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Abstract

The purpose of this study is to identify the deactivation mechanism(s) that
occurs during the aromatization of dilute ethylene at 500°C on Zn/H-MFI catalyst.
More than 15 catalysts, with a Zn/H* molar ratio ranging from 0 (H-ZSM5) to 1.8
(Zn/H-ZSM5), were prepared by wet impregnation. Deactivation does not result from
Zn sublimation, but from coking. The deactivation function and coke deposition can
be modelled by simple exponential laws. Moreover, the balance between Lewis (Zn)
and Brgnsted (H") acid sites is a good descriptor for predicting the catalyst stability.
The coke poisoning has a similar impact on the diminution of micropore volume as
well as on the reduction of the number of Lewis and Brgnsted acid sites. The best
suited descriptor for describing deactivation is the reduction of the micropore volume.

Key words: Zn/H-ZSM-5, ethylene, deactivation, coke, Lewis and Brgnsted acid

sites.
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Introduction

Catalytic Cracking (FCC) is a key process in petroleum refinery. This
technology yields light olefins, e.g. ethylene, propylene, butylenes as by-products that
are sent to a gas recovery unit. Recovered propylene/butylenes are processed in
alkylation or oligomerization facilities to produce additional high-octane gasoline,
while unrecovered light olefins (dry gas), including ethylene, are routed to the refinery
fuel system. The quantity of light olefins burned in the fuel system can become even
more significant as FCC catalysts are employed. The consumption of a potentially
high-value product for low-value energy purposes can be avoided by developing
technologies to convert ethylene into desirable products such as propylene and

aromatics. [1-2]

ZSM-5 doped with zinc has proven as suitable catalyst for the aromatization of
ethylene at high temperature (500 °C), which mainly yields BTX, light olefins
(propylene, butenes) and hydrogen. [3-6]. Zn impregnation on H/ZSM-5 zeolite
increases the concentration of Lewis acid sites (LAS) and concomitantly decreases
that of Brgnsted acid sites (BAS). [4] A high LAS/BAS ratio improves the initial yield

of BTX. [7]

The main issue for the industrial development of ethylene aromatization is to
mitigate catalyst deactivation. [1-2, 7] There are many reasons for the deactivation of a
bifunctional catalyst such as Zn/HZSM-5 [8], e.g. loss of metal species from the
catalyst under reducing conditions [9,10], and/or the coking which may poison or
block access to active sites. [11-13]. The deactivation rate also depends on the balance

between the two functions. Zhang et al. suggested that the balance between the Lewis
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and Brgnsted acid sites is the key property to obtain both high aromatics yield and

high catalyst stability; the suitable LAS/BAS ratio is around of 1. [7]

This study is devoted to the understanding of the impact of the molar ratio of
Zn active sites and H* on the catalyst stability and on the nature and toxicity of coke.
More than 15 catalysts, with a Zn/H* molar ratio ranging from 0 (H-ZSMS5) to 1.8
(Zn/H-ZSM5), were prepared by wet impregnation, characterized by different probe
molecules (N2, pyridine), and tested in ethylene transformation at 500 °C. The
deactivating species and deactivated/regenerated catalysts have also been be

characterized.

1. Experimental part

Material: Three series of Zn-containing catalyst were prepared from three commercial
zeolites (Zeolyst) with a global Si/Al molar ratio of 15 (CBV 3042E), 40 (CBV 8014)
and 75 (CBV 1502). The CBV 3042E and CBV 8014 under ammonium form were
calcined under air at 500°C for 12 h. Zn-containing zeolites were prepared by wet
impregnation by stirring protonic zeolite with an aqueous solution of Zn(NO3)2.6H20
at 60 °C for 30 min, in the proportion of 1g of zeolite per 10 mL of Zn(NOs3),.6H>O
solution. The concentration of the precursor salt solution ranges between 0.008 and
0.12 mol L' depending of the zinc loading expected. Then, the samples were dried at
120 °C for 12 h without preliminary filtration and calcined at 500 °C under air (60

mL.min!) for 12 h.

