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Research article 

Catalytic conversion of glycerol to bio-based aromatics using H-ZSM-5 in 
combination with various binders 
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Andre Heeres b, Chuncheng Liu c, Evgeny Pidko c, Hero Jan Heeres a,* 

a Green Chemical Reaction Engineering, Engineering and Technology Institute Groningen, University of Groningen, Nijenborgh 4, 9747 AG Groningen, the Netherlands 
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A B S T R A C T   

The use of H-ZSM-5 with various binders (Al2O3, SiO2, and kaolinite, 10 wt% on catalyst formulation) for the 
catalytic conversion of glycerol to bio-based aromatics (GTA) was investigated in a continuous bench-scale unit 
at a pyrolysis temperature of 450 ◦C, catalytic upgrading temperature of 500 ◦C, WHSV of pure glycerol of 1 h− 1, 
and atmospheric pressure, and their performance was compared to H-ZSM-5 (SiO2/Al2O3 molar ratio of 28). The 
latter gave a peak BTX carbon yield of ca. 31.1C.%, a life-time of ca. 220 min, and a total BTX productivity of ca. 
312 mg BTX g− 1H-ZSM-5. The introduction of binders affects catalyst performance, which is the most profound 
and promising for the H-ZSM-5/Al2O3 catalyst. It shows a prolonged catalyst life-time of ca. 320 min and a higher 
total BTX productivity of ca. 518 mg BTX g− 1H-ZSM-5, compared to the H-ZSM-5 without a binder. Catalyst 
characterization studies show that the addition of the binder does not have a major effect on the specific surface 
area, total pore volume, and total acidity. Other relevant properties were affected, though, such as micropore 
volume (SiO2), a reduced Brønsted acidity (Al2O3, and SiO2), and reduced crystallinity (SiO2). Coke formation 
causes severe catalyst deactivation, ultimately leading to an inactive catalyst for BTX formation. Catalyst 
characterization studies after an oxidative regeneration showed that the textural properties of the regenerated 
catalysts were close to those of the original catalysts. However, some dealumination of H-ZSM-5 occurs, resulting 
in decreased crystallinity and acidity, causing irreversible deactivation, which needs attention in future catalyst 
development studies.   

1. Introduction 

The use of cost-effective and non-food biomass is key for the devel
opment of biobased and circular economies. Crude glycerol, a major co- 
product from the bio-diesel industry that is available in large quantities 
(estimated to reach over 4 million tons in 2025 globally [1]), is 
considered an attractive feedstock for biofuels and bio-based chemicals 
[2]. Examples are the conversion to value-added chemicals such as 1,3- 
propanediol by fermentation and acrolein by dehydration [3]. Another 
example is the catalytic conversion of glycerol to bio-based aromatics 
such as benzene, toluene, and xylenes (abbreviated as BTX) [4] which 
has been demonstrated in a pilot-scale unit since 2019 [5]. The catalytic 
conversion of glycerol to aromatics (GTA) may be carried out using a 
catalytic pyrolysis approach, either in-situ [6] or ex-situ [4,7]. Typically 
acidic H-ZSM-5-based catalysts [8] are used, located either in the 

pyrolysis section (in-situ) or in the catalytic upgrading section after 
pyrolysis (ex-situ). BTX formation is inevitably associated with H2O 
formation [7]) in the form of steam under pyrolysis conditions (e.g., 
400–550 ◦C) by dehydration of glycerol and the intermediate oxygen
ates [9]. The long-time exposure of H-ZSM-5 under steam is known to 
cause dealumination of the framework [10], leading to an irreversible 
deactivation of the catalysts for GTA. This effect is prominently visible 
after a few cycles of reaction-regeneration when using either crude 
glycerol [4] or pure glycerol [7]. Besides, coke formation is severe, 
predominately in the micro-pores of H-ZSM-5 [11], resulting in revers
ible catalyst deactivation. As such, the H-ZSM-5-based catalysts gener
ally show a short catalyst life-time of a few hours. Coke may be removed 
from the used catalyst by an oxidative regeneration [4,7,12–14]. 

