Catalysis Letters (2024) 154:1094-1111
https://doi.org/10.1007/510562-023-04370-7

=

Check for
updates

Zirconia Incorporated Aluminum Phosphate Molecular Sieves
as Efficient Microporous Nano Catalysts for the Selective Dehydration
of Methanol into Dimethyl Ether

Abd El-Aziz Ahmed Said'® - Aya Ali Shaban' - Mohamed Nady Goda'

Received: 22 January 2023 / Accepted: 14 May 2023 / Published online: 2 June 2023
© The Author(s) 2023

Abstract

Annually, a growing demand was noted for replacing petroleum fuels with second-generation eco-friendly fuels like dime-
thyl ether (DME). Methanol dehydration into DME process has been considered as one of the potential pathways for the
manufacture of a clean fuel. However, stable, and active catalyst is exceedingly requisite for generation of DME particularly
at reasonably low temperature. In the current study, zirconia incorporated AIPO, tridymite microporous molecular sieve
catalysts were fabricated by a hydrothermal method in the presence of triethylamine (TEA) as a structure directing agent.
The catalysts were characterized by X-ray diffraction (XRD), energy dispersive X-ray (EDX), Fourier transform infrared
spectroscopy (FTIR), transmission electron microscopy (TEM), thermogravimetric analysis (TGA), and N,-sorption assess-
ments. Catalysts’ acidity was estimated by decomposition of isopropanol, pyridine and dimethyl pyridine chemisorption,
and pyridine-TPD. Results revealed that catalysts surfaces composed acid sites of Brgnsted nature and of weak and medium
strengths. Activity results showed that 1 wt% H,SO, modified zirconia incorporated AIPO,-TRI catalyst calcined at 400 °C
presented the best activity with a conversion of 89% and a 100% selectivity into DME at 250 °C. The significant catalytic
activity is well-connected to the variation in BET-surface area, acidity, and activation energy of methanol dehydration. The
catalysts offered long-term stability for 120 h and could be regenerated with almost the same activity and selectivity.
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1 Introduction

Air contaminants such as NO,, SO, and particulates,
which are exhausted from the on-board diesel engines of
buses and trucks, are considered one of the most serious
environmental problems all over the world. Thus, there
is a continuously emergent demand for new and clean
energy sources to replace the air-polluting sources, and
to replenish the growth in the global energy expenditure
and the reduction in current energy sources. Among the
numerous sources of energy, DME has been viewed as a
second-generation energy source that may soon replace
petroleum fuels as a crucial chemical feedstock [1].
Owing to its high cetane number (55-60), high energy
density (31.7 MJ kg™1), low particulate matter emissions,
and smoke-free emissions compared with traditional die-
sel fuels [2, 3], DME has been acknowledged as an alter-
native fuel for the compression—ignition machines. In
addition, it serves as a great supply of H, for the catalytic
steam reforming process and is non-toxic, non-carcino-
genic, non-corrosive, and non-mutagenic [4]. Moreover,
DME is used as an effective intermediate compound
in production of several chemicals and as an aerosol

propellant such as shaving cream, and hair spray, to sub-
stitute the ozone-destroying chlorofluorocarbons (CFCs).
According to these benefits, by 2026 its production is
expected to reach 5867.28 ktons [5].

DME can be produced via two processes [6—9]: methanol
dehydration over solid acid catalyst that is usually pure or
modified y-Al,O5 (Eq. 1) [7] and direct synthesis from syn-
gas over bifunctional catalyst containing metal oxide and
solid acid catalysts [9-11] (Eq. 2).

2CH;0H — CH;0CH; + H, 0, (1)

3CO + 3H, — CH,;0CH; + CO,. )

From thermodynamics and economic points of views,
a methanol-to-dimethyl ether (MTD) is favorable and is a
one-step reaction with high efficiency in comparison with
the other methods [10-12]. This process, i.e. MTD, is first
used in a fixed bed reactor by Mobil 1965 [13] and fur-
ther applied by various organizations such as Uhde, Lurgi,
and Toyo. However, numerous catalysts were reported for
MTD process including zeolites [14-17], y-Al,O5 [15, 18],
heteropoly acids [19, 20], sulphonated SiO, and MCM-41
[21], ZrOSO,@C [6], ZrO,-FePO, [22], Nb,05—Al,0;
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[23], SO,*"—Z10, [24] and SAPO-11 [25] in a temperature
range of 250-400 °C. However, these materials displayed
high catalytic activity compared to the most frequently
used y-Al,O3, but they are less resistive to be deactivated
than y-alumina. The presence of strong acid sites on the
surface of y-Al,Oj; is reason for the creation of side products
such as olefins and coke formation [26]. In addition, water
molecules are adsorbed on the strong Lewis acid sites over
y-AL, O, resulting in a decrease in the quantity of active
acidic sites which ultimately leading to a decay in the cata-
lytic activity of y-Al,O5 [27]. To prevent such non-desired
reaction products, such olefins and coke, and improve the
selectivity to the DME, a solid acid catalyst of weak or mod-
erate Brgnsted acidity is desirable [28, 29]. It is apparent that
the choice of a proper catalyst for methanol dehydration is
determined on several factors including nature and strength
of acidic sites, morphology and its texture properties, active
temperature range and resistance, harmfulness, and its deac-
tivation. These aspects must be considered in terms of the
cost-effectiveness of a given catalytic material. Thus, it is
of an essential concern to find an efficient, selective, and
durable catalyst with a suitable acidity for MTD with high
conversion and 100% selectivity.