Catalytic test: A typical catalytic test for the ethylene conversion (Air Liquid, > 99%)
was performed at atmospheric pressure in a fixed-bed continuous flow quartz reactor

at 500 °C with a Na/reactant molar ratio of 19, which correspond to an ethylene partial
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pressure of 0.005 MPa. The length and diameter of the catalytic bed are 13 and 6 mm,
respectively. No pre-bed of inert material was used. In standard condition the weight
gas hourly space velocity WHSV (g of injected C2Hs per hour and per g of catalyst)
was 2 h'!, and the gas hourly space velocity was 13 300 h™! which corresponds to a
short contact time of 7.5 10° h. Before testing, 200 mg of catalyst was compacted,
crushed and sieved to obtained homogeneous particles (0.2-0.4 mm). Samples were
pre-treated at 500 °C (5 °C min™") under nitrogen flow (100 mL.min™'") for 1 h. The
trace heated lines between reactor and GC are 200 °C. The gaseous products and
hydrogen were analysed online by a Varian CP-3800 gas chromatograph equipped
with a FID detector using a fused silica J&W GS-Gaspro capillary column (60 m x
0.32 mm x 4 um) and a TCD using a J&W PoraPLOT Q-HT capillary column (25 m x
0.53 mm x 20 um). GC equipment was calibrated with a gas mixture (C; to Ce in No,

800 ppm each compound, Air liquid).
The standard deviation of the catalytic data is assessed to 2%. (Fig. SI.1)

Characterization of the fresh and spent catalysts: The elemental composition of the
bifunctional catalysts (Si, Al, Zn) was determined before and after ethylene
transformation using inductively coupled plasma-atomic emission spectroscopy (ICP-
AES) on an Optima 2000 DV (Perkin-Elmer). The samples (30-40 mg) were
mineralized by three successive acid attacks by HNOs (69 vol. %), HC1 (37 vol. %)
and HF (40 vol. %) in the proportion 4/2/2 mL, respectively. The mineralization was
carried out in sealed vessels at 180 °C under an autogenous pressure of 2.0 MPa for 45
min using a microwave oven (Anton-Parr Multiwave Pro). Finally, 12 mL of a
saturated solution of H3BOs was added to the sample. Textural properties were
determined by sorption measurements of nitrogen at -196 °C, using a Micromeritics

ASAP 2000 gas adsorption analyzer. Prior to measurement, samples were outgassed at
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90 °C for 1 h and 350 °C for 4 h both with a heating ramp of 10 °C min™'. Coked
samples were outgassed at 90 °C for 1 h and 150 °C for 1 h to avoid coke desorption.
The microporous volumes (Vmicro) Were calculated using the z-plot method and the
total pore volume was calculated at p/po = 0.98. The nature, concentration of acidity
were studied by using pyridine as a probe molecule followed by infrared spectroscopy
(FTIR) through a Nicolet 5700 apparatus with 2 cm™ optical resolution. Before
analysis, the catalyst was pressed for 2 s at 0.5 ton into a self-supporting wafer (2 cm?)
and pretreated from 20 °C to 500 °C under nitrogen flow (100 mL min!). The fresh
and regenerated catalysts were then out-gassed (107 bar) for 1 h at 350 °C, after which
finally an IR spectrum was taken, while on spent catalyst the pretreatment
temperature was 150 °C, with a heating ramp of 10 °C min™'. Then, the sample was
cooled to 150 °C and exposed to 1.5 mbar pyridine pressure for 5 min and then
outgassed (107 bar) for 1h in order to eliminate the physisorbed pyridine. The FTIR

spectrum was taken at 25 °C. The Beer-Lambert-Bouguer law was applied in the form
[H*]or [L] = (%) é, where [H*]and [L] is the concentration of Brgnsted and Lewis
acid sites (umol g'), A denotes the integrated absorbance of the corresponding IR
bands (1545 and 1455 cm™!), which is normalized to zeolite wafer density (ratio of the
wafer weight (mg) to wafer surface (cm?), and € is the integrated molar adsorption
coefficient measured at 25 °C: €545 =1.13 and €454 = 1.28 cm mol™'. [14] The
calibration curves were obtained on a MFI (Si/Al=27) and a y Al2O3 by adding to the
IR cell a known amount of pyridine vapor from gas admission compartment (0.9122

cm?®). All the reported FTIR spectra recorded at 25 °C are normalized to a wafer

density (mg cm™).
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The coke content and the temperature of coke oxidation (Tox) were obtained with
a SDT Q600 TA thermogravimetric analyser under a flow rate of 100 mL min™' of air
up to 900°C.
Coke extraction [15]: In order to release molecules trapped in zeolite pores, the spent
catalyst was dissolved in 51 vol % hydrofluoric acid solution at room temperature
during 20 min. HF was neutralized by a boric acid solution and sodium hydrogen
carbonate. Coke molecules were extracted by liquid-liquid extraction with CHxCl,.
After total evaporation of the solvent, the solid is dissolved in dichloromethane in
order to obtain a concentration into soluble coke of 20 mg L. The solution is
analyzed using a GC-MS (Thermoelectron DSQ). The low temperature of treatment
by HF, the short contact time of the acid solution and the coke components as well as
the very small contact area between mineral and organic phases allow to avoid any
change of coke composition.

