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The effects of meso-/microporous structure and metal-additive (Ga or Zn) of lamellar MFI catalysts on the
characteristics of coke deposits during ethylene-to-aromatic liquids conversion were investigated. The nature,
composition, and location of coke deposits in spent lamellar catalysts were analyzed and compared to those on
the microporous MFI counterparts, using FTIR, UV-Vis, GC-MS, and argon adsorption-desorption. The total
amount of coke and the changes in coke nature during catalyst regeneration were studied by MS/FTIR combined
with temperature programmed oxidation. The lamellar meso-/microporous structure of MFI reduces the coke

quantity and the heavy coke fractions. The coke preferentially deposites on external surface of lamellar zeolite
due to the lower diffusion limitation for bulky coke precursors. Metal-additive changes the catalyst acidity and
decreases the coke formation rate, especially when zinc is used. Therefore, the coke formation on zeolite can be
tuned by modulating the textural and acidity properties of the metal-modified catalyst.

1. Introduction

Ethylene, one of the most important chemical intermediates in the
chemical and petrochemical industry, is mainly produced by steam
cracking of fossil-based feedstocks [1-3]. However, the depletion of the
fossil energy resources and their harmful environmental effects have
promoted the production of ethylene from renewable energy sources
such as biomass [4]. Bio-ethanol obtained from fermentation of biomass
can be dehydrated to produce ethylene. The resulting ethylene can be
transformed to high energy density hydrocarbons through oligomer-
ization, cyclization, and aromatization to be used in the transportation
fuel market as a replacement for petroleum-based fuels [5-8].

MFI-type zeolites modified with different metal precursors such as
gallium (Ga) and zinc (Zn) are the most widely used catalysts for highly
selective conversion of ethylene to aromatics [9-14]. Shape selectivity
of the MFI catalyst due to its crystalline microporous structure with 10-
membered ring openings (~ 0.5nm) together with the bifunctional
effect of metallic sites and acidic sites of the zeolite provide a high
aromatics production yield. The metal loading increases the Lewis
acidity of the zeolite catalyst and promotes the dehydrogenation of the
acid-catalyzed oligomerization and cyclization products to facilitate the
aromatics formation. The nature of the metal, the metal content, and
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the metal dispersion in the zeolite structure are important parameters
affecting the performance of the catalyst [11-13].

Coke formation in zeolite-catalyzed hydrocarbon conversion reac-
tions is one of the major reasons for catalyst deactivation [15-17]. The
carbonaceous coke species block the zeolite pores and prevent the
diffusion of reactants and products into and out of the zeolite channels
or/and poison the active sites of the catalyst during the deactivation
process upon coke deposition [18-20]. Catalyst characteristics, oper-
ating conditions, and the chemical reaction itself affect the coke
structure significantly [21-24]. The formation of coke species inside the
micropores (internal coke) and on external surface of zeolites (external
coke) involves different reaction steps such as condensation, re-
arrangement, hydrogen transfer, and dehydrogenation [19,25]. There
are many techniques available for characterization of the coke deposits
on zeolites [15,23,26-29]. For example, thermogravimetric analysis
(TGA) is used to determine the total amount of coke [30,31], while
spectroscopic analysis methods such as Fourier transform infrared
(FTIR) [21,24,32-34], ultraviolet-visible (UV-Vis) [21,35-37], UV-
Raman [38,39], electron spin resonance (ESR) [40], and nuclear mag-
netic resonance (NMR) [24,29,32,33,41,42], are used to study the
nature of the coke. Coke location (internal versus external) can be
identified by combination of TGA and gas adsorption-desorption

E-mail addresses: laleh.emdadi@gmail.com (L. Emdadi), dat.t.tran4.civ@mail.mil (D.T. Tran).

https://doi.org/10.1016/j.apcata.2020.117510

Received 31 August 2019; Received in revised form 8 December 2019; Accepted 3 March 2020

Available online 05 March 2020
0926-860X/ © 2020 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/0926860X
https://www.elsevier.com/locate/apcata
https://doi.org/10.1016/j.apcata.2020.117510
https://doi.org/10.1016/j.apcata.2020.117510
mailto:laleh.emdadi@gmail.com
mailto:dat.t.tran4.civ@mail.mil
https://doi.org/10.1016/j.apcata.2020.117510
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcata.2020.117510&domain=pdf

L. Emdadi, et al.

measurements [43-45], while the combination of coke extraction, gas
chromatography-mass spectrometry (GC-MS), and transmission elec-
tron microscopy (TEM) techniques provides better understanding of the
coke composition [42,46-50].

The spent catalyst after formation and deposition of coke species on
it can be regenerated by oxidative coke combustion and reused for the
catalytic reaction, but such regeneration cycles lead to a gradual loss of
crystallinity of the zeolite due to steam treatment at high temperatures
and reduce the lifetime of the catalyst for industrial applications
[51-53]. Therefore, in addition to the optimization of the reaction
conditions, it is necessary to tune the catalyst design parameters for
having a better control on coke formation and catalyst regeneration.

