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Abstract

The effect on the incorporation of zinc of three zeolites TNU-9, MCM-22, and MCM-68 was investigated. The physico-
chemical properties of zeolites were studied by X-ray diffraction, N,-adsorption, temperature-programmed desorption of NH;
(TPD), nuclear magnetic resonance of 2’Al and °Si (MAS NMR), scanning electron microscopy (SEM) and thermogravimet-
ric analysis (TGA). Then all the samples were characterized and evaluated in the reaction of methanol to aromatics (MTA).
The correlation of zinc incorporation method and acidic properties of zeolites with catalytic performance was investigated.
The form of zinc incorporation, the acidity, the type of zeolitic structure and the reaction temperature had a great influence
on the catalytic activity. Regarding the type of structure, the total aromatics selectivity in this work increased in the followed
order for zeolites modified with Zn: MCM-68 > TNU-15 > MCM-22. The medium pore zeolite T9-15 (TNU-9 zeolite and
Si/Al 15 ratio) catalysts with the ratio ZnO/ZnO + Al,O; equal to 0.34 (T9-15 0.5 Zn) showed better stability with conversion
of methanol completes during 9 h of reaction and 17% to BTX selectivity and 32% to total aromatics compounds at 450 °C
and WHSV of 4.24 h™!. In methanol conversion, the selectivity to aromatics over the T9-15 modified-Zn materials (TNU-9
zeolite and Si/Al 15 ratio) under study, increased in the followed order: T9-15 0.5 Zn > ZT9-15 > T9-15 > T9-15 0.2 Zn.
The reaction temperature is an important variable in the MTA process. At 450 °C a better activation of acid sites is achieved
in zeolite with Zn and therefore a high percentage of BTX selectivity is obtained for TNU-9 zeolite.
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1 Introduction
Electronic supplementary material The online version of this

article (https://doi.org/10.1007/s11244-020-01242-x) contains

supplementary material, which is available to authorized users. Zeolites are crystalline aluminosilicate constituted by silica

tetrahedron and alumina tetrahedron through oxygen bridges
containing ordered micropores that enable shape-selective
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transformation [1]. Because of its high thermal stability and
strong Brgnsted acidity of zeolite catalysts, gives rise to
many applications, for example in isomerization [2], alkyla-
tion [3] and aromatization reactions [4].

The conversion of methanol to hydrocarbons (MTH) over
acidic zeolites has drawn considerable attention since its
discovery in 1970s by Mobil Corporation. Depending on
the product of reaction selectivity, this process was named
as MTG (methanol to gasoline), MTO (methanol to olefins),
MTP (methanol to propene) and MTA [methanol to aromat-
ics (MTA)]. In this last process, aromatic compounds, espe-
cially benzene, toluene and xylene (BTX fraction) and light
olefins, such as ethene and propene, are mainly produced
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from the oil-based route to this date, the gradual depletion
of oil reserves has resulted in a sustained tight supply and
high cost of aromatics [5]. In recent years, the conversion
of MTA has attracted great attentions because methanol
can be easily produced via syngas from various sources,
such as biomass, natural gas and coal [6]. One process that
uses zeolites as shape-selective catalysts is the conversion
of MTA and light olefins (MTO). For these methanol con-
version technologies, ZSM-5 zeolite has been considered as
an important catalyst [7]. As a crystalline aluminosilicate,
ZSM-5 zeolite has well-defined microporous structure, large
surface area and strong acidity [8], which contributes to high
activity and selectivity for hydrocarbon production in MTH
reaction [9]. In a previous article [10] we demonstrate the
high catalytic activity of the modified-Zn ZSM-5 zeolite in
the MTA process. The Zn/ZSM-5 catalyst obtained complete
methanol conversions and high selectivity to the BTX frac-
tion. On the other hand, we show that the crystal size has a
significant influence on the catalytic activity improving the
useful life of the catalyst. The ZSM-5 nanocrystalline zeo-
lite showed a BTX selectivity of 32% with 80% conversions
until 9 h reaction.

As demonstrated in previous studies [11], certain medium
pore zeolites (with 10 and 12-membered channels), doped
with different metals include Zn, La, Ga, Ag, Cu, Sn, Ni,
Mo and Cr are capable of transforming methanol, however,
the selectivity to a specific product versus time is different
in each case. Furthermore, it has been widely accepted that
Zn species could greatly increase the selectivity of BTX in
MTA reaction compared with other metal species. Specifi-
cally, Zn can be incorporated into zeolite by two methods;
ion exchange (i) or in the synthesis gel (G) [12].

In this study, comprising different combinations of 10-
and 12-ring pores, namely MCM-22 (MWW), TUN-9
(TNU) and MCM-68 (MSE), which have not been little
studied in this type of reactions. Catalyst MCM-22 (MWW
topology), which has unique pore architecture with two inde-
pendent pore systems, 0.41 nmx0.51 nm 2D (two-dimen-
sion) 10-ring sinusoidal pore system and large 3D 12-ring
supercage system connected by 0.40 nm X 0.55 nm 10-ring
windows The unique structure and the presence of supercage
in MWW-type zeolites are considered essential in promoting
activity and stability of the catalyst in methanol conversion
reactions [13]. MCM-68 (framework type code: MSE) is
a multipore zeolite with three-dimensional 2 X 10 X 10-ring
channel system, including a 12-ring (6.4 6.8 A) straight
channel and two tortuous 10-ring (5.2X5.8 A and
5.2x%x5.2 A) channels that intersect with each other [14]. Its
four 10-ring windows may make H-MCM-68 more resist-
ant to coke formation, because of their connection into
the large 12-ring channels [15]. Finally, TNU-9 (Taejon
National University No. 9), a new high-silica zeolite with
3D 10-ring channel system, has previously been synthesized
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by Suk Bong Hong et al. [16]. TNU-9 (TUN topology) con-
sists of two different types of straight 10-ring channels run-
ning parallel to y-axis, with the dimension of 5.5x 6.0 and
5.2%6.0 A. The channels perpendicular to y-axis join these
straight channels to form a 3D 10-ring channel system [17].
Due to the peculiar pore structure of these zeolites have
been applied in many catalytic processes and is a potential
catalyst in MTA and MTO reaction. Specifically, Zhang
et al. [18] investigated H-MCM-22 catalyst in MTO reac-
tion, they showed the light olefin selectivity seems to be
related to the amounts of Brgnsted acid, a comparison of
Lewis acid which does not benefit to improve the catalytic
stability. However, an important difficulty that a zeolite
catalyst encounters is the heavy coke formation in the reac-
tion process obtaining both longer lifetime and higher BTX
selectivity is difficult. Therefore, the main challenge of our
work is to improve the lifetime of the catalyst and produce
high selectivity to aromatics. In this work, the effects of Zn
incorporation and reactions on the catalytic performance of
a Zn-modified of the three types of zeolites with different
ration Si/Al in methanol conversion were investigated.