Aluminophosphate zeolite are important and large family
of molecular sieves of large pores, uncharged framework
and excellent thermal stability [30]. Due to their silica-free
composition, aluminum phosphate molecular sieves, a class
of similar zeolite frameworks, have garnered considerable
study interest. However, because of their structural similari-
ties to those of regular zeolite, these unique materials have
a great deal of potential for use in a wide range of applica-
tions, including adsorption, catalytic processes, and separa-
tion membranes [31]. Their frameworks consist of alternate
oxygen-sharing AlO, and PO, tetrahedral. Through the use
of structure-directing agents (SDAs) during hydrothermal
crystallisation, recent advancements in experimental syn-
theses have made it possible to regulate the distribution and
arrangement of the A" framework [32, 33]. Their char-
acteristics may be altered by substituting AI** or P> in
the framework with appropriate elements, resulting in the
development of exchanged molecular sieves [34]. Accord-
ingly, metal ions could be successfully incorporated into
aluminophosphate molecular sieves. Zirconium is a transi-
tion metal that has catalytic characteristics, particularly in
oxidation reactions [35, 36]. As sensible from literature, a
group of researchers synthesized aluminophosphate zeolite
(AIPO-5), characterization, and exploring their applications.
In this concern, Sajan et al. [37] confirmed the synthesis
of AIPO-5 by XRD studies, FTIR, and SEM, and studied
its application for treatment of wastewater and industrial
effluents. According to Said et al. [31], AIPO,-5 was the
active catalyst for diethyl ether (DEE) synthesis with a con-
version of 81.5%, owing to its lower acidity and strength
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density. Meanwhile, Mo—Zn/AIPO,-5 was the most selective
for ethylene formation (93%), owing to the increase in acid
site density, which favored ethylene generation [31]. Mortén
et al. [38] studied the isomorphous substitution of AIPO-5
materials with Mg, Zn, Co, Si, Ti, and Zr. They reported
that Zr has led to catalysts with the same AFI structure but
significantly different acid strengths, and a correlation of
the influence of acidity on the methylation of benzene was
investigated. Dongare et al. [39] implied that Zr was iso-
morphously replaced in the AIPO-5 structure. They found
that, an enhancement was observed in activity and stability
towards the m-xylene isomerization process owing to the
enhancement in both Brgnsted and Lewis acidity.

However, keeping in mind the catalytic activity of the
microporous aluminophosphate mentioned above, little
reports were seen in literature concerning the use of zeolitic
aluminum phosphate like AIPO-5, AIPO-11 and AIPO-41
for methanol dehydration into DME [40]. In these reports,
despite the high conversion (81-82.4%) and DME selectiv-
ity (99.6%), the reaction operated at relatively high tem-
peratures of 350 °C. Accordingly, the main object of the
current work was the selective production of DME from
methyl alcohol dehydration over pure and Zr incorporated
aluminophosphate microporous catalysts at comparatively
low temperatures than previously reported in literature.
Characterization techniques such as XRD, EDX, HRTEM,
FTIR, and TG were employed. Acidity measurements were
carried out and well linked with the catalytic activity. The
impact of different operational factors was also examined.
AIPO,-TRI in this study were proved as efficient catalysts
for producing DME from methanol dehydration with high
conversion, and 100% selectivity.

2 Experimental
2.1 Materials

Aluminum chloride anhydrous (BDH, England), diammo-
nium hydrogen orthophosphate [Alfa Aesar (98%)], zirco-
nium oxychloride octahydrate (Alfa Aesar, 98%), and tri-
ethylamine (BDH) were chosen as the starting materials in
the synthesis of pure and Zr-incorporated AIPO,-tridymite
microporous molecular sieves. Methanol (CH;0H, 99.6%),
isopropyl alcohol (IPA, CH,CHOHCHj;, 99.5%), pyridine
(CsH;5N, 99.5%), sulfuric acid (BDH, England) and 2,
6-dimethyl pyridine (C;HgN, 99.9%) were provided as pure
reagents.

2.2 Catalyst Preparation

Aluminophosphate (AIPO,-TRI) molecular sieves were
prepared adopting the hydrothermal method as previously
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reported with some modifications [37, 41]. This method
includes a regulated co-polymerization and co-precipitation
of aluminate and phosphate in a homogeneous gel phase. In
a typical synthesis of AIPO,-TRI with a general formula of
Al,05:P,05:TEA:80 H,0, an 8.20 mmol of trimethylamine
(TEA) was added to an 8.20 mmol of aluminum chloride
dissolved in 50 ml of distilled water. The produced precur-
sor gel was aged for 15 min at 50 °C. To this mixture, an
8.20 mmol of ammonium hydrogen orthophosphate was
added and stirred for 30 min to get a uniform gel. The as-
prepared aluminophosphate gel was poured into a Teflon-
lined autoclave (polytetrafluoroethylene) and heated for 24 h
at 160 °C. After the experimental treatment was completed,
the autoclave was quenched out and the product was fil-
tered, washed thoroughly using bidistilled water and dried
for 24 h at 80 °C before annealing at 400 °C. The other
catalysts composing various ratios of structure directing
agent to Al (AI/TEA) were prepared by the same manner
and designed as AIPO,-0.8T, AIPO4-1.2T, and AIPO,-1.4T.

To synthesis a Zr incorporated AIPO,-TRI with a general
formula of xZrO,:(1 —x)Al,05:P,05:-TEA:80 H,O [41], the
same procedures were used as above with introduction of
ZrOCl,-8H,0 in the preparation steps. x Values in these cat-
alysts were varied from 0.05 to 0.5 as 0.05, 0.1 0.3, 0.5. The
most effective catalyst, as determined by the catalytic activ-
ity runs, was AIPO,-TRI incorporated with Zr of x=0.1.
Consequently, it was selected as a representative catalyst to
study the influence of modification with different ratios of
sulfuric acid (0.5%, 1%, 3%, 5%). These catalysts were pre-
pared using the impregnation method. Table 1 describes the
detailed nomenclature for each abbreviation.

