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Abstract

ZSM-5 zeolite catalysts modified with zinc were prepared by two forms of Zn
incorporation the synthesis gel, and ion exchange techniques. The physico-chemi-
cal properties of zeolites were studied by XRD, N,-adsorption, NH, temperature-
programmed desorption, 21Al and 2°Si MAS NMR, SEM, TEM and TGA. ZSM-5
zeolite in its acid form was exchanged using an aqueous zinc salt solution and dem-
onstrated a significantly higher selectivity for the aromatic products in comparison
with the purely acidic catalysts. The samples with distribution of ZnOH™" species
are more active than the samples with ZnO sites in the zeolites. The synthesis of
zeolite ZSM-5 of nanometric size resulted to present high stability and selectivity
towards light aromatics. The influence of the form of zinc incorporation, the acid-
ity and the reaction temperature had a great influence on the catalytic activity. The
MTA catalyst lifetime is increased by several times due to the enhanced mesoporos-
ity and decreased acidity. In the present work the zeolite HZSM-5 exchanged with
Zn with Si/Al 25 ratio presented conversions close to 100% methanol with 32%
selectivity to the BTX fraction, however, this catalyst was deactivated after 8§ h of
reaction with a weight hourly space velocity of 4.74 h™! at 450 °C. On the other
hand, a HZSM-5 zeolite with nanoscale crystals was found to be more stable in the
MTA reaction. The nanometric catalyst showed conversions around 100% methanol
after 8 h of reaction and 32.5% selectivity to the BTX fraction to 450 °C. These
results clearly indicate that crystal size significantly influence the ZSM-5 lifetime
and product distribution.
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Introduction

Aromatic compounds, especially benzene, toluene and xylenes (BTX) are impor-
tant chemical compounds conventionally obtained from raw materials based on
crude oil. Currently, more than 90% of these aromatic compounds are obtained by
reforming different petroleum fractions and subsequent stages of treatment, puri-
fication or modification of the aromatic mixture are necessary to obtain the most
desired compounds, such as the para-xylene, which, obviously, makes the process
even more expensive [1]. In the last decade, the route of methanol conversion to
aromatics (MTA) has received great attention considering that methanol is read-
ily available from general resources such as coal, natural gas or biomass [2].

Zeolites are crystalline metallosilicates containing ordered micropores that
enable shape-selective transformation. Given the high thermal stability and
strong Brgnsted acidity of zeolite catalysts, they are widely used in cracking, dis-
proportionation, isomerization, alkylation, and aromatization [3—6]. The aromati-
zation reaction has been observed with a range the active metal species in zeolites
include Zn, La, Ga, Ag, Cu, Sn, Ni, Mo and Cr, 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. Inoue et al. [7] reported that
an Ag/ZSM-5 catalyst the products contain too much heavy aromatics and the
stability is poor. The aromatization performance of methanol over Mo,C/ZSM-5
was also investigated for Barthos et al. [8], and it was found that the loading of
Mo,C enhanced the formation of aromatics enormously. Nevertheless, in this pro-
cess there exist difficulties for controlling the exothermicity of the reaction and
for decreasing the rapid rate of catalyst deactivation. Therefore, the main chal-
lenge of our work is to improve the lifetime of the catalyst, because in previous
reports the ZMS-5 zeolite is deactivated in relatively short reaction times. In this
context, nanosized zeolites with a considerable amount of fully accessible acid
sites located on the external surface may be potentially interesting catalysts for
methanol reactions.

ZSM-5 zeolite has proved to be the most promising component of aromatization
catalyst because of its hydrothermal stability, shape-selective behavior, and proper
crystal structure for high activity [9—11]. As demonstrated in previous studies [12],
certain medium pore zeolites (with 10-membered channels) such as ZSM-5, doped
with Zn is capable of transforming methanol into aromatic compounds, presenting
high selectivities to the BTX fraction. In this case, Zn-containing zeolites are usu-
ally synthesized by traditional techniques such as ion exchange (i) or in the synthesis
gel (G) [13]. Pan et al. [14] demonstrated that the Zn introduction method had obvi-
ous influences on texture properties, acidic properties and subsequent influences on
catalytic activity. The BTX selectivity was effectively improved by introduction of
Zn species in ion exchange, owing to the enhancement of Zn-based acid sites with
increased density to aromatization of intermediates in MTA reaction. On the con-
trary, zinc in synthesis gel produce ZnO clusters at the pore entrances might restrict
large molecule products diffusion and deteriorated the catalyst deactivation.