The morphology and pore size of the microporous zeolite can affect
both the coke amount and coke composition [54]. Zeolites with larger
pores usually produce a higher amount of coke that mainly consists of
aromatic species [21]. The metal-modification has also been reported to
decrease the formation and deposition of carbonaceous coke species
responsible for microporous zeolite catalyst deactivation [11,55-57].
More recently, the number of studies showing that zeolite or metal-
modified zeolites containing mesoporosity or macropososity in their
structure have higher coke resistance and a longer lifetime has been
increased [44,48,58-60]. The slower deactivation rate for these hier-
archical catalysts is usually correlated to the fast diffusion of coke
precursors out of the zeolite structure and an increase of external coke
fraction in these catalysts compared to their solely microporous zeolite
counterparts. The agglomeration of microporous zeolite crystals with a
meso- and macroporous matrix has also been shown to be effective in
attenuating the deactivation of the catalyst by coke species [61,62].

The meso- or macro-porosity is usually introduced to the structure
of hierarchical zeolites by post-modification methods such as desilica-
tion, but controlling the synthesis process for production of uniform
meso- or macro-pores is very difficult [63-65]. Another efficient
method for production of hierarchical meso-/microporous zeolites with
uniform mesopore sizes is synthesis of two-dimensional (2D) lamellar
zeolites such as MFI by using organic surfactant molecules as templates
[44,66-68]. Metal-modification of 2D lamellar MFI might be an effec-
tual strategy to control the amount, nature, composition, and location
of the coke that is formed on the catalyst during hydrocarbon conver-
sion reactions.

In our previous work [69], the effect of metal-modification and la-
mellar zeolite structure on the catalytic conversion reaction of ethylene-
to-aromatic liquids (ETA) was studied. The hierarchical meso-/micro-
porous lamellar MFI was synthesized by the dual template synthesis
method developed before [70] and then the zeolite was loaded with Ga
or Zn (2wt.%) using the wet impregnation technique. Catalytic per-
formances of the synthesized Lamellar MFI, 2%Ga-Lamellar MFI, and
2%Zn-Lamellar MFI were analyzed and compared to those obtained for
their microporous zeolite counterparts. 2%Zn-Lamellar MFI produced
the highest amount of aromatic liquids with the higher selectivity to-
ward mono-benzene alkylated aromatics while a lower fraction of coke
precursor species (such as naphthalene) was obtained. The lowest
amount of total coke was also obtained for this catalyst based on TGA
measurements. The improved performance of this bifunctional catalyst
was explained by the combined effect of tuning the textural properties
of MFI zeolite through introduction of mesoporosity to its structure and
modification of its Brgnsted/Lewis acidity ratio by metal-modification
which facilitates the aromatics production and also controls the coke
formation in the catalyst [69]. The aim of the present work is to analyze
the coke deposits and determine the amount, nature, composition, and
location of the coke in the above mentioned lamellar zeolite catalysts
after ethylene conversion reaction to aromatic liquids over them in
comparison to their microporous zeolite analogues. Different techni-
ques, including temperature programmed oxidation (TPO), FTIR, MS,
UV-Vis, coke extraction followed by GC-MS, and Ar adsorption-deso-
rption, have been used to better understand the effect of lamellar
meso-/microporous zeolite structure and its metal-modification on
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characteristics of the coke deposits.
2. Experimental
2.1. Catalyst synthesis

Lamellar MFI zeolite was synthesized using the following recipe as
reported in our previous publication [70]: 30Na;0/1Al,03/100Si0,/
10Cs2.6.6/5TPAOH/4000H,0/18H,S0,4. Synthesis steps for Ciz6.6 as
structure directing agent, the chemicals that were used, and details of
the dual template synthesis technique for lamellar zeolite, template
removal by calcination, and ion-exchange of the resulted zeolite have
been discussed in the supporting information. Commercial MFI zeolite
from Alfa Aesar was used for the purpose of comparison. The com-
mercial MFI in NH, " -form and the ion-exchanged lamellar MFI zeolite
were activated by heating in air and then impregnated by nitrate so-
lutions of gallium or zinc and calcined to provide metal-modified MFI
zeolites with 2 wt.% metal loading as discussed in our previous pub-
lication [69]. The details of these synthesis procedures have also been
provided in the supporting information. Commercial microporous MFI
was designated as Comm MFI for simplicity in nomenclature and six
zeolite catalysts including Lamellar MFI, 2%Ga-Lamellar MFI, 2%Zn-
Lamellar MFI, Comm MFI, 2%Ga-Comm MFI, and 2%Zn-Comm MFI
were used for catalytic conversion reaction of ethylene to aromatic li-
quids.

2.2. Catalytic conversion of ethylene into aromatic liquids

The ETA reaction was carried out in a packed bed quartz reactor
over 1 g catalyst including a mixture of MFI zeolite and silicon carbide
at 50/50 wt.% ratio. After pre-treatment of the catalyst at 650 °C under
oxygen for 4h, the reaction was started at 400 °C using a mixture of
5scem ethylene and 1 scem nitrogen gases as reported in our previous
publication [69]. The condensable gaseous products were collected as
liquid at 4°C and analyzed by GC-MS (Agilent Technologies 5977 A
MSD 7890 B), while the remaining gas products were identified by a 4
channel micro-GC (Agilent Technologies 3000) with a thermal con-
ductivity detector (TCD). More information about the reaction set-up
and conditions can be found in the supporting information. After 8 h on
stream, the spent zeolite catalysts used for ETA reaction were collected
and analyzed using multiple techniques as follows.

