). The gravimetric method was
employed to evaluate the surface acidity features of
catalysts utilizing a pyridine base [35].

24 Dehydration of isopropanol

The activities of the catalysts were evaluated by the
dehydration of isopropanol, performed in a batch reactor
consisting of a reflux system (graham condenser) and a
3-neck round flask (100 mL) as a sample container. The
round flask was placed in an oil bath equipped with a
thermometer, and the temperature of the reaction was
controlled by the hot plate (Fig. 1) using 50 mL of
isopropanol and 0.5 g of catalyst. The conversion
isopropanol to the diisopropyl ether was conducted at
423.15 K for 3.5 h. After execution of the reaction, the
catalyst was separated wifJthe solution and washed
with acetone followed and dried at 120 °C for 12 hours
and utilized for the next cycle.

Reaction products were determined using GC-MS
(Thermo Fisher Scientific) with TG-5MS columns. The
initial oven programmed temperature was 32 °C for 2.5
min and ramped at 3°C/min to a final temperdffire of 45
“C for 2 min, with a He as a carrier gas (1 mL/min). The
injection temperature was 200 *C. The MS transfer line
temperature was 230 °C, whereas the ion source
temperature was 210 °C. The reaction characteristics
were described as follows:

PA= 2" %100 ()
2

DIPEy = 22 100 @
o - o

3
D[PES=B—><1[][] )
(v

Water out o N

__» graham condenser

Water in 4

Thermometer +——

Oilbath «_ /" | -

Fig. 1. Schematic diagram of dehydration reaction

Where oy and o are denoted as isopropanol initial and
final moles, respectively, whereas P is denoted as
diisopropyl ether product mole. IPA., DIPEy, and DIPE;
are denoted as isopropanol conversion, DIPE yield, and
selectivity, respectively.

3. Results and Discussion
3.1 Characterization of natural and modified zeolite

Natural and modified zeolites were assessed using
various characterizations. Fig. 2 depicts the
diffractograms of all catalysts. It appeared that the
natural zeolite had three major constituents, which
consisted of mordenite, clinoptilolite, and quartz. A
comparable result was also outlined consistently by
previous works when assembling unmodified zeolite,
which revealed that the natural zeolite existed in many
phases [36-39]. The diffraction peaks at 20 of 22.26°,
25.61°, and 27.56° were attributed to the mordenite
phase (JCPDS No. 6-239) [40], whereas the
clinoptilolite phase was identified at 20 0f 9.75°, 13.45°,
and 29.77° (JCPDS No. 17-0143) [33]. Another quartz
phase was also noticed at 20 of 19.61° and 26.16
(JCPDS 46-1045). Abreu et al. [41] reported that typical
natural zeolite had the highest composition of minerals
of mordenite, followed by clinoptilolite and quartz with
the lowest composition.

As can be discerned in Fig. 2, no appreciable new phase
formed on the modified zeolite, which suggested that
zirconium, as well as zirconium phosphate, were finely
dispersed on the natural zeolites by assembling small Zr




H. Hasanudin and et al. / Iran. J. Catal. 12¢4), 2022, 463-474

Intensity (a.u)

C = clinoptilolite
M = mordenite
Q = quartz

2 Theta (degree)

Fig. 2 XRD spectra of (a) NZ (b) NZ-Zr (c) NZ-Zr(H,POy)s

and Zr(H:2POs)s species that were under observation
limit of XRD quantification [42]. Ma et al. [43]
observed that there were no distinctive peaks of Y-
zeolite and zirconium-modified Y-zeolite, which
attributed to no transformation of crystal form. The
typical phasff#f natural zeolite still existed after
modification, indicating that the framework structure of
natural zeolite was not altered after incorporating Zr
heteroatoms into the natural zeolite [44]. Furthermore,
there were slight shifts of 20 from ~20 to 30° after
natural zeolite modification using zirconium and
zirconium phosphate, which was presumably due to the
stress formation by the dissimilarity in ionic size
between natural zeolite, Zr, and Zr(H-PQOy), ions [45].
The vanishing or suppression relative intensity of
natural zeolite after modification was also observed in
Fig. 2 as studied by Valdés et al. [46] on the Cu/zeolite.