@ Springer



Reaction Kinetics, Mechanisms and Catalysis (2020) 129:471-490 473

The zeolite ZSM-5 of nanometric size has a long catalytic life, due to the fact
that the reduction of the size of crystal shortens the length of diffusion of molecules,
making the zeolite more stable and increasing the selectivity to the BTX fraction
[15]. The catalysts were prepared by the ion exchange of ZSM-5 zeolite (acid-form)
with aqueous solution of zinc salts and demonstrated significantly higher selectiv-
ity for aromatics compared to the catalysts on pure acid-form ZSM-5 zeolite [13].
Although some significant achievements have been made in recent years, it is neces-
sary to further improve the activity and stability of the catalyst in the MTA reaction
[3-6]. For this, the relationship between the properties of the catalyst and its behav-
iour in the reaction has been studied in order to be able to develop a more efficient
catalyst. Therefore, in the present work the study of zeolitic catalysts with different
forms of Zn incorporation is proposed, realizing a comparison between the catalytic
behaviour of nanocrystalline and microcrystalline ZSM-5 samples for MTA reac-
tion, improving the resistance to the deactivation of the catalysts.

Experimental
Materials

The reagents used for the preparation of ZSM-5 zeolites are tetraethyl orthosilicate
(TEOS, 98%, Aldrich), fumed silica, sodium hydroxide (NaOH), sodium aluminate
(41 wt% Al, O, 37 wt% Na,0), the cationic template (1 M TPAOH, Acros Organ-
ics, 8 mL), tetrapropyl ammonium bromide (TPABr 98 wt%), ethanol absolute, for
HPLC, >99.8% (Sigma-Aldrich) and zinc nitrate hexahydrate (Zn(NO3),-6H,0 rea-
gent grade, 98%, Sigma-Aldrich).

ZSM-5 by hydrothermal synthesis

HZSM-5 zeolites were synthesized for hydrothermal method with a molar ratio of
xSi10,-yAl,05;-0.2TPABr-0.09Na,0-35H,0, where x/y represents the Si/Al molar
ratio of 25. In a conventional synthesis, sodium aluminate and sodium hydroxide
were dissolved in deionized water, and once dissolved, tetrapropyl ammonium bro-
mide (TPABr) was added as structure directing agent (SDA). Finally, fumed silica
was added as the silica source and the gel was stirred for one hour. The synthe-
sis gel was placed in stainless steel autoclaves with Teflon sheath, at 160 °C under
static conditions for 72 h. The solid was recovered by filtration, dried at 70 °C,
ground and calcined at 550 °C for 8 h in an air atmosphere. The H-type ZSM-5
(H-ZSM-5) samples were obtained as follows. The calcined Na-ZSM-5 sam-
ples It was exchanged with a solution 1 M NH,NO; at 80 °C for 4 h followed
by calcination at 550 °C for 6 h to exchange Na* ions for proton. The acid zeo-
lites with a Si/Al molar ratio of 25 was denoted as HZ25. Zeolite modified with
Zn in synthesis gel (G) was synthetized under similar conditions as the previous
zeolite, except, in the first step sodium aluminate and sodium hydroxide were dis-
solved and Zn(NO;),*6H,0 as a source of zinc was added. The molar relation was
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xSi0,-yAl,0;—0.2TPABr-0.09Na,0-zZnO-35H,0, where x/y represents the molar
ratio Si/Al (50) and z represents the amount of zinc. Similar in conventional synthe-
sis. The material was denoted as HZ50 0.01 Zn-G.

Synthesis of nanocrystalline ZSM-5 zeolite

Nano-ZSM-5 zeolites with an average crystal size of 60 nm [16] and ratio Si/Al
25 and 50 were synthesized from a gel mixture with a final molar composition:
xTEOS-NaAlO,-5STPAOH-4TPABr-1000H,O. First, the sodium aluminate was
dissolved in deionized water, the TPABr was added and stirred until was completely
dissolved. Then the TPAOH was added to the synthesis gel. TEOS was added drop-
wise to the reaction mixture which was stirred overnight at room temperature. The
reaction mixture was evaporated at 60 °C until 20% of the total volume amount of
the mixture evaporated.

The reaction solution was placed in a stainless-steel autoclave. The synthesis was
carried out with constant agitation at 250 rpm at 160 °C for 72 h. After the synthe-
sis, the zeolite crystals were separated by centrifugation at 14,000 rpm for 20 min.
100 mL ethanol was added to the solid and the resulting suspension was subjected
to a sonication process for 1 h, the crystals were again separated by centrifugation at
14,000 rpm for 20 min. The solid was redispersed by sonication in water for 1 h, the
solid was separated by centrifugation, dried at 70° C and calcined at 550° C for 6 h
with air flow. The Na-ZSM-5 zeolite is exchanged with a 1 M solution at 80 °C for
4 h, the solid is filtered, dried and calcined at 550° C for 4 h in air. This acid catalyst
was denoted as nano HZ25.

Synthesis of HZSM-5 zeolites exchanged with Zn

The acid zeolites previously synthesized (H-ZSM-5) was exchanged with a 0.025 M
solution of Zn(NOj),-6H,0O at 80 °C for one night. 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. The zeolites synthesized by hydrotreatment with ratio Si/Al 25 was denoted
as HZnZ25-i. The nanocrystalline zeolite with zinc was denoted as nano HZnZ25-i.

