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Abstract: The synthesis of gasoline-range hydrocarbons by gas-phase dimethyl ether (DME) con-
version was investigated on various ZSM-5 zeolites with different morphologies and Fe contents.
The different morphologies of ZSM-5 significantly altered the distributions of the acidic sites, which
showed different selectivities to gasoline-range hydrocarbons. Nanostructured ZSM-5 (N-ZSM-5)
revealed the highest Cs, selectivity of 41.7% with an aromatics selectivity of 23.6% at ~100% DME
conversion. The superior catalytic activity of N-ZSM-5 was attributed to the largest strong Brensted
acidic sites and smaller crystallite sizes, which were beneficial for the faster removal rate of heavy
hydrocarbons due to its shorter diffusion pathlength compared to conventional ZSM-5 (C-ZSM-5).
In addition, 10 wt% Fe-impregnated N-ZSM-5 revealed an enhanced Cs, selectivity of 60.6% with a
smaller C1—Cy selectivity of 21.9%, which were attributed to the adjusted acidic sites by suppressing
the cracking reactions of the surface intermediates, which are responsible for the selective formation
of smaller light hydrocarbons. However, the excess amount of Fe on N-ZSM-5 showed a lower DME
conversion of 83.5% with a lower Cs, selectivity of 38.5% due to the blockages of the active acidic
sites. Nanostructured N-ZSM-5 possessing a larger amount of strong Brensted acid sites with 10 wt%
Fe modification clearly showed a higher formation rate of gasoline-range hydrocarbons due to an
enhanced secondary oligomerization of surface intermediates to form heavier aromatic hydrocarbons.

Keywords: conversion of dimethyl ether (DME); gasoline-range hydrocarbons; morphology of
ZSM-5; Fe-modified ZSM-5; surface acidity

1. Introduction

With the fast-paced growth of the transportation sector and the consequent increase in
CO, emissions from both transportation and industry, it has become important to explore al-
ternative resources in light of the higher demand for liquid fuels and the ongoing depletion
of conventional fossil fuels [1]. There has been an increasing focus on exploring environ-
mentally benign methods to convert raw feedstock such as biomass, natural gas, or coal into
clean fuels and petrochemicals. Methanol, a feedstock for the methanol-to-hydrocarbon
(MTH) reaction via the dimethyl ether (DME) route, has been commercially produced by
syngas conversion. Generally, an indirect two-step process of DME synthesis via methanol
dehydration seems to be less efficient due to its thermodynamic limitations, and the direct
one-step conversion of syngas to DME (STD) has emerged as a more promising alternative
way due to its small investment cost, low power consumption, and improved one-pass
CO conversion [2-8]. Therefore, many studies have focused on the conversion of DME
to clean transportation fuels such as gasoline-range hydrocarbons on various solid acid
zeolites via a one-step STD reaction [9,10]. In addition, the recent techno-economic analysis
of the DME-to-gasoline (DTG) process has suggested its higher economic feasibility by
utilizing biomass or coal-derived syngas [11,12]. It has been reported that zeolites having
unique shape selectivity and surface acidity play important roles in DME conversion to
gasoline-range hydrocarbons by multiple reaction steps such as surface methyl formation,
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olefin methylation, olefin cracking, hydrogen transfer, cyclization, aromatics methylation,
aromatics dealkylation, and so on [13,14]. In particular, ZSM-5 with MFI topology was
found to be crucial for the selective production of gasoline-range hydrocarbons due to
its unique channel structures with medium pore size openings, which are important for
the selective penetrations of intermediates in the pores, resulting in the shape-selective
formation of gasoline-range hydrocarbons [15]. The ZSM-5 frameworks were composed of
two kinds of intersecting 10-membered ring channels, straight channels (5.6 x 5.3 A2) along
the crystallographic b-axis interconnected with sinusoidal channels (5.5 x 5.1 A2) along the
a-axis [16]. Among the various zeolites, ZSM-5 with unique structure has been a subject
of interest because of its unique catalytic properties for various catalytic reactions such
as methanol/DME to gasoline (MTG/DTG), methanol/DME to aromatics (MTA/DTA),
methanol/DME to olefins (MTO/DTO) [17-23], xylene isomerization [24], aromatic alkyla-
tion [25], distillate dewaxing [26], and upgrading of Fischer-Tropsch synthesis products [27].
Besides the zeolite topology, the morphology of zeolites also plays a crucial role in adjusting
the product distributions by changing the diffusion rates of reactants and products on the
acidic surfaces [28], where the diffusion proficiency of intermediates largely changes the
catalytic activity and product distributions [29-31]. For example, nanocrystal ZSM-5 can
improve the catalyst lifetime and liquid hydrocarbon yield for the MTG reaction more than
micro-sized ZSM-5 due to lower molecular diffusion hindrance [32], and hierarchically
structured ZSM-5 zeolite also changes the aromatic distributions of the syngas-to-aromatics
(STA) reaction by altering pore structures and surface acidity [33]. Aromatic selectivity can
also be increased by adjusting the length of crystallites of sheet-like ZSM-5 for the STA
reaction [34].