2.3 Catalyst Characterization
The crystal structure of the prepared nanocatalysts

were identified by a PW 2013 Philips diffractometer
(A=1.5418 A, 200 mA, and 35 kV) using Cu Ka radiation,

and nickel filtered. The different functional groups were
detected with a 6700 Nicolet FTIR spectrophotometer in
400-4000 cm™! range at room temperature and the disc was
prepared at a pressure of 10 tons. A Quantachrome NOVA
(model 3200, USA) was used to evaluate the texture using
N, adsorption—desorption analysis at—196 °C. A JSM-
5400 LV microscope (JEOL, Tokyo, Japan) were used to
investigate the morphological properties of the catalysts.
EDX analysis for the investigated materials were obtained
using SEM equipment (LEO 440 model). The samples were
distributed in alcohol using an ultrasonication technique. A
carbon-coated copper grid was then immersed with a few
drops from the suspended solution, followed by solvent
evaporation drying. Thermogravimetry (TG) was performed
on an 50H thermal analyzer (TA-50WSI, Shimadzu, Japan)
in air atmosphere (30 ml min~}).

2.4 Acidity Evaluation

The acidic properties of the pure and Zr-incorporated
AIPO,-TRI catalysts were performed using IPA dehydration,
pyridine, and 2, 6-dimethyl pyridine chemisorption, as pre-
viously described [22, 42, 43]. The conditional parameters
were a catalyst dose of 100 mg, IPA of 2.8%, nitrogen as a
carrier of flowing rate of 50 ml min~!, and a temperature of
200 °C. An England Pye-Unicam ProGC gas chromatograph
connected with a flame ionization detector (FID) and a 10%
PEG 400 glass column (2 m) was utilized to follow the reac-
tion and identify the products.

2.5 Catalytic Activity Test

The catalytic behavior of these catalysts towards DME
production was investigated as reported elsewhere [44,
45]. The reaction conditions included using nitrogen as
a carrier gas, 200 mg of catalyst, and 4.6% methanol in a

stream of N, gas flowing at a total flow rate of 50 ml min™".

Table 1 Nomenclature of the
synthesized catalysts

Abbreviation

Catalyst

AIPO,-0.8T

AIPO,-IT

AIPO,-1.2T

AIPO,-1.4T
0.05Zr-AlPO,-1T
0.1Zr-AlPO-1T
0.3Zr-AlPO-1T
0.5Zr-AlPO-1T

0.5% H,S0,-0.1Zr-AIPO,-1T
1% H,S0,-0.1Zr-AlPO,-1T
3% H,S0,-0.1Zr-AIPO,-1T
5% H,S0,~0.1Zr-AlPO,-1T

Al:P 1:1, A.'TEA 1:0.8

Al:P 1:1, AIL'TEA 1:1

Al:P 1:1, AIL'TEA 1:1.2

Al:P 1:1, AIL'TEA 1:14

0.05Zr0,:0.95A1,05:P,05:TEA:80H,0
0.1Zr0,:0.9A1,05:P,05: TEA:80H,0

0.3Zr0,:0.7A1,05:P,05: TEA:80H,0
0.5Zr0,:0.5A1,05:P,05:.TEA:80H,0

(0.1Zr0,:0.9A1,05:P,05: TEA:80H,0) modified with 0.5% H,SO,
(0.1Zr0,:0.9A1,05:P,05: TEA:80H,0) modified with 1% H,SO,
(0.1Zr0,:0.9A1,05:P,05: TEA:80H,0) modified with 3% H,SO,
(0.1Zr0,:0.9A1,054:P,05: TEA:80H,0) modified with 5% H,SO,
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Typical experimental runs were examined in the range of
200-300 °C under atmospheric pressure. The gaseous reac-
tion products were analyzed on an FID by using DNP glass
column connected with a Pye-Unicam ProGC instrument
(England). Carbon mass balances along the catalytic runs
were close to 99.9%. The following equations were used to
calculate the conversion, selectivity, and yield of DME over
the surface of catalysts [6, 44]:

[Methanol];, — [Methanol]

out

(%) Methanol conversion = % 100,
[Methanol];,
(H
(%) Selectivity to DME = [DME] * 100,
[DME] + [Other products]
2

(%) Yield of DME = (Conversion X Selectivity)/100, (3)

where [];, and [],,.. respectively, refers to the amount of
methyl alcohol in the inlet and exit stream.

The activation energy (AE,) for methanol dehydration
over pure and Zr-modified aluminophosphate catalysts was
estimated using Arrhenius' equation, as described before [46,
47]. The initial rate (k) of methanol conversion was deter-
mined as the number of molecules that react each second
per gram of catalyst using the formula: k=(C°X C X F)/m
where C° is the starting methyl alcohol (molecule m1~"), C is
the conversion of methanol, F represents the reacting stream
flow rate, and m is the mass of catalyst in grams. Plotting
of In k versus the reciprocal of absolute temperature (1/T)
provides the calculation of AE,.