2. Results and discussion

Characterizations of the bifunctional catalysts. Three series of bifunctional
catalysts were prepared by wet impregnation from HZ15, HZ40 and HZ75 commercial
zeolites with a Zn loading ranging from 0.3 to 8.1 wt. %. Zn based catalysts are named

by xZny where x is the zinc content and y the Si/Al molar ratio.

The TPR study on 2.1Zn40 shows no reduction. Indeed, Biscardi et al. have
shown that Zn?* cations in ion-exchanged 1.07Z14.5 do no reduce even at 877 °C and
ZnO crystals begin to reduce to Zn metal and sublime around 480 °C in flowing
hydrogen. [16] It should be noted that a pretreatment of 2.1Zn40 under H> at 500 °C
has no impact on activity, selectivity and stability suggesting that the oxidation state of

Znis +2.
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The textural properties of the commercial zeolites features micropore volumes
between 0.15-0.18 cm® g’!, which is typical value for ZSM-5 zeolite [17]. For the
HZ15 and HZ75 catalyst series, the microporous volume is only slightly affected by
high Zn loadings, probably due to the deposition of a small amount of subnanometric
(ZnO), particles in the micropores. On the other hand, for the series HZ40, Vmicro
decreases with increasing Zn content, which suggests that on this zeolite, which
features internal defects, the Zn oxide species (ZnO) may be located in the
microcavities formed by the hydroxyl nests. The incorporation of the metal into the
framework of HZ40 is confirmed by UV-vis adsorption spectroscopy (Figure 1),
which shows an adsorption band at about 265 nm. Zhang et al. to Zn attributed this in
the zeolite framework [18]. Incorporation of Zn into the MFI framework can be done
by isomorphic substitution by healing silanol nests. [19-20] An adsorption band at
about 370 nm™!, which corresponds to the band gap width of macrocrystalline ZnO

appears when the Zn loading exceeds 1.4 wt.%.

TEM images (Figure 2) clearly show that some (ZnO), particles cover the
external surface of the HZ40 zeolite. On the 3.6Zn40 catalyst, their size (9.1 nm) is
twelve times larger than the diameter of the larger void volume within the MFI
framework, i.e. 0.70 nm in the channel intersections. It appears that Zn cations, which
do not exchange with zeolite protons, precipitates as (ZnO), species and grow on the
outer surface during the solvent evaporation step. Their size therefore depends in part
on the exchange capacity of the zeolite. The (ZnO), particles in 4.1Zn15 and 2.7Zn75

were measured and are of 6.8 and 14.8 nm, respectively.

Figure 3 compares the infrared spectra in the OH stretching region of the three
catalyst series. HZ75 has two IR bands: an intense band at 3610 cm™ (+ 2) attributed

to the bridged hydroxyl groups (Si-O(H)-Al) and an asymmetric band at 3740 cm!
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ascribed to the terminal silanol groups on the external surface. On HZ40, the shoulder
at 3726 cm! corresponds to Si-OH located on the intraparticular defects and is
correlated with the broad band centred at 3470 cm!, which is assigned to the hydroxyl
nests. The intensities of the bridged OH-band of the three catalysts series decrease
partially (Figure 3b), even with a Zn content in solution two to three times higher than
their exchange capacity, which is calculated assuming a Zn/Al molar ratio of 0.5 (1/2),

i.e. 0.7, 1.4 and 3.4 wt. % on HZ75, HZ40 and HZ15, respectively.

Pyridine adsorbed on zeolites leads to characteristic bands at 1546 and 1454 cm’!
which appear due to protonated pyridine at Brgnsted acid sites (BAS) and pyridine
coordinated to Lewis acid sites (LAS), respectively. The concentration of pyridinium
ions decreases rapidly with Zn addition, then very slightly with further metal
incorporation (Figure 4a). The concentration of the Zn-based Lewis acid sites follows
the reverse trend as the neutralization of the Brgnsted acid sites (Figure 4b). The ratio
between the neutralized BAS and created LAS is two (Figure 4c¢). The neutralization
of the one protonic site leads to the creation of one Zn Lewis acid site which
coordinates two pyridine molecules. The balance between Zn Lewis and Brgnsted acid

sites (given by the ratio of Znrewis/H") is higher than 5 (Table 1).