2.3. Coke characterization

FTIR spectra of the spent catalysts were obtained using a Harrick
Praying Mantis™ high temperature reaction chamber placed inside a
Praying Mantis™ Diffuse Reflectance Accessory (Harick Scientific
Products, Inc.) in the sample compartment of a Bruker Vertex 70 FTIR
spectrometer equipped with a liquid nitrogen cooled MCT detector. The
sample cup of the reaction chamber was filled with approximately
75 mg of the spent zeolite catalyst for each experiment and the FTIR
spectrum was collected with a spectral resolution of 2 cm™* and 75
scans per spectrum under 80mL min~ ' Ar gas (Ultra Pure Grade,
Airgas).

UV-Vis spectra were collected using a Perkin-Elmer Lambda 650 S
UV-Vis spectrometer, equipped with 60 mm coated Specta-long in-
tegrating sphere from LabSphere, over the 200 —800 nm wavelength
range at a scan rate of 2 degrees per minute. The measurements were
performed on 75 mg of each spent zeolite catalyst placed in a quartz
sample holder. The resulting absorbance spectrum for this spent cata-
lyst was then converted using the Kubelka-Munk function and by sub-
tracting the spectrum of fresh catalyst from it, the UV-Vis spectrum of
the coke was determined.

The same FTIR experimental set-up described before was used to
carry out the combined MS/FTIR-TPO analysis for the spent zeolite
catalysts. In this case, a Fisher Scientific Isotemp 3016 water chiller and
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a mass flow controller (MKS Instruments 1179A Mass-FLO®) were uti-
lized to cool the reaction chamber and to regulate the flow rates of feed
gases to the high temperature reaction chamber, respectively. The
samples were first pretreated at 100°C for 1—2h under the flow of
80 mL min~ 'Ar (Ultra Pure Grade, Airgas) to remove the adsorbed
water on zeolite, and then cooled down to 25°C to collect the back-
ground spectrum. After that, the oxygen (Ultra High Purity Grade,
Airgas) was introduced to the reactor with a flow rate of 20 mL min~*,
following a temperature ramp of 25°Cmin ™~ up to 750 °C. This tem-
perature was maintained for 40 min for complete oxidation-combus-
tion. The spectra were collected with a spectral resolution of 2 cm™*!
and 75 scans per spectrum, while the carbon dioxide (CO5) and carbon
monoxide (CO) gases exiting the catalyst bed during the TPO process
were analyzed by an Agilent Technologies 5973 Mass Selective
Detector. The collected FTIR data were analyzed and reported based on
the spectrum of the coke-free sample obtained at 650 °C. The details of
MS calibration for interpretation of the MS-TPO measurement results
have been provided in the supporting information.

Extraction of the soluble coke from the spent zeolite catalysts was
conducted by dissolving 200 mg of spent catalyst in 6 mL of hydro-
fluoric acid (HF, 40%) and shaking the mixture for 24h. When the
zeolite was completely dissolved, 4mL of dichloromethane
(CH,Cl,, > 99.9%) was added to the mixture. Then, the organic phase
was filtered and washed with DI water to obtain pH = 5 before ana-
lyzing the resulting extract using a GC-MS system (5977A MSD 7890B,
Agilent Technologies). The detailed sample preparation and calibration
techniques using standard organic solutions for GC-MS analysis have
been described in our previous publication [69].

Ar adsorption-desorption measurements were carried out at
—186°C on an Autosorb-iQ analyzer (Quantachrome Instruments).
Prior to the adsorption-desorption measurements, samples were evac-
uated overnight at 200 °C and 1 mm Hg.

3. Results and discussion

3.1. Effect of the zeolite structure and its metal-modification on the coke
amount

MS-TPO was employed to determine the coke content of the spent
MFI zeolite catalysts in the ETA reaction. The change of CO signal in-
tensity recorded by MS during the TPO process was not significant for
any of the studied zeolite samples. MS collected data for CO, were used
to determine the CO, production rate as discussed in the supporting
information. The MS-TPO profiles corresponding to the combustion of
the coke deposited on the MFI zeolite catalysts have been shown in
Fig. 1. Two types of coke were identified for all examined samples: coke
I (light coke), which burns at a relatively low temperature range of
300-525°C (with the maximum combustion peak at ~420 °C), and
coke II (heavy coke), in the 525-650 °C temperature range (with the
maximum combustion peak at ~590 °C). Coke I is usually assigned to
more hydrogenated coke species, while coke II has lower H/C ratio
associated with a more developed coke with a graphitic and poly-
condensed aromatic nature [19,47,71].

The deconvolution of the MS-TPO profiles in Fig. 1 into two Gaus-
sian peaks (as shown with dashed lines), has been used to quantify the
total coke content (C., weight percent of the coke in the spent catalyst),
the fraction of coke I (f¢;), and the fraction of coke II (fcr) in different
samples. The results have been summarized in Table 1. Total amounts
of coke determined from MS-TPO measurements for spent zeolite cat-
alysts are comparable to those obtained from TGA analysis over these
samples in our previous publication [69]. Meso-/microporous lamellar
MFI zeolites with and without metal-modification produce a lower
amount of total coke (3.1-3.7 wt.%) compared to their microporous
zeolite counterparts (4.6-5.0 wt.%), while containing higher fractions
of coke I. Lamellar zeolites have larger pores (mesopores) due to their
unique structures compared to the microporous commercial zeolites, so
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Fig. 1. MS-TPO profiles of the spent MFI zeolite catalysts.

Table 1
Total coke content (C.), fraction of coke I (fc;), and fraction of coke II (fcy) in
spent MFI zeolite catalysts.

