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ARTICLE INFO ABSTRACT

Keywords: The catalytic conversion of glycerol to aromatics (GTA, e.g., benzene, toluene, and xylenes, BTX) over a shaped
Catalytic pyrolysis H-ZSM-5/A1,03 (60/40 wt%) catalyst was investigated in a continuous fixed-bed reactor to study the addition of
BTX . the Al,O3 binder in the catalyst formulation on catalyst performance. The experiments were performed under No
1231511)\;11?;86(1 chemicals at 550 °C, a WHSV of glycerol (pure) of 1 h™!, and atmospheric pressure. The spent H-ZSM-5/Al505 catalysts
Binder were reused after an oxidative regeneration at 680 °C and in total 5 reaction-regeneration cycles were performed.

Catalyst characterization studies show that the addition of the Al,O3 binder does not affect the surface area and
crystallinity of the formulation, but increases the total pore volume (mesopores in particular) and total acidity
(Lewis acidity in particular). The H-ZSM-5/Al,03 (60/40 wt%) catalyst shows a considerably prolonged catalyst
life-time (8.5 vs. 6.5 h for H-ZSM-5), resulting in a significant increase in the total BTX productivity (710 vs. 556
mg g’l H-ZSM-5). Besides, the addition of the Al,03 binder retards irreversible deactivation. For instance, after 3
regenerations, catalyst performance is comparable to the fresh one. However, after 4 regenerations, some irre-
versible catalyst deactivation occurs, associated with a reduction in total pore volume, crystallinity, and acidity
(Brgnsted acidity in particular), and meso-porosity of the Al,O3 binder. This study shows that both the stability

and reusability of H-ZSM-5-based catalysts for GTA are remarkably enhanced when using a suitable binder.

1. Introduction

Valorization of crude glycerol co-produced in the bio-diesel industry
is of high relevance to improve the techno-economic viability of bio-
diesel. In the last decades the application of crude [1] or, most
commonly, purified glycerol [2] for the production of value-added
bio-based chemicals by various catalytic conversion processes has
been studied extensively [3]. The ex-situ catalytic pyrolysis of crude
glycerol to bio-based aromatics is considered an attractive valorization
route for crude glycerol and was demonstrated at a pilot-scale unit in
2019 [4]. With this approach, the glycerol is separated from the inor-
ganic impurities in a thermal pyrolysis reactor [5]. The vapor phase,
consisting of glycerol, glycerol decomposition products (C; - C3 oxy-
genates [6]), residual fatty acids, and decomposition products thereof
(short- and long-chain hydrocarbons [7]), is subsequently converted in a
catalytic upgrading reactor to form aromatics (benzene, toluene, and
xylenes (abbreviated as BTX), and higher aromatics). For instance, a BTX
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yield of ca. 14.6 C.% (on a carbon basis) was reported when using an
H-ZSM-5/bentonite catalyst in combination with crude glycerol [5].

By far more attention has been given to the use of purified glycerol
for aromatics synthesis using zeolite-based catalysts [8]. Among them,
MFI-type ZSM-5 zeolites with Lewis and Brgnsted acid sites located in
the three-dimensional micro-pores [9] show the highest aromatics yield
[10]. For instance, a peak carbon yield of BTX of ca. 28 C.% and a total
BTX productivity of ca. 398 mg BTX g~! H-ZSM-5 has been reported
recently using H-ZSM-5 catalyst [6]. Significant BTX yield improve-
ments are possible when using metal-promoted H-ZSM-5-based catalysts
[11-14]. As an example, the BTX yield was significantly increased (from
9.75 C.% over a pristine H-ZSM-5 to 43.2 C.%) when using a
Pd/H-ZSM-5 catalyst in combination with Hy [11].

A major issue regarding the use of ZSM-5-based catalysts for the
conversion of glycerol to aromatics is the limited catalyst lifetime due to
coke formation on the catalyst [5,6,10,15-19], Typically, up to 8-15 wt
% of coke is present on spent H-ZSM-5-based catalysts [5,6,15,18,19].
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Modifications of the zeolite structure by e.g. metal incorporation and by
using hierarchical structures have been shown to reduce the rate of coke
deposition, leading to a prolonged catalyst life-time, e.g., from ca. 5.5 h
for the pristine H-ZSM-5 [13,17] to ca. 10 h for the Sn-modified H-ZSM-5
[13] and ca. 19 h for a hierarchical H-ZSM-5 [17]. Alternatively, the
introduction of binders to an H-ZSM-5 catalyst has also resulted in
extended catalyst life-times, e.g., from ca. 220 min for H-ZSM-5 to ca.
320 min for H-ZSM-5/A1,03 (90/10 wt%) [19].

Catalyst deactivation by coking is considered reversible as the coke
can be removed easily by an oxidative treatment [10,16]. However,
typically also irreversible catalyst deactivation occurs after a few
reaction-regeneration cycles [5,6,13,16], associated with a reduction of
the microporosity, crystallinity, and Lewis and Brgnsted acidity of the
regenerated catalysts [5,6]. This has a negative impact on catalyst per-
formance and leads for instance to a reduction in peak BTX yield, total
BTX productivity, and catalyst lifetime [6,13,14,16,20].

In a recent preliminary screening investigation, we have shown that
the addition of binders (alumina, silica, and clays) to H-ZSM-5 has
positive effects on catalyst performance and particularly lifetime [19].
We here report an in-depth study on the use of a shaped H-ZSM-5/A1,03
catalyst (granules, ¢ 1.2-1.8 mm, 40 wt% alumina) for the conversion of
glycerol to aromatics and compare the performance with those of the
individual catalyst components. The fresh catalysts were characterized
in detail using various techniques and tested in a continuous set-up for
glycerol conversion to aromatics, with a special emphasis on the syn-
ergic effects between the H-ZSM-5 and the binder. The regenerability of
the shaped H-ZSM-5/Al;03 catalyst was tested by performing 5
reaction-regeneration cycles, followed by detailed characterization of
spent catalysts to identify possible deactivation pathways.

2. Experimental
2.1. Materials

An H-ZSM-5 zeolite with a relative low SiO5/Al;03 molar ratio (28,
termed as H-ZSM-5(28)) was applied in this study. This ratio was
selected based on an optimization study in the literature [12], showing
that the BTX yield over H-ZSM-5 zeolites follows a volcano-shape rela-
tionship with the SiO3/Al;03 ratio (23—280) with a maximum perfor-
mance for a SiO,/Al,03 ratio of ca. 30. H-ZSM-5(28) powder, boehmite
powder, and H-ZSM-5/Al,03 granules (¢ 1.2-1.8 mm, prepared by using
H-ZSM-5 (60 wt%) and y-Al;03 (40 wt%) powder as the raw materials)
were supplied by the Yangzhou Baisheng Catalyst Co., Ltd., PR China.
Glycerol (> 99.5% purity, s.g. 1.26) was supplied by Boom BV, The
Netherlands. The analytical-grade reagents such as n-nonane, ethanal,
and tetrahydrofuran, were supplied by Sigma-Aldrich. Ar (liquid) and Ny
(liquid and technical-grade gas) were supplied by Linde.