Catalyst characterization

X-ray diffraction of powders (XRD) was collected with an XPert Pro PANalyti-
cal diffractometer (CuKal radiation=0.15406 nm). Scanning electron microscopy
(SEM) images were recorded on a Hitachi S-3000N microscope. Transmission elec-
tron microscopy (TEM) study was carried on a JEOL 2100F microscope operating
to 200 KV. Nitrogen adsorption/desorption isotherms were measured at — 196 °C
in a Micromeritics ASAP 2020 device. Before the measurement, calcined samples
were degassed out at 350 °C under high vacuum for at least 10 h. Surface areas were
measured by using the Brunauer—Emmet-Teller (BET) equation, whereas micropo-
rous and external surface areas were estimated by applying the t-plot method.
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Solid-state magic-angle spinning (MAS) NMR experiments were conducted on
a Brucker AV 400WB spectrometer operated with frequency at 79.5 MHz and spin-
ning rate at 10 kHz. The 2’Al1 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 and Si concentrations of samples were obtained by inductively coupled
plasma-optical emission spectroscopy (ICP-OES) with a Optima 3300 DV Perkin
Elmer. Ammonia Temperature programmed desorption (NH;-TPD) was acquiered
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, samples were flushed with a 25 mL min~!
helium flow for 30 min while maintaining 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~!. The thermal gravimetric analyses (TGA) were carried out at a heat-
ing of 30 °C to 900 °C with a rate of 20 °C min~! under air flow and registered in a
PerkinElmer TGA7 instrument. X-ray Photoelectron spectra (XPS) were recorded
using spectrometer model JEOL JPS-9200 (Al Ka, irradiation, hv=1486.6 eV,
200 W). The samples under study were supported onto double side conducting cop-
per scotch tape under Ar atmosphere. Binding energy (BE) scale was preliminarily
calibrated by the position of the peak Cu 2p3/2 (BE=932.67 eV) core levels. The
survey spectra were recorded at pass energy of the analyzer of 50 eV, while that for
the narrow spectral regions was 20 eV.

MTA catalytic testing conditions

Zn modified ZSM-5 zeolites were tested as catalysts in the methanol conversion
to light aromatics at different reaction temperatures at 400, 425 and 450 °C in a
Microactivity reaction set (PID Eng & Tech) consisting of a fixed bed reactor com-
pletely automated and controlled from a computer. The reactor outlet is connected
to a gas chromatograph to analyze the reaction products. N, was used as a strip-
ping 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 methanol/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 catalyst. Typically, the sample was compacted and
sieved in a 20-30 mesh, corresponding to a particle size between 0.84 and 0.59 mm.
The weight of the catalyst and the flow of methanol were optimized to achieve dif-
ferent values of WHSV (4.74 and 9.48 h™!). The reaction products were analyzed
online by gas chromatography with a VARIAN CP3800 chromatograph. The device
is equipped with two columns: (i) a Petrocol DH50.2 capillary column connected to
an FID detector, and (ii) a Hayesep Q packed column (2 m length, 3.17 mm (1/8")
diameter external and 2 mm internal diameter) connected to a TCD detector, to ana-
lyze hydrocarbons and oxygenated products, respectively.
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Results and discussion
Catalyst characterizations

Fig. S1 (Supplementary Information) shows the XRD patterns of the H-ZSM-5.
All these zeolites exhibit typical diffraction peaks of MFI structure, composed of
aggregates of nanosized crystalline units [17]. The characteristic peaks of ZnO at
31.8° and 36.3° were not observed in zeolites with Zn content [18], suggesting that
Zn species were highly dispersed on ZSM-5 zeolite after the incorporation of zinc.
Almutairi et al. [19] reported that Zn species dispersed on the external surface of
ZSM-5 and stabilized at the cation-exchange sites, which could cause lattice distor-
tion of ZSM-5. Hence, Zn species partly interacted with the ZSM-5 framework and
influenced the lattice structure of ZSM-5.

Fig. 1a and b shows SEM images of HZ50 0.01 Zn-G and HZ25 zeolites, respec-
tively. It can be seen that the two catalysts present different particle size and mor-
phology. HZ50 0.01 Zn-G image shows spherical particles with a certain roughness
of size around 8 pm of diameter (Fig. 1a). As seen in the Fig. 1b, HZ25 zeolite
appeared as irregular hexagonal sheets crystal morphology with a mean parti-
cle size of more than 2 pm. This type of morphology is referred to as unilamellar
[20]. SEM images of nano HZnZ25-i (ratio Si/Al 25) zeolite show spherical and
uniform particles (60—80 nm range in diameter), and very rough surface (Fig. S2a).
The high magnification SEM image (Fig. S2b) further reveals that they are highly
mesoporous, attributed to the agglomerate of nanoparticles of 60—80 nm. The dif-
ferent morphologies of obtained zeolites were caused to a large extent by synthesis
conditions even when the same template was used.