Tailoring of the H-ZSM-5 structure, e.g., by metal modification or 
introducing intra-mesoporosity, could be an option to increase catalyst 
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life-time for GTA. For instance, Xiao et al. [14–17] reported that a hi
erarchical H-ZSM-5 catalyst containing both micro-and mesopores (life- 
time of ca. 15 h [15]) and an Sn-modified H-ZSM-5 catalyst (life-time of 
ca. 10 h [14]) showed considerably longer life-time than an un-modified 
H-ZSM-5 with only micropores (life-time of ca. 5 h). Other metals, e.g., 
Ag (life-time of ca. 7 h) and Ni (life-time of ca. 6 h), have also been 
studied, showing an increased BTX yield as well [14]. 

Another approach could be the use of a binder, analogous to the H- 
ZSM-5 based catalyst used in large scale zeolite-based processes like 
hydrocarbon cracking in FCC-type units [12,18]. These catalysts consist 
of an active phase (viz., a zeolite) and auxiliary components (e.g., binder 
and modifier) [19]. Alumina, silica, and clays (e.g., kaolinite and 
bentonite) are well-known examples of binders. These are generally not 
inert [20] and may also be involved and act as catalysts for certain re
actions (e.g., pre-cracking) [21]. Binders are typically used to i) improve 
the mechanical, textural, and thermal properties, ii) act as a scavenger 
for catalyst poisons, and iii) reduce/modify coking characteristics of the 
catalyst [22]. 

Research on binder effect on the activity and product selectivity of 
ZSM-5-based catalysts is limited, though some examples are known, like 
the aromatization of propane [20] and methanol [23], the ex-situ cat
alytic pyrolysis of biomass (wheat straw [24]), transalkylation of aro
matics [25], and the conversion of methanol to olefins [26]. Alumina is 
the most widely used binder, which provides mesopores and Lewis acid 
sites [23] and may also lead to additional Brønsted acid sites due to Al 
migration [27,28]. Non-acidic silicas have also been applied and may be 
incorporated into the zeolite [19], lowering the Brønsted acidity for 
SiO2-bonded H-ZSM-5 [26]. Kaolinite is a typical clay, and among the 
available clays, the most commonly used as it may form an outer layer 
on the zeolite due to phase changes during preparation [27,28]. 

For GTA, only the use of bentonite as a binder has been reported 
using glycerol [29], glycerol/methanol (55/45 wt%) [29], and crude 
glycerol [4] as the feed. Compared to ZSM-5, the ZSM-5/bentonite 
catalysts showed similar BTX yields but a higher selectivity to benzene 
at the expense of xylenes [4]. Besides, fewer poly-aromatics were formed 
over the ZSM-5/bentonite catalysts, particularly when using catalysts 
with higher bentonite intakes [29]. However, irreversible deactivation 
of ZSM-5/bentonite catalyst occurred when performing 11 cycles of 
reaction-regeneration, most likely related to collapse of the bentonite 
structure and the exchange of protons of H-ZSM-5 with the cations of 
bentonite [4]. As such, an extended binder study for the conversion of 
glycerol to BTX is of high interest to identify improved binders and to get 
a better understanding of the effect of binders on catalyst perfromance. 

In this contribution, the effect of commonly used binders (Al2O3, 
SiO2, and kaolinite) on catalyst performance for GTA (BTX yield, BTX 
selectivity, catalyst life-time, total BTX productivity, and turnover 
number (TON)) over shaped H-ZSM-5 catalysts is provided and the re
sults are rationalized by considering relevant catalyst characteristics 
(structure, porosity, crystallinity, and acidity). Also, the used catalysts 
were characterized in detail to obtain insights into deactivation path
ways. Finally, the regenerated catalysts were also characterized after an 
oxidative regeneration in the air to determine their potential for catalyst 
recycling. 

2. Experimental 

2.1. Materials 

H-ZSM-5 with SiO2/Al2O3 molar ratio of 28 (abbreviated as H-ZSM-5 
(28)), boehmite, kaolinite, and SiO2 were supplied in the powder form 
by Yangzhou Baisheng Catalyst Co., Ltd., PR China. All the analytical 
grade chemicals such as glycerol, tetrahydrofuran, ethanal, and n-non
ane, were supplied by Sigma-Aldrich. The gases (e.g., N2, 99.995% pu
rity) and liquid N2 and Ar were supplied by Linde. 