2 Experimental
2.1 Materials

The reagents used for the preparation of zeolites are tetra-
ethyl orthosilicate (TEOS, 98%, Aldrich), fumed silica
(Aerosil 200, Degussa), sodium hydroxide (NaOH), sodium
aluminate (41 wt%Al,05, 37 wt% Na,0), Bicyclo[2.2.2]oct-
7-ene-2,3,5,6-tetracarboxylic dianhydride (> 95.0%, Sigma-
Aldrich), hexamethyleneimine (HMI, 99%, Sigma Aldrich),
aluminum hydroxide hydrated (AI(OH);, Sigma-Aldrich),
colloidal silica (40 wt% suspension in H,O, LUDOX HS-40,
Aldrich), Zinc nitrate hexahydrate (Zn(NO;),1-6H,0 rea-
gent grade, 98%, Sigma-Aldrich), Aluminium nitrate
(AL(NO3);-9H,0 ACS reagent, >98%, Sigma-Aldrich),
1,4-dibromobutane (99%, Aldrich), 1-methylpyrrolidine
(97%, Aldrich), methanol HPLC, >99.9% (Sigma-Aldrich)
and Zinc acetate dihydrate (Zn(CH,COO),-2H,0, 99%
Sigma Aldrich).

2.2 Synthesis of MCM-22 Zeolite

A sample of zeolite MCM-22 with Si/Al ratio of 30 and 50
was synthesized following the procedure described by Wu
et al. [19] with some modifications. The gel was prepared
with the molar composition xSiO,: yAl,05:0.075 Na,O: 0.6
HMI: zZn0O:35 H,O, where x/y is ration Si/Al (30 and 50)
and z represents the moles of Zn (in your case). First, sodium
hydroxide and sodium aluminate were dissolved in deionized
water in a Teflon glass and Zn(NO;),-6H,0 (in the case).
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Once dissolved, hexamethyleneimine (HMI) was added as
structure directing agent (SDA) and finally was added fumed
silica. The resulting mixture was vigorously shaken for 2 h to
room temperature, after what the mixture was distributed in
Teflon-lined, stainless steel autoclaves and heated at 160 °C
for 11 days, both in conditions of agitation at 60 rpm (A)
and in static conditions (S). After this period the autoclaves
were removed from the oven, quenched in ice and the solid
was filtered and washed with deionised water until pH 7.
The product was dried at 110 °C overnight and calcined at
550 °C for 20 h in air atmosphere.

2.3 Synthesis of MCM-68 Zeolite

MCM-68 zeolite was synthesized according to previous lit-
erature [20]. The SDA, N,N,N,,,N,-tetraethylbicyclo[2.2.2]
oct-7-ene-2,3:5,6- dipyrrolidinium diiodide (TEBOP2+(I')2)
was synthesized exactly following the reported proce-
dure [21] from commercially available bicyclo[2.2.2]oct-
7-ene-2,3:5,6-tetracarboxylic anhydride (Aldrich) by three
steps in 58% overall yield. The typical gel composition is
xSi0,:0. ITEBOP?*(17),:0.375KOH:yAl(OH),:30H,0,
where x/y represents the Si/Al molar ratio of 11. In a typi-
cal synthesis, colloidal silica, distilled water, and AI(OH);
were mixed and stirred at room temperature for 10 min,
then KOH was added to the solution and stirred for another
15 min. After that, TEBOP?**(I7), was added and the mix-
ture was stirred for 3 h. Then the gel was transferred to a
50 mL Teflon-lined autoclave and placed in a 160 °C oven
for 14 days in static conditions. The solid product obtained
was separated by filtration, washed several times with dis-
tilled water, and dried overnight. The as-synthesized MCM-
68 was calcined in a muffle furnace at 650 °C for 6 h to
remove the SDA.

2.4 Synthesis of TNU-9 Zeolite

TNU-9 zeolite was synthesized under hydrothermal condi-
tions following the procedure given by Hong et al. [17] using
4-bis(methylpyridinium) pentane (1,4-MPP) as organic
structure-directing agent (SDA). (1,4-MPP) in its bromide
forms was prepared, purified, and characterized as described
in previous paper [22]. This diquaternary ammonium salt
was stored in a desiccator for use as an SDA.

In a typical synthesis, AI(NO3);-9H,0 (98%, Sigma
Aldrich) and NaOH (98%, Sigma Aldrich) were dissolved
in deionized water in a Teflon glass, and the mixture was
vigorously stirred for 2 h, (1,4-MPP) was added once dis-
solved, fumed silica was added as a source of silica, the gel
was mixed vigorously for 2 h at room temperature. The gel
was placed in autoclaved at 160 °C with continuous stir-
ring at 60 rpm for 10 days. The final synthesis gels had the
following chemical composition: xSiO,: 11Na,O: yAl,O5:

4.5(1,4-MPP): 1200H,0, where x/y represents the Si/Al
molar ratio of 15, 30 and 50. The solid was recovered by
filtration, dried at 70 °C and was calcined under flowing
air at 550 °C for 10 h to remove the occluded organic SDA.
On the other hand, the synthesis of zinc-substituted
TNU-9 zeolites was performed using the previous proce-
dure, however, the final composition of the gel was 30 SiO,:
11 Na,O: xZnO: yAl,05: 4.5 (1,4-MPP): 1200H,0, where x
is the amount of zinc oxide placed in the synthesis gel using
zinc acetate dihydrate (Zn(CH;COO),-2H,0, 99% Sigma
Aldrich) and Si/Al 15 ration. For these gels, the amount of
ZnO was varied for a x/x+y of 0.33 y 0.16 ration, which
corresponds to 0.5 and 0.2 mol of ZnO, respectively.

2.5 Preparation of Acid Zeolites H-MCM-22,
H-MCM-68 and H-TNU-9 and lon Exchange
with Zn

The Na-Zeolites were converted to H-Zeolites (acid form)
by refluxing twice with 1 M NH,NO; solution at 80 °C for
3 h, followed by filtered and drying at 110 °C over night and
calcination at 550 °C for 4 h in air. The acid zeolites previ-
ously synthesized were exchanged with a 0.025 M solution
of Zn(NO;),-6H20 at 80 °C for 4 h. The zeolite was filtered,
washed and dried at 70 °C, finally the resulting powder was
calcined at 550 °C for 4 h with air flow. Table 1 lists the
results from syntheses performed and its conditions.