The TEM images in Fig. 2 the formation of nanocrystals is clearly observed (ca.
60-80 nm range), and no chunks of Zn specials can be observed on the external
surface of the zeolite crystals in each sample. This could be due to the incorpora-
tion of Zn into the zeolite framework and the high dispersion of the extra-framework
zinc species. This result agrees with the observed in 2’Al NMR due to the reduction
of the peak assigned to the substitution of Zn by Al extra-framework. The electron

EHT = 200KV Signal A= SE2 DCBIUAMA — EHT= 200KV Signal A = SE2 DCBI UAMA

% . '
UNNEN i 4 1
= " zE1ss|
WD = 25mm Mag= 3.00KX H WD = 26mm Mag= 20.00 KX

Fig. 1 SEM images of the samples: a HZ50 0.01 Zn-G, b HZ25 (acid zeolite). The images have a magni-
fication of 3000 and 20,000, respectively
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Fig.2 TEM image of the
samples of nano HZnZ25-i.
One sets of particles population
is detected in the range 60 to
80 nm

diffraction spot pattern of a selected area in HRTEM image (inset of Fig. 2) evi-
dences this fact. Other SEM figures show in Fig. S3 in Supplementary Material.
The jointed nanocrystals create many inter-lattice mesopores in zeolite crystalline
frameworks (Fig. S3b, c). Smaller zeolite crystals should favor these reactions as the
number of pore mouths (active sites) is increased.

On the one hand, the thermal gravimetric analyses (TGA) and derivate thermal
gravimetric (DTG) curves of ZSM-5 zeolites uncalcined are shown in Figs. S4
and S5, respectively (Supplementary Information, Figs. S4 and S5). Samples prior
to calcination show three weight loss (Fig. S4). The first mass loss to lower than
100 °C, correspond to adsorption water retained in the samples. The weight loss that
appears between 450 and 550 °C was due to oxidative decomposition of structure
directing agent (SDA). The loss of organic deposited on nano-Z5 sample (9.84%)
was lower than that on the hydrothermal ZSM-5 (10.81%) and modified Z50 0.01
Zn-G (10.2%) samples, and the decomposition temperature for nano-Z5 (uncal-
cined) sample was higher than those on the two other catalysts, which indicated that
the organic species (TPABr and TPAOH) within the channels of the nanocrystals
were eliminated [21]. On the other hand, in Fig. S5a and b, the curves ATG and
ATD, respectively of zeolites ZSM-5 after calcining, are shown. 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
temperature which indicates that the SDA was eliminated.

Fig. S6 (Supplementary Material) presents the N, adsorption—desorption iso-
therms of the as prepared HZSM-5 samples. Curves a, b and ¢ show isotherms
prepared by conventional hydrothermal synthesis, these zeolites show a typical
type-I isotherm, according to the IUPAC, which is usually observed for micropo-
rous materials having relatively low external surfaces [22]. The N, adsorp-
tion—desorption isotherm of each catalyst showed a steep increase at low relative
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pressure region (P/Po<0.1) due to the presence of micropores [23] and a long
plateau at high relative pressures (0.4 < P/Po <0.9), indicating that the material is
a purely microporous phase with negligible mesoporosity [24]. Nano-ZSM-5 zeo-
lite samples exhibit features of both type I profiles with a high amount adsorbed
at 0.45 <P/Po<0.90 locations (Fig. 2d, e), responding for micropore filling and
mesopore capillary condensation [22]. In addition, similar the isotherms of the
previous samples these samples exhibit a H4-shaped hysteresis, which is caused
by capillary condensation during adsorption, which is attributed to its agglom-
erate morphology of nanocrystals of 60-80 nm range [25]. This finding is in
accordance with SEM images obtained from the same sample.

The surface area and micropore volume of these zeolites are listed in Table 1,
which were calculated using the BET equation and t-plot method, respectively.
The materials synthesized by the conventional method (without sonication) show
the lowest BET surface area, which may be assigned to physicochemical proper-
ties of the starting materials and the synthesis method. The nano HZnZ25-1 zeo-
lite had a much higher BET area and a larger microporous volume (468 m?* g~!
and 0.123 cm® g~!, respectively) compared to HZnZ25-i zeolite (369 m? g~! and
0.144 cm® g=!). Similarly, the nano HZ25 sample showed a larger specific area
(428 m? g7!) compared to the sample synthesized by the hydrothermal method
(428 m? g7!) due to the presence of smaller crystals. indicating the Zn spe-
cies were loaded on the external surface and into the channels of Zn modified
HZSM-5 simultaneously [25, 26]. The large surface area is the result of a purely
microporous framework with molecular dimensions 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 formation [15].