2.2. Catalyst preparation 

The H-ZSM-5/binder catalysts were prepared using a Caleva Multi 
Lab mini mixer/extruder (CML, Caleva Process Solutions Limited, En
gland). The components (9 g H-ZSM-5 and 1 g binder) and mili-Q water 
(4.3–5.5 g H2O, adjusted according to the water absorbability of the 
powder), were mixed in the mixer for ca. 5 min and then fed to the 
extruder to obtain extrudates with a diameter of ca. 2 mm and about 
5–10 cm length (Fig. S1). The extrudates were placed in an oven (LT 9/ 
11/P330, Nabertherm GmbH) using Haldenwanger porcelain crucibles 
(Fisher Scientific Nederlands) and dried at 110 ◦C for 12 h, heated to 
600 ◦C with a heating rate of 1 ◦C min− 1, calcined at 600 ◦C for 8 h, and 
then cooled to 25 ◦C with a cooling rate of 1 ◦C min− 1. The samples were 
crushed using an agate mortar and pestle (IDL GmbH & Co. KG) and 
sieved using analytical sieves (Linker Industrie-Technik GmbH) to 
obtain catalyst particles with particle sizes between 300 and 500 μm for 
catalyst testing. In total, three H-ZSM-5/binder catalysts were prepared, 
H-ZSM-5/Al2O3 (90/10 wt%), H-ZSM-5/SiO2 (90/10 wt%), and H-ZSM- 
5/kaolinite (90/10 wt%). Besides, the individual H-ZSM-5, Al2O3, SiO2, 
and kaolinite particles were also prepared using the same procedure as 
for the H-ZSM-5/binder catalysts. The seven catalysts were stored in a 
vacuum desiccator (BEL-ART - SP Scienceware & HB Instruments) 
containing silica gel (Fisher Scientific Nederlands). 

2.3. Catalytic conversion of glycerol to aromatics 

The conversion of pure glycerol (>99.5% purity) to aromatics was 
performed in a bench-scale unit (Fig. S2), which has been designed and 
optimized for pure glycerol conversion over H-ZSM-5-based catalysts 
[7]. The unit consists of a glycerol feeding system, a vaporization/ 
mixing device (for generating gaseous glycerol/N2), a pyrolysis reactor 
filled with quartz wool (for thermal pyrolysis of glycerol), followed by a 
fixed bed reactor loaded with catalysts (for catalytic upgrading glycerol 
pyrolysis vapor), and a condenser/gas-liquid separator (for collecting 
gas and liquid products). The experiments for all the 7 catalysts were 
performed in duplicate at a pyrolysis reactor temperature of 450 ◦C, 
catalytic upgrading reactor temperature of 500 ◦C, atmospheric pres
sure, N2 flow of 1.8 ml min− 1, catalyst loading of 1 g, and WHSV of pure 
glycerol of 1 h− 1. These conditions were selected based on previous 
research in our group [7]. The liquid products were collected every 20 
min. The experiments were performed continuously until severe catalyst 
deactivation, which is evident from the formation of a single-phase 
liquid product instead of two separate liquids [7]. 

2.4. Catalyst regeneration 

After a certain TOS, the feeding of glycerol was stopped, the reactor 
was cooled to room temperature under N2 and the used catalyst was 
taken from the reactor for an oxidative regeneration procedure in air. 
For this purpose, the sample was placed in an oven (as used for catalyst 
calcination), which was heated to 680 ◦C with a heating rate of 1 ◦C 
min− 1 and then was maintained at 680 ◦C for 12 h, followed by cooling 
to 25 ◦C with a cooling rate of 1 ◦C min− 1. 

2.5. Liquid product analysis 

The liquid product collected during a time interval of 20 min con
sisted of two separate layers: an aqueous and an organic phase. The 
combined layers were mixed with a stock solution containing ca. 10.000 
ppm n-nonane (an internal standard) in THF to obtain a single-phase 
sample, which was analyzed using an HP 6890/5973 GC–MS (Hew
lett-Packard) for qualification and an HP 5890 GC-FID (Hewlett-Pack
ard) for quantification. Both GCs were equipped with an Rtx-1701 
column (30 m × 0.25 mm × 0.25 μm, Restek). The carbon yields of 
aromatics and the carbon selectivity for the individual BTX components 
were calculated using Eqs. (1)–(2). The total BTX productivity and 
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turnover number (TON) of the catalysts are defined in Eqs. (3)–(4). 