2.6 Catalyst Characterization

Powder X-ray diffraction (PXRD) patterns were collected
with an XPert Pro PANalytical diffractometer (CuKal radia-
tion=0.15406 nm). Scanning electron microscopy (SEM)
images were recorded on a Hitachi S-3000 N microscope.
Transmission electron microscopy (TEM) study was carried
on a JEOL 2100F microscope opening to 200KV. Nitrogen
adsorption/desorption isotherms were measured at— 196 °C
in a Micromeritics ASAP 2020 device. Before the meas-
urement, the previously calcined sample was degassed at
350 °C under high vacuum for at least 10 h. Surface areas
were estimated by the BET method whereas microporous
and external surface areas were estimated by applying the
t-plot method.

Solid-state magic-angle spinning (MAS) NMR experi-
ments were conducted on a Bruker Avance 300 (11.75 T)
spectrometer operated with frequency at 130.32 MHz
and spinning rate at 10 kHz. The 27A1 NMR spectra were
recorded using a pulse width of 0.5 ps (/12 flip angle), 2400
scans and a recycle delay of 1 s.

The Al, Si and Zn concentrations of samples were
obtained by inductively coupled plasma-optical emission
spectroscopy (ICP-OES) with a Optima 3300 DV Perkin
Elmer. Temperature programmed desorption of ammonia
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Table 1 Synthesized zeolites

. 3 o Zeolite Ration Si/Al Synthesis conditions Zn incorporation method Denoted
and their synthesis conditions
MCM-22 30 Agitation Synthesis gel M22-30A-G
30 Static Synthesis gel M22-30S-G
30 Static Ion exchange ZM22-30S
30 Static Synthesis gel ZM22-30S-G
30 Agitation Ion exchange ZM22-30A
50 Agitation N/A M22-50A
50 Static N/A M22-50S
MCM-68 11 Static Ion exchange ZM68-11
TNU-9 15 Agitation N/A T9-15
15 Agitation Ion exchange ZT9-15
15 Agitation Synthesis gel T9 0.5Zn
15 Agitation Synthesis gel T90.2Zn
30 Agitation N/A T9-30
30 Agitation Ion exchange ZT9-30
50 Agitation N/A T9-50
50 Agitation Ton exchange ZT9-50

(NH;-TPD) was conducted using a Micrometrics Autochem
II chemisorption analysis equipment. Typically, 100 mg of
sample pellets (30—40 mesh) were pretreated at 550 °C
for 1 h in helium flow (25 mL/min) and then cooled to the
adsorption temperature (177 °C). A gas mixture of 5.0 vol%
NH; in He was then allowed to flow over the sample for 4 h
at a rate of 15 mL/min. Afterwards, the sample was flushed
with a 25 mL/min helium flow for 30 min while maintain-
ing the temperature at 177 °C to remove weakly adsorbed
NHj;, and finally the temperature was increased to 550 °C
at a rate of 10 °C/min. Thermogravimetric analysis (TGA)
were carried out at a heating of 30 °C to 900 °C with a rate
of 20 °C/min under air flow and registered in a PerkinElmer
TGA?7 instrument.

2.7 MTA Catalytic Testing Conditions

Zn modified zeolites were tested as catalysts in the conver-
sion of methanol at different reaction temperatures at 400,
425 and 450 °C in a Microactivity reaction set (PID Eng
& Tech) consisting of a fixed bed reactor completely auto-
mated and controlled from a computer. The reactor outlet is
connected to a gas chromatograph to analyze the reaction
products. N, was used as a stripping gas under a controlled
flow. The methanol was fed as a liquid using an HPLC pump
(Gilson 307). The methanol was converted to the gas phase
and mixed with the N, stream in a preheater at 180 °C to
generate a gas mixture with a constant molar ratio of metha-
nol/N, of 4. Before the reaction, the catalysts were activated
at 550 °C for 1 h low air flow to remove any trace of organic
molecules or moisture adsorbed within the pores of the cata-
lyst. Typically, the sample was compacted and sieved in a
20-30 mesh, corresponding to a particle size between 0.84
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and 0.59 mm. The weight of the catalyst and the flow of
methanol were optimized to achieve different values of space
velocities (WHSV).

The reaction products were analyzed online by gas chro-
matography with a VARTAN CP3800 chromatograph. The
device is equipped with two columns: (i) a Petrocol DH50.2
capillary column connected to an FID detector, and (ii)
a Porapack Q 80-100 mesh packed column (2 m length,
3.17 mm (1/8") diameter external and 2 mm internal diam-
eter) connected to a TCD detector, to analyze hydrocarbons
and oxygenated products, respectively.

3 Results and Discussion
3.1 X-Ray Diffraction

Figure 1a shows that all the parent H-MCM-22 and mod-
ified-Zn samples have a typical MWW structure [18].
H-MCM-22 zeolites with different methods of Zn incorpo-
ration display high intensities of the XRD patterns, show-
ing high crystallinity, a diffraction line at 20 ="7.08° associ-
ated to 0 0 2 diffraction plane, characteristic of a layered
structure of MWW sheets stacking along the c-direction,
is observed. Three well resolved diffraction lines due to 1
00,101 and 1 0 2 planes are also detected. Concerning
the M22-30S product, the presence in its XRD pattern of
an intense peak at 20 =9.45, 22.4 and 25.7°, suggests that,
besides MCM-22, another phase is formed during crystal-
lisation. It is known [23, 24], formation of ferrierite phase
besides MCM-22 has been reported over static synthesis
conditions. Figure 1b presents XRD patterns for TUN zeo-
lites synthesized with different Si/Al ratios (15, 30 and 50)
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Fig.1 XRD patterns of HMCM-22, HMCM-68 and HTNU-9 zeolites selected

exchanged with Zn and the acid sample T9-30 to verify there
is not characteristic peaks of ZnO suggesting that Zn spe-
cies were highly dispersed on TNU-9 zeolite [25]. All four
X-ray patterns evidence high crystallinity and phase purity
of these samples confirming that no structural changes pro-
ceeded during the post-synthesis treatments. The structure
of zeolites was preserved after all treatments with Zn and
no significant changes were observed in the individual XRD
patterns. The XRD patterns of different MCM-68 samples
are presented in Fig. 1c. The zeolites of as-synthesized M68-
11 and ZM68-11 showed a typical MSE topology with good
crystallinity. The XRD patterns of ZM68-11 sample was
consisted of the typical reflections at 6.79°, 8.06°, 9.66°,
19.36°, 21.62°, 22.50°,26.14° and 27.50°. MSE topology
with Zn no obvious decrease in crystallinity compared with
M68-11, suggesting that ZM68-11 zeolite structure was very
well preserved after treatment [26].

3.2 N, Adsorption-Desorption
The N, adsorption—desorption isotherms of all MCM-22

modified samples are shown in Fig. 2a. All the curves can
be classified as a type I +1V isotherm, pointing out that

in these solids, along with the characteristic microporous
zeolite framework there is a mesoporous structure. Nitro-
gen adsorption—desorption isotherms of TNU-9 acids and
modified with Zn are shown in Fig. 2b. The TNU-9 sam-
ples show the type I isotherm with a high nitrogen uptake
at low relative pressures, which is characteristic for purely
microporous materials [27].