Kinetic of deactivation. Figure 5 shows the ethylene conversion at 500 °C under
atmospheric pressure against time-on-stream (TOS). HZ15 converts ca 60 % of
reactant with almost no deactivation during 280 min. Whereas on HZ40 and HZ75,
less than 2% of ethylene is converted, which is apparently in direct contradiction with
the results of numerous studies [21-27]. The observed low activity can be ascribed to
the severe operating conditions that were employed. Indeed, high temperature [24],
low partial pressure of the olefin [24, 26-27] and short contact times hinder the

oligomerization reaction. The activity of HZ15 could be due to the high density of the

8
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Brgnsted acid sites. The wet impregnation of zinc on zeolite leads to an increase in
conversion (except on 0.7Znl15) followed by deactivation, which increases with the
zinc loading. 2.1Zn40 catalyst appears to be less active in the transformation of
ethylene than HZ15 zeolite. Hence, the initial decline in activity of HZ15 after the

addition of Zn is consistent with the neutralization of the very active aluminium pairs.

The catalyst deactivation constant (kp, s gcaa™’) can be assessed from the time-on-
stream (TOS) theory by a simple exponential law, which corresponds to a
deactivation order of 1: a,go = ajpe *P ¢ with a; and a,, corresponding to activities
on spent and fresh catalysts, respectively. It is worth noting that the TOS theory is
based on the assumption that the concentration of active sites is simply a time-
dependent power function of the remaining concentration of active sites and that all
have the same strength. [28] The deactivation curves fit the exponential law very well
(Fig. SI. 2); the catalyst deactivation constant (kp) are shown in Table 1. For each
catalyst series; the kinetic deactivation constant depends on the concentration of
Brgnsted acid sites (Figure 6a), on that of Zn-Lewis acid sites (Figure 6b). The only
variable with which a correlation with kq can be observed for all the catalyst series is
the Lewis/Brgnsted ratio (Figure 6¢). Indeed, the dependence of kp with LAS or BAS
follow different trends for each Si/Al ratio. This correlation indicates that deactivation

occurs via a bifunctional mechanism.

The loss of activity between 10 and 280 min (axso/aio) increases unexpectedly
with decreasing BAS concentration. For each catalyst series, the higher the
concentration of Brgnsted acid sites the higher the catalyst stability. In addition, at iso-
concentration of the acid sites, the lower the Si/Al zeolite ratio the lower the residual
activity. (Figure 7a). In contrast, axgo/ajo decreases with increasing of the

concentration of Zn-Lewis acid sites (Figure 7b) and at iso-concentration of Znpewis
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the lower the Si/Al zeolite ratio the lower the residual activity. Yet, the loss of activity,
regardless of the Si/Al ratio, follows an exponential law of the Znpewis/H* ratio (Figure

[Znpewis]
~0.5
OS5 Hence, the balance between Lewis and Brgnsted

2280 — 0.953¢

2
a1o

7¢): ¢ =

acid sites is a good descriptor for predicting catalyst stability.

Kinetic of coking. Deactivation does not result from a loss of Zn by sublimation
since the metal content after 280 min of reaction is identical to that of the fresh
catalyst (Fig SI.3). Deactivation is only due to coking. Table 1 reports the coke
content (wt. % C) on the catalysts after 280 minutes of reaction. The carbon content,
which is low on protonic catalysts, (1.4 wt. % on HZ15) reaches up to 7.5 wt. % on

bifunctional catalysts.

The deactivating effect of coke on the kinetics was studied on the 3.4Znl5
catalyst. The coke formation on the bifunctional catalyst is slow and follows a linear
regression (~0.01 geoke Zeaa ' h'') with an intersection point at 1.7 wt. % (Figure 8a).
This value is close to the coke content obtained on protonic zeolite. The loss of

catalytic activity (CD = M) fits with an exponential dependence on the coke content

Qaio

(Co): @ = Cze % c (Figure 8b). This deactivation function is frequently used to
describe the loss of activity [12, 29-31]. The constant in the exponential, Ok in (wt. %"
1, is the so-called coking constant. O is equal to 0.307 wt. %!, which is ca 6 times
lower than the coke formation in the catalytic cracking of 2,2,4 trimethylpentane on a
USY zeolite at 480 °C, but 0Ok is in the same range as that of hydride transfer (0.653),
protonation and PCP isomerization (0.148), B scission (t-t) (0.407) and protolytic
scission (0.445). [32] The higher value of deactivation constant (Ox) for coke
formation in FAU zeolite is certainly due to the presence of supercages. The

deactivation function has a pre-exponential factor (A), which means that one part of