The amount of Si, Al and Zn in the ZSM-5 zeolites of the calcined samples
were determined by ICP-OES analysis (Table 2). It is observed that the incor-
poration of Zn is efficient both by ion exchange and in the synthesis gel. The
acid nanocrystalline zeolite exchanged with zinc had the highest Zn concentration
(1.1 wt%). The relation Si/Al to real was measured in all the catalysts, being less
than the theoretical in all cases with relatively low Zn/Al ratios. The Si/Al ratio
was reproducible through multiple repeats of our synthetic procedure indicating

Table 1 Textural properties of zinc-containing ZSM-5 zeolites prepared

Catalyst Sger (m?g™) Simicro (M g7 Sexternat™ Viniero (cm® g7
(m*g™")

Nano HZnZ?25-i 468 350 118 0.123

Nano HZ25 428 350 78 0.135

HZnZ25-i 369 293 76 0.114

HZ25 403 247 156 0.101

HZ50 0.01 Zn-G 339 250 89 0.124

*Calculated by t-plot method
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Table2 Chemical composition (Wt%) determined by ICP-OES of samples

Catalyst Theoretical Si wt% Al wt% Real molar  Zn wt% Ratio Zn/Al
molar ratio Si/Al ratio Si/Al

Nano HZnZ25-i 25 38.46 1.80 20.53 1.1 2.52

Nano HZ25 25 34.37 2.04 16.21 0.0 -

HZnZ25-i 25 35.98 1.08 21.94 0.88 0.34

HZ25 25 36.15 1.64 20.88 0.0 -

HZ500.01 Zn-G 50 36.09 0.76 45.73 1.08 0.59

that the Al atoms in the synthetic solutions w ere incorporated into the framework
structures of the ZSM-5 zeolites during the hydrothermal synthesis.

The acid properties of catalysts were determined by NH,-TPD technique, as
presented in Fig. 3. 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 attrib-
uted to the NH; adsorbed on the acidic hydroxide group Si-OH-Al [27]. The LT
peak is assigned to the weakly held ammonia adsorbed on acid sites to the zeolite
[26-28]. The weak adsorption sites of ammonia are inactive in MTA reactions [29].
On the other hand, the HT peak above 400 °C is due to the desorption of NH; from
strong acid sites. The incorporation of zinc species on HZSM-5 exhibits a significant
influence on the distribution of strong acid sites. It is clearly observed, the intensity
of HT peak increased by Zn loading because of the exchange of H* with Zn**, indi-
cating the interaction between the Zn>* ions and Bronsted acid sites on Zn-modified
ZSM-5 zeolites giving cationic species of Zn, which coordinated with the oxygen
atoms in the pore channel [30]. So, the density of the electron cloud in the zeolite
framework increased, stronger acidity of the acidic center appeared [31]. These Zn

0.030 A
0.025-
0.020-
0.015

0.010 +

TCD Signal (a.u.)

0.005 -

T T T T T T T T T T T T T T
200 250 300 350 400 450 500
Temperature (°C)

Fig.3 NH;-TPD profiles of the parent HZSM-5 zeolites (a) HZnZ25-i, (b) nano HZnZ25-i, (c) nano
HZ25, (d) HZ25 and (e) HZ50 0.01 Zn-G
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Table 3 Acidity properties of

; Catalyst Acidity (mmol NH; g71)
materials h

Weak acid (LT) Strong acid (HT) Total

Nano HZnZ25-i 2.634 6.081 8.715
Nano HZ25 - 6.625 6.625
HZnZ25-i 4.967 7.366 12.333
HZ25 1.748 4.610 6.358
HZ500.01 Zn-G  7.860 - 7.860

tetrahedral Al (AlF)

octahedral Al (AlEF)

I T T T
120 100 80 60 40 20 0 20 -40 -60
27
Al (ppm)

Fig. 4 27A1 MAS NMR spectra of HZSM-5 materials (a) HZ25, (b) HZnZ25-i, (c) nano HZnZ25-i and
(d) nano HZ25

sites (ZnOH™) can performance as strong sites to catalyze the reaction and obtain
high aromatic selectivity. Traditionally, the HT peak is attributed to NH; desorp-
tion from strong Brgnsted and Lewis acid sites, which are associated with the FAI
(framework Al) atoms and are of catalytic importance [32]. The specific peak area
is proportional to the number of acid sites in the sample and can be determined by
integration by convolution of the area under the curve of the spectra. The amounts
of strong and weak acid sites are listed in Table 3. It can be seen that the total con-
centration of the catalyst hardly exhibited an obvious change with the introduction
of Zn.

27Al and ?°Si MAS NMR measurements were performed to investigate the differ-
ent environments of the corresponding atom. The ’A1 MAS NMR spectra of all the
samples are showed in Fig. 4. Two peaks at 54 ppm and O ppm, corresponding to tet-
rahedral Al (Alp) entering the zeolite framework and extra-framework octahedral Al
atoms (Algg), respectively. The signal at O ppm are ascribed to extra-framework alu-
minum from either cationic aluminum hydroxide species/hydroxylated alumina-like
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clusters inside the channel structure or as framework defects, where hydroxyl
groups and water are partly bonded [17, 33]. However, the peak intensity of Algg
decreases slightly due incorporation of Zn in the HZnZ25-i zeolite (Fig. 4b). This
indicates ALgg 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 [17]. This observation is also occurred in Fig. 4c where is observed
that after the incorporation of Zn in the nanocrystalline zeolite (nano HZnZ25-1) the
amounts of Al(V) and AI(VI) are reduced after the ion exchange treatment due Algg
is incorporated into the framework after calcination at 550 °C. This result explains
the excellent catalytic activity of nano catalyst HZnZ25-i by presenting a greater
distribution of strong acid sites in comparison with the zeolite acid nano HZ?25.