Catalyst C. (Wt.%)* far (%)° fen %)°
Comm MFI 5.0 12.9 87.1
2%Ga-Comm MFI 4.8 16.7 83.3
2%Zn-Comm MFI 4.6 19.1 80.9
Lamellar MFI 3.7 16.0 84.0
2%Ga-Lamellar MFI 3.4 18.5 81.5
2%Zn-Lamellar MFI 3.1 25.8 74.2

@ Calculated from C. = ((ngoz X 12)/(weight of spent catalyst)) x 100, ncoz
is the total mole of CO, evolved from the coke combustion of the spent catalyst
during the TPO process, weight of spent catalyst =0.075 g.

b for and foy calculated from deconvolution of the MS-TPO peaks for each
catalyst in Fig. 1 assuming that fo; + fcpr =100.

coke precursors formed during ethylene conversion to aromatics have
lower diffusion limitations for migration to the external surface of the
zeolite that can decrease the formation rate of heavy coke species and
make the zeolite catalyst more resistant to deactivation [44,58,60].
Based on the data reported in Table 1, the metal-modification of zeo-
lites also decreases the total amount of coke deposited on them during
the ethylene conversion reaction, increases the fraction of coke I, and
decreases the maximum combustion temperature for coke I. Zinc has a
more pronounced effect compared to gallium. This can be explained by
the effect of metal-modification on moderating the acidity (decreasing
Brgnsted/Lewis acid site ratio) in zeolites and decreasing the formation
rate of heavy coke precursors in them [11]. Zinc had a more uniform
dispersion in the studied zeolite structures compared to gallium and
decreased the total number of Brgnsted acid sites, number of external
Brgnsted acid sites, and the zeolite Brgnsted/Lewis acid site ratio, more
than gallium, as shown in our previous publication [69], so it was more
effective in preserving the zeolite from coke formation during the re-
action. The lower maximum combustion temperature of coke I
(~350 °C) observed for 2%Zn-Lamellar MFI compared to 2%Zn-Comm
MFI might be due to better distribution of the zinc in the former zeolite
[69] because of the presence of larger pores (mesopores) in it [72,73].
2%Zn-Lamellar MFI also had the lowest amount of total coke (3.1 wt.%)
and highest fraction of light coke (coke I, 25.8%) compared to all the
studied spent zeolite catalysts. Therefore, it can be concluded that not
only the morphology of the zeolite structure, but also its acidity change
resulting from adding the metal to its structure influence the coke
formation rate in zeolite catalyst and determine the total coke content
and nature of the coke deposits (coke I and coke II).
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Fig. 2. FTIR spectra of the spent MFI zeolite catalysts in 2800-3100 cm ™! region (A) and 1300-1700 cm ™! region (B), and deconvolution of the vibrational bands in

the 2800-3100 cm™ region for spent lamellar MFI catalyst (C).

3.2. Effect of the zeolite structure and its metal-modification on the coke
nature

FTIR spectroscopy was used to study the nature of the coke formed
on different zeolite catalysts after 8 h ethylene conversion reaction to
aromatic liquids. The presence of coke on zeolites is usually identified
by studying the molecular vibrations of hydrocarbon molecules in (i)
2800-3100 cm ! and (ii) 1300—1700 cm ¢ regions of the FTIR spec-
trum [15,17,74]. The first FTIR region mostly corresponds to the sa-
turated coke species and the second one to the unsaturated coke com-
ponents. Fig. 2(A) and (B) show the spectra of the spent MFI zeolite
catalysts within these two FTIR regions, respectively. In order to
quantify the coke vibrations, the spectrum of each spent zeolite catalyst
has been deconvoluted into several Gaussian peaks [21] with the fol-
lowing assignments [15,17,75]: 1360—1390cm ™!, terminal —CHj
groups related to symmetric aliphatics or branched aliphatics;
1420—1490cm ™!, —CH, —CH,, and —CHj; groups of asymmetric
aliphatics and/or aliphatics linked to aromatics (alkyl aromatics);
1500—1540cm™!, C—C  vibrations of  alkyl
1550—1580cm ™!, C—C vibrations of allylic

aromatics;
compounds;

1570—1590cm ™!, C—C vibrations of polycondensed aromatics;
1600—1650 cm ', C—C vibrations of dienes, olefins, and polyenes;
2855cm ™!, —CH, groups related to symmetric paraffinic hydro-
carbons; 2870cm ™!, —CH; groups related to symmetric paraffinic
hydrocarbons; 2900 —2920cm ™!, —CH and —CH, groups of asym-
metric paraffinic hydrocarbons; 2955cm ™!, —CH; groups of asym-
metric paraffinic hydrocarbons; 2975—-3000cm ™!, —CH and —CH,
groups related to symmetric olefinic hydrocarbons; 3030 cm ™!, —CH
groups of single-ring aromatics or alkyl aromatics; 3050 — 3080 cm ™!
— CH;, groups of asymmetric olefinic hydrocarbons.

The total area of the identified coke peaks in 1300 — 1700 cm ™~ ' and
2800 —3100 cm ™! FTIR regions for each zeolite catalyst, calculated by
integration of the area under these peaks, decreases from 22.4-22.0,
20.9, 20.6, 17.5, and 16.3 for Comm MFI, 2%Ga-Comm MFI, 2%Zn-
Comm MFI, Lamellar MFI, 2%Ga-Lamellar MFI, and 2%Zn-Lamellar
MFI, respectively. This trend is similar to the one observed for the total
coke content measured by MS-TPO method for these zeolites (Table 1),
confirming the accuracy of the results obtained from MS-TPO analysis.