3 Results and Discussion
3.1 Catalyst Characterization
3.1.1 X-ray Diffraction (XRD)

The powder X-ray diffractograms of aluminophosphate
molecular sieves composing various ratios of TEA solids
calcined at 400 °C are recorded and given in Fig. 1a. Results
revealed that, the diffractograms of catalysts of TEA: Al of
0.8 and 1.0 are well-matched with the pure form of mono-
clinic AIPO,-tridymite (AIPO,-TRI) [41, 48] and JCPDS
No. 36-735. In addition, the XRD patterns of the catalyst
containing 1.0 TEA and the simulated card of monoclinic
AIPO,-tridymite is given in Fig. S1 which shows a complete
agreement with the tridymite phase of aluminum phosphate.
This phase is characteristic with strong diffractions at 26 of
20.1°,21.4°, and 22.9° which are clearly observed in our case
(Fig. 1; Fig. S1). Results also revealed that a weak diffraction
peak at 26 of 26.5°, which corresponds to Berlinite phase.
Increasing the ratio of the TEA into 1.2 and 1.4 (AIPO,-1.2,
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and AIPO,-1.4), resulted in converting the crystalline form
into an amorphous structure with a hup at 26 of 25.5°. The
same behavior was observed on raising the calcination tem-
perature of AIPO,-1T above 400 °C (Fig. 1b). In addition,
the particle size of AIPO,-1T, and AIPO,-0.8T catalysts cal-
culated by the Scherrer’s equation are approximately 18.7 nm
and 21.9 respectively. Diffractogram of the 0.1Zr incorpo-
rated AIPO4-1T catalyst is displayed in Fig. 1c. As illustrated,
a broadening of the peaks was observed with a decrease in
their intensity. Similar observations were previously reported
[49, 50]. In addition, no other peaks corresponding to Zr
were noted, reflecting the complete dissolution of Zr** in
the molecular sieve’s matrix. The Zr-incorporation was also
confirmed by EDX analysis, as depicted in Table 1 in the
forthcoming section. XRD diffractogram of 0.1Zr-AIPO,-1T
modified with 1 wt% H,SO, is given in Fig. 1c. It exhibited
the same diffractogram of 0.1Zr incorporated AIPO,-1T.

3.1.2 Fourier Transform Infrared (FTIR)

Figure 2 shows the FTIR spectra of AIPO,-1T
(annealed at 400, 500, 600 °C), 0.1Zr-AlPO4-1T and 1%
H,SO,~Zr-AIPO,-1T catalysts calcined at 400 °C. The strong
absorption band in the region at about 1105 cm™! is a spe-
cial feature for the AIPO,-1T molecular sieves containing
hydrated triple crankshaft channels [37]. Such vibration in
this region is due to the asymmetric stretching of PO, tetra-
hedral [51]. Another evidenced peaks corresponding to zeo-
lite AIPO,-TRI are the vibration bands at 640 and 475 cm™!,
which are attributed to the bending vibration modes of
O-P-0O and double ring respectively [37]. The peak center-
ing at 1600 cm™! corresponds to the bending vibration modes
of water molecules or surface hydroxyl on the solid surface
[52, 53]. The broadband positioned at 3505 cm™! is due to
the stretching mode of P-OH or AI-OH groups, which is
proportional to catalyst acidity [54, 55]. As illustrated, its
intensity increases with Zr** incorporation and sulfuric acid
modification, reflecting the observable enhancement in the
number of acidic sites due to the incorporation and impreg-
nation processes [56]. Spectral vibrations also inferred that
increasing the annealing temperature resulted in decreasing
the intensities of peaks allocated at 3505 and 1600 cm™"
which leads to decreasing the catalysts' acidity.

3.1.3 Thermogravimetry (TG)

The thermal behavior of the pure and Zr-incorporated
AIPO,-1T molecular sieves precursors were examined
using thermogravimetric analysis (TGA). Figure 3 shows
the TG curves for AIPO,-1T and 0.1Zr-AIPO,-1T cata-
lysts in air atmosphere. TG curve of the AIPO,-1T exhibits
three weight losses. The first weight loss of 11.5% was
detected in the temperature range of 25—-185 °C due to the
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Fig. 1 X-ray diffractograms of a
AIPO,-TRI with different ratios
AVTEA catalysts calcined at
400 °C, b AIPO,-1T calcined

at different temperatures, and ¢

(a)

AN

(b)

AIPO -1T 600°C

pure and sulfuric acid modi-
fied 0.1Zr-AlIPO,-1T catalysts
calcined at 400 °C

Intensity(a.u)

AIPO,-1T500°C

Intensity(a.u)

AIPO 1T 400°C

A 1 " 1 n
30 40

20

10 20

Intensity(a.u)

progression of adsorbed water molecules. The subsequent
weight loss (5.5%) lies in the range of 186-249 °C and
is linked to removal of water occluded in the molecular
sieves. The third weight loss of 4.8% in the 250-324 °C
range is attributed to removal of TEA [57, 58]. Other ther-
mal changes on TG were not identified when the tempera-
ture was raised up to 600 °C, indicating that the produced
AlPO,4-1T catalyst is thermally stable. The TG curve of
the 0.1Zr-AIPO,-1T catalyst exhibited a similar behavior
as that of the AIPO,4-1T catalyst.

40 60 70

20

1 n
60 70 80 10 20 30

50

50 80

(c)

| 1% H SO -01ZrAIPO 1T |

0.1Zr-AlPO -1T

20

3.1.4 Electron Microscopy

TEM micrographs, and the corresponding particle size
distribution histograms of AIPO,-1T, and 0.1Zr-AlPO,-
IT catalysts calcined at 400 °C are given in Fig. 4. Micro-
graphs revealed that the particles are uniformly distributed
with spherical shape. The size of the AIPO,-1T nanopar-
ticles is about 20-30 nm (Fig. 4a), which is comparable
with the results of Scherrer's equation. The particle size of
0.1Zr-AlPO,-1T is around 15-20 nm, hence zirconia incor-
poration resulted in decreasing the particle sizes of pure
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| 1% H,50,-0.1ZrAIPO,-1T 400°C

| 0.1ZrAIPO,-1T 400°C |

AIPO,-1T 600°C

AIPO 1T 500°C
m
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Wavenumber (cm")

Transmittance (%)

Fig.2 FTIR spectra of AIPO,-1T annealed at different temperatures,
0.1Zr-A1PO,-1T, and 1% H,SO,/0.1Zr-AIPO4-1T catalysts calcined at
400 °C

Weight loss (%)

75

100 200 300 400 500 600
Temperature (°C)

Fig.3 TGA curves of a AIPO,-1T, and b 0.1Zr-AIPO,-1T precursors
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AIPO,4-1T to be detected by XRD as shown from Fig. 1(c). In
addition, ZrO, could not be detected from HRTEM reflecting
the high distribution within the molecular sieve frameworks.