2.2. Catalysts preparation

Fractions of H-ZSM-5 and Al,03 with specific particle size ranges
(0.5-0.8 mm) were prepared using a pelletizing/sieving sequence. For
this purpose, the individual feeds (H-ZSM-5 or Boehmite) were pellet-
ized in a die (¢ 13 mm) using a pellet press (Model 4350, Carver Inc.) at a
pressure of ca. 1 ton cm 2, followed by crushing using an Agate pestle
and mortar set (IDL GmbH & Co. KG) and sieving using stainless steel
analytical sieves (Linker Industrie-Technik GmbH). Both these samples
and the as-received H-ZSM-5/Al»,03 granules were calcined before use.
For this purpose, the component was loaded to a Haldenwanger porce-
lain crucible (supplied by Fisher Scientific Nederlands) at room tem-
perature, followed by gradual heating to 600 °C (1 °C min 1), isothermal
calcination at 600 °C for 8 h, and gradual cooling to 25 °C (1 °C min™ )
in a LT 9/11/P330 muffle furnace (Nabertherm GmbH). The calcined H-
ZSM-5, y-Al,03, and H-ZSM-5/A1,03 catalysts were stored in a Bel-Art™
F42400-2141 vacuum desiccator (BEL-ART - SP Scienceware & HB In-
struments, ca. 0.1 bar) filled with silica gel indicating desiccant
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(supplied by Fisher Scientific Nederlands, product No. 11418580).
2.3. Catalytic conversion of glycerol to aromatics

The catalytic conversion of glycerol to aromatics was performed in a
dedicated GTA-10 unit (Fig. S1) equipped with a tubular reactor
(stainless-steel tubing, ¢ 1 x 0.083 in., length of 300 mm, supplied by
Swagelok with part No. SS-T16-S-083-6ME) and a stainless-steel jacket
(¢ 44 x 9 mm, supplied by Salomon’s Metalen BV, The Netherlands).
The fresh catalyst (10 g) was sandwiched between quartz wool (supplied
by VWR international, part No. BEHRB00027716). The reactor was
gradually heated to the reaction temperature of 550 °C (5 °C min~!) and
then maintained at this temperature to pretreat the catalyst for ca. 2 h
(to remove the adsorbed water) under an N5 flow (50 ml min_l). The as-
received glycerol was loaded to two 100-ml gastight syringes (supplied
by Hamilton, part No. 86020) and pumped (10 g h™!) by two NE-1010
syringe pumps (supplied by Prosense BV, The Netherlands) into a pre-
heater (300 °C). The mixture of Ny (50 ml minfl) and the glycerol vapor
was first sent to a purge vent (Fig. S1) to purge the lines for ca. 2 h
(during the pretreatment of the catalyst) and was then switched to the
reactor (550 °C).

The reaction was performed at near atmospheric pressure (viz., P2
and P3 were < 3 mbar, Fig. S1), which was indicated by JUMO dTRANS
p30 pressure transmitters (supplied by RS Components BV, The
Netherlands, part No. 613-7732) coupled with AUF-1000 readers
(supplied by Kobold BV, The Netherlands). After the reaction, the vapor
products were introduced to the downstream condensation and sepa-
ration system. There, two parallel condensers and gas-liquid separators
were present which were swapped every 30 min to collect the products
at a different time on stream (TOS) by automatically switching the three
pneumatic valves (viz., V11, V12, and V15, Fig. S1, supplied by Swa-
gelok, part No. AMSTR-SS-43GXS4-A15XD), which were controlled by a
Grasslin digital time switch (supplied by RS Components BV, The
Netherlands with part No. 388-442).

The experiments were run continuously for a certain TOS until
negligible BTX (carbon yield < 1 C.%) was present in the liquid product,
which was visually indicated by the formation of a homogeneous liquid
product phase (instead of two immiscible liquids) [6] and off-line
product analyses (vide infra). The H-ZSM-5/Al,03 catalyst was tested
twice under similar conditions to check the repeatability of the experi-
ments (Fig. S2).

2.4. Catalyst regeneration and reuse of the H-ZSM-5/Al,03 catalyst for 5
reaction-regeneration cycles

The used catalyst (denoted as used-i, where i indicates the times used
in the reactor) was unloaded from the reactor followed by regeneration.
The apparatus and protocol for the ex-situ catalyst regeneration under
air were similar to those for catalyst calcination (vide supra), except that
a higher temperature of 680 °C and a longer time of 12 h were applied.

The regenerated H-ZSM-5/Al,03 catalyst (denoted as regenerated-i,
where i indicates the times regenerated in the oven) was re-loaded to the
reactor. A similar protocol as used for testing the fresh catalyst (vide
supra) was applied to evaluate the performance of the regenerated
catalyst. The reaction-regeneration cycle was performed 5 times to
determine the regenerability of the H-ZSM-5/A1,03 catalyst.

2.5. Product analyses

Typically, a biphasic liquid system with an organics and aqueous
phase was obtained after the reaction. To obtain a homogeneous solu-
tion to facilitate analyses, a stock solution consisting of n-nonane (ca.
20,000 ppm), ethanol (ca. 9 vol%), and THF, was added. Quantification
of the aromatics was done using an HP 5890 GC-FID and HP 6890/5973
GC-MS, both of which were equipped with an Rtx-1701 column (30 m x
0.25 mm x 0.25 pm, supplied by Restek). The gaseous products were
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collected in 5-L FlexFoil Plus gas bags (supplied by SKC Ltd. With part
No. 207104,) and directly analyzed on a pre-calibrated HP 5890 GC-TCD
equipped with a CP-PoraBOND Q column (50 m x 0.53 mm x 10 pm,
supplied by Varian) and an HP-Molesieve column (30 m x 0.53 mm x 50
um, supplied by Agilent). Catalyst performance such as yields of prod-
ucts (on a carbon basis), individual BTX selectivity, total BTX produc-
tivity, and turnover number (TON) were calculated by Eqgs. (1)-(4).

Carbon yield of product (%)

_ mol of carbon in the individual product 100 (€]

mol of carbon in glycerol feed

Individual BTX selectivity (%)

_mol of carbon in the individual BTX 100 2
" mol of carbon in total BTX product

Total BTX productivity (mgBTX gc’ala]ysl>

3
_ weight of total BTX produced &)
B weight of catalyst
TON (mOIBTX m01;:d silc)
total BTX production during TOS “

" number of Brgnsted acid sites according to Pyridine IR analysis

2.6. Catalyst characterization

High-resolution transmission electron microscopy (HR-TEM) images
of the catalyst were taken on a Tecnai T20 electron microscope (FEI)
equipped with an X-Max T80 SDD detector (Oxford) for Energy
Dispersive X-ray (EDX) analyses. Before analyses, the catalyst was
dispersed in ethanol followed by deposition on a holy carbon-coated
copper grid (Quantifoil 1.2/1.3). Semi-quantification of the elements
(C, Al and Si) on the catalysts was performed by analyzing the particles
in the holes of the grid to avoid interference with the grid.

X-ray fluorescence (XRF) was conducted on an Epsilon 3XLE spec-
trometer (PANalytical) using the fundamental parameters method. The
samples were measured in the form of powders and the elements were
determined in the form of oxides.

Physisorption of Ar at 87 K and N, at 77 K was carried out on an
ASAP 2420 (Micromeritics) to measure Brunauer-Emmett-Teller (BET
method) surface area, total pore volume (at P/Py of 0.98), Barrett-
Joyner-Halenda (BJH method) mesopore size distribution, and micro-
pore size distribution and volume based on Non-Localized Density
Functional Theory (NLDFT [21]). The catalysts were degassed at 450 °C
for 4h and the free-space of the sample tubes was also determined
before measurements.

Powder X-Ray Diffraction (PXRD) patterns were recorded on a D8
Advance Powder Diffractometer (Bruker) by an LYNXEYE detector (1D
mode). Cu Ka radiation (A = 1.5418 10\) was used and operated at 40 kV
and 40 mA. Relative crystallinity of the catalyst was calculated ac-
cording to the ASTM D5758-01 method shown in Eq. (5), where H
represents the height of the peak at 20 = 24.37°.

Hcam]ys(

Relative crystallinity (%) = x 100 5)

" Hpresh H-25M-5

Temperature programmed desorption of ammonia (NH3-TPD) was
carried out on an AutoChem II (Micromeritics) equipped with a TCD
with a calibration curve for NH3 quantification. The catalyst was first
pretreated at 550 °C in He for 1 h, then exposed to an NH3/He (1.0 vol
%) stream at 100 °C for 1h, and finally purged using He for 1h.
Desorption of ammonia from the catalyst surface was performed by
increasing the temperature to 550 °C at a heating rate of 10 °C min ™',

Pyridine-IR spectra were measured on a Nicolet 6700 FTIR spec-
trometer using a tailor-made cell. The catalysts were vacuumed at
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400 °C (< 1072 bar) followed by the adsorption of pyridine vapor at
25 °C. Then, the catalysts with adsorbed pyridine were evacuated at
160 °C before the analyses.

Magic angle spinning solid-state nuclear magnetic resonance (MAS
ssNMR) spectra were measured on an AV-I 750 MHz spectrometer
(Bruker). A magnetic field of 17.6 Tesla, a MAS rate of 54.74, and a scan
number of 1024 were applied. Chemical shifts for 2’Al and 2°Si MAS
ssNMR spectra were referenced to AI(NO3)3 and tetramethylsilane.