10
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coke is trapped on the zeolite without significant impact on catalyst activity. On the
HZ15 zeolite, the low coke content (1.4 wt. %) has almost no impact on the catalyst
stability. Some of coke molecules could simply be trapped by silanol groups without
impact on catalyst activity [33] and Brgnsted acidity (Table 1). Subtracting of the total
coke with that measured on the protonic zeolite, gives a pre-exponential factor of 1
(Figure 8b) and in the case of the coking rate a straight line through the origin (Figure
8a). Hence, there are two types of coke: a spectator coke (minority) and deactivating
coke (majority). The deactivation function (¢)) can be modelled by an exponential law
of the coke content or the balance between the Lewis and Brgnsted acid sites. This
indicates that these two parameters are related, which suggests that deactivation occurs

by poisoning of the Lewis and Brgnsted dual sites.

Figure 9 shows the infrared spectra in the OH stretching region of the 3.4Znl5
catalyst after different reaction time. After 30 minutes of reaction, the intensity of the
silanol band decreases significantly then remains constant, indicating their role as a
coke trap. [33] The intensity of Si-O(H)-Al decreases continuously with increasing
coke content, while that of the hydroxylated extraframework species seems much less

sensible to coke deposits.

Figure 10 displays for the 3.4Zn15 catalyst, the losses of Brgnsted and Lewis acid
sites and micropore volumes as a function of time and coke content. The loss kinetics
of Brgnsted acid sites is proportional to reaction time (FigurelQa) and coke content
(Figure 10b) when coke trapped on silanol groups is subtracted (Fig.S1.4). The loss
kinetics of micropore volumes follows the same trend, while the loss kinetics of Lewis
acid sites begins after a slightly higher coke content (4-1.4 = 2.6 wt. %). The increase
of LAS concentration suggests that some coke precursors present a Lewis acid site

character. Indeed, Cerqueira et al. observed that the coke deposit on USHY zeolite

11
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leads to a decrease of the concentration of protonic sites, while that of Lewis sites
increases after coking. [34]

Deactivation and selectivity. Figure 11 compares, as a function of ethylene
conversion, the molar yields of Hp, CHa4, ethane, propylene, butenes, and aromatics
obtained after 10 and 280 minutes. On fresh HZ15 zeolite, oligomerization-cracking
reaction occurs, yielding propylene and butane. Aromatics result from the
transformation of naphthenes by dehydrogenation and hydride transfer reactions,
producing hydrogen and paraffins (mainly ethane), respectively. CHy4 results more
from the dealkylation reaction of toluene and xylene than from a-scission of olefins.
(The operating conditions favour the dealkylation reaction rather than the alkylation

reaction).

Despite high yields of coking molecules such as light olefins as well as a high
temperature and high density of acidic sites, the formation of coke remains low (1.4%
wt. %) even after a long period of operation. Catalyst deactivation is slow. The
operating conditions of ethylene aromatization such as a low contact time and mainly
a low partial pressure of ethylene (Pcona = 5.2 102 MPa, do not promote the coke

formation by the conventional acid mechanism.

The wet impregnation of Zn completely changes the selectivity of the acid
catalyst. C4Hg is clearly a primary product, while CH4, C3Hes, H> and aromatics
composed of benzene (B), toluene (T) and also xylene (X) and ethylbenzene (EB), are
secondary products. These products could practically be considered as primary
products (Figure 11) because they are produced simultaneously from a very low
conversion, ca 2% (extrapolated value). Hydrogen resulting from the dehydrogenation
of naphthenes or olefinic naphthenes, is also consumed at high conversion through the
hydrogenation of olefins (mainly ethylene) into light alkanes. The hydrogenation of

12
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ethylene has a direct impact on the yield of aromatics, limiting or even decreasing it

when a large part of ethylene is hydrogenated.

In the absence of hydrogenation side-reactions (X< 30%), the coke content is
proportional to the initial aromatics yield (Xar), but when H» begins to be consumed
for ethane formation, the coke content decreases more on the series 40 than the series
15, resulting in lower Xa. (Figure 12). The lower coke content could be attributed to
the hydrogenation of coke precursors [21-22], since hydrogenation reactions take
place at high conversion. The proportionality suggests that the coke maker molecules

on bifunctional catalysts are aromatics.