3.1.5 Energy Dispersive X-Ray (EDX)

The chemical analysis of the pure and Zr-substituted
AlPO,4-1T was examined by EDX analysis and results are
displayed in Fig. 5a, b and Table 2. EDX spectrum demon-
strated the existence of Al, and P for AIPO,-1T, while Al, P,
and Zr elements were observed in Zr-AlPO,-1T catalyst. It
was previously reported that Al/P or (Al +Zr)/P ratio in alu-
minophosphate ideally should be close to unity [59]. Results
presented in Table 1 confirmed this concept. Data also dem-
onstrated that Al wt% in 0.1Zr-AlIPO,-1T decreases, con-
firming the substitution of Al by Zr species. All these find-
ings confirmed the successful synthesis of both AIPO,-1T
and 0.1Zr-incorporated AIPO,-1T. The atomic fractions of
Al P, and Zr were also evaluated by ICP. The fractions of
Al, P, and Zr were 0.583, 0.417, and zero for the non-incor-
porated catalyst while, respectively, they are 0.579, 0.418,
and 0.003% for the Zr-incorporated catalyst. The reason that
the Al/P is higher than the unity, as predicted from the struc-
ture requirement, is the presence of some extra-framework
of Al in the prepared catalysts [59].

3.1.6 Texture Assessment

The nitrogen adsorption—desorption isotherms of the
pure and modified AIPO,-1T materials are presented
in Figs. S2-S5. All isotherms are of type II with little of
type IV, which is typical of microporous materials [60].
These isotherms anchored to the type H4 hysteresis loop,
which is often associated with narrows slit like pores. By
using the BET equation in its typical application range (p/
p,=0.05-0.30) with a cross-sectional area of N, =16.2 Az,
the specific surface areas, Sgpr, of these catalysts were deter-
mined [22, 46]. The calculated Sy values of catalysts are
mentioned in Table 3. Results revealed that, on increasing
the ratio of TEA from 0.8 to 1.0, an increase in the Sggy
value from 35.8 to 48.4 m? g~! was observed. The further
raising of TEA:Al to 1.4 developed a drastic decrease in
Sger Values to reach 19.8 m? g=!. On the other hand, the
incorporation of Zr** into AIPO,-1T matrix is accompanied
by an increase in Sgpr values where Sy values increased
from 48.4 into 125.5 m* g~! on incorporating AIPO,-1T
matrix with a ratio of 0.3 mol% of Zr**. Also, the higher
ratio of 0.5 mol% of Zr** leads to a decrease in Sygy value.
Moreover, the influence of treatment of 0.1Zr-AIPO,-1T
with different percentages of H,SO, on the texture properties
was also investigated. Results indicated that impregnation
with sulfuric acid also increases the value of Sggp to reach a

maximum of 68.7 m*> g~! at 3% H,SO,, with an enhancement
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Fig.4 TEM images and particle size distribution of a AIPO,-1T, and b 0.1Zr-AIPO,-1T catalysts calcined at 400 °C

in the values of Sgpr by 24.3%. The enhancement observed
in the Sggy values with TEA, Zr-incorporation and H,SO, is
well connected with the observable enhancement in the val-
ues of total pore volume (Table 3). Data recorded in Table 3
also showed that increasing the annealing temperature of
AlIPO,4-1T catalyst resulted in a decrease in Sgpy values,
which may be attributed to the sintering and blockage of
pores [22].

To shed light on the microporosity presented by the cata-
lysts under study, a BJH method is adopted, and the corre-
sponding curves are graphically presented in Figs. S6-S9. In
addition, the computed values of the average pore diameter
were also cited in Table 3. It can be noted from the pore
volume distribution curves for AIPO,-1T with different addi-
tives of TEA (Fig. S6) that only one peak positioned at the

value below 2 nm or 20 A, indicating a microporous nature
[46, 61]. Pore size distribution curves for AIPO,-1T with
0.05 and 0.5 mol% of Zr** show one major peak placed
at the value below 2 nm, together with a small peak in the
mesopores region (2-50 nm or 20-500 A, Fig. S8). This
peak is shifted to the mesoporous zone for catalysts sub-
stituted with 0.1 and 0.3Zr. Pore size distribution curves of
0.1Zr-AIPO,4-1T impregnated with different ratios of sulfuric
acid (Fig. S9) presented peaks in the microporous region,
except that impregnated with 0.5% giving another peak in
the mesopore region. These results indicate that the substi-
tution with Zr** resulted in the creation of new mesopores
while a microporous nature is still existing. The existence of
microporosity was also confirmed from the values of average
pore diameter cited in Table 3.
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Fig.5 EDX elemental mapping of a AIPO,-1T, and b 0.1Zr-AlPO,-
1T catalysts calcined at 400 °C

Table2 EDX analysis of pure and Zr-incorporated AIPO,-1T cata-
lysts

AIPO,-1T 0.1Zr-AIPO,-1T
Al 115 10.4
P 112 117
Zr - 0.8

Specific surface area (S,) of the different catalysts could
also be calculated from the t-method (Figs. S10-S13) using
de-Bore method [22, 46] and the computed values were
mentioned in Table 3. The variation in the S, values exhib-
ited the same trend observed in Sgpyr values. In addition,
“both values of S, and Szt are closely spaced, indicating
the correct choice of the standard t-curve”. Moreover, the
shape of V,—t plot may reflect the nature of the present pores
[62]. Figures S10-S13 show a downward deviation, which
signifies a microporous nature of the pores and confirmed
the results of pore size distribution method mentioned above
[22, 46].