Since the DTG/MTG reaction on ZSM-5 generally produces aromatic-rich hydrocar-
bons, the desired aliphatic gasoline-range hydrocarbons from oxygenates can be further
formed by its successive secondary hydrogenation and isomerization reaction, which can
be possibly realized by metal modifications to enhance DTG reaction performances [35,36].
The incorporation of metallic heteroatoms such as Zn, Mn, Co, and Cr significantly enhances
the hydrogen transfer and aromatization activity of the modified zeolites, which further
increases the gasoline-range hydrocarbon selectivity for the DTG reaction [37-40]. Among
these various metal promoters, Fe-modified ZSM-5 has been extensively reported with
enhanced activity for STA [41], MTG [42], and methane dehydroaromatization (MDA) [43],
where the incorporation of the Fe species in nanocrystalline H[Fe,Al]ZSM-5 significantly
improved catalytic performances for the DTG reaction by selectively reducing aromatic
selectivity [44—47]. In the present study, the effects of the different morphologies of ZSM-5
zeolites, such as rectangular (N-ZSM-5), hexagonal (H-ZSM-5), sheet-like (5-ZSM-5), and
sphere-like (C-ZSM-5) structures, with the incorporation of Fe metal oxides on the selected
N-ZSM-5 zeolite were studied to verify the roles of ZSM-5 morphology on catalytic activity
and gasoline-range hydrocarbon selectivity during the DTG reaction.

2. Results and Discussion
2.1. Structural and Surface Acidic Property of ZSM-5 Zeolites

The effects of the different ZSM-5 morphologies and additional Fe modification to
change the textural and surface acidic properties were investigated with N>-sorption,
PXRD, SEM, and TEM analysis. The PXRD patterns on all fresh ZSM-5, as displayed
in Figure 1A, reveal the characteristic diffraction peaks of MFI zeolitic structures [48]
without any distinctive impurity peaks. As summarized in Table 1, the relative crystallinity
calculated from the most intense diffraction peaks at 20 = 7-9° was found to be smaller
on ZSM-5 in the range of 29-71% based on 100% of most crystalline S-ZSM-5, which was
attributed to their different morphologies and smaller average nanoscale grain sizes in
the range of 83-300 nm compared to that of 1.67 um on S-ZSM-5. The observed lower
crystallinity of 68% and smaller crystallite size of 32 nm on N-ZSM-5 compared to those on
S-ZSM-5 45 nm in size were also attributed to its lower Si/ Al ratio of 72 (Si/ Al ratio of 94
on S-ZSM-5), as confirmed by XRF analysis. In addition, the slight shifts in diffraction peak
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positions from those on C-ZSM-5, as shown in Supplementary Figure S3, can be attributed
to the possible substitution of smaller Al cations in the crystalline structures of N-ZSM-5
and S-ZSM-5, which resulted in an increased d-spacing parameter between the lattice
planes with larger amounts of acidic sites. As displayed in Figure 1B, the PXRD patterns on
fresh Fe/N-ZSM-5 also showed the characteristic diffraction peaks of the ZSM-5 and Fe,O3
phases, which also suggests that the MFI structures of N-ZSM-5 were stably preserved
even after the incorporation of Fe species. The crystallite sizes of ZSM-5, as summarized in
Table 2, were increased with an increase in Fe content from 32 nm on pristine N-ZSM-5 to
46 nm on Fe(15)/N-ZSM-5 with an inverse trend of a monotonous decrease in crystallinity
from 68% to 21% due to the possible structural collapses of N-ZSM-5 with the incorporation
of iron oxides, where the diffraction peaks at 20 = 33.1, 35.6, 40.8, 49.5, and 54.1° are
separately assigned to the (104), (110), (113), (024), and (116) facets of Fe,O3 hematite
(JCPDS No. 033-0664) [49]. In addition, the decreased intensity of these diffraction peaks
with an increase in Fe content was attributed to the increased crystallite size of ZSM-5 on
the Fe/N-ZSM-5 surfaces (from 32 nm on N-ZSM-5 to 38-46 nm on Fe/N-ZSM-5) due to
an excess amount of Fe;Os phases and its structural disintegrations, as shown in Figure 1B.
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Figure 1. Characteristics of four different ZSM-5 and Fe/N-ZSM-5 zeolites: (A) PXRD patterns of
fresh ZSM-5, (B) PXRD patterns of fresh Fe/N-ZSM-5, (C) N, adsorption-desorption isotherms of
fresh ZSM-5, and (D) N, adsorption—-desorption isotherms of Fe/N-ZSM-5.



Catalysts 2023, 13,

910

4 of 14

Table 1. Bulk and surface properties of ZSM-5 zeolites with their different morphologies and catalytic
performance of DTG reaction.

XRF 2 XRD

b N,-Sorption ¢ NH;-TPD ¢ Py-IR ¢ Selectivity f

Catalyst Si/Al Seryst
Ratio (nm)

Rayst  Sg/Set  Vp/Vmeso  Pp WI/M/S (Total) B/L B/L (mol%)

XbmE

©)  (mdg)  (em’g  (m) (mmol/g) (umol/g)  Ratio C1-Cy/Cs./Aro

N-ZSM-5
H-ZSM-5
S-ZSM-5
C-ZSM-5

72 32
74 34
94 45
84 69

68 366/196  0.29/0.20 4.1 0.32/0.0/0.16 (0.48) 159.9/4.5 322 100 34.7/41.7/23.6
29 376/177  0.40/0.29 7.2 0.23/0.06/0.06 (0.35) 84.3/5.4 15.5 100 37.1/41.0/21.9
100 347/232  0.10/0.04 39 0.19/0.0/0.12 (0.31) 48.4/4.3 114 100 43.4/38.1/18.5
71 360/94 0.24/0/10 4.6 0.32/0.0/0.13 (0.45) 84.8/4.1 20.7 100 39.5/40.5/20.0