Thermogravimetric analysis (TG) and differential thermogravimetry
(DTG) was conducted on a TGA5500 thermogravimetric analyzer (TA
Instruments). The temperature was programmed from 25 °C to 800 °C
with a ramp rate of 10 °C min >

Elemental (CHN) analysis was performed on a EuroEA3000 (Euro-
vector), using sulfanilamide (Elemental Microanalysis Ltd.) as the
standard reference. Analyses were performed at least in duplicate and
the average value is reported.

3. Results and discussions
3.1. Catalytic pyrolysis of glycerol to bio-based aromatics

The catalytic pyrolysis of glycerol (> 99.5 purity) to bio-based aro-
matics was performed continuously in a fixed bed reactor (GTA-10 unit,
Fig. S1) using three catalysts: H-ZSM-5 (28)/Al;03, and the two indi-
vidual components (H-ZSM-5 (28) and Al;O3). All experiments were
carried out using a shaped catalyst with a particle size range between 1.2
and 1.8 mm, a catalyst loading of 10 g, a catalyst bed temperature of
550 °C, atmospheric pressure, and a glycerol WHSV of 1 h™L. The liquid
phase from the reactor (two immiscible liquid phases in case of signifi-
cant BTX formation, an organic and aqueous one) was collected for a
30 min time interval and analyzed. These conditions are based on
optimization experiments using H-ZSM-5/Al,03 and are tailored to
ensure that the results are not biased by internal and external mass
transfer limitations (Figs. S3—S7). An example of the mass and carbon
balance closures using the H-ZSM-5/A1,03 catalyst (Fig. S8) shows that
ca. 28.7 wt% of the total mass was not identified, most likely due to the
formation of heavy residues that remained in the reactor system [7].

The total carbon yields of aromatics (BTX and the other aromatics
including ethylbenzene, naphthalene, and methyl naphthalenes) over
the three fresh catalysts versus TOS are shown in Fig. 1. In general, the
carbon yields of aromatics versus TOS show a maximum at about 3 h. At
extended TOS, the aromatic carbon yields become negligible (e.g., <1 C.
%) due to catalyst deactivation as a result of severe coking (vide infra).
The initial increase is likely due to the time-dependent start-up of the
fixed bed reactor [6,7]. The peak BTX carbon yield for the H-ZSM-5(28)
catalyst is 34.7 C.%. Catalyst lifetime, defined as the time after start-up
of the reactor to reach a BTX yield less than 1 C.% is 6.5 h. All in all, this
leads to a total BTX productivity of 556 mg g~ ' H-ZSM-5 (Table 1 and
Fig. 1-left). The peak carbon yield of BTX and the total BTX productivity
are considerably higher than found for the state-of-the-art values for
H-ZSM-5(23) (ca. 28 C.% and 398 mg g~ H-ZSM-5 [6]. A possible
explanation is a difference in the SiO2/Al,03 molar ratio in the catalyst
formulation, which is known to affect catalyst performance [12]. The
values found here are the highest reported so far for GTA reactions
performed at atmospheric pressure using pure glycerol as the feed and
an unmodified H-ZSM-5 as the catalyst.

Compared to H-ZSM-5, AlyOs3 is only marginally active for BTX for-
mation and shows a peak BTX carbon yield of ca. 1.1 C.% (Table 1 and
Fig. 1-right), which is close to values reported in the literature
(0.7-4.3 C.% of BTX when using pure glycerol [19,22]). As such, the
introduction of AlyO3 to H-ZSM-5 is expected to lower the BTX carbon
yield due to a dilution effect. This is indeed observed for experiments
using the H-ZSM-5/A1,03 (60/40 wt%) catalyst, showing a peak BTX
carbon yield of ca. 19.5 C.% (Table 1 and Fig. 1-middle). This value is
lower than expected based on the intake and the peak yield of the in-
dividual catalyst components (21.1 C.%, turquoise line in
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toluene
o-xylene
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2-methylnaphthalene

Time on stream (h)

Fig. 1. Carbon yields of aromatics versus TOS over the fresh H-ZSM-5, Al,03, and H-ZSM-5/A1,03 catalysts. (The calculated curve for H-ZSM-5/Al,03 catalyst is
based on the intake and the performance of the individual components (H-ZSM-5 and Al,03)).

Table 1
Performance of the catalysts for GTA.

The selectivity to the individual BTX compounds is similar for H-
ZSM-5 and H-ZSM-5/Al,03 (Fig. S9), indicating a negligible effect of the
Al,O3 binder addition on the selectivity of the reaction, rationalized by

Peak carbon

Catalyst life-
time (h)

Total BTX productivity

considering that the aromatization reaction mainly occurs in the pores of

g;i;'ld of BTX {C. (mg g’ (mg g~ ! the H-ZSM-5 [19]. The main BTX component at peak BTX yield is
catalyst) H-ZSM- toluene, followed by m-p-xylene. The selectivity of toluene and o-xylene
5 is rather constant with TOS, while m,p-xylenes selectivity increases with
H-ZSM-5 (fresh) 34.7 6.5 556 556 TOS, at the expense of benzene (Fig. S9). This is most likely related to the
Aly0; (fresh) L1 - 20 - gradual change in catalyst characteristics (microporosity and acidity)
H-ZSM-5/AL,03 19.5 8.5 426 710 . .
(fresh) versus TOS, as recently postulated (reaction-zone migration model) [15].
H-ZSM-5/A1,0; 21.1° - 342° 570"
(fresh)
H-ZSM-5/A1,03 20.5 11 580 967 3.2. Reuse of the H-ZSM-5/Al,0s3 catalyst for 5 reaction-regeneration
(regenerated-1) cycles
H-ZSM-5/A1,0; 22.5 9.5 569 945
(regenerated-2) "
H-ZSM-5/A1,05 20.0 9.5 439 732 It has been shown above that the Al;03 addition to H-ZSM-5 leads to
(regenerated-3) a significantly prolonged catalyst lifetime and a higher total BTX pro-
H-ZSM-5/A1,03 19.0 7 311 518 ductivity over the H-ZSM-5/A1,03 catalyst for GTA. Therefore, it is of

(regenerated-4)

@ Calculated based on catalyst component intakes in the catalyst formulation
and the catalyst performance of the individual components.

Fig. 1-middle). Such a decrease in the peak BTX carbon yield was also
reported for an H-ZSM-5/A1,03 catalyst containing a small amount of
Al,03 (10 wt%) [19].

Of interest is the peak carbon yield for the other aromatics such as
ethylbenzene, naphthalene, and methyl naphthalenes when using the H-
ZSM-5/Al,03 catalyst (ca. 3.3 C.%), which is comparable to that over H-
ZSM-5 (ca. 2.9 C.%, Fig. 1-left) and is higher than the calculated one (ca.
1.8 C.%, dotted curve in Fig. 1-middle).

Remarkably, a notable synergistic effect upon Al;03 addition to the
H-ZSM-5 catalyst was found for the catalyst lifetime and a significantly
prolonged lifetime of the H-ZSM-5/Al,03 catalyst to ca. 8.5h was
observed (Table 1 and Fig. 1-middle). This synergistic effect results in an
enhanced total BTX productivity of ca. 710 mg g~ H-ZSM-5 over the H-
ZSM-5/Al,03 catalyst (Table 1), which is by far higher than found for H-
ZSM-5 alone and the calculated value (ca. 570 mgg ' H-ZSM-5,
Table 1) based on the weight average composition and the performance
data for the individual catalyst components.

interest to further study the reusability of the H-ZSM-5/A1,03 catalyst
after regeneration. The used H-ZSM-5/Al,03 catalyst was unloaded from
the reactor after cooling to room temperature under an N; flow and then
was regenerated by an ex-situ oxidative treatment in an oven under air at
680 °C for 12 h to remove the coke. The regenerated H-ZSM-5/Al,03
catalyst was re-loaded to the reactor and was tested by following the
same protocol used for the fresh catalyst. Five cycles of reaction-
regeneration were performed and the catalyst performance of the
fresh and regenerated catalysts is shown in Fig. 2.