The adsorption isotherms did not practically change
their shape and all samples possess practically the same
micropore volume (0.107-0.152 c¢cm®/g). The distinctive
increase in adsorption capacity at p/po=0.4-0.9, reveals
that the presence of mesopores, whereas ZT9-15 sample
shows an increase in quantity adsorbed at high pressures
due to the presence of crystals of smaller size as observed
by SEM. Finally, N, adsorption—desorption isotherms
of various zeolites are shown in Fig. 2c. Clearly, ZM68-
11 exhibited type I isotherm with a very steep rise in N,
amount adsorbed in the low relative pressure (p/po) range
and a small hysteresis loop of type H3 in the high p/po
range of 0.9-1.0, indicating its typical microporous fea-
ture as well as the existence of some mesopores and/or
macropores derived mainly from the pile-up of zeolite
crystals [20].
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Fig.2 N, adsorption—desorption isotherms a MCM-22, b TNU-9 and ¢ MCM-68 zeolites
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BET surface areas, microporous surface areas, micropo-
rous volumes and external surface areas of acid zeolites and
exchanged zeolites are listed in Table 2. Both the surface
area and total pore volume decreased after zinc treatment,
suggesting that species ZnO may have been highly dispersed
on the external surfaces or in the channels of the zeolites,
especially for ZM22-30A-G (232 m? g~!) by direct synthesis
and ZT9-50 (312 m? g~!) by ion exchange. TUN-9 samples
the surface area and the micropore volume decrease as the
Si/Al ratio increases. The large surface area is the result of a
purely microporous framework with molecular dimensions

Table 2 Textural properties of zeolites prepared

Catalyst Sper/m*/g S micro/ S externat’ Vmicro/em®/g
m?/g m-/g
M22-30A 526 453 73 0.191
M22-30S 356 301 55 0.132
ZM22- 232 48 184 0.0717
30AG

ZM22-30S 208 161 47 0.0633
M22-50A 450 64 386 0.1484
M22-50S 324 121 203 0.0809
ZM22-50S 469 381 88 0.1477
M68-11 610 578 32 0.2173
ZM68-11 429 348 81 0.1349
T9-15 484 414 70 0.1596
ZT9-15 517 401 116 0.1597
T90.5Zn 320 250 70 0.0978
T90.2Zn 470 395 75 0.1524
T9-30 361 268 92 0.1058
ZT9-30 361 276 85 ‘0.1083
T9-50 346 308 38 0.1176
ZT9-50 312 269 43 0.1035

EHT= 200KV
WD= 16mm

Signal A = SE2
Mag= 10.00K X

DCBI UAM-A

for shape selectivity which is a characteristic of zeolites.
A large external surface area produces to number of pore
mouths and increase the accessibility of acid sites in the
micropores, which delay the deactivation by coke forma-
tion [28].

The surface area and micropore volume of these zeolites
are listed in Table 2, which were calculated using the BET
and t-plot methods, respectively. The large surface area is
the result of a purely microporous framework with molecular
dimensions for shape selectivity. The external surface area
and micropore surface area of zeolites all decreased after the
introduction of Zn species, indicating the Zn species were
loaded on the external surface and into the channels of Zn
modified zeolites simultaneously [24, 26].

3.3 Scanning Electron Microscopy (SEM)

SEM images of MCM-22 samples in stirring conditions are
shown in Fig. 3. For the M22-30A samples the SEM images
confirm the crystallisation of pure MCM-22 in such condi-
tions, which appears in the form of very thin particles in the
form of a rose forming relatively small lamellar particles
[24]. However, the samples synthesized hydrothermally in
static conditions show different morphology (Fig. 4). The
samples have a morphology spherical particle with a small
hole at the center due to the coupling of sheets of structure
MWW. Previous reports show that the conditions of syn-
thesis drastically influence the morphology of the MCM-
22 zeolites. Scanning electron images of parent and modi-
fied TUN zeolites are given in Fig. 5. The SEM pictures of
ZT9-15 show a rod-like morphology and a crystal size in
the range of 1-1.5 um (Fig. 5a). The ZT9-30 sample pre-
sent 0.2 m spherical crystallites formed by stacked sheets
(Fig. 5b). Finally, sample ZT9-50 shows a totally different
morphology, large crystals of 16 um with intercrystalline

DCBIUAM-A
Mag= 10.00KX

Fig.3 SEM images of the M22-30A samples (stirring conditions)
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Fig.4 SEM images of the M22-30S sample (static conditions)
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Fig.5 SEM images of the samples: a ZT9-15, b ZT9-30, ¢ ZT9-50 and d ZM68-11
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growths inside them. The large crystals of this catalyst tend
to have an inefficient diffusion of reactant molecules and
products in the MTA process. The ration Si/Al influences in
a considerate way distribution of crystals sizes and shapes
of TUN zeolite (Fig. 5¢). Figure 5d shows the SEM images
of these MSE type zeolites. It could be found that ZM68-
11 exhibited cuboid shaped crystallites with sizes of about
100-200 nm, which was like the previous report [26]. In
this study, the crystal size decreased in the order ZM68-11
> ZT9-15 > M22-30A which is also in agreement with the
observed relative stability.

3.4 Thermogravimetric Analyses (TGA) and Derivate
(DTA)

The ATG/DTG curves of all zeolites not calcined are shown
in Fig. 6a and b, respectively. Firstly, the ATG of the zeo-
lite M22-30A without calcined (black line) presents a small
mass loss to lower than 100 °C, correspond to adsorption
water retained in the samples. The weight loss that appears
between 250 and 550 °C was due to oxidative decomposition
of structure directing agent (hexamethyleneimine), which
occurs in three steps. The first stage at 245 °C corresponds to
the decomposition of imine occluded in the pores of zeolite
MCM-22 with a percentage of weight loss of 3.75%. The
second weight loss (2.18%) at 325 °C is due to the decom-
position of the imine that acts as a load compensator in the
zeolitic structure. The last loss occurs due to the oxidation
of different condensation products within the structure of the
MCM-22 with a weight loss greater than 11.61%.