Fig. 2(C) demonstrates the deconvolution of the peaks in
2800 —3100 cm ™! region of the FTIR spectrum for the spent Lamellar

>
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Fig. 3. Fraction of intensities (calculated using the area of the peaks in Fig. 2) of
several characteristic vibrational bands corresponding to spent MFI zeolite
catalysts in the FTIR region 1300-1700 cm ™! (A) and 2800-3100 cm™ (B), re-
spectively.

MFI catalyst as an example. The bands of —CH, —CH,, and —CHj3
groups (2925 cm ™! and 2955 cm ~ ') have the highest intensity showing
the paraffinic nature of the coke formed on Lamellar MFI catalyst. The
results of deconvolution of the FTIR peaks, integrating the area of the
resulted Gaussian peaks, and normalizing the areas by the total area of
the identified vibrations (fraction of intensity) have been shown in
Fig. 3(A) and (B) for 1300—1700cm ' and 2800—3100cm™ FTIR
regions, respectively.

As it can be seen in Fig. 3(A) and (B), for all the spent zeolite cat-
alysts, the most intense bands are observed in 1420 —1540 cm ™! FTIR
region, corresponding to the aliphatics, aliphatics linked to aromatics,
and alkyl aromatics. The metal-modified zeolites produced lower frac-
tions of polycondensed aromatics (1570—1590 em™ ) and higher
fractions of olefins (1600 —1650 cm ™ 1) compared to their unmodified
zeolite counterparts, while the effect of zinc was more significant than
that of the gallium [69]. Decreasing the accessibility to Brgnsted acid
sites (by decreasing the number of total and external Brgnsted acid
sites) and Brgnsted acidity strength of the metal-modified zeolites (by
decreasing the Brgnsted/Lewis acid sites ratio) [69] that promotes the
formation of lighter coke precursors can justify this observed trend
[76]. Moreover, it should be noted that, the metal-modification in
commercial zeolites increases the fraction of alkyl aromatic coke spe-
cies, while the opposite trend is observed for lamellar zeolites. This
should be due to the structure of lamellar zeolites with larger pores and
higher accessibility index for relatively large molecules (determined in
our previous publication) [69] that facilitates the diffusion of the aro-
matic coke precursors out of the zeolite micropores in comparison to
the microporous commercial zeolites which can trap these coke
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precursors for a longer time and convert them to alkylated aromatic
coke species.

Fig. 3(B) shows that in 2800 — 3100 cm ~ ! FTIR region, the intensity
of the bands assigned to —CH, and —CH, groups of asymmetric par-
affinic hydrocarbons (2900 — 2920 cm™ 1Y) is the highest for all the stu-
died zeolite catalysts. Metal-modification of the zeolite structures in-
creases the production of these paraffinic coke species especially when
zinc is used. At the same time, the intensities of the bands in
2975—-3000 cm ™! and 3030 cm ™! FTIR ranges related to the olefinic
and single-ring aromatic coke species, respectively, increase by adding
the metal to the zeolite structure. Since the intensities of vibrational
bands in the 1300 —1700 cm ! FTIR range (Fig. 3(A)) are significantly
higher than those in the 2800 —3100 cm~! FTIR range (Fig. 3(B)), it
can be concluded that a large portion of the coke deposited on the
studied MFI zeolite catalysts has an unsaturated nature.

The chemical nature of the coke components deposited on the spent
zeolite catalysts used for ethylene conversion reaction to aromatic li-
quids was further analyzed by UV-Vis spectroscopy. This method uses
an electron beam with higher energy compared to FTIR technique en-
abling the detection of coke species based on the differences in elec-
tronic transition of molecular orbitals and providing high sensitivity to
coke species with conjugated double bonds and unsaturated carbenium
ions [77]. Fig. 4 displays the UV-Vis spectra for the spent MFI zeolite
catalysts in the 200 — 800 nm range. The broad coke bands observed for
different zeolite catalysts except for 2%Zn-Lamellar MFI show the
heterogeneity of the coke molecules formed during the ethylene con-
version reaction. The UV-Vis coke bands in the 220 — 265 nm range are
usually assigned to dienes, cyclohexadienes, benzenes, and conjugated
dienic species as coke precursors while 315—375nm bands are at-
tributed to conjugated double bonds or polycondensed aromatics
[15,17]. The bands in the 415—695 nm range are ascribed to increas-
ingly condensed polyaromatic structures with more than four aromatic
rings by increasing the wavelength [17,78].