2 Si/ Al molar ratio on fresh ZSM-5 with different morphologies was determined by XRF analysis, and H-form
ZSM-5 zeolites were denoted as follows: N-ZSMS5 for nanostructured H-form ZSM-5, H-ZSMS5 for hierarchically
structured ZSM5, S-ZSMS5 for sheet-structured ZSM-5, and C-ZSM5 for conventional ZSM-5. P Crystallite size
(Secrystal, nm) of ZSM-5 grains on different ZSM-5 zeolites was calculated from most intense characteristic diffraction
peaks, and relative crystallinity (Reryst, %) was calculated by using ratios of most intense diffraction peaks at
20 =7-9° based on crystallinity of 100% on S-ZSM-5. € Sy and Sext (m?/g) were measured by Nj-sorption analysis
with help of BET method and t-plot method, where Sy represents external surface area by subtracting micropore
area from t-plot method. Vp and Vineso (cm®/g) represent total pore and mesopore volume determined from
adsorbed amount at P/Py = 0.995 by t-plot method. Pp (nm) represents average pore diameter. ¢ Quantity of
weak (W), medium (M), and strong (S) acid sites with total amount was determined by NH3-TPD analysis by
quantifying desorbed amounts of NH3 probe molecules at 120-250 and 250-550 °C, respectively. ¢ Quantity of
Brensted acid sites (B) and Lewis acid sites (L), as well as B/L ratios, was measured by pyridine FT-IR (Py-IR)
analysis; concentration was estimated by using Py-IR peak area at 1540 and 1490 cm ! at desorption temperature
of 350 °C, respectively. f DTG reaction activity (DME to gasoline-range hydrocarbons with almost 100% DME
conversion (Xppmg) with hydrocarbon distributions including aromatics (Aro)) was measured at T =290 °C, P = 0.1
MPa, and space velocity (SV) = 4400 L/ (kgcat-h) with feed reactant of DME/N; = 5/95 (mol%).

Table 2. Bulk and surface properties and catalytic activity for DME conversion to gasoline-range
hydrocarbons on Fe/N-ZSM-5.

Catalyst

XRD 2 N,-Sorption ? NH;-TPD ¢ Catalytic Activity (mol%) ¢

Scrysi (nm)

WI/S (Total) XpME Product Distribution (mol%)

N-ZSM-5  Fe,0; (m?/g) (cm®/g)

R, (%) Sg/sexl vP/Vmeso
cryst (mmol/g) (mol%) (C1—-C4/C5/Cé,. (Aromatics))

N-ZSM-5
Fe(1)/N-ZSM-5
Fe(5)/N-ZSM-5

Fe(10)/N-ZSM-5

Fe(15)/N-ZSM-5

32
38
42
46
46

- 68 366/196  0.29/0.20 41 0.32/0.16 (0.48) 100.0 34.7/12.8/52.5 (23.6)
- 65 341/173  0.29/0.20 49 0.31/0.15 (0.46) 100.0 38.2/11.5/50.3 (20.3)
87 55 316/150  0.25/0.16 47 0.23/0.13 (0.36) 917 38.3/9.3/52.4 (18.3)
11.1 36 310/145  024/0/16 438 0.21/0.10 (0.31) 100.0 21.9/8.5/69.6 (17.6)
136 21 294/141  0.24/0.16 6.0 0.18/0.10 (0.27) 83.5 44.5/7.8/47.7 (17.0)

2 Crystallite size (Scrystal, nm) of ZSM-5 grains on different ZSM-5 zeolites was calculated from most intense
characteristic diffraction peaks, and crystallite size of Fe;O3 was estimated from most intense peak at 20 = 35.6°.
Relative crystallinity (Reryst, %) was calculated by using ratios of most intense diffraction peaks at 26 = 7-9°
based on crystallinity of 100% on S-ZSM-5. b Sg and Sext (m?/ g) were measured by N,-sorption analysis with
help of BET method and t-plot method, where Sey represents external surface area by subtracting micropore
area from t-plot method. Vp and Vieso (cm3/ g) represent total pore and mesopore volume determined from
adsorbed amount at P/Py = 0.995 by t-plot method, and Pp (nm) represents average pore diameter. © Quantity
of weak (W) and strong (S) acid sites with total amount was determined by NH3-TPD analysis by quantifying
desorbed amounts of NH;3 probe molecules at 120-250 and 250-550 °C, respectively. ¢ Typical DTG reaction
activity (DME conversion to gasoline-range hydrocarbons with average value at steady-state for DME conversion
(XpmE) and product distribution) was measured at reaction conditions of T = 290 °C, P = 0.1 MPa, and space
velocity (SV) = 4400 L/ (kgcat-h) with feed reactant of DME/N; = 5/95 (mol%).