In the air TGA of the M68-11 zeolite (blue line) prior
to calcination (Fig. 6b), three maxima were observed at
340, 450 and 645 °C, which agrees with previous reports
[29]. These weight losses are due to exothermic processes
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Fig.6 Thermal analysis of three structure zeolitic not calcined: a
ATG and b DTG
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produced by the combustion of SDA in the air atmosphere.
A similar case occurred with the sample not calcined
T9-15 (red line), where it had three weight losses at 175,
320 and 492 °C as a result of SDA combustion. The ATG
y DTG results of the zeolites after the calcination process
are presented in Figure S1a and S1b (Supplementary Infor-
mation S1), respectively. In all cases a single loss of mass
less than 100 °C is observed, which corresponds to the
physisorption of water retained in the samples. No other
significant weight losses are observed at higher tempera-
ture which indicates that the SDA was eliminated.

3.5 ICP-OES Chemical Composition Analysis

The amount of Si, Al and Zn in the exchanged zeolites of
the calcined samples were determined by ICP-OES analy-
sis (Table 3). It is observed that the incorporation of Zn is
efficient both by ion exchange and in the synthesis gel. The
concentration of Zn was found to be close to 1% wt in all
zeolites modified with Zn both by ion exchange and in syn-
thesis gel. The relation Si/Al to real was measured in all
the catalysts, being less than the theoretical in all calcined
samples, which suggests that the exchange treatment and
subsequent calcination to some extent anneals structural
defects and incorporates a part of the extra-framework Al
species (Algg) in the framework again.

Table 3 Chemical composition (wt%) determined by ICP-OES of
samples

Catalyst Theorical ~ wt% Real ration Si/Al

ration Si/ -

Al %Si %Al %Zn
M22-30A 30 36.67 120 - 29.65
M22-30S 30 3592 156 - 22.13
ZM22-30S 30 41.08 133 0.74 29.78
ZM22-30A-G 30 36.48 152 1.20 23.07
M22-50A 50 3945 072 - 52.81
M22-508 50 3922 090 - 42.06
M68-11 11 3423 402 - 8.12
ZM68-11 11 32.88 461 1.11 6.85
T9-15 15 3292 372 - 8.48
ZT9-15 15 33.07 392 133 8.11
T90.5Zn 15 31.17 3.02 211 10
T90.2Zn 15 2931 422 153 6.66
T9-30 30 3807 1.72 - 21.28
ZT9-30 30 3675 122 1.76 2895
T9-50 50 37.54 073 - 49.51
ZT9-50 50 3854 079 025 47.01




Topics in Catalysis (2020) 63:451-467

459

3.6 Temperature-Programmed Desorption
(NH;-TPD)

The acidic properties of the three zeolite structures modi-
fied with Zn were determined by NH;-TPD technique, as
presented in Fig. 7a. The spectra of all samples exhibit two
peaks characteristic throughout the temperature range in all
zeolites. The low-temperature (LT) region of 200-300 °C
and the high temperature (HT) region of 400-500 °C, which
are attributed to the NH; adsorbed on the acidic hydroxide
group Si—~OH-AI situated in the framework of zeolite [30].
The TPD profile of ZM22-30A-G (black line) is character-
ized by one broad and asymmetric desorption peak with
maxima in the temperature region 340-350 °C, assignable
to NH; desorption from strong acid sites [31]. ZT9-15 (red
line) shows a peak centered at a temperature of 270 °C and
another shoulder with a maximum at approximately 365 °C,
the first peak was noted as HL and the second with HT,
low and high acidity, respectively. Finally, ZM68-11 zeolite
(blue line) presented an intense peak at a temperature of
275 °C, corresponding to weak acidity.

Figure 7b shows NH;-TPD of TNU-9 modified Zn with
different Si/Al ration. We observed that the total acidity
increases when the ration Si/Al increases. The peak cor-
responding to weak acidity (HL) is maintained in the three
samples at a temperature between 265 and 275 °C. How-
ever, it is clearly observed that increasing the Si/Al ration
increases the average acid sites in the sample ZT9-30 until
finally a new peak emerges in the sample ZT9-50, which
is denoted as peak HT at a temperature of 420 °C. The HT
peak above 400 °C is due to the desorption of NH; from
strong acid sites and these strong adsorption sites of ammo-
nia are active in MTA reactions [32]. The incorporation of
zinc species on TNU-9 zeolite exhibits a significant influ-
ence on the distribution of strong acid sites. The incorpora-
tion of Zn in sample T9-15 decreases the distribution of total
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acid sites, especially the HT acid sites, as shown in Figure
S2a. This indicates that the Zn species should interact poorly
with the Brgnsted acid sites and generate less amount of
acid sites [33].

Figure S2b shows a comparison of the TPD profiles of the
zeolite M22-30A and with the zeolite with Zn in the synthe-
sis gel (ZM22-30A-G). It is clearly observed, the intensity of
HT peak increased by Zn loading because of the exchange
of H* with Zn?*, indicating the interaction between the Zn>*
ions and Bronsted acid sites on Zn-modified zeolites giving
cationic species of Zn, which coordinated with the oxygen
atoms in the pore channel [34]. In addition, Xiaoning et al.
[35] mentioned that silicon hydroxy and aluminium hydroxy
in the zeolite framework were polarized by the polarization
and induction of the metal cation. So, the density of the
electron cloud in the zeolite framework increased, stronger
acidity of the acidic center appeared. These Zn sites can
performance as strong sites to catalyze the reaction and
obtain high aromatic selectivity. Traditionally, the HT peak
is attributed to NH; desorption from strong Brgnsted and
Lewis acid sites, which are associated with the Alg (frame-
work Al) atoms and are of catalytic importance [36].

The specific peak area is proportional to the number of
acid sites in the sample and can be determined by integra-
tion by convolution of the area under the curve of the spec-
tra. The amounts of strong and weak acid sites are listed in
Table 4. The acid site density increased in the order MCM-
68 <TNU-9 < MCM-22.

3.7 Solid State NMR Spectroscopy (*’Al and 2°Si
MAS NMR)

Figure 8a shows the 2’A1 MAS NMR spectra of M22-30A,
M22-30A 0.01 Zn-G, and ZnM?22-30A. Figure shows two
peaks at 54 ppm and O ppm, corresponding to tetrahedral Al
(Alp) entering the zeolite framework and extra-framework
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Fig.7 NH;-TPD profiles of a three structure zeolitic and b TNU-9 modified-Zn zeolites with different Si/Al ration
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Table 4 Acidity properties of materials