In general, the peak BTX carbon yields (19.0-22.5 C.%, Table 1
(Fig. 2)) for the regenerated ones are about similar. Remarkably is the
extended catalyst lifetimes for the catalyst after 1-3 regenerations
(9.5-11 h, Table 1 and Fig. 2) compared to the fresh H-ZSM-5/Al,03
catalyst. These extended lifetimes lead to an enhanced total BTX pro-
ductivity of 732-967 mg g~! H-ZSM-5 (Table 1) over the H-ZSM-5/
AlyOg3 (regenerated-1, —2, and —3) catalysts compared to that over the
fresh H-ZSM-5/Al;03 catalyst. After the 4th regeneration, though,
catalyst lifetime is somewhat lower (ca. 7 h), resulting in a drop in the
total BTX productivity (518 mg g~! H-ZSM-5, Table 1). However, the
catalyst performance over the H-ZSM-5/Al,03 (regenerated-4) catalyst
is still comparable to that for the fresh H-ZSM-5 (Table 1 and Fig. 2).
Besides, a slightly higher m,p-xylene, and lower benzene selectivity are
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Fig. 2. Carbon yields of the total and individual BTX components versus TOS over the fresh and regenerated H-ZSM-5/Al,03 catalysts.

obtained for the regenerated catalysts with an increase in regeneration
cycles (Fig. S10), related to changes in the catalyst structure (vide infra).
These results indicate good reusability of the H-ZSM-5/A1,03 catalyst
for GTA. It is actually much better than reported for H-ZSM-5 based
catalysts in the literature, which typically show considerable irreversible
deactivation after a few reaction-regeneration cycles [5,6,13,14,16,20].

In the following, catalyst performance (life-time, total BTX produc-
tivity, and regenerability, vide supra) for the H-ZSM-5/Al;03 catalyst

will be correlated to relevant catalyst characteristics (e.g. texture,
acidity) upon the introduction of the Al;O3 binder and the results will be
compared with H-ZSM-5 without a binder.

3.3. Characteristics of the fresh catalysts

To get the insights into the changes in catalyst characteristics by the
introduction of the Al,O3 binder to H-ZSM-5, the three fresh H-ZSM-5,

H-ZSM-5 (fresh) Abdt Ll /Al,O; (fresh)

@A @si

2\ W

®A @i

Fig. 3. TEM images and elemental (Al and Si) maps of the fresh (a) Al,O3, (b) H-ZSM-5, and (c) H-ZSM-5/Al,05 catalysts.
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Aly,03, and H-ZSM-5/Al,03 catalysts were characterized in detail to
determine the morphology (HR-TEM-EDX), textural property (N2 and Ar
physisorption), crystallinity (XRD), acidity (NH3-TPD and pyridine-IR),
and framework characteristics (27Al and 2°Si MAS ssNMR).

3.3.1. HR-TEM-EDX

The EDX mapping of the H-ZSM-5/A1,03 catalyst (Fig. 3-bottom-c
and S5-left) shows two different zones with concentrated Al (red) and Si
(green) elements, related to Al;Os (Fig. 3-bottom-a) and H-ZSM-5
(Fig. 3-bottom-b) particles respectively. This is also reflected in the TEM
image of the H-ZSM-5/Al,03 catalyst (Fig. 3-top-c), showing the com-
bination of Al;03 (grey) and H-ZSM-5 (black) particles, which are in line
with their individual TEM images (Fig. 3-top-a and b). Therefore, these
results indicate the existence of an intimate, connected structure be-
tween the Al,O3 binder and H-ZSM-5 in the H-ZSM-5/A1,03 catalyst
[19]. Semi-quantified results (Table S1) show that the SiO5 /AlpO3 molar
ratio of H-ZSM-5 is ca. 28.4, in agreement with the XRF analysis (ca.
27.8, Table S1) and close to its specification (28) provided by the
manufacturer. According to EDX and XRF analyses (Table S1), the
H-ZSM-5/A1,03 catalyst contains ca. 63 wt% H-ZSM-5 and 37 wt%
Al;03, which is in good agreement with the nominal intakes (60 and
40 wt%) used for the catalyst preparation.

(a) ALLO, (fresh)
(b) ALLO, (used-1)
(c) ALLO, (regenerated-1)

(d) H-ZSM-5 (fresh)

(e) H-ZSM-5 (used-1)
(f) H-ZSM-5 (regenerated-1) H-ZS
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3.3.2. N, and Ar physisorption data

The textural properties of the catalysts were analyzed by both Ar and
Ny physisorption [23]. Al;03 shows the typical features of Type-IV Ny
adsorption-desorption isotherms (Fig. 4-left-a) [24] and a BJH mesopore
size distribution of 3-20 nm (centered at ca. 5.5 nm, Fig. 4-right-a) was
derived from the data, in agreement with those for y-AlyO3 prepared by
the calcination of boehmite [25]. The Ny adsorption-desorption iso-
therms of H-ZSM-5 (Fig. 4-A-b) show a combination of Type I and Type
IV [24] isotherms, related to Ny adsorption in the micro-pores and
inter-crystalline voids of H-ZSM-5 [26]. The latter shows a BJH meso-
pore size distribution of 3-5 nm (centered at ca. 3.8 nm, Fig. 4-right-d),
in agreement with the literature [5,27]. The micro-pores show a NLDFT
micropore size distribution of 0.4-0.6 nm (centered at ca. 0.51 nm,
Fig. 4-middle-d), in agreement with the sizes of straight (ca. 0.54 x
0.56 nm) and sinusoidal (ca. 0.51 x 0.55 nm) channels in an MFI-type
zeolite [6,28]. The other two peaks in the micro-pore size range of
0.7-1 nm and < 0.44 nm (Fig. 4-middle-d) are most likely the artifacts
attributed to (i) an adsorbent phase transition (from fluid to crystalline)
and (ii) pore coverage (from mono- to multilayer) [29]. As expected, the
H-ZSM-5/Al1,03 catalyst shows the combination of the features of (i) the
isotherms originated from the individual H-ZSM-5 (P/Py < 0.1) and
Aly03 (P/Py > 0.4) components (Fig. 4-left-g), (ii) an NLDFT micropore

(9) H-ZSM-5/A1,0, (fresh)
(h) H-ZSM-5/Al,0, (used-1)

(j) H-ZSM-5/Al,0O, (used-5)
(k) H-ZSM-5/Al,0, (regenerated-5)

d
f
e
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Fig. 4. N, adsorption-desorption isotherms (left), NLDFT micro-pore size distribution (middle), and BJH meso-pore size distribution (right) of the fresh, used, and