The different ZSM-5 morphologies also changed their structural properties. The
results of N, adsorption—desorption analysis on the various pristine ZSM-5 zeolites are
summarized in Table 1, and their isotherms and pore size distributions are, respectively,
displayed in Figure 1C and in Supplementary Figure S3B. On N-ZSM-5, the observations
of clear increases at P/P, < 0.15 and P/P, = 0.4-0.9 suggest the presence of micropores
and mesopores due to its nanosized structures, as displayed in Figure 1C. These structural
characteristics were also responsible for a larger surface area of 366 m?/g (196 m? /g for
the external surface area) and a pore volume of 0.29 cm®/g (0.20 for mesopore volume)
with an average pore diameter of 4.1 nm, as summarized in Table 1. H-ZSM-5 exhibited the
characteristic H3 hysteresis loop with a sharp increase at P/P, > 0.9, which was attributed
to Ny adsorption on the inter-particular mesopores formed by the agglomerated larger
nanocrystals through the self-assembly of sub-nanocrystal zeolite seeds with CTAB and
ethanol [50]. These structural natures also generated larger mesopores with an average
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pore size of 7.2 nm and a larger mesopore volume of 0.29 cm?®/g (0.40 cm?/g for total
volume), as well as a larger surface area of 376 m?/g (177 m?/g for the external surface
area). On S-ZSM-5, the sharp increase at P/P, = 0.1-0.2 was attributed to a fluid-to-fluid
phase transition of the adsorbed N, molecules on ZSM-5 having a higher Si/ Al ratio due
to the capillary condensation effects in ZSM-5 micropores [34,51,52], and no hysteresis
loop (type IV) observation at P/P, = 0.5-0.9 on S-ZSM-5 also suggests the suppressed
formation of mesopores in the presence of urea with a smaller surface area of 347 m? /g and
a larger external surface area of 232 m? /g, as well as a smaller pore volume of 0.10 cm?/g
(0.04 cm® /g for mesopore volume) and a smaller average pore diameter of 3.9 nm. On
C-ZSM-5, these hysteresis loops almost disappeared, and it strongly suggests that the
growth of zeolite crystals was limited by preventing the formation of mesopores and
developing the much denser crystals with microporous structures, which resulted in a
smaller external surface area of 94 m?/g (360 m?/g for the specific surface area) and a
smaller mesopore volume of 0.10 cm®/g (0.24 cm®/g for pore volume) with an average
pore diameter of 4.6 nm. It is worth noting that the micropore surface area and micropore
volume (differences between the value of total and mesopore) estimated by using the
t-plot method [53] showed larger variations in the respective values of 115-266 m? /g and
0.06-0.14 cm3 /g with the largest values on C-ZSM-5 (corresponding to the smaller surface
area and pore volume of mesopores), where the larger micropore surface area on C-ZSM-5
was attributed to its higher crystallinity. The larger total surface area and pore volume
on N-ZSM-5 and H-ZSM-5 were attributed to their smaller crystallite sizes, and the larger
external surface area on S-ZSM-5 originated from the suppressed mesopore formation. In
addition, the impregnation of Fe metal oxides on N-ZSM-5 (Fe/N-ZSM-5) also showed
H4 hysteresis loop, as shown in Figure 1D, which also suggests the preservation of MFI
structures without significant structural disintegrations, as confirmed by PXRD results. As
summarized in Table 2, the steady decreases in surface area and pore volume from 366
t0 294 m?/ g (196 to 141 m?2/ g for the external surface area) and from 0.29 to 0.24 cm3/ g
(0.20 to 0.16 cm?/ g for mesopore volume) were observed with an increase in Fe loading up
to 15 wt% Fe with the smallest values on Fe(15)/N-ZSM-5, which were also responsible
for the steady increases in average pore diameter from 4.1 to 6.0 nm due to the formation
of inter-particular mesopores between ZSM-5 and Fe;O3; nanoparticles, which suggests
that an excess amount of Fe;O3 nanoparticles on N-ZSM-5 can further block the outer pore
mouths, resulting in suppressed acidic sites as well.

The morphologies of the four different ZSM-5 were further characterized with SEM
and TEM analysis, and the images are displayed in Figure 2. The images of the fresh
N-ZSM-5, as shown in Figure 2A, clearly revealed the formation of nanosized crystals with
an average particle size of 95 nm, where nanocrystalline ZSM-5 showed a rectangular shape
with a narrow size distribution. H-ZSM-5, as displayed in Figure 2B, showed bimodal size
distributions of the H-ZSM-5 crystallites by selectively forming mesoporous structures with
the help of CTAB and ethanol, which caused the formation of hierarchical structures with
the growth of smaller crystallites on top of the larger ZSM-5 crystallites with typical MFI
morphology [50,54]. S-ZSM-5, as shown in Figure 2C, revealed a typical sheet-like mor-
phology oriented in the direction of the c- and b-axes, where the addition of urea increased
the length along with the c-axis due to its preferential crystal growth in the direction of the
b-axis by inducing the sheet-like morphology of S-ZSM-5 [34,55]. As shown in Figure 2D,
C-ZSM-5 exhibited a typical cylindrical cube-like monocrystalline morphology with an
average particle size of 300 nm, where dense surfaces and agglomerated nanocrystals
were observed on the top of the large ZSM-5 crystallites due to an elevated crystallization
temperature of 180 °C.
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Figure 2. Surface morphology of fresh H-ZSM-5: (1) SEM and (2) TEM images of (A) N-ZSM-5,
(B) H-ZSM-5, (C) S-ZSM-5, and (D) C-ZSM-5.