The %Si MAS NMR spectra (Fig. 5) were provides information about silicon
atoms with different bonding environments in the zeolite framework with silicon
atoms connected to silicon, aluminum, or other atoms via oxygen bridge [20]. The
deconvolution of 2Si spectrum may result in two peaks centered. The resonances
between — 112 and — 115 ppm due to its amorphous state with silicon atoms con-
nected with multiple hydroxyl groups Si (4Si, 0Al). The two bands around — 105
and — 109 ppm correspond to Si (3Si, 1Al) sites or (AlO)Si(OSi);, that is, Si atoms
with one neighboring Al atom [34, 35]. That last signal of the nano HZn25-i samples
decreased with the Zn content, which indicated that Zn atom was easier to incorpo-
rate into the framework of the ZSM-5 zeolite and resulted in the larger amount of
Brgnsted acid sites formed by (ZnO)Si(OSi); or (AlO) Si(OSi); [27], indicating that
Zn is incorporated in the structure mainly over the Brgnsted sites.

Fig. S7 (Supplementary Material Fig. S7) presents Zn 2p3/2 core-level spectra
obtained for samples. Depending on the preparation method, the distinct variation
of the XPS spectra in shape and position demonstrates that the preparation method
for introducing zinc species has a significant influence on the existent state of the

-112.8 ppm
-105.45 ppm
a
b
(o]
A d
r T T T T T T T T T T T 1
-100 -105 -110 -115 -120 -125 -130
si (ppm)

Fig.5 29Si MAS NMR spectra of (a) HZ25, (b) HZnZ25-i, (c) nano HZnZ25-i and (d) nano HZ25
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surface zinc species. In the case of HZ50 0.01 Zn-G sample shows a Zn 2p3/2 peak
at 1022.1 eV represents the formation of Zn—O bonds [20]. In the case of HZnZ25-i,
the Zn 2p3/2 peak is shifted towards higher binding energies (around 1024.28 eV)
suggest the presence of the zinc species having tighter interaction with the parent
zeolite framework. This can be reasonably assigned to Zn>* cations in the cation
exchanged sites of HZnZ25-i zeolite. Chen et al. attributed the high binding energy
peak to ZnOH™* species [36], which is formed from the strong interaction between
the zinc species and the protonic acid sites. On the other hand, Tamiyakul et al.
[37] have concluded that the Zn species localized at the ionic exchanged sites show
a high binding energy of about 1024 eV because the lattice oxygen of the zeolite
exhibits higher electronegativity than the 0>~ ligand in bulk zinc oxide.

Catalytic evaluation

The catalytic performances of HZSM-5 and Zn-modified HZSM-5 in MTA reac-
tion in 1 h of reaction and WHSV of 9.48 h™! were listed in Table 4. The introduc-
tion of zinc species as well as the synthesis method exhibits a significant influence
on the catalyst lifetime, methanol conversion, and product distribution. As reported
by Jia et al. [38], acid species Lewis type (*Z-O---H---O-Zn>") are able to activate
dehydroaromatization of methanol by exchange of Zn in an acid zeolite, which is
formed from the strong interaction between the zinc species and the intrinsic acid
sites. In 1 h of reaction HZ25 catalyst presented 99.71% methanol conversion,
13.44% BTX selectivity, and HZnZ25-i exhibited 93.60% methanol conversion, with
a higher BTX selectivity (21.54%), which indicates that the incorporation of zinc by
ion exchange increases the formation of aromatic compounds with the zeolite syn-
thesized by hydrothermal conventional treatment. Acid zeolite HZ25 showed high
selectivity towards light olefins C,—C, (48.41%). Dyballa et al. [39] demonstrated
that HZSM-5 zeolite exhibits high selectivity to olefins in the reaction of methanol

Table 4 Distribution of reaction products of Zn-modified HZSM-5 (Al/Si 15 ratio) catalysts in the con-
version of methanol

Catalyst HZ25 HZnZ25-i Nano HZ25 Nano HZnZ25-i
Crystal size 2 um 2 um 80 nm 80 nm
Methanol conversion (%) 99.71 93.6 99.88 97.42
Selectivity to products (% mol)

Olefins C,—C, 48.41 38.39 36.69 38.33
Paraffins + olefins C5* 27.85 19.76 25.46 15.93
Bencene 0.43 0.45 0.88 1.25
Toluene 2.66 391 491 8.74
Xilenes 10.31 17.18 14.65 19.59
Cy—C, 10.35 20.30 17.41 16.16
BTX total 13.44 21.54 20.44 29.58

Conditions: TOS 1 h, WHSV 9.48 h~!, 450 °C
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to olefins (MTO). They indicate that the formation of olefins depends significantly
on the presence of a high density of Bronsted acid sites.