The micrographs of both zeolite and their modification
recorded by SEM are presented in Fig. 3. As shown in
Fig. 3a, zeolite had irregular surface morphology with
different thicknesses, with a platy sheet-like structure.
These typical natural zeolite structures were also
reported by other studies [39.47]. Mehdi et al. [48]
reported that natural zeolite, which consisted of
mordenite minerals, had a bumpy and rough surface,
whereas the clinoptilolite mineral of natural zeolite had
a typical platelet-like structure [45]. Mansouri et al. [49]
also reported that lamellar texture zeolite typically
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EZAsted on zeolite containing clinoptilolite minerals.
Based on Fig. 3, it can be seen that the morphological
surface of natural zeolite was distinctly more uneven
and had a slight bulge after being modified, which
presumably arose from zirconium and zirconium
phosphate species, respectively. Similarly, Ma et al. [43]
showed that there were tiny lumps and uneven structures
existed after the modification of zeolite using
zirconium. In particular, the zeolite-Zr(H2POy)s
morphological surface had a relatively irregular bulky
structure compared with zeolite-Zr, which suggested
that instinctive active site, i.e., zirconium phosphate,
was dominantly presented in the zeolite framework.
This assumption was corroborated by Domenzain-
Gonzalez et al. [50] who stated that irregular structure
could promote a greater active site.

The elemental composition of catalysts evaluated using
EDX instrument is demonstrated in Table 1. It appeared
that Si (37.75%), Al (5.78%), O (50.64%), and
impurities (6.53%) were the primer constituent element
in the natural zeolite. These impurities consisted of
alkali and alkali metals and also some transition metals
which typically existed on as-prepared natural zeolite
[51,52]. A new constituent element of Zr (3.09%) on
zeolite-Zr, also Zr (3.1%) and P (1.23%) on zeolite-Zr
(H2PO.4)4 were present after natural zeolite modification,
indicating that the modification of natural zeolite
through impregnation method was favorably achieved.
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Fig. 3 SEM images of (a) NZ (b) NZ-Zr (¢) NZ-Zr(H,PO,);

Table 1. Elemental analyses of catalyst by EDX

SEM Y TR RV
SEM MAD: 5.00 kx Dot: 38
LAB SENFFOR  Dategmidry): SAT132
Zecin2r

wo:asemm |00 0]

jpm

Elements

Atomic (%)

NZ NZ-Zr NZ-Zr(H,PO4)s

Si 37.75 3272 22.28

Al 5.78 502 348

o] 50.64 5392 64.37

Zr - 3.09 3.1

P - - 1.23

Impurities 5.83 525 5.54

Si/Al 6.53 6.52 6.4

Permata et al. [53] also reported a similar finding when
modifying the natural zeolite using Ni, which revealed
that the presence of Ni after zeolite modification,
analyzed by EDX, suggested the positive results of the
impregnation method. Furthermore, the Si/Al ratio of
natural zeolite and modified zeolite were relatively
constant, which suggested that the s natural zeolite
structure was maintained during the impr§ffation
[54,55]. This SEM-EDX result was consistent with the
XRD analysis results.

The N, physisofffion of zeolite and modified zeolite
were presented in Fig. 4. As can be seen that the N»
adsorption-desorption of natural zeolite and modified
zeolite were relatively the same, demonstrating that the
zeolite structure was not changed by Zr and Zr(H2POs)4
impregnation. This situation was also described by
Alalga et al. [56] which revealed that the N
physisorption of parent zeolite was relatively unchanged
after Ni impregnation. Based on IUPAC categdif#ation,
the N> physisorption in Fig. 4 revealed type IV
isotherms with H4 type hysteresis loop. This type IV
corresponded to mesoporous as well as microporous
catalysts [56,57], whereas The H4 type was attributed to
the narrow slit-like pores generated by plate-like species
aggregation [32]. Furthermore, at relative pressure (.4-
0.7, N2 adsorption-desorption of zeolite-Zr(H2POu4)4 and
zeolite-Zr had a likely change of hysteresis loop
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25
compared with natural zeolite, presumably d.ue to the
presence of mesoporous as well as microporous
structure generated on the zeolite surface by Zr and
Zr(H2POy)s.