Since the surface acidity can largely change DTG reaction activity and product distribu-
tions, NH3-TPD and FI-IR analyses of adsorbed pyridine on fresh ZSM-5 and Fe/N-ZSM-5
were separately carried out, and the results are, respectively, summarized in Tables 1 and 2,
as well as in Figure 3 and Supplementary Figure S4. Three different characteristic NH3
desorption peaks are assigned to weak (W), medium (M), and strong (S) acid sites at the
desorption temperature range of ~150, 250, and 400 °C, respectively (Figure 3A), where
two deconvoluted peaks below 250 °C (assigned to weak acid sites) can be separately
assigned to the physically absorbed NH3 and absorbed NH3 on the weak acidic sites on
the zeolite surfaces [56]. The different morphologies of ZSM-5 exhibited different acid
site densities in the range of 0.31-0.48 mmol/g with a maximum amount of weak and
strong acidic sites of 0.32 and 0.16 mmol/g on N-ZSM-5, whereas 5-ZSM-5 showed smaller
total and strong acidic sites of 0.31 and 0.12 mmol/g, and the smaller strong acidic sites
of 0.13 and 0.06 mmol/g were also observed on C-ZSM-5 and H-ZSM-5 as well (Table 1).
Interestingly, S-ZSM-5 having a much smaller mesopore volume (0.04 cm?/g) and larger
external surface area (232 m?/ g) showed much smaller weak acidic sites of 0.19 mmol/g
compared to other ZSM-5 in the range of 0.23-0.32 mmol/g, which were attributed to the
smaller amount of micropore surface area and the higher Si/ Al ratio of 94 of the sheet-like
morphology. It was obvious that N-ZSM-5 showed larger amounts of strong Brensted acid
sites (S sites from NH3-TPD) due to the lower Si/ Al ratio of 72 and preferential formation
of the bridged-Al(OH)Si- structures in the main zeolite frameworks. In addition, NHs-
TPD analysis was carried out on Fe/N-ZSM-5, and the results are displayed in Figure 3B
and summarized in Table 2. All the Fe/N-ZSM-5 zeolites showed very similar NH3-TPD
profiles as pristine N-ZSM-5 with slightly suppressed amounts of weak and strong acid
sites. With an increase in Fe content on N-ZSM-5, the amount of weak and strong acidic
sites steadily decreased from 0.32 and 0.16 mmol/g on N-ZSM-5 (total acidic sites of 0.48
mmol/g) to 0.18 and 0.10 mmol/g (total acidic sites of 0.27 mmol/g) on Fe(15)/N-ZSM-5,
which were mainly attributed to the selective blockages of active sites by the excessive
amount of Fe,O3 nanoparticles, as confirmed by XRD analysis. To further verify the types
and amounts of surface acidic sites, Py-IR analysis was performed on the different ZSM-5
zeolites, and the results are displayed in Figure 3C and summarized in Table 1. Typically,
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the absorption band at 1540 cm ™! is responsible for its adsorption on the Brensted acid
sites, and the band at 1455 cm ™! is mainly assigned to the Lewis acid sites formed by extra
framework Al (EFAL) sites. It is well reported that the strong Brensted acid sites such as
the bridged Si-OH-Al groups on ZSM-5 play important roles in the propagation reaction,
alkene dehydrogenation, and cyclization to aromatics [48,57]. The distributions of Brensted
(B) and Lewis (L) acid sites were measured by calculating each peak ratio (B/L) from the
Py-IR spectra at a desorption temperature of 350 °C (close to the real reaction tempera-
ture), where the much smaller and clear peaks at 350 °C were observed compared to the
desorption temperatures of 150 and 250 °C, as shown in Supplementary Figure S4. The
relative B/L ratios were found in the decreasing order of N-ZSM-5 > C-ZSM-5 > H-ZSM-5
> 5-ZSM-5 with respective values of 32.2, 20.7, 25.5, and 11.4 (density of Brensted acid sites
in the range of 48.4-159.9 pmol/g and Lewis acid sites in the range of 4.1-5.4 umol/g).
Interestingly, N-ZSM-5 exhibited the largest B/L ratio due to the abundant Brensted acid
sites compared to other ZSM-5. These different distributions of Brensted and Lewis acid
sites according to the different morphologies of ZSM-5 and amounts of Fe promoter on
N-ZSM-5 seem to largely alter DME conversion and product distributions as well.

(A) (B) ..,
/ i . e FE1S)NLSIS
p e e— Fe(10)H-ZSM-5
fr” it Nt kuii=e .. S
3 | A .
‘l_ﬂ.’ ------------ Fe{5)/N-ZSM-5
=
=
w
c
@ Fe(1)/N-ZSM-5
E R PR 2 o
NZsMs | | A T T N-ZSM5
L) v L] T v L] L v L] L L] L L) v L] T v L] - L v L] L L] L
50 100 150 200 250 300 350 400 450 500 550 50 100 150 200 250 300 350 400 450 500 550
Temperature (°C) Temperature (°C)

350°C B+L

©

C-ZSM-5

Absorbance (a.u.)

1600 1575 1550 1525 1500 1475 1450 1425 1400

Wavenumber (cm™)
Figure 3. NH3-TPD patterns of fresh (A) ZSM-5 and (B) Fe/N-ZSM-5 and (C) Py-IR spectra of ZSM-5.