3.2 Acidity Measurements

Figure 6a displays the variation of IPA conversion as a
function of reaction temperature over the representative
catalyst 0.1 mol% Zr-AlPO,-1T modified with 1% H,SO,.
Results revealed that, within the reaction temperature range
of 125-250 °C, the only product with a selectivity of 100%
was propene, indicating that these catalysts' surfaces are
acidic [6, 22, 63, 64]. In addition, IPA conversion increases
with increasing of the reaction temperature to reach 100% at
250 °C. Figure 6b shows the variation of the % IPA conver-
sion over AIPO,-TRI with different ratios of TEA at 200 °C.
It was found that values of IPA conversions of 25, 55, 22,
16% were obtained over catalysts with TEA/Al ratio of 0.8,
1.0, 1.2 and 1.4, respectively, reflecting that catalyst with
equimolar ratio (AIPO,-1T) exhibited the highest acidity.

e ifforemccmatyss | Couayat Soer () SO Vo' Average poe
AIPO,-0.8T 35.8 35.7 3.9 15.9
AIPO,-IT 48.4 48.3 5.3 15.5
AIPO,-1.2T 22.8 229 1.6 15.8
AIPO,-1.4T 19.8 19.6 2.3 15.9
0.05Zr-AlPO,-1T 52.6 52.6 2.9 15.6
0.1Zr-AlIPO,-1T 55.3 55.3 9.3 15.8
0.3Zr-AlIPO,-1T 125.5 125.3 11.9 15.6
0.5Zr-AlIPO,-1T 98.3 98.1 7.2 17.5
AIPO,-1T 500 °C 41.9 41.8 3.6 15.7
AIPO,-1T 600 °C 30.0 30.1 2.3 15.9
0.5% H,S0,-0.1Zr-AlPO,-1T 56.7 56.6 2.2 15.8
1% H,S0,~0.1Zr-AIPO-1T 63.3 63.3 8.5 15.7
3% H,S0,-0.1Zr-AlPO,-1T 68.7 68.9 6.3 15.7
5% H,80,-0.1Zr-AlPO-1T 478 476 49 18.1

V, is total pore volume; average pore diameters were calculated from the desorption isotherm by BJH

method
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400 °C, b AIPO,-1T with different ratios of TEA catalyst at reaction

Incorporation of zirconia into AIPO,-1T matrix (Fig. 6¢)
developed an incremental increase in IPA conversion, where
it was observed that IPA increased from 55 to 68% over
the pure and that incorporated with 0.1 mol% Zr**, respec-
tively. The further increase in Zr** content resulted in a
slight decrease in IPA, reflecting that substitution with 0.1
Zr is the most proper ratio. It was reported that the isomor-
phous substitution of framework AI** ions by Zr** ions in
alumiophosphate zeolitic structure resulted in creation of
Brgnsted and Lewis acidity [39]. At the same reaction tem-
perature, IPA conversion was studied over 0.1Zr-AIPO,-1T
catalyst impregnated with different percentages of sulfuric
acid and the results were described in Fig. 6d. It indicated
that IPA conversion dramatically increases from 68 to 95%
over catalyst impregnated with 1% H,SO,. The further %
of sulfuric acid impregnation gave almost the same acidity
with a slight decrease in IPA conversion. This implies that
a perceptible change improvement of surface acidity and
100% for propene selectivity was observed. These findings
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temperature of 200 °C, ¢ Zr**-incorporated AlIPO,-1T catalysts at
reaction temperature of 200 °C, and d 0.1Zr-AlIPO,-1T modified with
different percentages of H,SO, at reaction temperature of 200 °C

are confirmed by FTIR results where it was pointed out
that the intensity of the band related to P-OH bond groups
responsible for acidity, are increased with increasing both
Zr* or sulfuric acid impregnation [54, 55].

However, IPA dehydration only evaluated the total acid-
ity, while type and strength of the acidic sites could not be
estimated from this reaction. To identify the typology [Lewis
(L) and Brgnsted (B)] and strength of acidic sites, additional
investigations were carried out. It was possible to distinguish
between Lewis (L) and Brgnsted (B) acid sites using the
chemisorption of basic probe molecules, such as pyridine
(PY) and dimethyl pyridine (DMPY) [65]. In these pro-
cedures, on both Lewis and Brgnsted types of acidic sites,
pyridine molecules often chemisorb. While steric hindrance
of two the methyl groups causes DMPY molecules to chem-
isorb preferentially on Brgnsted acid sites [45, 46].

The poisoning of the acid sites with the basic
probes during IPA dehydration over the surface of 1%
H,SO,~Zr-AIPO,-1T catalyst at 200 °C was investigated,
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400 °C, and b desorption of PY and DMPY from the surface of previously saturated 1% H,SO,~Zr-AIPO,-1T catalyst calcined at 400 °C

and the data are presented in Fig. 7a. It indicated that the
% conversion of IPA dramatically reduces with raising the
injection time of vapors of both PY and DMPY to achieve
a steady state at 20 min, with IPA conversions of 21 and
22%, respectively. The decrease in IPA conversion is due
to the poisoning effect of acidic sites by the basic probs.
Furthermore, a difference of about 1% between the two
conversions indicates that most of the acid sites are of
the Brgnsted type [65]. In this context, it was reported
that the hydroxyl groups on the P atom (P-OH) are highly
acidic than that over Al atom (Al1-OH) in Al,O; catalysts
indicating that, the Brgnsted acidic sites over AIPO,-1T
are comfortable for formation of the methoxy groups as
an intermediate which eventually interact with methanol
molecule to form DME [52, 53].