Carbon yield (%) =
mol of carbon in product

mol of carbon in the glycerol feed
× 100 (1)  

Carbon selectivity for the individual BTX (%)

=
mol of carbon in the individual BTX component

mol of carbon in total BTX formed
× 100 (2)  

Total BTX productivity

(

gBTX
/

gcatalyst

)

=
weight of total BTX produced

weight of catalyst loaded in the reactor
(3)  

TON
(

molBTX/molacid sites

)

=
mol of total BTX produced

mol of acid sites on fresh catalyst
(4)  

2.6. Catalyst characterization 

The fresh, used, and regenerated catalysts were characterized by 
physisorption using N2 and Ar, XRD, HR-TEM-EDX, NH3-TPD, pyridine- 
IR, 27Al, and 29Si MAS ssNMR, TG-DTG, and elemental analysis. To 
obtain representative samples for experimentation, the extruded cata
lysts were crushed using an agate mortar and pestle (IDL GmbH & Co. 
KG), and the thus obtained fine powders (<40 um) were characterized. 

Physisorption of N2 at 77 K and Ar at 87 K were performed on an 
ASAP 2420 (Micromeritics). The surface area (SBET) was calculated 
using Brunauer-Emmett-Teller (BET) method. The pore volume (Vpore) 
was calculated according to the single point desorption at P/P0 of ca. 
0.98. The mesopore size distribution was calculated using Barrett- 
Joyner-Halenda (BJH) method. The micropore volume (Vmicropore) and 
micropore size distribution were determined using the Non-Localized 
Density Functional Theory method (Ar@87-Zeolites, H-Form, NLDFT, 
Model # 251 from Micromeritics). Powder X-Ray Diffraction (XRD) 
patterns were obtained on a D8 Advance Powder Diffractometer with Cu 
Kα radiation (λ = 1.5418 A, operated at 40 kV and 40 mA) and an 
LYNXEYE detector (1D mode). The relative crystallinity of a sample was 
calculated by comparing the height of the peak at 24.37◦ with that for 
pristine H-ZSM-5 according to ASTM method D 5758-01. The high- 
resolution transmission electron microscopy (HR-TEM) images were 
taken on a Tecnai T20 cryo-electron microscope (FEI) equipped with a 
Gatan model 626 cryo-stage operating at an accelerating voltage of 200 
keV. Dispersive X-ray (EDX) analyses were performed on an X-Max T80 
SDD detector (Oxford). Temperature-programmed desorption of 
ammonia (NH3-TPD) was performed on an AutoChem II (Micromeritics) 
using a thermal conductivity detector. The catalysts were pretreated at 
550 ◦C by He and subsequently, ammonia was fed to the system at 
100 ◦C using a mixture of NH3/He (1.0 vol%). The pyridine-IR mea
surements were carried out on a Nicolet 6700 FTIR spectrometer 
equipped with a tailor-made cell. The catalysts were pretreated at 400 ◦C 
under vacuum (<10− 3 bar), followed by pyridine vapor addition at 
25 ◦C, and evacuation at 160 ◦C. Magic angle spinning solid-state nu
clear magnetic resonance (MAS ssNMR) was conducted on an AV-I 750 
MHz spectrometer operated at 17.6 T. Thermogravimetric analysis and 
differential thermogravimetry (TG-DTG) were performed on a TGA5500 
thermogravimetric analyzer (TA Instruments) using synthetic air. 
Elemental analysis for CHN was performed on a EuroEA3000 elemental 
analyzer (Eurovector). Analyses were carried out in duplicate and the 
average value is given. 