regenerated Al;O3, H-ZSM-5, and H-ZSM-5/Al,03 catalysts.
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size distribution originating from H-ZSM-5 (Fig. 4-middle-g), and (iii) a . 2
bimodal BJH mesopore size distribution originating from H-ZSM-5 = ;g
(centered at ca. 3.8nm) and Al,O3 (centered at ca. 5.7 nm, 95 =
. . S < N < N 151
Flg- 4-1‘1ght-g). E < R | o | | R | % | fc
Compared to H-ZSM-5, the H-ZSM-5/Al,03 catalyst shows a lower g
specific surface area (Sggr, 288 vs. 353 m? g’l, Table 2), attributed to the w0 ';‘
dilution effect of the Al,O5 binder, which has a lower Sggr (171 m? g’l, LE =
Table 2) [30]. The experimental Sggr data is in line with that based on § = @
the calculated value according to the catalyst composition (288 vs. & 5’; po S 2 3 E
286 m? g1, Table 2). This indicates that the specific surface area of °= P L e s
H-ZSM-5/Al1,03 is not significantly changed upon the addition of the % Z
Al;03 binder. The total pore volume of H-ZSM-5/Al,03 is higher than 2 E
that of H-ZSM-5 (Vpore, 0.27 vs. 0.19 cm?® g’l, Table 2), again, attributed 2 El
to a dilution effect by introduction of the Al,O3 binder with a high Ve _§ g ~ © ~ o g
(0.28 cm® g1, Table 2). Moreover, the experimental Vpore Of the §& =l S [ -
H-ZSM-5/Al1,05 catalyst is higher than the calculated value according to E
the catalyst composition (0.27 vs. 0.23 cm® g™}, Table 2), most likely i §
associated with newly-formed inter-particle pores during the catalyst Z ;;
preparation from the individual components. é 2 %
The NLDFT model (Model # 251) is typically used to determine w; £ g
micropore volumes in zeolites for pores < 30 nm [21], For H-ZSM-5, the g8 5 4 ato B OSieawm e E)
micropore volume (NLDFT Vpicropores 0-21 cm® g’l, Table 2) was close < ' “8® 883 =2 3~E R _};
to literature data for H-ZSM-5(23) (ca. 0.20 cm?® g’l) [6,15]. Consid- - @
ering the micro- and mesopore size distribution of H-ZSM-5 S S S L 3 2,3 L2 [E
(Fig. 4-middle and right-d), this NLDFT Vyicropore represents the volume E
of the micropores (0.4-0.6 nm) of H-ZSM-5. % E % O 5 % ;§ ‘ g | § [5.
The addition of alumina to H-ZSM-5 leads to a slightly higher NLDFT g DOS
Vmicropore value (0.27 em® g’l, Table 2). This includes the volume of the TV’ 2 4
micropores (0.4-0.6 nm) of H-ZSM-5 and also the mesopores (3-20 nm) bl I S
of Al,O3. However, the NLDFT model is not suitable to determine the ;5 % S| ~ 0 E‘% 2 < %
changes in the volume of the micropores (0.4-0.6 nm) of H-ZSM-5 upon & S R L s
the addition of the Al,O3 binder. As such, the NLDFT micropore size E bl g
distribution curves of H-ZSM-5 and the H-ZSM-5/Al,03 catalysts were “3 = <
plotted at the same baseline and are shown in Fig. S11. For the H-ZSM-5/ E‘ % - Z
Al»O3 catalyst, the experimental NLDFT micropore size distribution in- Pl = L e 2 B ‘ 3 e 5
tensity (Fig. S11-c) is lower than the calculated one bases on composi- E“
tion (Fig. S11-d). These data indicate a reduction of the volume of the [*m
micropores (0.4-0.6 nm) of H-ZSM-5 in the H-ZSM-5/Al,03 catalyst by % %
the addition of the Al,O3 binder. This is most likely due to the a partly = :{ g
coverage of the micropores by the interaction of an H-ZSM-5 particle g % E) %
with Al;Og particles. E«j ‘% s o S 58 © 5 5 g«
o — [ — — o I © §, 8
3.3.3. XRD <3
The XRD pattern of H-ZSM-5 (Fig. S12-ii-a) is in line with those for H- ﬂg g TE
ZSM-5 with a SiO,/Al;03 molar ratio of 23-280 [6,31] and shows the g ; E
two featured diffraction peaks (¥) at 20 = ca. 7.9° and 8.9° for the [011] >§ ~ N
and [200] planes of an MFI-type zeolite [32]. The XRD pattern of Al,O3 £ :}0 - 2 A
(Fig. S12-i-a) shows the typical XRD features of y-Al,O3 (ICDD: g g 5 é § §§ § § §§ § § § § E
00-029-0063) [33]. The intensity of the XRD pattern of Al,Oj is ‘é ‘g
considerably lower than that of H-ZSM-5 (Fig. S13), in agreement with % % &
the literature [34]. This indicates that the Al;O3 binder has a by far ;‘i - B 'E g
lower crystallinity compared to the H-ZSM-5 zeolite. As such, the XRD §o 282 &¥8% {§ {388 89 25
pattern of the H-ZSM-5/A1,03 catalyst (Fig. S12-iii-a) mainly shows the > e °eee eee © eee ©e-° ;& :?,
XRD features of H-ZSM-5. The height of the XRD peak (&) at 20 = ca. o ':‘:) %
24.37° was used to calculate the relative crystallinity of the NE E E
H-ZSM-5/Al,03 catalyst (Eq. 4), which is ca. 100% (Table 2). These | ET N Fa? ¥ BTz L9 g
results indicate that the crystalline structure of H-ZSM-5 is hardly é @ foe mes a asaed N~
changed by the addition of the Al;03 binder. s . . . . 5 E
3.3.4. NH5TPD and pyridine-IR £ 27 .72 . .zf o2 |BE
The NH3-TPD profile of H-ZSM-5 (Fig. S14-ii-a) shows a bimodal ° fegg Etig B tgp 3% |80
acidity distribution for the weak (centered at ca. 210 °C) and strong £ g %‘
(centered at ca. 410 °C) acidic sites [5,35], in good agreement with § " 5 "é ﬁ
those for H-ZSM-5 zeolites with a SiO,/Al,03 molar ratio of 23-280 [5, w g E = - =qQ 2 §
6,35,36]. The total acidity of H-ZSM-5 is ca. 1387 pmol NHs g~} % £ g 8 S 8= % §
H-ZSM-5 (Table 2) when using the NH3-TPD profile in a temperature £51° = = a Z 3
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range of 100-550 °C. This is in the range of 1120—1464 pmol NH3 g~*
H-ZSM-5 reported for H-ZSM-5 zeolites with a SiO/Al,0O3 molar ratio of
23-30 [6,36]. The Al,03 binder only shows the presence of weak acidic
sites (Fig. S14-i-a) and has a total acidity of ca. 332 pmol NH3 g’1 Al,O3
(Table 2), which is considerably lower than that of H-ZSM-5 (Table 2), in
agreement with the literature [37]. Accordingly, the NH3-TPD profile of
the H-ZSM-5/A1,03 catalyst (Fig. S14-iii-a) mainly shows the NH3-TPD
features of H-ZSM-5, of which the intensity is slightly higher compared
to the calculated NH3-TPD curve according to the catalyst composition
and the individual acidity of the components (Fig. S14-iii-dotted line).
This indicates a slightly enhanced total acidity (1051 vs. 997 pmol NH3
g ! catalyst, Table 2) on the H-ZSM-5/Al,03 catalyst, most likely
attributed to a synergistic effect between the binder and H-ZSM-5,
generating new acidic sites (vide infra).

To gain insights into this synergistic effect on the Brgnsted and Lewis
acid sites of H-ZSM-5/Al,03 catalyst, the catalyst acidity was further
analyzed by pyridine-IR analysis. The two bands centered at ca. 1545
and 1455 em ™! in the pyridine-IR spectrum of H-ZSM-5 (Fig. 5-a), cor-
responding to the protonated pyridine and the C-CN vibrations of metal-
coordinated pyridine [38], indicate the presence of both Brgnsted and
Lewis acid sites on H-ZSM-5 [5,18,26]. AlpO3 only contains Lewis acid
sites (Fig. 5-b), of which the strength is considerably lower than that of
H-ZSM-5 (97 vs. 143 pmol pyridine g~ sample, Table 2). For the
H-ZSM-5/Al,03 catalyst, the intensity of peaks in the pyridine-IR spec-
trum (Fig. 5-c) is lower than that of H-ZSM-5, attributed to dilution. In
agreement with the NH3-TPD results discussed above, the total acidity
(the sum of Brgnsted and Lewis acidity) of H-ZSM-5/A1,03 is higher than
the calculated value based on the catalyst composition and the indi-
vidual acidity of the components (684 vs. 576 pmol pyridine g~ cata-
lyst, Table 2). In addition, the difference between the experimental
value and the calculated one for Lewis acidity (215 vs. 126 pmol pyri-
dine g~! sample, Table 2) is more significant than that for Brgnsted
acidity (469 vs. 450 pmol pyridine g~! sample, Table 2). These results
imply a synergistic effect between the binder and H-ZSM-5 on catalyst
acidity and reveal that this effect is mainly due to an increase in Lewis
acidity. This enhanced Lewis acidity was also reported for other
H-ZSM-5 catalysts with Al,O3 as the matrix [39]. The formation of
additional Brgnsted acidic sites could be due to the migration of

(a) H-ZSM-5 (fresh) a
b) AL, O (fresh)

d) H-ZSM-5/Al,0,(regenerated-1)

— (

— (c) H-ZSM-5/A1, 0, (fresh)

—

— (e) H-ZSM-5/Al,0, (regenerated-5)

1570 1550 1530 1510 1490 1470 1450 1430
Wavenumber (cm’™

Fig. 5. Pyridine-IR spectra of the fresh and regenerated H-ZSM-5, Al,O3, and H-
ZSM-5/A1,05 catalysts.
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aluminum in the H-ZSM-5 - Al,03 matrix [30].