2.2. Catalytic Activity and Product Distribution According to ZSM-5 Morphology

The catalytic activity of the DTG reaction was measured at the temperature range of
280-320 °C on the different ZSM-5 zeolites to verify the roles of the different morphologies
and acidic site densities, and DME conversion and hydrocarbon distributions are summa-
rized in Table 1 (at 290 °C and at a wider range of temperatures in Supplementary Table S1)
and displayed in Figure 4. All ZSM-5 zeolites showed almost 100% DME conversion on
all tested temperature ranges, and the selectivity to gaseous C;-C4 hydrocarbons steadily
increased with an increase in reaction temperature, for example, from its selectivity of 33.1%
at 280 °C to 39.3% at 320 °C on N-ZSM-5 and from 37.9-42.8% to 48.3-48.4% on C-ZSM-5
and S-ZSM-5 (Table S1), which was attributed to the facile cracking activity of surface
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intermediates to form light hydrocarbons. Among the different ZSM-5 zeolites, N-ZSM-5
showed a much higher selectivity to gasoline-range hydrocarbons (Cs,. selectivity of 41.7%
with aromatic selectivity of 23.6% at 290 °C) with lower light hydrocarbon selectivity. These
phenomena were mainly attributed to the largest amount of strong Brensted acid sites with
a higher B/L ratio, as confirmed by NH3-TPD and Py-IR results. The strong Bresnted acid
sites have been generally known to be more active in enhancing C—C bond formations,
which further transform to form heavier hydrocarbons [58,59]. The largest amounts of
total acidic sites are also responsible for the higher gasoline-range hydrocarbon selectivity
on N-ZSM-5 due to its shorter diffusion pathlength in the smaller crystallites with lower
cracking reaction activity of intermediates [60]. However, S-ZSM-5 having larger crys-
tallite sizes and smaller acidic sites exhibited a higher selectivity to C;—C4 hydrocarbons
with 43.4% and the smaller formation of Cs, and aromatics hydrocarbons with 38.1 and
18.5%, respectively. These phenomena were attributed to the smallest amount of strong
Brensted acid sites by suppressing chain propagation reactions to form gasoline-range
aliphatic hydrocarbons [61]. In addition, H-ZSM-5 possessing smaller aggregates on the
MFI morphology increased the mass transfer rate and minimized coke formations due to
the presence of the hierarchically structured morphology of H-ZSM-5 [9,62,63], which was
responsible for a higher Cs, selectivity of 41.0% and aromatics selectivity of 21.9% with a
lower C1-Cy selectivity of 37.1%. C-ZSM-5 having a similar amount of Bresnted and total
acid sites with N-ZSM-5 and a higher content of total acid sites showed a higher selectivity
to the gaseous C1—C4 hydrocarbons of 39.5% due to the presence of more active cylindrical
cube-like densely agglomerated nanocrystals.

In addition, the catalytic activity of Fe/N-ZSM-5 with different Fe contents was
measured at 290 °C, which showed the synergy effects of the proper amount of Fe;O3
promoter on the most active N-ZSM-5 by increasing the selectivity of C¢, hydrocarbons
with 69.6% (aromatics selectivity of 17.6%) on Fe(10)/N-ZSM-5, as displayed in Figure 5A
and summarized in Table 2 and Supplementary Table 52. On all the Fe/N-ZSM-5 zeolites,
DME conversion was found to be ~100%, except for Fe(15)/N-ZSM-5 with 83.5%, and
the aromatics selectivity gradually decreased with an increase in Fe,O3; content from
23.6% on pristine N-ZSM-5 to 17.0% on Fe(15)/N-ZSM-5 with an increased liquid-phase
aliphatic selectivity from 63.8 to 70.9% (Table S2) due to decreased amounts of strong
Brosnted acid sites, which also originated from the possible secondary hydrogenation
and isomerization reaction to form aromatics with the presence of Fe,Os nanoparticles
on N-ZSM-5 [41,42], as shown in Figure 5B. The surface modification with Fe;O3; phases
also increased the selectivity to C;—Cy light hydrocarbons from 34.7% on N-ZSM-5 to
44.5% on Fe(15)/N-ZSM-5 possessing a larger average Fe,O3 size of 13.6 nm, except for
Fe(10)/N-ZSM-5 with a selectivity of 21.9%, as summarized in Table 2. Therefore, the
amount of strong Bronsted acid sites seems to be closely related to the aromatization
reaction over ZSM-5 surfaces, and incorporation with a proper amount of Fe,O3 can further
optimize the surface Bronsted acid sites [42] through the homogeneous distribution of Fe
nanoparticles. Fe(10)/N-ZSM-5 exhibited the lowest C1—Cy4 light hydrocarbon selectivity of
21.9% and the highest selectivity to gasoline-range hydrocarbons of 69.6%. The results were
attributed to the presence of an optimal amount of strong Brensted acid sites, as well as
well-dispersed Fe,O3 nanoparticles with an average Fe, O3 size of 11.1 nm by weakening the
cracking reaction activity of N-ZSM-5, where the optimal Fe,Oj3 crystallite size of ~10 nm
seems to properly adjust the surface acidic sites without significant blockages of the active
sites [64,65]. The more detailed reaction mechanisms for DME conversion to gasoline-range
hydrocarbons by stepwise surface methoxy formation, alkylation, hydrogen transfer, and
aromatization [14] were modified and are displayed in Supplementary Figure S5. As a
brief summary, nanostructured N-ZSM-5 possessing abundant strong Brensted acid sites
can be one of the promising catalyst candidates for a gas-phase methanol /DTG reaction
with higher gasoline-range hydrocarbon selectivity, which can be further optimized with a
proper amount of Fe;O3 nanoparticles (10 wt% Fe on N-ZSM-5) by modifying the surface
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acidic sites with the suppressed cracking reaction activity of the surface intermediates
as well.
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Figure 4. Catalytic activity and product distribution on four different ZSM-5 zeolites (N for N-
ZSM-5, H for H-ZSM-5, S for S-ZSM-5, and C for C-ZSM-5) at reaction temperature of 280-320 °C,
P =0.1 MPa, DME/N; (mol%) = 5/95, and weight hourly space velocity (SV) = 4400 L/ (kgcat-h) with
catalyst loading of 0.4 g; (A) DME conversion and total selectivity of C;—C4 and Cs, hydrocarbons
and (B) liquid hydrocarbon distributions above Cs, hydrocarbons.
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Figure 5. Catalytic activity and product distribution on Fe/N-ZSM-5: (A) DME conversion and
selectivity of C;—Cy4 and Cs, hydrocarbons and (B) liquid hydrocarbon distributions above Cs,
hydrocarbons at reaction condition of T =290 °C, P = 0.1 MPa, DME/N; (mol%) = 5/95, and weight
hourly space velocity (SV) = 4400 L/ (kgcat-h) with catalyst loading of 0.4 g.
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3. Experimental Section
3.1. Catalyst Preparations and Activity Measurement