On the other hand, nano HZ25 catalyst shows 99.88% methanol conversion and
20.44% BTX selectivity, however, the nano catalyst HZnZ25-i exchanged with Zn
with a crystal size in the 60—80 nm range, showed a higher BTX selectivity with
a methanol conversion at 1 h of reaction. We demonstrated that activity of Zn-
modified zeolites in the MTA reaction with the Zn/ZSM-5 zeolite prepared by ion
exchange and demonstrated significantly higher selectivity for aromatics compared
with acid ZSM-5 zeolite [40, 41]. The generation of nanocrystalline zeolites influ-
ences the optimization of the acid properties of ZSM-5 zeolite to enhance the cata-
lytic activity [15]. The contribution of strong acid sites on the external surface of
nano-ZSM-5 are significantly responsible of high shape-selectivity transformation
[42]. Tt was shown that the zeolite with a crystal size in the 60—-80 nm range (nano
HZnZ25-1) showed better catalytic activity. Konno et al. [43] showed that the gen-
eration of nano-sized ZSM-5 zeolites with shorter diffusion length favoured the
adsorption and desorption of reactants in the micropores compared with the micro-
sized zeolite (2 um), the MTA activity increased with the decrease of crystal size.
Moreover, the selectivity aromatics with large molecular size (Cy—C,,) over nano
HZnZ25-i was lower than that over HZnZ25-i. These are attributed to the external
surface and the excellent porous shape-selectivity of nanocrystalline zeolites [25].
Similarly, Rownaghi and Hedlund [42] reported that nano zeolite displayed more
improved BTX yield and catalytic stability than the conventional one, mainly
because of reduction of the micropore diffusion path length and an increase of the
external surface area by decreasing the zeolite crystal size. On the other hand, the
improved selectivity of BTX for nano zeolite should mainly be due to the smaller
crystal species which made the acid sites more accessible for reactant [44]. As a
result, the oligomerization, cyclization and hydrogen transfer steps occurred easily
in MTA reaction which were related closely related to the amount and distribution
of both Brgnsted acid sites and Lewis acid sites [45, 46].

Effect of temperature on the MTA reaction

Fig. S8a and b show the effects of the reaction temperature on the reactivity of nano
HZnZ25-i with a WHSV 9.48 h™!. Fig. 5a shows that the methanol was nearly com-
pletely converted to 400 and 425 °C until 3 h of reaction. The conversion of metha-
nol drops to 18% after 9 h of reaction to 450 °C, however, BTX selectivity increased
to short reaction times (32%) and subsequently decreased after 7 h to reaction. It is
observed that the temperature affects the useful life of the catalyst, as the reaction
temperature increases the catalyst tends to deactivate. On the other hand, with an
increase of the reaction temperature, the selectivity to BTX increased (Fig. S8b).
This indicates that the cokes on the nano HZnZ25-i 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 [47,
48].
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BTX selectivity increased with a higher contact time (WHSV 4.74 h™!), corre-
sponding to a methanol flux of 50 um min~! and a catalyst mass of 0.5 g. At 400
and 425 °C, the conversion of methanol is maintained around at 100% during the
9 h reaction (Fig. 6a). After 9 h of reaction the conversion of methanol drops to
84% at a temperature of 450 °C. With these conditions, the best BTX selectivity
values are obtained at 450 °C, at short reaction times the selectivity is 32.6% and
it drops to 25.4% at 9 h of reaction. At 400 and 425 °C the selectivity remained
constant throughout the reaction time around 24 and 28%, respectively (Fig. 6b).
These results suggest that an increase in the reaction temperature, specifically at
450 °C, favored the aromatization of methanol, however, to higher reaction tem-
perature suppressed dehydrocyclization and promoted the formation of coke from
a secondary reaction [47]. Hence, the BTX yield in MTA process was closely
related to the acid amounts [45]. According to other works, these results of total
aromatic selectivity (45.76%) are higher compared to those reported by other
authors such as Niu et al. [49] and Bi [12], in addition to our catalysts have better
lifetime because we obtained shorter crystals size. Likewise, the BET area of our
nano HZSM-5 catalysts were larger (400 m? g~!) compared to other publications
[16] where they synthesized ZSM-5 zeolites of nanocrystalline size.
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over nano HZnZ25-i catalyst with WHSV of 4.74 h™!, 0.5 g of catalyst and different temperatures 400 °C
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Effect of the Zn incorporation form on the zeolites in the MTA reaction

The incorporation of zinc species by ion exchanging (HZnZ25-i) and synthesis gel
(HZ50 0.01 Zn-G) has high influence on the catalytic stability methanol conversion,
and products distribution to 450 °C (Fig. 7a, b). Zn improved the formation of BTX
aromatics in zeolite HZnZ25-i compared to pure acid zeolite HZ25. The enhanced
aromatics formation observed for Zn would be the result of metal with the acid sites
of the zeolites. It was observed that the reduction of the crystal size in the nanocrys-
talline zeolites improved the interaction of Zn with the acidity of the ZSM-5 zeolite,
improving diffusion processes by physical transport [12], which can dramatically
increase the number of pore mouths and increase the accessibility of acid sites in the
micropores. These results validated that the strong acid sites in a large amount in the
core of the catalyst is crucial for the aromatic selectivity. Their catalytic activities
were promoted with the increasing of mesopores and a smaller crystal size, which
improving the diffusion efficiency and accessibility of acid sites for high selectivity
BTX fraction. In this sense, nano HZ25 and nano HZnZ25-i catalyst show the long-
est lifetime to 9 h due to the coordination of proportion between Lewis acid sites and
Brgnsted acid sites and proper pore structure [47].