The catalyst deactivation has no impact on the selectivity as shown in Figure
11. It should be noted that the selectivity into hydrogenated products is slightly higher
on spent catalysts despite a lower hydrogen yield, indicating that coke deposition has a

greater impact on the dimerization sites than on the hydrogenation sites.

Characterization of the deactivating species. The bands of carbonaceous
compounds deposited on catalysts are observed on two IR spectra domains: i) 2700-
3100 cm™ (Figure 13): CH stretching modes of aromatic and paraffinic groups, ii)
1300-1700 cm™! (Figure 14): CC stretching modes of unsaturated (olefin, polyenyl,
aromatic and polyaromatic) groups and CH bending of paraffinic groups. The band at
2935 cm! is assigned to the asymmetric stretching mode of CH, groups, and 2957 and
2864 cm! correspond to the symmetric stretching mode of CH» and CHi. The
intensities of the bands of coke increase with the Zn loading on all series, but when
hydrogenation side-reactions occur especially on series 15 and 40, their intensities
decrease significantly, which indicates a lower degree of alkyl groups on the aromatic

rings.

13
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The attribution of bands in region between 1300-1800 cm™ is more complex, as in
this region appear different stretching modes of C=C condensed and non-condensed
aromatics; and also bending vibrations of CH. Regardless of the coke content, all spent
catalysts exhibit bands at 1591, 1470, 1426 and 1371 cm’!, which can be attributed to
coke molecules with a number of aromatic rings higher than 3. [35] It should be
mentioned that the IR spectra are recorded on catalysts which have been operated for

280 min; this long time allows the growth of coke precursors into polyaromatic

compounds. The intensities of the bands of coke in this region are proportional to the

coke content (Figure SI. 5) which reaches a plateau at ca 6 wt.% , probably due to
signal saturation.

The composition of coke trapped inside the zeolite pore is determined on 2.1Zn40
and 5.6Zn40 by mineralizing the zeolite matrix and subsequently analyzing the
organic leftovers by liquid-liquid extraction with CH>Clo. GC/MS analysis (Figure SI.
6) shows that the coke composition on both catalysts consists of polyaromatic
compounds such as naphthalene, anthracene, phenanthrene, pyrene and
benzo[e]pyrene, which are alkylated by only two or three methyl groups, When the
hydrogenation side reaction occurs on the 5.6Zn40 catalyst the number of methyl
groups is limited to one. The degree of alkylation of coke molecules is relatively low
compared to that observed on coke molecules formed during the transformation of
alcohols at 350 °C, with more than 10-12 alkyl groups. [33,35] The low coke content
on the catalysts, despite a high reaction time, could be due to a low degree of
alkylation of the coke molecules. Indeed, the mechanism of coke formation occurs by

alkyl side chain growth. [15]
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Characterization of the spent catalysts. The residual micropore volume and the
Brgnsted and Lewis acid sites remaining after 280 minutes of reaction are reported for

the three catalyst series in Table 1.

The volume apparently occupied by coke (Va.), deduced from the physisorption
measurement, is roughly proportional to its content (Figure 15a). The volume really
occupied by the coke molecules (Vr) can be assessed by assuming that the density of
coke is close to that of phenanthrene, anthracene pyrene and benzo[e]pyrene: 1.18,
1.25, 1.27 and 1.24 g cm™ respectively. Therefore, the coke density in this study is
chosentobe 1.25 g cm>. A Vr/Va value of 0.56, (Figure 15b) indicates a blockage of
access of the adsorbate molecules to a part of the microporosity unoccupied by the
coke molecules. Indeed, the coke molecule trapped at the channel intersections of the
MFI zeolite completely blocks their access, without occupying the totality of their
volume. The loss of micropore volume results in a progressive deactivation of the
bifunctional catalyst (Figure 15¢), indicating that the deactivation occurs by poisoning
and not by pores blocking as with mordenite zeolites. [36]