The fraction of the UV-Vis coke bands at different wavelengths,
calculated by deconvolution of the UV-Vis peaks and integration of the
area under the resulted Gaussian peaks, for each zeolite catalyst has
been reported in Table 2. The highest fraction of the coke for the Comm
MFI and Lamellar MFI zeolite catalysts (0.35 and 0.41, respectively) is
observed at 695 nm corresponding to the polycondensed aromatics with
long chains and modification of the zeolite structure with gallium does
not change these fractions much. On the other hand, adding the zinc to
the zeolite structure results in formation of shorter chains of poly-
condensed aromatics as the main constituents of the coke for 2%Zn-
Comm MFI (0.4 at 485nm) and 2%Zn-Lamellar MFI (0.5 at 315 nm)
catalysts. These results are consistent with those observed for FTIR
spectroscopy (1570-1590 cm ™! and 3030cm ™' regions) in Fig. 3,

0.10
—— Comm MFI
2% Ga-Comm MFI
—— 2% Zn-Comm MFI
0081 Lamellar MFI
—— 2% Ga-Lamellar MFI
? L 415 —— 2% Zn-Lamellar MFI
s 0.06 | 585
= . 550 ' 695
= ;
L 0.04
0.02
0.00

200 300 400 500 600 700 800

Wavelength (nm)

Fig. 4. UV-Vis spectra of the spent MFI zeolite catalysts in 200-800 nm range.
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Table 2

Fraction of the coke bands for spent MFI zeolite catalysts in 200-800 nm UV-Vis range.
Catalyst Fraction of the coke bands at different UV-Vis wavelengths

235nm 315nm 415nm 485 nm 550 nm 585 nm 695 nm

Comm MFI 0 0.05 0.17 0.10 0.19 0.14 0.35
2%Ga-Comm MFI 0 0.09 0.22 0.05 0.19 0.16 0.29
2%7Zn-Comm MFI 0 0.14 0.06 0.40 0.09 0.11 0.20
Lamellar MFI 0.01 0.15 0.10 0.03 0.11 0.20 0.41
2%Ga-Lamellar MFI 0 0.12 0.05 0 0.11 0.31 0.41
2%Zn-Lamellar MFI 0.05 0.50 0.28 0 0 0.15 0.02

showing that the addition of metal to the zeolite structure decreases the
fraction of heavy aromatic coke species and increases the fraction of
lighter aromatic compounds by changing the zeolite acid site strength
and accessibility [69].

3.3. Effect of the zeolite structure and its metal-modification on evolution of
the coke nature during the TPO process

FTIR-TPO was employed to study the evolution of the coke nature
during the TPO process by collecting the FTIR spectra at different

combustion temperatures [21,79]. Figs. 5 and 6 show the FTIR spectra
of the spent MFI zeolite catalysts at different TPO temperatures in
2800—3100cm ™! and 1300—1700cm ™! regions, respectively. The
assignment of the coke vibrational bands in these figures is same as that
explained in section 3.2. No coke vibrational band was observed at the
end of the TPO process in the FTIR spectrum of any of the spent MFI
zeolite catalysts, when the temperature was close to the combustion
temperature (600— 650 °C) of polycondensed aromatics (1580 cm™),
proving that the studied zeolite catalysts were successfully regenerated.

The combination of the FTIR and TPO techniques demonstrates that
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Fig. 5. FTIR-TPO spectra of the spent MFI zeolite catalysts at different combustion temperatures in 2800-3100 cm ™" region.
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Fig. 6. FTIR-TPO spectra of the spent MFI zeolite catalysts at different combustion temperatures in 1300-1700 cm ™' region.

the vibrational bands of paraffinic —CH, —CH,, and —CHj3 groups in
2855—2955 cm ™! FTIR region (Fig. 5) disappear at relatively lower
temperatures (400—450°C) compared to the bands related to the
polycondensed aromatics (1590 c¢cm™!') and unsaturated polyenes
(1640cm™") in the 1300—1700 cm ™~ FTIR region (Fig. 6) that van-
ished at 600 —650 °C. Thus, it can be concluded that the combustion of
the coke formed on the spent zeolites during the ethylene conversion
reaction to aromatic liquids is selective and depends on the regenera-
tion temperature.

Fig. 7 shows the evolution of the intensities of the selected FTIR
vibrational coke bands with time and temperature during the TPO
process over the spent MFI zeolite catalysts. The observed trend in this
graph confirms the selective combustion of the coke components based
on the catalyst regeneration temperature. The paraffinic coke compo-
nents (2925cm ™! and 2960 cm ') disappear at lower temperatures
compared to polycondensed aromatics (1590cm™') or unsaturated
polyenes (1640 cm ™). The intensity of the FTIR vibrational band at
1590 cm ~ ! decreases rapidly at temperatures below 200 °C due to the
desorption of the ethylene reaction conversion products from the spent
catalyst surface which interfere with the FTIR vibrational bands of the
coke components. A similar trend observed for all the studied spent

zeolite catalysts in Fig. 7 reveals that the structure of the zeolite and its
metal-modification does not significantly affect the evolution of the
coke nature with temperature during the TPO process.

3.4. Effect of the zeolite structure and its metal-modification on the coke
composition

Complete dissolution of the zeolite framework in HF solution fol-
lowed by coke extraction from spent zeolite catalysts using CH»Cl, and
GC—MS analysis of the extracted coke was carried out to gain in-
formation about composition of the soluble portion of the coke in
CH,Cl, for these catalysts [21,33]. The results are demonstrated in
Fig. 8. It can be seen that the highest fraction of soluble coke in all spent
catalysts belongs to benzene and naphthalene derivatives and only a
small portion of the soluble coke consists of polyaromatics with more
than two benzene rings such as anthracenes and phenanthrenes. Traces
of other polycyclic aromatics have also been detected. Lamellar zeolites
produce higher fractions of single-ring aromatics (benzenes) compared
to commercial zeolites and adding metal to the zeolite structure in-
tensifies this effect. The results are in good agreement with the MS
results showing the highest fraction of light coke observed for 2%Zn-
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Fig. 7. Combustion profiles of several characteristic vibrational bands (calculated as the maxima of the FTIR peaks) corresponding to the spent MFI zeolite catalysts.