To measure the acidic site strength, the most active
catalyst, 1% H,S0,-0.1Zr-AIPO,-1T, was previously
saturated with the vapors of the basic probes for about
10 days and tested for IPA decomposition at various reac-
tion temperatures, according to the procedures previously
reported [46, 66], and the results are presented in Fig. 7b.
It reveals that, most of the probe molecules were left the
surface at a temperature range of 175-200 °C, suggesting

that the acid sites available on the catalyst surface are of
medium strength. Total acidity and strength of the acidic
sites were also confirmed by pyridine-TPD [Table 4; Fig.
S14 (ESD)]. Results presented in Table 4 indicated the vari-
ation in acidity with Zr** incorporation and sulfuric acid
modification is well-matched with the results of IPA con-
version (Fig. 6). In addition, most of acid sites are of weak
and intermediary strengths. Furthermore, little amounts
of strong acidic sites were observed over the catalyst’s
surfaces.

3.3 Catalytic Activity

Figure 8 presents the results of the experimental proce-
dures to produce DME from methyl alcohol dehydration
over catalysts under study. DME was the only product with
a selectivity of 100% throughout all activity runs and at
all reaction temperatures. All catalysts have an analogous
attitude, in which the catalytic activity increases as reac-
tion temperature increases. Figure 8a presents the catalytic
activity results for the AIPO,-0.8T, AIPO,-1T, AIPO,-1.2T,
and AIPO,-1.4T catalysts calcined at 400 °C in the tem-
perature range of 200—400 °C. It indicates that AIPO4-1T

Table 4 Total acidity and

strength of acidic sites Catalyst (Sites g™ cuX 10
Total acidity Weak (RT— Medium Strong ~ 350 °C
150 °C) (150-350 °C)
AIPO,-IT 7.74 4.60 3.01 0.13
0.1Zr-AlPO,-1T 7.88 3.86 3.11 0.91
1% H,SO,~Zr-AlIPO,-1T 8.54 422 3.28 1.04
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exhibits the highest activity for methanol dehydration, with
a conversion of 78% at 300 °C. This behavior may be attrib-
uted to the high Sgpr value exhibited by this catalyst among
the other ones (Table 3). Figure 8b shows the effect of cal-
cination temperature on the methanol dehydration activity
over AIPO,-1T at the reaction temperature 300 °C. There
is no fundamental difference in the % conversion of metha-
nol and % yield of DME upon increasing the calcination
temperature up to 600 °C. Only a slight increase in the %
conversion not exceeding 3—5% while the selectivity is still
100% to DME. However, such a slight increase cannot be
interpreted in terms of the variation in Sy (Table 3) where
catalyst calcined at 400 °C possessed higher Sy than that
annealed at 600 °C. This increase may be attributed to the
slight conversion of the monoclinic phase of AIPO,-1T into
the semi-amorphous state [46]. These findings manifested
the stability of catalysts with annealing temperatures. In
addition, owing to a catalyst calcined at 400 °C having a
definite chemical structure (Tridymite), it was chosen for
further investigations like Zr** incorporation, and sulfu-
ric acid modification. Figure 8c shows the influence of
the incorporation of zirconia in AIPO4-1T on its activity
and selectivity. It indicated that the best ratio for substi-
tution is 0.1, with conversions of 81 and 85% at 250 and
275 °C, respectively. Such results presented the role of Zr**
incorporation in enhancing the catalytic performance of
AIPO,-1T where at 250 °C, the methanol conversion greatly
enhanced from 58 into 81% on incorporating the AIPO,-1T
catalyst with a 0.1 mol% Zr**. These findings confirmed the
role of Zr** incorporation in enhancing the catalytic con-
version of methanol into DME over AIPO,-1T molecular
sieves. It was previously reported that, the incorporation of
transition metal ions such as Zr** can create more Bronsted
acidity [39] (Fig. 7a). In this context, it was informed that,
“the isomorphous substitution of aluminophosphate with
poly charged cation greatly enhanced the catalytic activity
and selectivity of the final product [67]”. In addition, XRD
results presented in Fig. 1c revealed that the substitution
results in converting the monoclinic phase into a semi-
amorphous phase which is accompanied by an observable
increase in the Sgpr values of these catalysts (Table 3). It
was found that incorporating AIPO,-1T molecular sieves
with 0.1 mol% Zr** improved the Sggy values by 14.2%.
Also, this treatment improved the IPA conversion from 55
to 68% (Fig. 6¢).

To enhance the catalytic activity, the 0.1Zr-A1PO,-1T
was further modified by sulfuric acid and the results are
given in Fig. 8d. It shows that, at a reaction temperature
of 250 °C, an 89% yield of DME was obtained over 1%
H,S0O,~0.1Zr-AlPO,-1T, which is in consistency with ther-
modynamic equilibrium conversion. This enhancement in
activity agrees with the results presented in Table 3 where
treatment of 0.1Zr-AIPO,-1T with 1% H,SO, sulfuric acid

@ Springer

resulted in increasing the Sggy from 55.3 to 63.3 m? g~
The fluctuation in catalytic activity with changing the ratios
of TEA, Zr, and H,SO, is closely related to the alteration in
catalyst acidities.

The influence of catalyst weight was also studied over the
1% H,S0,~0.1Zr-AlPO,-1T catalyst, as depicted in Fig. 8e.
The results showed that, at 250 °C, on increasing the catalyst
weight from 100 to 200 mg, a dramatic enhancement was
observed where the conversion changed from 48 to 89%.
This improvement could be explained by a rise in the weight
of the catalyst leading to an increase in the number of active
sites. The further increase in catalyst weight, i.e., 250 mg,
gave almost the same activity. Accordingly, to remove the
mass transfer effect, a weight of 200 mg was used in all
catalytic runs.