3.3.5. #Al and #°Si MAS ssNMR

Possible changes in the H-ZSM-5 framework upon the addition of the
Al,05 binder were analyzed by 2”Al and 2°Si MAS ssNMR. The /Al MAS
ssNMR spectrum of AlyO3 (Fig. 6-left-a) shows two peaks at § = ca. 12
and 68 ppm, corresponding to the octahedrally and tetrahedrally coor-
dinated Al atoms in Al;03, in agreement with literature data for y-Al,O3
[40]. The %’Al MAS ssNMR spectrum of H-ZSM-5 (Fig. 6-left-c) shows
two peaks at § = ca. 0 and 53 ppm, in line with H-ZSM-5 zeolites with a
SiO2/Al;03 molar ratio between 23 and 150 [6,41]. These peaks are
assigned to octahedrally coordinated extra-framework Al (abbreviated
as EFAl) and tetrahedrally coordinated framework Al (abbreviated as
FAl) [42] species, respectively. The NMR peak for the EFAIl of H-ZSM-5
in the H-ZSM-5/Al,03 catalyst is hardly visible due to strong overlap
with the intense peak of octahedrally-coordinated Al of AlyO3
(Fig. 6-left-e). Besides, the peak for the FAl of H-ZSM-5 also partially
overlaps with the tetrahedrally-coordinated Al of Al,O3 (Fig. 6-left-e).
This hampers the use of Al MAS ssNMR analysis to study changes in
the H-ZSM-5 framework upon preparing the shaped H-ZSM-5/A1,03
catalyst [43].

In this respect, 2°Si MAS ssNMR is more informative. The 2°Si MAS
ssSNMR spectrum of H-ZSM-5 (Fig. 6-right-c) and the H-ZSM-5/Al;03
catalyst (Fig. 6-right-e) shows an intense peak (§ = ca. —113 ppm) with
a weak shoulder (6 = ca. —106 ppm), which are generally assigned to
the Si(4Si, OAl) and Si(3Si, 1Al) species in the H-ZSM-5 framework [5,
44]. Therefore, a reduction of the peak intensity of the resonance
associated with Si(3Si, 1Al) is used as an indicator for dealumination of
the H-ZSM-5 framework [6,45]. Accordingly, the 295i MAS ssNMR
spectra of H-ZSM-5 and the H-ZSM-5/Al,03 catalysts were plotted at the
same baseline and with the similar height of the Si(4Si, 0Al) resonance
and the result is shown in Fig. S15. The intensity of the Si(3Si, 1Al)
resonance for H-ZSM-5/Al,03 (Fig. S15-c) is slightly higher than that for
H-ZSM-5 (Fig. S15-a), indicating Al migration from Aly,O3 to the
H-ZSM-5 framework in H-ZSM-5/Al503. This Al transfer to the H-ZSM-5
framework [46] leads to a decreased SiO5/Al,0O3 molar ratio of the
H-ZSM-5 framework, resulting in a slightly enhanced Brgnsted acidity
[12,30], which is in good agreement with the pyridine-IR results
(Table 2).

3.4. Characteristics of the used catalysts after reaction

To get insights into the changes in catalyst properties after use for
BTX formation (550 °C for a TOS of 6.5-8.5 h, Fig. 1 and Table 1), the
used H-ZSM-5, Al;03, and H-ZSM-5/A1,03 catalysts were characterized
using the same characterization protocols as used for the fresh catalysts
(vide supra). Besides, TG-DTG (Fig. S16) and elemental analyses
(Table 2) were performed for quantification of the amount of coke
deposited on the used catalysts.

The TG curve of the H-ZSM-5 (used-1) catalyst (Fig. S16-top-b)
shows a significant weight loss at a temperature of 450-650 °C, corre-
sponding to the coke removal via oxidation. The coke content on the H-
ZSM-5 (used-1) is ca. 12.4 wt% (Table 2), in agreement with the
elemental analysis result showing a carbon content of 11.2 wt%
(Table 2). The DTG curve of the H-ZSM-5 (used-1, Fig. S16-bottom-b)
shows a maximum weight loss rate (Typ) at ca. 614 °C (Table 2). These
values for the coke content and Ty for the H-ZSM-5 (used-1) catalyst in
this study are in the range of the reported values (8-15 wt% and
550-650 °C) for the conversion of glycerol to BTX using unmodified H-
ZSM-5 [6,10,15-17,19].

The coke content on the Al;03 (used-1) catalyst is much higher than
found for H-ZSM-5 (used-1) and is about 26.0 wt% (or 24.6 wt% of
carbon, Fig. S16-top-a and Table 2). This indicates that the Al;O3 binder
has a much higher coke accommodation capacity than H-ZSM-5, most
likely due to the mesoporous nature of Al,O3 (Fig. 4 and Table 2).
Comparatively, the Ty for the Al;O3 (used-1) is by far lower than for H-
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(a) AlL,O; (fresh)
(b) AlL,O; (regenerated-1)

(d) H-ZSM-5 (regenerated-1)
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(e) H-ZSM-5/Al, 0, (fresh)
() H
(c) H-ZSM-5 (fresh) (g) H-ZSM-5/Al,0,
(h) H-ZSM-5/Al,0, (regenerated-5)

-ZSM-5/AL0 (used-1)

I-5/Al,0, (regenerated-1)
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Fig. 6. 27A1 and 2°Si MAS ssNMR spectra of the fresh, used, and regenerated H-ZSM-5, Al,03, and H-ZSM-5/Al,03 catalysts.

ZSM-5 (used-1, 527 vs. 614 °C, Table 2), indicating that the coke formed
on AlyOs is softer than on H-ZSM-5. This is in good agreement with the
XRD results, showing that graphitic coke [5,6,15] is formed on the
H-ZSM-5 (used-1, indicated by the XRD peaks V, Fig. S12-ii-b) while the
coke formed on Al;O3 (used-1) is amorphous in nature (Fig. S12-i-b).

The H-ZSM-5/A1,03 (used-1) catalyst shows an intermediate coke
content (ca. 20.5 wt% of coke or 19.2 wt% of carbon, Fig. S16-top-c and
Table 2). EDX mapping of H-ZSM-5/Al,03 (used-1) (Fig. 7-a) reveals
that catalyst particles enriched with AlyO3 (Spectra 2-3, Fig. 7-a) have a
higher carbon content than those with fewer Al,Og3 particles (Spectrum
1, Fig. 7-a). This indicates that the coke is predominantly located on the
Al,O3 binder, in agreement with the literature [39]. The Ty of DTG is
554 °C (Fig. S16-bottom-c and Table 2) and the coke is highly crystalline
(Fig. S12-iii-b), similar to the coke formed when using the H-ZSM-5
catalyst (Fig. S12-ii-b). These results suggest that the coke is most likely
formed in the pores of H-ZSM-5 and then migrates to the Al,O3 with TOS
[47].

Coke deposition also has a significant effect on the catalyst porosity
and acidity (Table 2), which are essential for aromatization [48] and
shape-selectivity [49]. The H-ZSM-5 (used-1) catalyst shows a strong
reduction in Sggr, Vpore, NLDFT micropore size distribution, and total
acidity compared to the fresh one (Fig. 4-e and Table 2). These changes
due to coke formation are also the cause for the experimentally observed
catalyst deactivation pattern, giving rise to negligible BTX formation
after a TOS of 6.5 h (Fig. 1-left). Similar trends are also observed for the
H-ZSM-5/A1,03 (used-1) catalyst, losing ca. 90% of Sggr, ca. 81% of
Vpore, and ca. 83% of total acidity compared to the fresh one (Table 2).

3.5. Characteristics of the regenerated catalysts after one cycle of
reaction-regeneration

Severe coke deposition during reaction covers the catalyst surface
and blocks the micro-and mesopores [7], leading to a significant
decrease in micro-porosity and acidity of the used catalysts (vide supra).

The used catalysts were regenerated by an ex-situ oxidative treatment in
air at 680 °C for 12 h. These catalyst regeneration conditions were based
on the TG-DTG results. Coke removal after regeneration is confirmed by
the EDX and XRD analyses, showing negligible carbon content in the
regenerated H-ZSM-5/Al,03 catalysts (Fig. S17-middle and right) and
the disappearance of the coke related XRD peaks (V and ¢}, Fig. S12-ii-c,
-iii-c and -e). The regenerated H-ZSM-5, Al;03, and H-ZSM-5/Al;03
catalysts were characterized in detail using the same protocol as used for
the characterization of the fresh catalysts (vide supra).