Lamellar MFI catalyst and can be explained based on its meso-/micro-
porous structure with high accessibility to acid sites and low Brgnted/
Lewis acid ratio (determined in our previous publication [69]) resulting
in formation of lighter coke species. Table 3 shows the components
representative of each family of the soluble coke extracted from spent
zeolite catalysts. The number of carbon atoms attached to the benzene
ring are referred as C1 (methyl group) to C6 (six methyl groups or
combinations of different carbon groups such as methyl, ethyl, propyl,
and butyl that provide six carbon atoms attached to the benzene ring).
It can be seen that benzene coke derivatives including one to six carbon
atoms attached to the aromatic ring, while naphthalene coke deriva-
tives consist of naphthalene and one to four carbon atoms linked to the
aromatic rings. Anthracene and phenanthrene coke derivatives of so-
luble coke are composed of one and two carbon atoms attached to their
aromatic rings, respectively. Other polycyclic aromatics present in so-
luble coke are made up of tetralin, indan, and indan derivatives with
one or two additional carbon atoms. Compositions of the benzenes and
naphthalenes groups of the soluble coke are displayed in Fig. 9(A) and
(B), respectively. Lamellar MFI zeolites have higher fractions of lighter

benzene and naphthalene derivatives with lower number of carbon
atoms (C1-C3) attached to their aromatic rings compared to their
commercial zeolite counterparts. Adding metal to the zeolite structure,
especially zinc (compared to gallium) increases the fraction of these
components significantly. These results are in agreement with those
obtained by FTIR, UV-Vis, and MS-TPO for spent MFI catalysts.
Moreover, it should be noted that the conversion of ethylene to aro-
matic products over all six studied MFI zeolites was around 99% and
did not change over the course of reaction for 8 h [69]. This relatively
low deactivation rate observed for these catalysts has been reported
before in hydrocarbon cracking reactions of light olefins and correlated
to the diffusion of coke precursors towards the external surface of the
zeolite crystals due to the unique three-dimensional structure of MFI
zeolite [32,47]. The aforementioned differences in coke composition
among the studied spent catalysts are also linked to the composition of
the ethylene conversion reaction products. Commercial MFI zeolites
showed higher selectivity towards polyaromatics as reaction products
[69] and the nature of the coke formed over them is mostly heavy
benzene alkylated derivatives and polyaromatics. On the other hand,
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Table 3
Main components of each family of the soluble coke, extracted from the spent
MFI zeolite catalysts.
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©©© (CHy),
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lamellar MFI zeolites had higher selectivity for mono-benzene alkylated
aromatics [69] and the main coke components formed over them are
light benzene alkylated derivatives, showing the remarkable effect of
lamellar meso-/microporous structure to overcome the diffusion lim-
itations for products and coke precursors. Metal-modification in-
tensified this effect by producing more mono-benzene alkylated aro-
matics [69] and as a results less polyaromatic coke species, emphasizing
the effect of metal doping on modification of the acidity of the zeolite
which directly affects the formation of products and coke composition
on the catalyst.

Other polycyclic aromatics

3.5. Effect of the zeolite structure and its metal-modification on the coke
location

Ar adsorption-desorption measurements were carried out to de-
termine the location of the coke formed in the zeolite catalysts used for
ethylene conversion reaction to aromatic liquids. Fig. 10(A) and (B)
show the Ar isotherms and the nonlocal density functional theory
(NLDFT) pore size distributions of the spent MFI zeolite catalysts de-
rived from the adsorption branch of the isotherms, respectively. Ar
uptake of each spent zeolite catalyst shown in Fig. 10(A) is much lower
and its hysteresis loop is narrower than that measured for the fresh
zeolite tested before and reported in our previous publication [69]. The
textural properties of the spent MFI zeolite catalysts including their BET
surface area (Spgr), external surface area (Sex;), micropore surface area
(Smicro), micropore volume (Vpicro), total pore volume (Vio), and
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Fig. 9. Compositions of the soluble benzenes coke (A) and naphthalenes coke
(B) extracted from the spent MFI zeolite catalysts.

mesopore volume (Vp,es,) have been summarized in Table 4. Fig. 10(B)
and Table 4 show that the pore volumes and pore surface areas decrease
for spent commercial and lamellar MFI catalysts compared to their fresh
zeolite counterparts reported before [69]. The remarkable decrease in
Ar uptake and porosity are mainly due to the accumulation of the coke
in the zeolite catalysts.