However, HZnZ50 0.01 Zn-G zeolite shows little stability, the lifetime is
decreased to 2 h. This be ascribed to the accumulation of a small amount of nano-
metric ZnO clusters in the channels of HZ50 0.01 Zn-G zeolite, which avoid to the
aromatics diffusion and may accelerate the catalyst deactivation due to coke deposi-
tion. Recently, Kim et al. [50] found coke was deposited on the external surfaces
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Fig. 7 Results of catalytic activity of MTA reaction over HZSM-5 catalyst with different forms of zinc
incorporation a conversion of oxygenates compounds (MeOH and DME), b selectivity to BTX fraction.
Conditions reaction: WHSV of 9.48 h™!, 450 °C, 0.25 g of catalyst
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more than it was inside the micropores in the MTA reaction. The stability of cata-
lysts decreases in the sequence of nano HZ25 >nano HZnZ25-i>HZ25 >HZnZ25-
i>HZ50 0.01 Zn-G to 450 °C. Some authors [6, 37, 39, 51-53] suggest that the
incorporation of Zn by ion exchange method can be three types of Zn species; (i)
isolated Zn>* ions stabilized at the cation-exchange sites of the zeolite, (ii) clusters
resulting from the condensation of partially hydrolyzed ZnOH™" extraframework cat-
ions, and (iii) more bulky intrazeolite or extrazeolite clusters of zinc oxide, which
incorporated in the acid zeolite are responsible for the catalytic activation at tem-
peratures between 400 and 500 °C. However, it is not known for sure which of the
three species are responsible for perform methanol activation.

In other hand, it is clear that the stability increased at a temperature of 400 °C
(Fig. S9a, b). The conversion of methanol is maintained around 100% in all the cata-
lysts throughout the entire reaction process, except for the sample HZ50 0.01 Zn-G,
the catalyst is deactivated after 8 h of reaction due to coke formation.

In this case, deactivation is usually associated with diffusion limitations of heavy
products by the formation of large Zn species formed in the micropores [13, 38], this
phenomenon indicates that the inactivation of aromatization reaction is mainly due
to the decrease of strong acid sites and the cokes molecules covered that sites. In
our work, improved aromatization of methanol results were observed when convert-
ing methanol using ZSM-5 zeolite Zn-modified compared to other metals previously
studied by other authors. Ag-ZSM-5 [7], Ag/HZSM-5 [54], Cu/Zn/HZSM-5 [55,
56], Mo,C/ZSM-5 [8], Ga,0,/HZSM-5 [57] and H-Ga-ZSM-5 (by exchange) [58]
all gave good MTA ability but the BTX selectivity less than those obtained by us.

Conclusions

The catalytic activity of Zn modified ZSM-5 catalysts was studied in methanol con-
version to aromatics (MTA). The Zn incorporation method had obvious influences
on the textural properties, morphology, acidic properties and catalytic performances.
The BTX selectivity was effectively improved by introduction of Zn species by
ion exchange, due to a greater distribution of strong acid sites, and the generation
of strong acid sites, and these acidic sites are the active sites which are the main
responsible of the methanol conversion to aromatics. 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.

The combination of physical characteristics such as very small crystal size, high
external surface area, and strong acidity makes uniform nano ZSM-5 a potentially
interesting catalyst in MTA processes. The generation of nanocrystallites of approxi-
mately in the 60—-80 nm range in the nano zeolite HZnZ25-i drastically improved
the catalytic activity. Nano zeolite increased the diffusion efficiency of molecules
and the accessibility of acid sites, improving the BTX selectivity. Under the optimal
conditions 450 °C and WHSV 4.74 h™!, 0.5 g of catalyst and 50 um min~' of metha-
nol nearly 100% methanol conversion and 32.5% selectivity BTX (with 9 h lifetime)
was obtained. The temperature reaction has great influence on the catalytic activity,
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at 450 °C the best BTX selectivity is obtained, however, the catalyst is deactivated
after 9 h of reaction. The stability of catalysts decreases in the sequence of nano
HZ25>nano HZnZ25-i>HZ25>HZnZ25-i>HZ50 0.01 Zn-G to 450 °C and
WHSYV of 9.48 h™!. Deactivation of catalyst is due of a small amount of ZnO clus-
ters in the channels of HZSM-5 zeolite, which avoid to the aromatics diffusion and
may accelerate the catalyst deactivation due to coke deposition that block the acid
sites of the zeolite. Coke deposition was known to be the major reason for catalyst
deactivation in MTA reaction.
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