Catalyst Acidity (umol NH,/g)
Weak acid (LT) Strong acid (HT) Total

M22-30A 5134 - 5134
M22-30S 4918 - 4918
ZM22-30AG 6834 - 6834
M22-50A 5692 - 5692
M22-50S 6975 6975
ZM68-11 14,549 - 14,549
T9-15 7929 - 7929
ZT9-15 9978 - 9978
T9 0.5Zn 9531 - 9531
T9 0.2 Zn 13,388 - 13,388
T9-30 8983 - 8983
ZT9-30 1729 4595 6324
T9-50 8162 - 8162
ZT9-50 3235 6184 9419

octahedral Al atoms (Algp), respectively. The small shoulder
around 56 ppm is attributed to the Al species located at crys-
tallographically different T sites [37]. However, the peaks
intensity of Algpy Alp decreased slightly due incorporation
of Zn. That result demonstrate that the Zn cations could
cover Al sites in octahedral and tetrahedral positions.
Figure 8b shows the >’A1 MAS NMR spectra of the acid
form of TNU-9 (Si/Al 15) and modified with Zn. The both
spectra feature a strong chemical shift at 54 ppm and a weak
chemical shift at 0 ppm, corresponding to tetrahedrally
coordinated aluminum in the framework and octahedrally
coordinated aluminum extra-framework, respectively [38].
The signal at O ppm are ascribed to extra-framework alu-
minum from either cationic aluminum hydroxide species/

hydroxylated alumina-like clusters inside the channel struc-
ture or as framework defects, where hydroxyl groups and
water are partly bonded [39, 40]. It is observed that after
the exchange with Zn the peak corresponding to the Algp
decreases, which indicates that the Zn could occupy sites in
octahedral positions of the Al. This indicates ALy sites are
incorporated into the framework structure and that defect
sites are annealed by the ion exchange treatment, since the
amounts of octahedral Al is reduced [39].

The **Si MAS-NMR spectra of MCM-22 structure and
modified samples are presented in Fig. 9a. According to the
literature, in the MCM-22 framework there are 8§ crystal-
lographically non-equivalent T-atoms [33] giving equal
number of >°Si MAS-NMR resonances. The Q4 environ-
ments [that is, T(TO), groups] resonant at ca. — 105, — 11
0,—111,-112,—114,—115 and — 119.5 ppm, while the
Q3 sites (that is, T(TO);(OH) groups) give peaks at— 104
and — 100 ppm [24, 40-42].

All the MCM-22 spectra show five signals in the Q4
region (—120.0, —114.7, — 112.6, — 106.6) and an additional
one inside the Q3 region in — 100 ppm, the latter being due
to silanol groups.

2Si MAS NMR spectrum of the T9-15 and ZT9-15 sam-
ples indicates the presence of only Si(OSi), sites with a rela-
tive intensity in — 105.1 to — 111.1 ppm [16] (Fig. 9b). This
may largely be attributed to the ZnO clusters, which cover
partial (OH)Si(OSi); species on the framework of zeolite
[37].

Figure S3a (Supplementary Material S3) shows the 2’Al
MAS NMR spectra of all the TNU-9 modified-Zn samples
with different ration Si/Al. Both tetrahedral (AIIV, signals
around 56 ppm) and octahedral (A1, signal at O ppm) Al
species are present in all samples and the amount of extra-
framework Al species increased with the Al content in the
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Fig. 8 27Al MAS NMR spectra of a MCM-22 modified (Si/Al 30) materials and b acid and Zn-modified TNU-9 zeolite (Si/Al 15)
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Fig.9 2Si MAS NMR spectra of a MCM-22 materials (Si/Al 30) and b acid and modified TNU-9 zeolite (Si/Al 15)

sample [42, 43]. On the other hand, Figure S3b shows the
2%Si MAS NMR spectra of all the ZT9 samples modified
with Zn. It is observed that by increasing the Si/Al ration
the intensity of the signal at — 111.1 increases considerably.
The peak at 105.1 ppm disappears in the samples ZT9-30
and ZT9-50, however, a peak appears around 109 ppm in
both cases.

3.8 Catalytic Evaluation

From literature it is known that catalyst stability in the MTA
reaction is also influenced by acid site density, crystal size
and acid site strength [44]. The catalytic activity and selec-
tivity of T9-15 and ZT9-15 samples are shown in Fig. 10a
and b, with conditions of 400 °C, WHSV 4.24 h~! and 0.5 g
of catalysts. The introduction of zinc species as well as the
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synthesis method exhibits a significant influence on the cat-
alyst lifetime, methanol conversion, and product distribu-
tion. Both catalysts showed high conversion initial at 400 °C
(Fig. 10a), full conversion of oxygenates (both methanol and
intermediate dimethylether, DME) was obtained, however,
the clear distinction into both of stabilities, with ZT9-15
deactivating rapidly after 5 h of reaction and T9-15 deacti-
vating slowly, only correlates with the presence of Zn and
the formation new acid sites produced by divalent metal. The
3D channel system with cavity structure allows TNU-9 to
better generate, accommodate and diffuse of aromatics in the
reaction. The presence of cavities in TNU-9 can accommo-
date more Zn species in the channels associated to Brgnsted
acid sites [45, 46]. Selectivity to short chain olefins (C2 to
C4) reached a nearly constant level close to 40% after until
5 h on stream (Fig. 10b). The selectivity to total aromatics

—a—Olefins Co-Cy4
70 —e— Paraffins + Cg+
604 b T9-15 —aA— Total aromatics
50 —v—BTX
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Fig. 10 a Methanol conversion and b selectivity to compounds vs. reaction time obtained with T9-15 and ZT9-15 catalysts. Test conditions:

T=400°C, WHSV=4.24h"', 0.5 g of catalyst
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improved significantly with the incorporation of Zn into the
ZT9-15 zeolite during the 5 h reaction.

3.8.1 Effect of Structure on the MTH Reaction

The compared three 3D 10-ring topologies, two with
10-rings extended channel (MWW and TNU-9) and one
combined channels of 10 and 12 rings (MSE) were listed in
Table 5 in TOS 1 h and WHSV of 4.24 h~! and 400 °C. The
introduction of zinc species exhibits a significant influence
on the catalyst lifetime, methanol conversion, and product
distribution. The topology of each of the catalysts had a
significant influence on the catalytic activity, all catalysts
gave initially full methanol conversion at 1 h of reaction,
however, the zeolite TNU-9 in ration Si/Al 15 showed a
greater selectivity to the BTX fraction (6.87%) compared to
the other two structures due the TNU-9 zeolite possesses the
largest cavity and provides the Brgnsted sites of the highest
strength [47]. The main reason is the size of cavities formed
by channel intersections. Larger cavities in TUN-9 zeolite
lead to aromatics formation compared to MCM-22 zeolite
[48]. Furthermore, MCM-68 zeolite contained mainly heavy
aromatics, due to its high acidity and the space of its super-
cages of up to 18 members. Large empty space gives rise to
the formation of larger molecules, mainly C9-C12 (aromat-
ics with carbon number nine and higher). Heavy aromat-
ics act as coke precursors, thus, their formation should be
limited. The MCM-22 zeolite has a 10-ring system, so that
the reaction proceeds higher olefins and paraffins selectiv-
ity and lower aromatics selectivity (20.05%), this due to the
peculiar pore structure of MCM-22 zeolite (10 and 12 MR
channels). This result indicates that the cavity size of 3D
10-ring zeolites is of primary importance for their stability
as MTH catalysts. It should be noted that, when considering
the pore size of TNU-9 have clearly larger channels than
the other topologies. The 3D channel system with cavity
structure allows TNU-9 to better generate, accommodate and