The ZSM-5 (Si/ Al ratio of ~80) zeolite with different morphologies was synthesized
by a typical synthetic method, as more precisely described in the Supplementary Materials.
Briefly, the synthesis of nanostructured ZSM-5 (N-ZSM-5) and hierarchically structured
nano-ZSM-5 (H-ZSM-5) was carried out with silicalite-1 seed suspension, and the silicalite-
1 seed suspension was prepared by mixing tetraethyl orthosilicate (TEOS), tetrapropyl
ammonium hydroxide (TPAOH), and deionized water (DIW) in a Teflon-lined stainless
steel autoclave at 80 °C for 72 h. For the synthesis of N-ZSM-5, the Al,(SO,);-18H,O
precursor was dissolved in DIW, followed by the addition of ammonium hydroxide, and
the mixture was stirred for several minutes before adding the deionized colloidal silica
(Ludox TMA) and silicalite-1 seed. For the synthesis of H-ZSM-5, the mixture was added
with cetyltrimethylammonium bromide (CTAB) and ethanol. Then, the solution was stirred
for 1 h at room temperature and transferred into a Teflon-lined stainless steel autoclave
for further crystallization. N-ZSM-5 was treated by heating at 175 °C for 24 h, and H-
ZSM-5 was treated at 150 °C for 60 h. Subsequently, the white-colored solid powders were
then collected with additional water and separated and washed with DIW until the pH
approached 7. Then, the obtained powders were dried overnight at 110 °C and calcined at
550 °C for 7 h at a ramp rate of 2 °C/min to obtain H-form ZSM-5.

Furthermore, conventional ZSM-5 (C-ZSM-5) was prepared by a hydrothermal synthe-
sis method with the molar composition of (2TEOS/0.68TPAOH /8ethanol/120H,0/xAl;O3).
The mixture was prepared by adding DIW and ethanol to TPAOH. After its complete mix-
ing, aluminum isopropoxide (AIP) was added as an Al source; finally, TEOS as a Si source
was added dropwise, and the solution was stirred overnight, whereas for the synthesis
of sheet-like ZSM-5 (S-ZSM-5) after the addition of TEOS, urea was added to the above
solution and aged overnight. In addition, the solution was sealed in an autoclave and
heated to 180 °C for 24 h for the C-ZSM-5 preparation and treated at 180 °C for 48 h for
S5-ZSM-5 at a rotation speed of 5 rpm. After the crystallization step, the white powders
were collected, and the mother solution was washed with deionized water until the so-
lution pH approached 7, then the sample was dried overnight at 110 °C. Finally, H-form
ZSM-5 zeolite was obtained after calcination at 550 °C for 6 h at a heating rate of 1 °C/min.
To prepare Fe-modified N-ZSM-5 (Fe/N-ZSM-5), H-form ZSM-5 was impregnated with
Fe(NO3)3-9H,0 solution, and the resulting mixture was evaporated at 80 °C. Then, the
white powder was dried at 110 °C and calcined at 550 °C for 5 h. Finally, the obtained
catalysts were denoted as Fe(x)/N-ZSM-5, where x represents wt% of Fe loading in the
range of 0-15 wt%.

Conversion of DME to gasoline-range hydrocarbons (DTG) reaction was carried
out to elucidate the roles of the different morphologies of ZSM-5 and Fe promoters on
N-ZSM-5. A fixed-bed tubular reactor was loaded with 0.4 g of catalyst, and it was
pretreated under a flow of N3 at 500 °C for 2 h. The DTG reaction was carried out in
the temperature range of 280-320 °C with 10 °C intervals for each 10 h reaction period
at a weight hourly space velocity (SV) of 4400 L/ (kgcat-h) with a feed gas composition of
DME/N; (mol%) =5/95 under ambient pressure, and the schematic diagram of the catalytic
reaction system is displayed in Supplementary Figure S1. DME conversion and product
distributions were analyzed by using online gas chromatography (YL 6500 GC, YOUNG
IN Chromass, Gyeonggi-do, Korea) equipped with a flame ionization detector (FID) and
connected with a DB-Petro capillary column to analyze gaseous and liquid hydrocarbons.
One typical GC spectra of gas-phase products and analysis conditions of GC are also
displayed in Supplementary Figure S2. DME conversion and hydrocarbon distributions
were calculated based on total carbon balance by using the equations explained in the
Supplementary Materials.
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3.2. Catalyst Characterization