3. Results and discussions 

3.1. Ex-situ catalytic pyrolysis of glycerol to bio-based aromatics 

The seven catalysts, including the three H-ZSM-5/binder catalysts 
(H-ZSM-5/Al2O3, H-ZSM-5/SiO2, and H-ZSM-5/kaolinite), the 

benchmark H-ZSM-5 (SiO2/Al2O3 molar ratio of 28), and the three 
binders (Al2O3, SiO2, and kaolinite), were tested for the conversion of 
glycerol (> 99.5% purity) to BTX using an ex-situ catalytic pyrolysis 
approach. This involves heating the glycerol in a pyrolysis reactor fol
lowed by the catalytic upgrading of the vapors in a fixed bed reactor 
containing the catalyst. The experiments were performed continuously 
at a pyrolysis temperature of 450 ◦C, catalytic upgrading reactor tem
perature of 500 ◦C, atmospheric pressure, and a WHSV of glycerol of 1 
h− 1. The liquid products were collected every 20 min and the experi
ments were performed in duplicate. The total BTX yield and the yield of 
the individual BTX components versus TOS are shown in Fig. 1 (on a 
carbon basis) and S3 (on a weight basis). In each subfigure, the data are 
given for H-ZSM-5, the binder, and the H-ZSM-5/binder catalyst. 

Under thermal pyrolysis conditions (without a catalyst), glycerol is 
partly converted to a variety of oxygenates (e.g., acetaldehyde and 
acrolein) [7]. When the catalyst is present (and active), aromatic hy
drocarbons like BTX, higher substituted benzenes (e.g. isomeric tri- 
methyl-benzenes) and (mono- and di-substituted)-naphthalenes) are 
the sole products, see Fig. S4 and Tables S1-S7. 

For the catalytic pyrolysis of glycerol, a typical volcano-type plot for 
the total BTX yield versus times on stream (TOS) is observed in all cases. 
At low TOS, the carbon yield is rather low (e.g., only 3.2 ± 1.6C.% over 
H-ZSM-5, Fig. 1), and most likely related to the start-up of the reaction in 
the continuous set-up. Subsequently, a steady-state period with a rela
tively stable BTX yield is observed for a few hours, the exact time 
depending on the type of catalyst (Fig. 1). At this window of TOS's and 
the prevailing process conditions, glycerol conversion is quantitative. 
The peak yield of all catalysts is given in Table 1. As an example, a peak 
total BTX yield of ca. 31.1 ± 4.1C.% (on a carbon basis, 14.1 ± 2.5 wt% 
on a weight basis) was obtained over the H-ZSM-5 catalyst. At prolonged 
TOS, glycerol conversion is not quantitative anymore and a considerable 
drop in BTX yield is observed, and this is ascribed to severe catalyst 
deactivation. To quantify catalyst deactivation, the term catalyst life- 
time (Table 1) is used, which is defined as the TOS at which BTX for
mation is below 2C.%. (Fig. 1). Besides peak yield and life-time, it is also 
of interest to determine the cumulative BTX yield, which is expressed in 
terms of BTX productivity per g catalyst or per gram H-ZSM-5 in the 
catalyst formulation (Table 1). For H-ZSM-5 alone, it is 312 mg. g− 1H- 
ZSM-5. 

In the absence of H-ZSM-5, the three binders (Al2O3, SiO2, and 
kaolinite) show very low BTX yields (Fig. 1) with peak yields between 
1.6 and 4.3C.% (Table 1). As such, the binders alone have a certain 
activity, though by far lower than for the H-ZSM-5 catalyst (31.1C.%). 

Binder effects on catalyst performance are visible, though the extent 
is a function of the type of binder. When using SiO2, the BTX versus TOS 
profile is very similar to the one for H-ZSM-5 only (Fig. 1-ii). However, 
when compensating for the fact that the H-ZSM-5/SiO2 catalyst contains 
less H-ZSM-5 (10% less), a slightly higher BTX productivity (362 mg BTX 
g− 1H-ZSM-5, Table 1) is calculated (H-ZSM-5: 312 mg BTX g− 1H-ZSM-5. 
As such, the effect of SiO2 addition is minor. Comparable performance 
was found for the kaolinite based catalyst, though catalyst life-time 
seems somewhat longer than for SiO2. 