The amount of coke formed in the zeolite micropores (internal coke)
was calculated from the decrease in micropore volume of the spent
zeolite catalysts as compared to the fresh zeolite samples. The amount
of coke formed on the external surface or mesopores of the zeolites
(external coke) was calculated by subtracting the internal coke content
from the total coke content obtained from MS-TPO measurements. This
analysis was based on the assumption that the remaining micropore
volume in the spent catalysts was fully accessible to Ar molecules and
the coke density was 1.22 g mL ™! [44,45,58]. It should be noted that
the zeolite samples were diluted with SiC (50/50 wt.%) before running
the ethylene conversion reaction over them, so the micropore volume
measured for the fresh zeolite (V picro, ) should be divided by two in
order to represent the microspore volume of each catalyst. The results
are shown in Table 5. The fraction of coke in the micropores of the
spent catalysts (internal coke) decreases significantly in lamellar MFI
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Fig. 10. Ar adsorption-desorption isotherms (A) and the NLDFT pore size dis-
tributions (B) of the spent MFI zeolite catalysts.

zeolites (29-53%) compared to their microporous MFI zeolite coun-
terparts (62-77%). This is consistent with the reported data for spent
mesoporous zeolites in hydrocarbon conversion reactions and has been
correlated to the decrease in the diffusion path lengths and hence facile
diffusion of the coke precursors to the external surface of the zeolite by
introducing the mesoporosity to its structure [58,59]. 2%Zn-Lamellar
MEFI has the lowest fraction of internal coke (29%) among all the stu-
died catalysts. This might be due to the combinational effect of the
lamellar structure (high mesoporosity and accessibility to Brgnsted acid
sites) and metal-modification (lower Brgnsted/Lewis acid site ratio) of
this zeolite [69] on coke formation process in it. Therefore, not only the
coke content and its nature, but also coke location in the MFI zeolite
catalyst can be controlled by tuning its structure and acidity.

Table 4

Table 5

Fraction of internal coke and external coke for the spent MFI zeolite catalysts
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calculated based on Ar adsorption-desorption and MS-TPO measurements.

Catalyst Viicro, £ Vint coke’ Minc coke (8 fine®  fext
(em®g™") (em®g™") intcoke8 D (%) (%)
Comm MFI 0.115 0.025 0.031 62 38
2%Ga-Comm MFI 0.112 0.030 0.037 77 23
2%Zn-Comm MFI 0.106 0.025 0.031 67 33
Lamellar MFI 0.050 0.012 0.015 41 59
2%Ga-Lamellar MFI  0.049 0.015 0.018 53 47
2%Zn-Lamellar MFI  0.047 0.007 0.009 29 71

2 Micropore volume of fresh zeolite (without SiC) calculated from t-plot
method and reported in our previous publication [69].

b Volume of the internal coke in spent catalyst =(V micro,f = (Vmicro X 2))/2,
Vmicro has been reported in Table 3.

¢ Mass of the internal coke in spent catalyst calculated using m = p X V i
coke> p (density of the coke) =1.22 g mL™ ",

4 Fraction of the internal coke in spent catalyst calculated from f iy = (M i
coke/CcC) X 100, Cc has been reported in Table 1.

¢ Fraction of the external coke in spent catalyst calculated from f o, = 100 - f .

4. Conclusions

In summary, the effects of meso-/microporous structure and metal
addition (Zn or Ga) in lamellar MFI zeolite catalysts on properties of the
coke formed in ethylene conversion to aromatic liquids were system-
atically studied. Meso-/microporous lamellar MFI zeolite was synthe-
sized using the dual template method and then impregnated with gal-
lium or zinc (2wt.%). Commercial MFI zeolite was also modified by
gallium or zinc (2wt.%) using the same impregnation method for
comparison purpose. The spent meso-/microporous Lamellar MFI,
2%Ga-Lamellar MFI, and 2%Zn-Lamellar MFI zeolite catalysts, were
examined after 8 h time on stream using a combination of different coke
characterization techniques. The results show that metal-modified
meso/-microporous lamellar MFI produces the lowest amount of coke
and the highest fraction of light coke species compared to all the other
spent catalysts. The effect of zinc is much more pronounced than gal-
lium that can be attributed to its more significant effect in decreasing
the Brgnsted/Lewis acidity of the zeolite and its uniform distribution in
the zeolite structure. The coke formed on all spent catalysts has a re-
latively unsaturated nature mostly consisting of aliphatic, aliphatic
linked to aromatics or alkyl compounds. Metal-modification decreases
the fraction of polycondensed aromatic coke and increases the fraction
of benzene derivatives. The coke combustion in these zeolite catalysts is
a selective process and the paraffinic coke species which are relatively
lighter than olefinic and polycondensed aromatic coke species burn at
lower temperatures. The lamellar zeolites produce a higher fraction of
external coke compared to their microporous zeolite counterparts
which make them more resistant to deactivation. Thus, by tuning the
textural properties of the zeolite catalysts through synthesis of lamellar
structures and modulating the acidity properties of them by metal-

Textural properties of the spent MFI zeolite catalysts derived from Ar adsorption-desorption isotherms.

Catalyst Sper’(m*g ") Sext” (m*g™ 1) Smicro” (m*g ™ 1) Vinicro” (cm®g~™") Veotal® (em®g™") Vineso” (cm®g™")
Comm MFI 114 32 82 0.033 0.120 0.087
2%Ga-Comm MFI 69 34 35 0.026 0.113 0.087
2%Zn-Comm MFI 100 46 54 0.028 0.119 0.091
Lamellar MFI 131 93 38 0.013 0.278 0.265
2%Ga-Lamellar MFI 128 101 27 0.010 0.249 0.239
2%Zn-Lamellar MFI 124 77 47 0.017 0.238 0.221

2 Calculated from multi-point BET method.

b Calculated from t-plot method.

¢ Calculated from the adsorption isotherms at p/py = 0.99.
4 calculated from Vmeso = Viotal - Vinicro-

10



L. Emdadi, et al.

modification, the amount, nature, composition, and location of the coke
deposits for ethylene conversion reaction can be controlled.
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