Figure 16 shows the proportion of the Brgnsted and Lewis sites neutralized by

N
coke: 1 — % (Figure 16a) and 1 — % (Figure 16b), respectively. The
0 0

proportion of protonic sites neutralized rises rapidly with the deposition of coke, but
after only 2 wt. %, it remains constant and partial (70%) despite the increase of the
coke content and substantial pore blocking (Vr/Va = 0.56). This apparent
disagreement between quantification of residual acid site and microporous volume
analysis, can be easily explained by considering that the coke molecules which are
trapped at the channels intersections of MFI zeolite completely block their access,
without occupying the totality of the volume. [37] The proportion of Lewis acid sites
neutralized by coke is less evident (Figure 16b), due to the proportion of coke
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poisoning the Brgnsted acid sites and the presence of Zn-Lewis acid sites. On the
protonic zeolites, the number of Al-Lewis acid probed by pyridine is higher after coke
deposits (Table 1), which means that some coke molecules are able to coordinate
pyridine. Nevertheless, it appears as main trend that the proportion of neutralized Zn-
Lewis acid sites increases with increasing coke content, causing catalyst deactivation
(Figure 15d). The deactivation results in the neutralization of the Zn-Lewis acid sites,
which are located in the zeolite micropores.

Catalyst regeneration. The coke combustion occurs between 400 °C and 700 °C.
Figure 17 shows the temperatures at which 50 (T50) and 90 % (T90) of coke is burnt
as a function of the concentration of Brgnsted (Figure 17b) and Lewis Zn (Figure
17a) acid sites, the ZniewisyH* molar ratio (Figure 17¢), the micropore volume of the
spent catalyst (Figure 17d) and coke content (Figure 17e). T90 is almost identical on
all spent catalysts (i.e. 630-650 °C), in contrast to TS50, which is between 465-585 °C.
The coke combustion depends mainly on the accessibility of oxygen to the coke rather
on the redox and acidic properties of the bifunctional catalyst. Zn metal does not
participate to the coke combustion. The accessibility and coke content are strongly

related.

The regeneration was studied on 3.6Zn40 catalyst through two reaction-
regeneration cycles (Figure 18). The regeneration was carried out under mild
conditions, i.e. at the same temperature as the ethylene transformation temperature
(500 °C) for 12 h. Despite the low temperature used, all coke molecules were
removed. But only a portion of the acidic properties are recovered after regeneration.
The concentration of LAS is lower than on the fresh catalyst in favour of a slight

increase of BAS (Table 2). This impacts the performance of the catalyst as the
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catalytic activity is reduced. In addition, a second regeneration step leads to a radical

change in acidic properties, mainly for Lewis acid site and slight loss of Zn content.

Despite mild regeneration conditions; deactivation is partially irreversible, due
to modification of acidity during coke combustion. In order to verify this assumption a

milder regeneration process should be used, such as non-thermal plasma. [38-39]

Conclusion

The selective transformation of light olefins into aromatics, which are more
valuable and versatile feedstocks for the chemical industry, is one of the major
challenges in petrochemistry. ZSM-5 doped with zinc is a proven catalyst for the
aromatization of ethylene at high temperature (500 °C). Yet, the coking is the greatest
drawback of this reaction, as all the conditions are present to promote its formation:
confined acid sites, presence of aromatics and light olefins (coke precursors) and high
temperature. However, Brgnsted acid sites, even with an acidity exalted by the
presence of extraframework species, yield relatively low coke formation. The coking
is favoured by the presence of Zn-Lewis acid sites. However, its rate remains rather
limited due to the low degree of alkyl groups on the aromatic rings, which impedes the
growth of coke. Therefore, reducing diffusion path length by zeolite hierarchization
seems very promising to mitigate coke formation. The catalyst stability depends on the
balance between the Zn-Lewis and Brgnsted acid sites and the yield into desired
products: hydrogen and aromatics on the content of Zn species, but when its
concentration is high hydrogen is consumed. Hence, the best compromise for an active
and stable catalyst in ethylene aromatization consists to have a moderate balance
between Zn-Lewis and Brgnsted acid sites, around 1.5 and 2. In addition, the

development of this process requires a fine management of the regeneration stage.
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Reaction— regeneration cycles in ethylene transformation on 3.6Zn40.
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Table 1. Comparison of Zn content and concentration of Brgnsted and Lewis acid sites