The BTX versus TOS curves for the catalyst with Al2O3 deviates 
considerably from H-ZSM-5 alone (Fig. 1), and the other H-ZSM-5/ 
binder combination. The BTX peak yield in the steady-state period is 
slightly reduced (Fig. 1-i), though the catalyst life-time is prolonged 
considerably to 320 min (versus 220 for the H-ZSM-5 benchmark, 
Table 1), giving a productivity at least 50% higher than for H-ZSM-5 
alone. 

The selectivity for the individual BTX components for H-ZSM-5 and 
the H-ZSM-5/binder catalysts is shown in Fig. 2. Overall, the trends for 
the selectivity versus time on stream are similar and show that the 
benzene selectivity is reduced at longer TOS, whereas more xylenes, and 
particularly m,p-xylenes are formed. However, compared to H-ZSM-5, 
the three H-ZSM-5/binder catalysts show a considerably lower benzene 
selectivity and higher toluene and xylenes selectivity at short times on 
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stream (TOS < 1 h, Fig. 2). In the steady-state regime, also some 
remarkable differences between H-ZSM-5 and the H-ZSM-5/binder 
catalysts are found. Of interest is the observation that the reduction in 
benzene selectivity versus TOS is by far more pronounced for H-ZSM-5 
than for the H-ZSM-5/binder catalysts. Also remarkably is a constant 
carbon selectivity to toluene (ca. 43–45%) and o-xylene (ca. 4–6%) in 
the steady-state period (Fig. 2). Thus, we can conclude that in the 
steady-state period, benzene selectivity is reduced, toluene selectivity is 
about constant, and m,p-xylene selectivity is increased. This change in 
chemoselectivity is likely related to changes in catalyst acidity and 
microporosity during TOS [11] and will be discussed in more detail after 
the catalyst characterization studies. 

3.2. Characterization of the fresh catalysts 

H-ZSM-5, the three binders, and the H-ZSM-5/binder catalysts were 
characterized by various techniques including HR-TEM-EDX, N2, and Ar 
physisorption, XRD, NH3-TPD, pyridine-IR, and 27Al and 29Si MAS 
ssNMR, to get insights into the effect of binders on catalyst character
istics. An overview of all relevant data is given in Table 2. In the 
following, the main features of the fresh catalysts will be discussed. 

3.2.1. HR-TEM-EDX 
The HR-TEM image of H-ZSM-5 (Fig. S5-left column) shows the or

dered lattice fringe, indicating its highly crystalline structure and in line 
with the literature data [7,30]. The morphology of the three binders is 
different from H-ZSM-5 (Fig. 3-left column), which enables to 

distinguish the particles of H-ZSM-5 and those of the binders in the H- 
ZSM-5/binder formulation (Fig. 3-middle column). The TEM images of 
the H-ZSM-5/binder catalysts show that the binder may cover the H- 
ZSM-5 particles (e.g., Fig. 3-middle column-ii) and also connect indi
vidual H-ZSM-5 particles (e.g., Fig. 3-middle column-i-iii). This is also 
confirmed by EDX mapping (Fig. 3-right column), showing a non- 
uniform distribution of the elements of the binder in the H-ZSM-5/ 
binder catalyst (Fig. 3-middle column-i-iii), which is different from the 
homogeneously distributed Al and Si in H-ZSM-5 (Fig. S5-right column). 
This non-homogeneous distribution of H-ZSM-5 and the binder might be 
related to differences in particle sizes and is commonly observed for H- 
ZSM-5/binder systems [27,28]. 

3.2.2. N2 and Ar physisorption 
Both physisorption of N2 (at 77 K) and Ar (at 87 K) experiments were 

performed for a comprehensive determination of the textural properties 
[31]. N2 adsorption-desorption isotherms of H-ZSM-5 (Fig. 4-A-b) show 
the combination of Type I and Type IV isotherms [32], indicating the 
presence of micro-pores and inter-crystalline voids of H-ZSM-5 [32,33]. 
The latter is represented by the BJH mesopore size distribution (meso- 
PSD) of H-ZSM-5 (Fig. 4-B-b) measured by N2 physisorption using the 
Barrett-Joyner-Halenda method. Here a maximum in the distribution is 
found at ca. 3.8 nm, which is in agreement with literature data [4,34]. 
The micro-pore structure is well reflected by the NLDFT micro-pore size 
distribution (micro-PSD) of H-ZSM-5 (Fig. 4-C-b) determined by Ar 
physisorption using the non-localized density functional theory method. 
It shows a micro-PSD centered at ca. 0.51 nm (close to the reported 

Fig. 1. Carbon yields of the total and individual BTX versus TOS over H-ZSM-5, the three binders, and the three H-ZSM-5/binder catalysts. Reaction conditions: 
pyrolysis temperature of 450 ◦C, catalytic upgrading temperature of 500 ◦C, atmospheric pressure, N2 flow of 1.8 ml min− 1, catalyst (300–500 μm, 1 g), and a WHSV 
of glycerol of 1 h− 1. 