To shed a light on the activation energy of methanol
dehydration, the initial rate of reaction was calculated as pre-
viously reported [46] and the results are displayed in Table 5
and Fig. S15 (ESI). Again, we can attribute the variation in
catalytic activity among the different catalysts to the varia-
tion in activation energy values. In addition, these values are
comparable to that previously reported [68, 69].

Figure 9a shows the influence of reactant contact time
stated as gas hourly space velocity (GHSV) on the catalytic
activity of 1% H,S0,-0.1Zr-AIPO,-1T catalyst at 250 °C. It
implies that GHSV of 15,000 ml g~! h™! gives the maximum
conversion of 89%. Upon raising the GHSV from 15,000
to 45,000 ml g_1 h~!, a reduction in the % conversion to
reach 55% was noted. Such performance may be ascribed
to the low contact time of methyl alcohol molecules on the
catalyst surface [46]. The effect of the reactant concentra-
tion, as methanol % in the reacting stream, was also exam-
ined over 1% H,SO,-0.1Zr-AIPO,-1T catalyst at 250 °C
and is shown in Fig. 9b. The results revealed that increas-
ing the concentration of methanol resulted in a significant
decrease in conversion, while 100% DME selectivity was
sustained. Since catalyst reusability and recycling is a great

Table 5 Activation energy

Catalyst AE, (kJ mol™)
values of the prepared catalysts
AIPO,-IT 51.0
0.8T 86.0
1.2T 52.0
14T 119.1
0.05Zr 23.0
0.1Zr 229
0.3Zr 24.8
0.5Zr 28.4

0.5% H,80, 234
1% H,S0, 20.1
3% H,S0, 225
5% H,S0, 24.9
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issue especially in industrial catalysis, regeneration of 1%
H,S0,-0.1Zr-AIPO4-1T was studied for three cycles. After
the first catalytic run, the spent catalyst was collected and
calcined in the muffle furnace at 400 °C for 3 h and subject
to methanol dehydration under similar conditions of the fresh
catalyst. The same procedures were repeated for second and
third cycles, and the results are presented in Fig. 9c. The
catalyst regeneration process comprises that the regenerated
calcined catalyst can be used for many cycles without any
deactivation and produces a similar yield for the first cycle at
250 °C with a little decrease not exceeding 3%. The stability
of the catalyst was also examined by following up the reac-
tion over the catalyst surface for a period of 120 h at 250 °C
(Fig. S16). It shows that the catalyst is still efficient towards
the dehydration reaction, with almost the same activity and
100% selectivity. These findings confirmed that, the num-
ber and nature of acidic sites remained unchanged under the

investigated conditions [70]. TGA of the spent catalyst was
carried in a temperature range of 25-600 °C in air atmos-
phere and the obtained results are presented in Fig. S17. It
shows that only a 1.6% weight loss was observed on heating
the spent catalyst up to 600 °C. Actually, it is a neglectable
value and confirmed the absence of any coke formation. Also,
this result can safely clearly explain the dramatic long-term
stability and recyclability of the catalyst under study. Finally,
a comparison was made between the catalytic behavior of the
1% H,S0,-0.1Zr-AlPO,-1T catalyst provided in this inves-
tigation and that reported in the literature, and the results are
shown in Table 6. Inspection of these results revealed that
the catalyst 1% H,SO,-0.1Zr-A1PO,-1T possessed the high-
est activity at relatively low reaction temperature at 250 °C,
with conversion of 89% and selectivity 100%. In addition,
the catalysts offer a long-term stability for the reaction for
120 h with approximately the same activity and selectivity.
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Table 6 The catalytic
performance of 1%
H,S0,/0.1Zr-AIPO,-TRI
catalyst towards methanol
dehydration into DME and that
previously reported catalysts

Catalyst Temperature Methanol con-  DME selectiv- References
(&(®) version (%) ity (%)
AIPO-5 350 81.0 99.6 [40]
AlIPO-11 350 81.4 99.9 [40]
AlPO-41 350 82.4 99.9 [40]
SAPO-5 250 85 68.1 [40]
SAPO-11 250 84.1 100 [40]
SAPO-41 250 81.3 82.1 [40]
Na-modified H-ZSM-5 NaNO; 270 ~83 100 [71]
NaH-ZSM-5 NaNO; 250 ~60 100 [72]
Na-modified H-ZSM-5 NaNO; 300 98 100 [73]
H-ZSM-5/MCM-41 NaOH + CTAB 220 ~90 100 [74]
HMS no Al insertion, DDA surfactant 300 10 NA [75]
Al-HMS-5 Si/Al=5, DDA surfactant 300 91.2 94.1 [75]
Al-HMS-10 Si/Al=10, DDA surfactant 300 89 100 [75]
Al-HMS-20 Si/Al1=20, DDA surfactant 325 20 100 [75]
Al-HMS-35 Si/Al=35, DDA surfactant 375 16 100 [75]
SAPO-46 350 80 93 [76]
1% H,S0,/0.1Zr-A1PO,-1 T 250 89 100 This work

4 Conclusions

In this study, pure and Zr*'-incorporated AIPO,-TRI
molecular sieve nanocatalysts were successfully prepared
and tested for the selective production of DME. An 89%
conversion of methanol and 100% selectivity into DME was
obtained at 250 °C over the sulfuric acid modified Zr-incor-
porated AIPO,-TRI. The texture of these catalysts exhibited
micropores with narrow width. Catalysts generated Brgnsted
acid sites of weak and medium strengths. Activity was well
correlated with the catalyst acidity and activation energy.
Catalysts could be reused three times with similar activ-
ity and selectivity. In addition, catalyst offered a dramatic
stability towards methanol conversion into DME for long
period of time of 120 h. All these benefits encourage the
use of sulfuric acid modified Zr-incorporated AIPO,-TRI as
sustainable and promising nancatalysts for producing DME.
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