Table 5 Distribution of reaction products of different structures in the
conversion of methanol

Catalyst ZT9-15 ZM68-11  ZM22-30A
Methanol conversion (mol %)  99.70 90.36 99.27
Selectivity to products (% mol)

Olefins C,-C, 29.09 25.76 26.64
Paraffins + olefins C5* 42.19 41.87 53.31
Bencene 0.18 0.07 0.03
Toluene 1.46 0.06 0.57
Xilenes 5.23 0.24 2.28
Total aromatics 28.72 32.36 20.05

BTX total 6.87 0.37 2.88

Conditions: TOS 1 h, WHSV 4.24 h~!, 400 °C
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diffuse of aromatics in the reaction. In addition, we have also
found that the presence of supercage favors the diffusion
and migration of Zn species into the channels associated
to Brgnsted acid sites and improves activity and stability in
MTH process. The selectivity total aromatics over several
catalysts under this study, followed the order: ZM68-11 >
ZT9-15 > ZM22-30A.

3.8.2 Effects of Temperature on the Catalytic Performance
of Zn/TNU-9 Catalysts

The effect of temperature reaction on the catalytic perfor-
mance of T9-15 0.5 Zn modified-Zn catalysts is shown in
Fig. 11a and b. It is observed that the temperature affects
the useful life of the catalyst, as the reaction temperature
increases the catalyst tends to deactivate. When increas-
ing the temperature reaction, the conversion of methanol
decreased after 5 h at 425 and 450 °C. At 400 °C, the conver-
sion is constant during 9 h of reaction, in the opposite case
at 450 °C, where the conversion decreased to 20% after 8 h
of reaction, indicating catalyst deactivation. These results
suggest that the catalyst did not display perfect catalytic sta-
bility in methanol reaction to 450 °C. A high temperature
more carbonaceous deposits were formed, and the coke can
cover the active sites, which may induce a short lifetime
of the catalyst. However, with an increase of the reaction
temperature, the selectivity to BTX increased at initial time
(Fig. 11b). These results suggest that an increase in the reac-
tion temperature, specifically at 450 °C, favored the aromati-
zation of methanol, however, to higher reaction temperature
suppressed dehydrocyclization and promoted the formation
of coke from a secondary reaction [49], indicating that the
cokes on the T9-15 0.5 Zn probably do not cover the active
sites and the channels for the reactants and BTX products are
not blocked to a low temperature. In addition to temperature,
particle size and particle density and kind of active sites on
the crystallite surface will be of influence on catalyst lifetime
[49, 50].

On other hand, comparison of the T9-15 catalysts with
the ration ZnO/ZnO + Al,O; equal to 0.34 and 0.16 were
made at 400 °C and WHSV of 4.24 h~! were realized.
The first one (T9-15 0.5 Zn) showed better stability with
conversion of methanol completes during 9 h of reac-
tion. T9-15 0.2 Zn catalyst presented lower conversion
of methanol after 9 h, around 80% mol. Also, this last
catalyst showed better BTX selectivity (17%) at short reac-
tion times (black line), T9-15 0.2 Zn (red line) presented
a lower BTX selectivity (around 5% during all the reac-
tion). It the higher BTX selectivity over the T9-15 0.5
Zn catalyst is perhaps related to its distinctive channel
systems, which can accommodate more Zn species in the
zeolite channels associated to Brgnsted acid sites. This
suggests the highly dispersed nature of its zinc particles.
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Fig. 11 a Methanol conversion and Selectivity to BTX with T9-15 0.5 Zn to 400, 425 and 450 °C. b Comparation selectivity to compounds vs.
reaction time obtained with T9-15 and ZT9-15 catalysts. Test conditions: T =400 °C, WHSV =4.24 h~!, 0.5 g of catalyst

The BTX formation over H-TNU-9 would occur mainly
inside the two types of 10-ring channels along [010] rather
than inside its large 12-ring cavities [17, 48].

Figure 12a and b show the effects of the reaction tem-
perature of T9-30 and ZT9-30 with a WHSV 4.24 h!,
respectively. Figure 12a shows that the methanol was
nearly completely converted to 400 and 425 °C until 5 h
of reaction, decreasing to 85% in both cases. The conver-
sion of methanol decreased to 80% after 5 h of reaction to
450 °C, however, total aromatics selectivity increased to
short reaction time (80%) and subsequently decreased after
5 h to reaction. So, at 450 °C the acid sites are activated
in the MTA reaction. In contrast, the acid zeolite had a
low selectivity to total aromatics to short time at three
temperatures compared to the zeolite exchanged with Zn.

% Selectivty to Methanol conversion

T T
0 1 2 2 4 5

Reaction time (h)

3.8.3 Effect of Zn Incorporation Method on TNU-9 Catalysts

In this work the Zn has been incorporated to the zeolite
by synthesis or by ion-exchange, as detailed in the experi-
mental part. In a previous study, we have demonstrated that
the impregnation method, commonly used to incorporate
different cations or metals to catalysts, was not effective to
improve the stability of Zn-modified catalysts for MTH [10].
These catalysts suffer a rapid deactivation probably because
during the impregnation process an accumulation of a small
amount of nanometric ZnO clusters occurs in the channels of
zeolite, avoiding the aromatics diffusion and accelerating the
catalyst deactivation due to coke deposition. In addition, the
selectivity to aromatic compounds was considerably lower.

The results of the conversion of methanol with different
TNU-9 catalysts modified-Zn to 400 °C are presented in

(% mol)

Methanol Conversion
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—4—425°C
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% Selectivity to
total aromatics
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Fig. 12 Methanol conversion and selectivity to total aromatics vs time of a ZT9-30 and b ZT9-30 (acid zeolite) to different temperature 400, 425

and 450 °C Test conditions: WHSV =4.24 h™!, 0.5 g of catalyst
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Table 6. In this study, the BTX selectivity at 1 h of reac-
tion increased in the order T9-15 0.5 Zn > ZT9-15 T9-15 >
T9-15 0.2 Zn, which is also in agreement with the observed
relative stability. The least active and selective was TNU-9
acid zeolite providing the Si(OH)Al groups of the highest
strength but accommodating the largest cavities on the inter-
section of 10-ring channels with lower selectivity BTX and
total aromatics, 3.77 and 16.82%, respectively [47]. HT9
0.5 Zn zeolite was the better catalyst for total aromatics and
BTX selectivity (12.58%) due high acid density and high
account of Zn, which is an aromatizing agent. This suggests
that most of the acid sites in the proton form originates
from the presence of both Al and Zn in framework posi-
tions using ration ZnO/Zn0O + Al,O; equal to 0.34. In our
work demonstrated that activity of Zn-modified TNU-9 zeo-
lites in the MTA reaction improves by prepared using ration
Zn0O/Zn0 + Al,0; of 0.34 (T9-15 0.5 Zn) and demonstrated