Table 1 
Catalyst performance indicators for the conversion of glycerol to BTX.   

Peak yield of total BTX Life-time of 1 g 
catalyst (min) 

Total BTX productivity over the 
catalyst life-time 

TON  

on mass basis 
(wt%) 

on carbon basis 
(C.%) 

(mg BTX g− 1 

catalyst) 
(mg BTX g− 1H- 
ZSM-5) 

(mol BTX mol− 1 Brønsted 
acid sites)a 

(mol BTX mol− 1 total 
acid sites)b 

H-ZSM-5 14.1 31.1 220 312 312 4.9 2.5 
Al2O3 2.3 4.3 – 34 – – 1.1 
SiO2 0.8 1.6 – 11 – – 1.5 
Kaolinite 2.1 4.0 – 26 – – 1.4 
H-ZSM-5/ 

Al2O3 

11.8 23.6 320 466 518 10.1 4.1 

H-ZSM-5/SiO2 14.9 31.6 220 326 362 6.8 2.8 
H-ZSM-5/ 

Kaolinite 
12.2 24.5 240 302 336 4.9 2.5 

Acid sites were measured by aPyridine-IR and bNH3-TPD. 
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values of 0.52–0.55 nm [7,35]) with two artifacts [36] centered at ca. 
0.92 nm and <0.44 nm. The specific surface area (SBET, 353 m2 g− 1), 
total pore volume (Vpore, 0.19 cm3 g− 1), and micropore volume (Vmi

cropore, 0.21 cm3 g− 1) of the H-ZSM-5 (28) used in this study (Table 2) are 
close to those reported for H-ZSM-5(23) [4,7]. 

The N2 adsorption-desorption isotherms for the three binders are 
shown in Fig. 4. Al2O3 shows typical features of a Type IV isotherm 
(Fig. 4-i-A-a) [32], attributed to the adsorption in the mesopores [37] 
with a meso-PSD centered at ca. 5.5 nm (Fig. 4-i-B-a). SiO2 and kaolinite 
show Type II isotherm (Fig. 4-ii and iii-A-a) [32] and contain macro- 
pores centered at ca. 50 nm (Fig. 4-ii and iii-B-a), in agreement with 
the literature data for silica microspheres [38] and nature kaolin [39]. 

Compared to H-ZSM-5, the three H-ZSM-5/binder catalysts show 
slightly lower SBET values (Table 2), related to the dilution of H-ZSM-5 
by the three binders with lower SBET values [28]. As expected, the H- 

Fig. 2. Carbon selectivity of the individual BTX versus TOS over H-ZSM-5 and 
the three H-ZSM-5/binder catalysts. Reaction conditions: pyrolysis temperature 
of 450 ◦C, catalytic upgrading temperature of 500 ◦C, atmospheric pressure, N2 
flow of 1.8 ml min− 1, catalyst (300–500 μm) loading of 1 g, and WHSV of 
glycerol of 1 h− 1. 
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ZSM-5/binder catalysts show a slightly increased Vpore (Table 2), 
attributed to the meso- or macro-porosity of the corresponding binders. 
Nevertheless, the experimental data of SBET and Vpore for the three H- 
ZSM-5/binder catalysts are very close to the theoretical values calcu
lated using the composition of the catalyst and the contribution of the 
individual components (Table S8). These results indicate that specific 
surface area and total pore volume are hardly affected by introducing a 
small amount of binders (10 wt%). This is also reflected in the slight 
changes of the Vmicropore for H-ZSM-5/Al2O3 and H-ZSM-5/kaolinite 
catalysts (Table 2). However, the H-ZSM-5/SiO2 catalyst shows a 
significantly decreased Vmicropore (0.16 cm3 g− 1, Table 2), most likely 
due to the coverage of the micropores of H-ZSM-5 [28] by the outer layer 
of SiO2 as also observed by TEM-EDX (Fig. 3-middle column-ii, vide 
supra). 