After one reaction-regeneration cycle, the textural properties (Sggr,
Vpore, and NLDFT micro-and BJH meso-pore size distributions, Table 2
and Fig. 4-i) and the crystalline structure (Fig. S12-iii-c) of the H-ZSM-5/
Al;O3 (regenerated-1) catalyst are mostly recovered. Besides, a negli-
gible crystallinity decrease (ca. 2%, Table 2) is detected. It is of interest
to compare these findings with that for H-ZSM-5 without a binder. The
decrease in total acidity for H-ZSM-5/Al,03 (regenerated-1, 40%) is
considerably lower than that for H-ZSM-5 (regenerated-1, 57%,
Table 2). These results indicate that the addition of the Al,O3 binder to
the H-ZSM-5/Al,03 catalyst has a positive effect on catalyst properties
after reaction/regeneration.

NHs-TPD profiles of H-ZSM-5 (regenerated-1) and H-ZSM-5/Al;03
(regenerated-1) show that the peak for the strong mainly Brgnsted acidic
sites (centered at ca. 410 °C) [35], is remarkably decreased compared to
the weak acidic sites (Fig. S14-ii-c and iii-c). This is in good accordance
with the pyridine-IR of the H-ZSM-5/Al;03 (regenerated-1) catalyst,
showing that the decrease in the Brgnsted acidity is by far higher than that
in the Lewis acidity (65 vs. 15%, Table 2). This leads to a decreased
Brgnsted acidity/Lewis acidity (B/L) molar ratio for H-ZSM-5/A1,03 (re-
generated-1) catalyst compared to H-ZSM-5/Al5,03 (fresh) catalyst (B/L of
0.9 vs. 2.2, Table 2). These results imply that the number of Brgnsted acidic
sites in H-ZSM-5/Al1,03 is lowered at a faster rate than the Lewis acidic sites
during the reaction-regeneration cycle. This is in agreement with regen-
eration studies for H-ZSM-5(23) [6] and H-ZSM-5(23)/bentonite [5] for
GTA. Notably, the H-ZSM-5/Al,03 catalyst in this study shows a lower
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C(mol.%) Al (mol.%) Si(mol.%) Si0,/Al,0, (mol. : mol.)

(a) H-ZSM-5/Al,0, (Used-1)
Spectrum 1 25.3 7.2 67.6 18.87
Spectrum 2 54.6 43.4 2.1 0.10
Spectrum 3 49.3 48.5 2.2 0.09
Spectrum 4 36.8 59.1 4.0 0.14

(b) H-ZSM-5/Al,0, (Used-5)
Spectrum 1 21.77 69.32 8.92 0.26
Spectrum 2 24.99 64.57 10.44 0:32
Spectrum 3 22.97 68.63 8.4 0.24
Spectrum 4 10.11 10.82 79.07 14.62
Spectrum 5 9.2 11.24 79.56 14.16
Spectrum 6 8.58 8.98 82.44 18.36

Fig. 7. Elemental (Al and Si) maps of the used H-ZSM-5/Al,03 catalysts. (The white circle represent holes in the carbon-coated copper grid).

reduction in Brgnsted acidity compared to the unmodified H-ZSM-5(23)
[6] (65 vs. 78%), indicating that the Al;O3 binder reduces the rate of
irreversible deactivation of Brgnsted acidic sites.

The 2°Si MAS ssNMR spectrum of the H-ZSM-5/Al1,03 (regenerated-
1) catalyst (Fig. 6-g) is very similar to that of the fresh one (Fig. 6-e),
though there is a very slight decrease in the intensity of the peak Si(3Si,
1Al) (Fig. S15-d vs. -c). This indicates that some minor dealumination
occurred after one reaction-regeneration cycle. However, the H-ZSM-5
(regenerated-1) catalyst without the binder shows a by far higher level
of dealumination (Fig. S15-b vs. -a). These results indicate that the
addition of the Al,O3 binder to the H-ZSM-5 inhibits the extent of
dealumination of the H-ZSM-5 framework during a reaction-
regeneration cycle. Therefore, the decreased acidity, particularly the
Brgnsted acidity, of the H-ZSM-5/A1,03 (regenerated-1) catalyst is most
likely predominantly due to a thermal effect [50] during the first cycle
reaction-regeneration.

10

3.6. Characterization of used catalysts after five reaction/regeneration
cycles

The H-ZSM-5/Al1,03 (used-5) shows a lower coke content (ca.
16.0 wt% of coke or 14.9 wt% of carbon, Fig. S16-top-d and Table 2)
compared to H-ZSM-5/Al;03 (used-1), likely due to the decreased
catalyst acidity after 5 recycles (Table 2). However, the coke on H-ZSM-
5/Al,03 (used-5) is harder compared to that on H-ZSM-5/Al,03 (used-
1), as indicated by the presence of graphitic coke with a high crystal-
linity (Fig. S12-iii-d) and the higher Ty (ca. 587 °C, Fig. S16-bottom-a
and Table 2). EDX mapping of H-ZSM-5/Al,03 (used-5, Fig. 7-b) also
shows that a non-homogeneous distribution of carbon, which has a
higher concentration in the particles enriched in Al;O3 (Spectra 1-3,
Fig. 7-b versus Spectra 4-6, Fig. 7-b), in line with the findings for H-ZSM-
5/Al,03 (used-1) (Fig. 7-a). Besides, H-ZSM-5/Al,03 (used-5) catalyst
loses ca. 89% of total acidity of the fresh one (Table 2), higher than H-
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ZSM-5/Al503 (used-1) catalyst. Therefore, these results indicate a
further deterioration in catalyst characteristics with the number of re-
action/regeneration cycles.

3.7. Characterization of regenerated catalysts after five cycles of reaction-
regeneration

EDX mapping of H-ZSM-5/Al,03 (regenerated-5) shows the presence
of closely connected H-ZSM-5 and Al,O3 particles (Figs. S17-right).
However, different from the H-ZSM-5/Al,03 (regenerated-1) catalyst,
the H-ZSM-5/A1,03 (regenerated-5) catalyst shows a ca. 20% decrease
in textural properties (Sger and Vpore, Table 2) and a ca. 40% decrease in
crystallinity (Table 2) compared to fresh H-ZSM-5/Al;03. The BJH
mesopore size distribution of H-ZSM-5/A1503 (regenerated-5, Fig. 4-
right-k) shows a dramatic increase in the intensity of the peak centered
at ca. 3.8 nm and simultaneously a decrease in the intensity of the peak
centered at ca. 5.8 nm. The latter corresponds to the mesopores in the
Al,03 binder (vide supra). Besides, the NLDFT micro-pore size distribu-
tion of the H-ZSM-5/Al,03 (regenerated-5) catalyst (Fig. 4-middle-k)
shows a new shoulder at ca. 0.55 nm beside the peak centered at ca.
0.51 nm.

These results indicate that after 5 reaction-regeneration cycles, the
mesoporous structure of the Al,O3 binder partly collapses partly,
affecting the microporous structure of H-ZSM-5. In addition, H-ZSM-5/
AlyO3 (regenerated-5) shows a significant reduction in total acidity of ca.
71% by NH3-TPD and 81% by pyridine-IR (Table 2). Furthermore, the B/
L ratio of H-ZSM-5/Al,03 (regenerated-5) is only 0.5 (Table 2), which is
by far lower than those for H-ZSM-5/A1503 (fresh, 2.2) and (regener-
ated-1, 0.9). Besides the thermal effect [50] during the five cycles of
reaction-regeneration, the further reduction in acidity of
H-ZSM-5/A1,03 (regenerated-5) may also be due to the dealumination

X
(after
1%t reaction)

H-ZSM-5 H-ZSM-5

(Fresh)

H-ZSM-5
AlLO
/A0, AlL0,

H-ZSM-5

’
(after
1%t reaction)

(Fresh)

éa0,
H-ZSM-5

H-ZSM-5
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of the H-ZSM-5 framework. This is confirmed by a 2°Si MAS ssNMR
spectrum of the H-ZSM-5/Al;03 (regenerated-5) catalyst (Fig. 6-h),
showing a clear decrease in the intensity of the peak Si(3Si, 1Al)
compared to H-ZSM-5/A1,03 (fresh, Fig. S15-e vs. -c). These results
imply that the catalyst characteristics of the H-ZSM-5/Al,03 catalyst
such as textural properties, crystallinity, acidity (Brgnsted acidity in
particular), and the framework, deteriorate with the number of
reaction-regeneration cycles. Nevertheless, compared to unmodified
H-ZSM-5 [6] and H-ZSM-5/bentonite [5], the addition of the Al,O3
binder to the H-ZSM-5/A1,03 catalyst has a remarkable positive effect
on properties and reduces the rate of irreversible deactivation.