The textural features of catalysts are demonstrated in
Table 2. The natural zeolite had 137.26 m?%g surface
area and decreased to 133.75 m*/g and 111.21 m*/g after
the modification of Zr and Zr(H.POs)s, respectively, as
well as decreased the micropore area. This decreased
surface area was presumably due to blocking pores with
Zr and Zr(H.POs)s species, particularly located at
micropore areas [55,58]. This circumstance was also
described by other works regarding decreased natural
zeolite surface area after mndificati [53.59-61].
Meanwhile, the increase in the external surface area of
natural zeolite was presumably due to the distribution of
Zr and zeolite-Zr(H.POy)s species which expand the
pore on the surface of zeolite [62]. The decrease in
average pore size and total pore volume after
modification, justified the successful incorporation of
Zr and Zr(H2POs)4 on zeolite pores [63].

The FTIR spectra of natural £E}lite and moditfied zeolite
are presented in Fig 5. The band at 3466 cm’
correspoffi}l to the SiAl-OH or metal-OH tensile
vibration on the surface of the framework natural zeolite
[64]. The SiOs or AlQ4 vibrations were observed at the
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Fig. 4 N> physisorption of (a) NZ(b) NZ-Zr and (¢) NZ-Zr(H:POy).4

Table 2. Textural features of catalysts

1.0

Catalyst SBET (mzf’g) Sexternal (mzf’g) Micropore area (m%"g) Total pore Average pore size (nm)
volume (cm’/g)
Natural zeolite 137.26 34.05 103.21 0.11 1.42
Zeolite-Zr 133.75 55.48 78.27 0.09 1.39
Zeolite-Zr(H,PO.4)4 111.21 38.31 72.89 0.08 1.27
t——
=
p= /
— 1402 cm-"!
3
=
[
=
£ 4
1)
=
o
|_ 762 cm-1
(@) S /
v 1635 cm-1
3496|cm—1 062 em-1 > o
L v L v L v L T v T A T b T T
4500 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm’")

Fig. 5 FTIR spectra of (a) zeolite-Zr and (b) zeolite-Zr(H>POx)s
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1062 cm' band [48]. The band at 1635 cm’
corresponded to the O-H deforfilation vibration from the
H20 molecule [44], whereas the bending vibration of
Al-O and Si—O was noticed at the 762 cm™ bands [65].
The Zr-O stretching vibration was observed at 470 cm’!
[28,66,67]. Those bands were presented in both zeolite-
Ni aff} Zeolite-Zr(H,PO4), catalysts. The new bands
were observed at 1402 cm™! which ascribed to the PEQ)-
Zr vibration [68]. Some studies reported that the
vibration of PO+, P-O,and P-OH groups were observed
at 1000-1200 cm™! [28.69-71], which likely overlapped
over both modified zeolites. However, there was a
significantly increased intensity at certain bands on the
zeolite-Zr (H2POas)s FTIR spectrum, which indicated
presumably due to the effect of the presence of
phosphate ions as well as the interaction between the
zeolite framework and zirconium phosphate species.
The FTIR investigation corroborated the fabricated of
the modified zeolite.

The acidity of zeolite-Zr and zeolite-Zr (H2POu)s
measured utilizing the gravimet method is presented
in Fig. 6. The zeolite-Zr catalyst had a low acidity value
of 0.7245 mmol pyridine/g catalysts, which came from
a low acidic site of alumina-silicate obtained from
zeolite [ 19] § well as zirconium oxide [72]. The zeolite-
Zr(H,POs)s at 2 mEq/g metal loading had an acidity of
0.7358 mmol pyridine/g catalysts, which was higher
than a zeolite-Zr catalyst, which suggested that the
phosphate species (P-OH) provided an alternative
brgnsted acid site, which contributed to the increased
catalyst acidity [73,74]. This dghdition was also justified
by Palomo et al. [75], which stated that the increase in
the catalyst’s acidity was closely related to the exifZnce
of Zr-O-P species, which behaved as the acid site of the
catalyst. Moreover, the acidity of the catalyst was
increased up to 2.49% when the metal loading was 4
mEq/g which generated catalyst acidity of 0.7541 mmol
pyridine/g catalysts. Furthermore, prolonged metal
loading increased the catalyst's acidity due to a more
acidic site [76]. As shown in Fig @} the highest catalyst
acidity was accomplished by 8 mEq/g metal loading
with the acidity of 0.8816 mmol pyridine/g catalysts.
Furthermore, there was an appreciable decrease of
catalyst acidity to 0.8514 mmol pyridine/g catalyst at
metal loading Elesumably due to agglomeration that
could obstruct the acidic site of the catalyst directing to
a decrease in the catalyst's acidity [77,78]. This
condition was also consistently reported in by the
previous study [20]. Based on these results, the
zirconium phosphate specigfould enhance the acidity,
which instinctively affects the catalytic activity toward
alcohol dehydration reaction.
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3.2 Catalytic activity towards isopropanol dehydration