Table 6 Distribution of reaction products of HTNU-9 materials mod-
ified-Zn (Si/Al 15) in the conversion of methanol

Catalyst T9-15 ZT9-15 T90.5Zn T90.2Zn
Methanol conversion (mol  99.70 89.37 99.85 81.09
%)

Selectivity to products (% mol)

Olefins C,—C, 39.83 29.09 28.30 18.95
Paraffins + olefins C5* 4336 42.19 36.82 50.59
Bencene 0.06 0.18 0.73 0.10
Toluene 047 146 4.13 0.64
Xilenes 324 523 7.72 2.24
Total aromatics 16.82 28.72 34.88 30.56
BTX fraction 377  6.87 12.58 2.98

Conditions: TOS 1 h, WHSV 4.24 h~!, 400 °C
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significantly higher selectivity for aromatics compared with
acid zeolite.

On the other hand, the incorporation of zinc species by
ion exchanging (ZM22-30S-G) and synthesis gel (ZM22-
30S) in MCM-22 zeolite has high influence on the cata-
lytic stability methanol conversion, and products distribu-
tion to 400 °C (Figure S4a and b). The first one showed
lower methanol conversion after 5 h of reaction (20%), the
exchanged zeolite presented better conversion of methanol
values, 80% mol during of 5 h of reaction. Which is usually
associated with diffusion limitations of heavy products by
the formation of large Zn species formed in the micropores
[51].

However, the incorporation of zinc by ion exchange
increases the formation of aromatic compounds (blue line)
obtaining selectivity around 20 and 30% during the reaction
(Figure S5a), contrary case ZM22-30S-G, which presented
selectivity less than 20%. In addition, the selectivity of light
olefins and paraffins were showed, which were not modified
with the incorporation of Zn in the zeolites.

3.8.4 Effects of the Morphology on the MCM-22 Catalysts

From literature it is known that catalyst stability in the
MTH reaction is also influenced by acid site density and
this case the crystal size. The conversion of methanol and
the distribution of reaction products of the MCM-22 zeolite
with different synthesis conditions (agitation and static) and
therefore with different morphology are shown in Fig. 13a
and b, respectively. The M22-30S zeolite showed higher
conversion levels compared to the M22-30A zeolite due
under static conditions (M22-30S) smaller particles (1.5 um)
are obtained, in contrast to static conditions when obtain-
ing larger particles (about 7 pm) as observed by SEM. The
generation of smaller crystals influences the optimization of
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Fig. 13 Morphology effect in catalytic activity a Methanol conversion (% mol) M22-50A (agitation condition) and M22-50S (static condition).
B Selectivity to total compounds vs time. Test conditions: T=400 °C, WHSV =4.24 h™!, 0.5 g of catalyst
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the acid properties of zeolite to enhance the catalytic activ-
ity making shortens the length of diffusion of molecules
[28, 52]. In terms of selectivity, the zeolites were selective
for obtaining light olefins and paraffins, this corresponds to
what was reported by several researchers and low acidity
measured by TPD-NH;. Min et al. [53] found that contribu-
tion of supercages and their sinusoidal 10-ring channels are
responsible for the high activity in the MTO reaction. Zhang
et al. [18] also mention the light olefins selectivity seems to
be related to the amounts of Brgnsted acid sites present in
the MCM-22 zeolite. Similarly, the selectivity to olefins and
paraffins benefits from the presence of smaller size such as
zeolite M22-30A. In our work, improved aromatization of
methanol results was observed when converting methanol
using three zeolites Zn-modified compared to other works
previously studied by other authors [44, 18, 54] and all gave
good MTA ability but the BTX selectivity less than those
obtained by us. Additionally, zeolite TNU-9 has been poorly
studied in this reaction.

4 Conclusions

TNU-9, MCM-22 and MCM-68 are all active for the con-
version of methanol at different temperatures, however, the
distribution of reaction products was different for each zeo-
lite. MTH reaction is also influenced by acid site density,
crystal size and acid site strength. TNU-9 zeolite is an active
catalyst for the studied reactions related to BTX aromatics,
comparable to other zeolites studied in this work, mainly due
to its acidic and topological characteristics. The Zn incorpo-
ration had influences on the textural properties, morphology,
acidic properties and catalytic performances for all zeolites.
T9-15 0.5 Zn zeolite showed a high content of total aromat-
ics and therefore high selectivity to the BTX fraction. The
BTX selectivity was effectively improved by introduction of
Zn species by ion exchange in the case of ZT9-30 zeolite,
due to a greater distribution of strong acid sites, the genera-
tion of strong acid sites were the active sites for the conver-
sion of MTA. The reaction temperature has great influence
on the catalytic activity in ZT9-30 zeolite, at 450 °C the
best BTX selectivity is obtained, however, the catalyst is
deactivated after 9 h of reaction. The crystal size parameter
to affect the catalyst lifetime of the three topologies studied.
In methanol conversion, the selectivity to aromatics over the
T9-15 (Si/Al 15) zeolite catalysts under study, follow the
order: T9-15 0.5 Zn > ZT9-15 T9-15 > T9-15 0.2 Zn. T9-15
catalysts with the ration ZnO/ZnO + Al,O; equal to 0.34
(T9-15 0.5 Zn) at 400 °C and WHSV of 4.24 h™! presented
the best total aromatic selectivity (32%) at 1 h of reaction.
In terms of zeolite topology, aromatic selectivity increased
in the following order. ZM68-11 > ZT9-15 > ZM22-30,
however, MCM-68 zeolite modified-Zn produced mainly

heavy aromatics, due to its high acidity and the space of its
super-cages of up to 18 members. Finally, MCM-22 zeolites,
regardless of morphology, were selective for obtaining light
olefins and paraffins, due to its structure formed by super-
cages and their sinusoidal 10-ring channels, as well as its
low acidity.

The different between the three tested topologies with
respect to products selectivities and methanol conversion
is a clear evidence of the importance of the channel dimen-
sions in the MTH reaction. The zeolite MCM-68 presented
a generation of heavy hydrocarbons (C9-C12) which were
responsible for the generation of coke causing the rapid
deactivation of the catalyst due to 12-member and clearly
channels larger channels than the other topologies. The
unique pore architecture and strong acid of zeolite TNU-9,
with 10-ring channel systems, being slightly larger zeolite
compared with MCM-22, can offer new opportunities for
methanol conversion.
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