3.8. Discussion

Both reversible and irreversible deactivation has been observed
when using H-ZSM-5-based catalysts for GTA. Reversible deactivation is
due to coke formation during the reaction and, as a result, blockage of
active sites. A previous study on coke characteristics by various analysis
techniques has shown that coke formation involves the initial formation
of oxygenated coke followed by dehydration and hydrogen transfer to
form a more aromatic coke [51]. Nevertheless, coke may be removed
very effectively using an oxidative regeneration procedure [10,16].
Irreversible deactivation is typically observed after (multiple)
reaction-regeneration cycle(s) and is related to the loss of acidity,
dealumination of the H-ZSM-5 framework, and partial collapse of the
crystalline structure.

We here show that the addition of the Al,O3 binder in the H-ZSM-5/
Al,O3 catalyst has a positive effect on catalyst stability as is evident from
a prolonged life-time to 8.5 h (vs. 6.5 h for the H-ZSM-5 catalyst, Fig. 1),
leading to an enhanced total BTX productivity of 710 mg g~! H-ZSM-5
(vs. 556 mg g~ H-ZSM-5 for the H-ZSM-5 catalyst, Scheme 1). A

, H-ZSM-5

(after
15t regeneration)

‘ALO,
H-ZSM-5

¢ Al,0,
H-ZSM-5

(after
1t regeneration)

(after
5th regeneration)

Scheme 1. Schematic representation of reversible and irreversible catalyst deactivation for the conversion of glycerol to BTX (top: H-ZSM-5 alone, bottom: H-ZSM-

5/alumina).
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possible explanation for this observation is transfer of the coke formed in
the vicinity of the active acidic sites located in the micropores of H-ZSM-
5 to the mesopores in Al,O3 and the newly formed mesopores (centered
at ca. 5.7 nm, Fig. 4-right-g) after the addition of the Al;Os binder
(Scheme 1). Coke migration has been postulated in the literature for
zeolite-binder combinations [39,47,52]. This hypothesis is supported by
TEM-EDX measurements showing a non-homogeneous distribution of
carbon deposits, with higher carbon content in the particles enriched

In general, the turnover numbers (TONs) for H-ZSM-5-based cata-
lysts for GTA are rather low viz. 8 moliota pTx MOlacid site ! for crude
glycerol conversion over an H-ZSM-5/bentonite (60/40 wt%) catalyst
for a TOS of 4.7 h [5] and 13.6 molita) pTx MOlacid site ~ fOT pure glycerol
conversion over a H-ZSM-5(23) zeolite catalyst for a TOS of 5 h [6]. The
TON for the H-ZSM-5/A1,03 catalyst reported here is 17.2 moliota BTX
mol,cid site |, which is a considerable improvement compared to the
state of the art. In addition, this value is approximately 2.4 times higher
than the value found for H-ZSM-5 without a binder. Thus, the addition of
the Al;03 binder has a positive effect on the TON for GTA.

Remarkably, after catalyst regeneration by an oxidative treatment of
the used catalyst, the regenerated-1 catalyst shows a by far higher TON
compared to the fresh H-ZSM-5/Al,03 (60/40 wt%) catalyst (69.1 vs.
17.2 moliota) TX MOlacid site71)~ This improved TON for GTA over the H-
ZSM-5-based catalyst after regeneration was also observed for the H-
ZSM-5/bentonite (60/40 wt%) catalyst (TONs of 8 for fresh and
41 moliota] Tx MOlacid siteil after regeneration for 11 times [5]. A
possible explanation is that only a threshold number of acidic sites is
required for BTX formation and that additional acidic sites only lead to
excessive coke formation. [5,15].

The addition of the Al,O3 binder to the H-ZSM-5/Al,03 catalyst also
has a positive effect on the extent of irreversible catalyst deactivation
upon multiple reaction-regeneration cycles. The regenerated H-ZSM-5/
Al,O3 catalyst after 3 times of regeneration shows an even slightly better
catalyst performance compared to the fresh one (e.g., peak BTX carbon
yield of 20.0 vs. 19.5%, life-time of 9.5 vs. 8.5 h, and total BTX pro-
ductivity of 732 vs. 710 mg g~ ! H-ZSM-5, Table 1 and Fig. 2). This is an
unprecedented observation as typically considerably irreversible deac-
tivation during 2-4 reaction-regeneration cycles is observed for the
conversion of glycerol to BTX using zeolitic catalysts (Table 52) [5,6,13,
14,16,20]. This enhanced reusability of the H-ZSM-5/Al,03 catalyst is
due to the addition of Al;03 binder, which significantly slows down the
rate of irreversible deactivation most likely via the aluminum migration
from the binder to H-ZSM-5 framework (Scheme 1) to compensate for
dealumination of the H-ZSM-5 framework.

Nevertheless, some irreversible deactivation was also observed for
the H-ZSM-5/Al,03 (regenerated-4) catalyst, leading to a reduced
catalyst lifetime of 7 h (vs. 8.5 h for the fresh H-ZSM-5/Al,03 catalyst
Table 1 and Fig. 2). This is most likely related to the relatively low
(hydrothermal) stability of the mesopores of Al;03 and dealumination of
the H-ZSM-5 framework after the long-time exposure with steam (under
catalysis and regeneration conditions), which result in a reduction in
micropore volume and a reduction in acidic sites.

4. Conclusions

A granular H-ZSM-5/Al1,03 (60/40 wt%) catalyst was synthesized,
characterized, and used for the catalytic conversion of glycerol to aro-
matics. The addition of AloO3 was shown to have a positive effect on
catalyst performance compared to the unmodified H-ZSM-5 catalyst
such as (i) a high total BTX productivity of 710 mg g~ ! H-ZSM-5, which
is the highest value for the conversion of pure glycerol to BTX reported
so far; (ii) improved catalyst reusability as the catalyst shows very
limited irreversible deactivation after 4 reaction-regeneration cycles,
and (iii) a higher industrial relevance as shaping and binding is typically
done in industry for zeolitic catalysts to improve catalyst characteristics
and performance.
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Detailed characterization studies were performed to get a better
understanding of the positive effect of alumina on catalyst performance.
The H-ZSM-5/A1,03 catalyst shows the combined textural properties (N5
isotherms, micro- and meso-pore size distribution) of the individual H-
ZSM-5 and Al;03 components The addition of the Al,O3 binder does not
affect the catalyst surface area and the crystallinity of the H-ZSM-5 when
compensating for dilution. However, other relevant characteristics are
affected by the addition of the binder. For instance, (i) the total pore
volume is increased due to newly-formed inter-particle pores, (ii) the
micropore volume is decreased due to the coverage of the micropores
and surface of H-ZSM-5 by Al,0g3, and (iii) the total acidity (particularly
the Lewis acidity) is increased due to the Al migration from Al,Os to the
H-ZSM-5 framework.

These findings provide clues to explain the improved performance of
the H-ZSM-5/alumina combination compared to H-ZSM-5 alone. Pro-
longed catalyst lifetime is likely due to transfer of coke from the active
sites in the zeolite to (i) the mesopores of the Al,O3 binder and (ii) the
newly formed mesopores upon catalyst synthesis, providing additional
space for coke. In addition, the extent of irreversible deactivation,
among others caused by dealumination during reaction and regenera-
tion, is most likely reduced due to the transfer of Al cations from Al;O3 to
the zeolitic framework. However, irreversible deactivation cannot be
eliminated fully and after multiple reaction-regeneration cycles some
deactivation is observed, most likely due to partial collapse of the Al;O3
binder (reduction in mesoporosity) and the H-ZSM-5 framework (deal-
umination). This is likely due to the action of water/steam, which is
formed in large amounts during the reaction as well as in the regener-
ation step. The prevention of irreversible deactivation will require spe-
cial attention in the development of the active and regenerable
industrial catalysts for GTA.
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