The activities of zeolite-Zr and zeolite-Zr(H-PO.)4 with
various metal loading were utilized for the dehydration
of isopropanol under the same conditions. The catalytic
activity features of isopropanol conversion, DIPE yield,
and selectivity are presented in Fig. 7. As revealed in
Fig. 7, zeolite-Ni was moderately active, which
generated 44.7% towards isopropanol conversion. The
isopropanol conversion was improved up to 50.81%
when employing the catalyst of zeolite-Zr(H2POu4)4 at 2
mEq/g metal loading. This situation suggested that the
zirconium phosphate positively affected the isopropanol
conversion, which could be explained by on the
phosphate interaction with the zirconium which
promoted more acidic site and was responsible for the
dehydration of isopropanol. Furthermore, prolonged
metal loading generated higher isopropanol conversion
but tended to decrease when the metal loading was 10
mEq/g (59.75 %). This trend was similar to catalyst
acidity properties, which implied that the conversion of
isopropanol was positively correlated to the acidity of
the catalyst. A similar trend reported by the previous
study was also coherent with the results of this study
[20]. The highest isopropanol conversion (66.73 %) was
accomplished by zeolite-Zr(H.PO4)s 8 mEqg/g catalyst
loading. Yaripour et al. [79] observed that the catalytic
activity of y-Al-03 was remarkably enhanced after being
modified with phosphorous to a certain extent.

The effect of zeolite-Zr and zeolite-Zr(H2PO4)s with
various metal loading on the DIPE yield and selectivity
are depicted in Fig. 7. It can be noticed that zeolite-Zr
produced 20.38% of DIPE yield with only DIPE
selectivity of 4.19%. At low metal loading of zeolite-
Zr(H2PO4)s, the DIPE yield increased up to 24.32%, and
the DIPE selectivity was also risen significantly up to
32.499%. This condition justified that the modified
zirconium phosphate catalyst also affected the DIPE
yield and selectivity. Said and El-Aal [80] stated that the
catalytic activity towards alcohol dehydration greatly
depends on the metal's properties and the metal loading.
As revealed in Fig. 7, a prolonged metal loading also
increased the catalytic activity towards DIPE yield and
selectivity with no further significant increase at high
metal loading (10 mEg/g). A similar condition was also
described by Palomo et al. [75] who observed high
catalyst loading likely generated relatively constant
results towards methanol conversion and dimethyl ether
selectivity. Based on these outcomes, it concluded that
a metal loading of 8 mEq/g could be examined as the
optimum condition that generated the highest DIPE
yield and selectivity of 47.85% and 35.82%,
respectively. Niet al. [81] reported that the performance
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Fig. 6 Acidity of zeolite-Zr and zeolite-Zr(H,PO4). with various metal loading
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N

6
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Fig. 7 The isopropanol conversion, DIPE yield, and selectivity catalyzed by zeolite-Zr and zeolite-Zr(H>PO.), at various metal

loading

of the dehydration reaction was dependently related to
the acidity of the catalyst, in which more acid sites could
intensify the catalytic activity. Moreover, some studies
study reported that the decrease of surface area could
promote promotes the selectivity towards DIPE [82],
and this condition was likely consistent with the textural
features of the catalyst, which showed that zeolite-
Zr(H2PO4)s exhibited a higher reduction of zeolite
surface area compared with zeolite-Zr. Besides, the
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pores generated by zeolite-Zr(H:POs)s Effpugh the
impregnation method presumably expand accessibility
to acid sites and promotes the reactants and products
diffusion rate [83], as a consequence, higher the
selectivity and yield toward DIPE. The production of
DIPE through isopropanol dehydration required two
molecules of isopropanol which were subsequently
absorbed in the Lewis and Bronsted acid site's active site
[8]. The hydroxyl group attached to the acid center and
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produced a carbocation reacted with the nucleophilic
through substitution reaction and finally generated a
DIPE product followed by deprotonation. The previous
study regarding the dehydratfglh of isopropanol with
various catalyst and reaction process are presented in
Table 3.