between fresh and spent catalysts

Fresh Spent after 280 min
Serie Catalyst Zn/Al* [H*]? [LT [Zniewisl/[H  Vmicro kp Coke! Zn* [H*]? [L1 Vmicro
S a +]
wt. %  mol/m umol g! mol/mol cm® stel (x wt. % wt. umol g! cm’
ol g! 10%) % g!
HZ15 - 515 44 0 0.139 0033 1.4 - 444 103 0.138
0.7Zn15 0.3 364 346 0.4 0.150 0.075 1.9 - 279 357 0.123
15 2.0Zn15 0.3 201 671 1.5 0.147 0.308 6.2 - 71 387  0.063
3.47n15 0.5 144 792 2.6 0.140 0.500 6.8 - 30 153  0.026
4.1Zn15 0.6 121 688 32 0.132 0.725 6.7 - 39 237  0.053
8.1Zn15 1.2 84 655 5.1 0.130 1.220 7.5 - 29 78 0.014
HZ40 - 286 28 0 0.171 0.008 2.3 - 218 39 0.135
0.5Zn40 0.2 229 176 0.2 0.179 0.033 2.9 0.5 136 213 0.130
40 0.8Zn40 0.3 217 253 0.3 0.176 0.092 3.9 1.0 76 288  0.106
1.47Zn40 0.5 199 329 0.5 0.171 0.875 5.0 1.5 58 353 0.098
2.1Zn40 0.7 163 367 0.7 0.165 0.192 6.6 2.0 54 266 0.072
3.6Zn40 1.3 77 399 2.7 0.147 0.492 4.8 3.9 60 477 0167
5.6Zn40 1.8 100 443 1.9 0.143 0.525 5.3 35 268  0.090
HZ75 - 148 21 0 0.151 0.005 0.9 - 175 25 0.136
75 0.3Zn75 0.2 111 67 0.3 0.140 0.025 1.5 - 68 115 0.138
0.7Zn75 0.4 92 98 0.6 0.145 0.142 2.0 - 39 137 0.116
2.77n75 1.6 84 102 0.8 0.142 0.200 2.4 - 25 146  0.118

2= 7n content measured by ICP analysis, > = concentrations of Brgnsted and Lewis acid sites probed by thermodesorption of

pyridine at 150°C. ¢ = measured by thermogravimetry analysis

Table 2. Acidic properties and Zn content of the 3,6 Zn40 catalyst after 1 and 2

reaction — regeneration cycles in ethylene transformation.

Zn* [PyH*]° [PyL]®
State wt. % umol g! umol g!
Fresh 3.6 77 399
Regenerated x1 108 356
Regenerated x2 3.4 69 261

= Zn content measured by ICP analysis, " = concentrations of Brgnsted and Lewis

acid sites probed by thermodesorption of pyridine at 150°C.
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Figure 1: UV-visible spectra of catalysts series 40.
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Figure 2: TEM images of bifunctional catalysts with a lower and higher metal content than the Zn exchange
capacity.
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Figure 3: IR spectra of OH region of the parent zeolites and relative intensities of

bridged OH groups as a function of zinc content on 15, 40 In the presented

spectra, the adsorbance was normalized to sample wafer density (g cm™).
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Figure 7: Residual activity after 280 min as a function of concentration of Brgnsted acid sites (a) and weight content of active zinc species (b)
and the molar ratio of concentration of active Zinc species to Brgnsted acid sites (c).
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Figure 8: Coke content as function of time-on-stream (a), and deactivation function of 3.4Zn15 catalyst vs coke content (b) (open symbol : coke
content minus that formed on HZ15 zeolite).
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Figure 9: IR spectra of OH region of 3.4Zn15 after different times-on-stream. In the presented spectra, the adsorbance was normalized to sample
wafer density (g cm™).
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Figure 10: Losses of Brgnsted (black symbol) and Lewis (blue symbol) acid sites and micropore volumes (red symbol) on the 3.4Zn15 catalyst
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Figure 11: Molar yields of hydrogen, methane, ethane, propylene, butenes and aromatics as a
function of the initial conversion (black symbol) and after 280 min (red symbol).
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Figure 12: Coke content as a function of initial yield into aromatics on the three catalyst
series.
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Figure 13: Bands of coke molecules in region 3020-2800 cm™ as a function of zinc content on 15, 40
and 75 catalyst series (dashed line = HZ catalysts).
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Figure 14: Bands of coke molecules in region 1800-1300 cm™ as a function of zinc content on 15, 40
and 75 catalyst series (dashed line = HZ catalysts).
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Fig. 17: Oxidation temperature at which 50% (black symbol) and 90% (red symbol) of coke is burned as a function of concentration of Brgnsted
(b) and Lewis Zn (a) acid sites, the molar ratio Znrewis/H" (¢), micropore volume of the spent catalyst (d) and coke content (e).
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Fig. 18. Reaction— regeneration cycles in ethylene transformation on 3.6Zn40.
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