Powder X-ray diffraction (PXRD) analysis was performed with an X'Pert PRO Mul-
tipurpose X-ray Diffractometer (PANalytical, Malvern, UK) by using Cu K« radiation
(A = 0.154 nm) operated at 60 kV and 55 mA to determine crystalline phases of fresh
ZSM-5 at a scanning rate of 4° /min in the range of 5-90°. The average crystallite sizes of
ZSM-5 were calculated by using a Debye—Sherrer equation. A Tristar II 3020 instrument
(Micromeritics, GA, USA) was used for N; adsorption—desorption analysis at —196 °C with
a Brunauer-Emmett—Teller (BET) model to calculate a specific surface area (Sg, m?/ g) and
by using a Barrett-Joyner-Halenda (BJH) model to determine the average pore diameter
(Pp, nm) and pore volume (Pv, cm3/ g). Prior to the analysis, the ZSM-5 zeolite was de-
gassed at 90 °C for 1 h, followed by 350 °C for 4 h. X-ray fluorescence (XRF) analysis by
using an S8 Tiger (Bruker, MA, USA) instrument operated at 60 kVm and 50-170 mA was
used to verify the bulk Si/ Al ratio of ZSM-5 zeolites. The different surface morphologies
of ZSM-5 were observed by using scanning electron microscopy (SEM) with a JSM7500F
instrument (JEOL, Tokyo, Japan) operated at 30 kV acceleration voltage. Transmission
electron microscopy (TEM) images were also obtained by using a JEM ARM 200F (JEOL
Tokyo, Japan) instrument operated at 200 kV.

Temperature-programmed desorption of NHs (NH3-TPD) analysis was performed
by using a BELCAT-M(MICROTRAC MRB, PA, USA) instrument. Before the analysis, ~50
mg of ZSM-5 was heated under He flow with 50 mL/min at 500 °C for 1 h. After the
pretreatment, the sample was exposed to 10%NH3/Ar gas at 50 °C for 1 h at a flow rate
of 50 mL/min, and the physically absorbed NHj3 was purged out under He flow. Finally,
NH; TPD analysis was subsequently performed in the temperature range of 100-800 °C
at a ramping rate of 10 °C/min. Furthermore, to identify the surface acid sites and types
such as Brensted and Lewis acid sites, FI-IR of the adsorbed pyridine (Py-IR) analysis was
performed by using a Perkin Elmer Spectrum 2000 spectrometer (Perkin Elmer, MA, USA)
in the wavenumber range of 1300-4000 cm ! at the resolution of 4 cm~!. Typically, ~20
mg of ZSM-5 was pressed to a self-supported wafer, and it was pretreated at 350 °C for 1 h
under a vacuum condition. Subsequently, the pyridine probe molecules were adsorbed at
150 °C for 1 h, and the physisorbed pyridine molecules were desorbed for 30 min under
vacuum conditions. FT-IR spectra including background spectra were collected at each
desorption temperature of 350, 250 and 150 °C.

4. Conclusions

Four distinctively different morphologies of ZSM-5 such as rectangular, hexagonal,
sheet-like, and sphere-type and Fe modified N-ZSM-5 were investigated to elucidate the
synergistic effects of Fe,O3 phases for dimethyl ether (DME) conversion to the gasoline-
range hydrocarbon (DTG) reaction. Nanostructured N-ZSM-5 showed the highest Cs.
selectivity of 41.7% with a higher aromatics selectivity of 23.6% and a lower selectivity of
C1-C4 hydrocarbons with 34.7% at ~100% DME conversion. The smaller crystallite sizes on
N-ZSM-5 with typical rectangular morphology revealed higher total and Brensted acid sites,
which facilitates the formation of heavier Cs, hydrocarbons with smaller cracking reaction
activity through a faster transfer rate of products due to their shorter diffusion pathlength
on N-ZSM-5. In addition, Fe(10)/N-ZSM-5 showed enhanced Cs, selectivity with a smaller
light hydrocarbon selectivity of 21.9%, which was also attributed to the adjusted acidic sites
by suppressing the cracking reaction activity of the surface intermediates to prevent smaller
hydrocarbon formation. Nanostructured N-ZSM-5 with a larger amount of Brensted acid
sites with a well-dispersed Fe,O3; promoter revealed a higher formation rate of gasoline-
range hydrocarbons due to the enhanced secondary reactions of intermediates to form
heavier hydrocarbons.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/ catal13050910/s1, Figure S1: Schematic diagram of catalytic activity
measurement system, Figure S2: (A) Original chromatograph peaks of the measurable products and
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(B) Temperature-program for GC analysis, Figure S3: PXRD patterns; (A) PXRD patterns of the fresh
ZSM-5 in the range of (1) 20 = 7-10°, (2) 20 = 22.5-25.0°, (B) Pore size distribution of the fresh ZSM-5
and (C) Pore size distribution of the fresh Fe/N-ZSM-5., Figure S4: FT-IR spectra of the adsorbed
pyridine (Py-IR) at two different desorption temperatures of (A) 150 °C and (2) 250 °C on the fresh
ZSM-5., Figure S5: Proposed reaction pathways for DTG over HZSM-5 catalyst, where the labels over
arrows represents each reaction step, Table S1: Catalytic activity for DME conversion to gasoline-
range hydrocarbons (mol%) on ZSM-5 catalysts with their different morphology, Table S2: Catalytic
activity for DME conversion to gasoline-range hydrocarbons (mol%) on Fe/N-ZSM-5 catalysts [14].
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