It can be seen that the zirconium phosphate-supported
natural zeolite catalysts provided sufficient catalytic
activity toward DIPE production compared to the other
reports (Table 3). Based on the previous study [34], the
metal phosphate loading during the impregnation
process significantly enhanced the dehydration of
isopropanol to DIPE, in which high loading of up to 8
mEqg/g was found to be sufficient to promote the
optimum selectivity and yield towards DIPE. At this
condition, the metal-phosphate interaction prod@3d a
harmonious effect, which was suggested due to the
existence of both Lewis and Bronsted acidic sites,
although the textural and the morphological surface

might affect the catalytic activity but were slightly
dominant.

The Zeolite-Zr(H2PO4)s catalyst, which revealed the
highest catalyst activity towards isopropanol
dehydration, was further studied regarding reusability
and stability at 150 °C for 3 h. The catalyst reusability
performance over 4 consecutive runs towards
isopropanol dehydration is presented in Fig. 8. It was
evident that isopropanol conversion, DIPE yield, and
DIPE selectivity decreased from 66.7% to 55.21%, from
35.85% to 26.65%, and from 35.85% to 26.65%,
respectively after 4 consecutive runs of Zeolite-
Zr(H;POy)s. The decrease in catalytic ac@ity towards
isopropanol conversion was thought to be caused by the
leaching of the catalyst's active site during the
regeneration process. Fig. 8 suggested that Zeolite-
Zr(H2PO4)s was still relatively stable and active after 4-
times reused.

Table 3. Comparison of the previous study on isopropanol dehydration with various catalyst and reaction processes

Catalyst Reaction process DIPE selectivity DIPE yield IPA conversion Refs.
Si02-Zr0; (20-30 mol %) T= 180-210 °C 5-13% - 10-50% [11]
v-Al0s 1£9226.85 °C 12% - [84]
Fe:04v-Al:Os 0.1 MPa, T=250°C  55% 63% [13]
Zr0; P=0.1 MPa, T=250 °"C  45% - 4% [85]
NiP-zeolite (8 (mEq/g) P=150°C 33% 40% 81.51% [34]
t=3h
catalyst weight=0.5 g
ZrP-zeolite (8 mEq/g) P=1§7C 47.8% 3581% 66.73% This study
t=3h

catalyst weight=0.5 g

=Tl

Fresh Reuse 1

” | Isopropanol conversion

] Diisopropyl Ether Yield
[[[[[ ]l Diisopropy! Ether Selectivity

L AAMHHHIIIMIDINY
007

7

Reuse 2

L  /;f

22N\

Reuse 3

ZAN

Reuse 4

Catalyst Reusability

Fig. 8 Reusability of zeolite-Zr(H,PO4)s catalyst
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4. Conclusions

The natural zeolite was modified with zirconium and
zirconium phosphate and evaluated for the catalytic
dehydration of isopropanol to diisopropyl ether (DIPE).
The effect of zeolite-Zr(H.PO4)s metal loading on
isopropanol dehydration was also assessed. The study
revealed that the zeolite was successfully fabricated
using zirconium and zirconium phosphate, as
corroborated by XRD, FTIR, SEM-EDX, and N
physisorption. The isopropanol dehydration revealed
that the catalytic actiility of zeolite-Zr(H:PO4)s was
higher than zeolite-Zr due to high Eltalyst acidity. The
zeolite-Zr(H.POy)s catalyst with metal loading of 8
mEq/g exhibited the highest catalytic activity towards
isopropanol with 66.73% isopropanol conversion,
35.81% DIPE yield, and 47.8% DIPE selectivity. This
catalyst had good reusability up to 4 times reused with a
slight decrease toward isopropanol conversion due to
the catalyst's active site leaching.
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