3.2.3. XRD 
The XRD pattern of H-ZSM-5 (Fig. 5-b) shows two typical peaks (♥) 

at 2θ = ca. 7.9◦ and 8.9◦, corresponding to the [011] and [200] planes 
[40] for MFI-type zeolites and also the other XRD features are in 
agreement with the literature [4,14,34]. The XRD patterns of the three 
binders are shown in Figs. S5–S7, corresponding to cubic alumina 
(ICDD: 00-029-0063, Fig. S6), non-crystalline silica (ICDD: 00-029- 
0085, Fig. S7), and calcined kaolin (Fig. S8, showing combined XRD 
features of kaolinte, illite, and quartz, etc. [41]). In general, the intensity 
of the XRD peaks for the three binders is considerably lower than for H- 
ZSM-5 (Figs. 5-i-iii, a vs. b), indicating that H-ZSM-5 has a by far higher 
crystallinity than the binders, in agreement with the HR-TEM results 
(vide supra). As such, the three H-ZSM-5/binder catalysts mainly show 
the XRD features of H-ZSM-5 (Fig. 5-i-iii, c). This observation was also 
reported for an H-ZSM-5/Al2O3 catalyst with 40 wt% of Al2O3 [42]. The 

Fig. 3. HR-TEM images of the three binders (left), TEM images (middle), and elemental maps (right) of the three H-ZSM-5/binder catalysts.  
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relative crystallinity of the H-ZSM-5/binder catalysts was calculated by 
comparing the height of the XRD peak (♣) at 2θ = ca. 24.37◦ with that 
for H-ZSM-5 and the data is given in Table 2. Compared to H-ZSM-5, the 
highly crystalline structure is well retained in the H-ZSM-5/Al2O3 and H- 
ZSM-5/kaolinite catalysts (relative crystallinity of 100 ± 5%, Table 2). 
However, a substantial decrease in relative crystallinity was found for H- 
ZSM-5/SiO2 (83%, Table 2), indicating disruption of the H-ZSM-5 
framework after the introduction of SiO2. 

3.2.4. NH3-TPD and pyridine-IR 
The NH3-TPD profile of H-ZSM-5 (Fig. 6-b) shows two peaks centered 

at ca. 210 ◦C and 410 ◦C, in line with the literature data [7,27]. These are 
from weak Lewis acid, and strong Brønsted acid sites [4,40]. The total 
acidity is approximately 1387 μmol NH3 g− 1H-ZSM-5 (Table 2). The 
three binders have a considerably lower total acidity (Table 2), and 
mainly show weak acidic sites (Fig. 6-i-iii-a). The three H-ZSM-5/ 
binders catalysts show similar NH3-TPD curves (Fig. 6-i-iii-c) and total 
acidity (Table S8). In each subfigure, the theoretical total acidity (based 

Fig. 4. N2 adsorption-desorption isotherms (A), BJH meso-pore size distribution (B), and NLDFT micro-pore size distribution (C) of H-ZSM-5, the three binders, and 
the three H-ZSM-5/binder catalysts. 

Fig. 5. XRD patterns of H-ZSM-5, the three binders, and the three H-ZSM-5/binder catalysts.  
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on catalyst composition and acidity of individual components) is also 
provided (Fig. 6-i-iii-dotted lines and Table S8) and good agreement was 
observed. Thus, synergic effects between the binder and H-ZSM-5 are 
absent, probably related to the low amount of binder used in this study 
(10 wt%). 

Pyridine-IR analyses were performed and the spectra are shown in 
Fig. S9. The two bands centered at ca. 1455 cm− 1 and 1545 cm− 1 

(Fig. S9), corresponding to the C-CN vibrations of metal-coordinated 
pyridine and protonated pyridine, respectively [43], were used to 
quantify the Lewis and Brønsted acid sites [4,17,33]. As expected, the 
Brønsted acidity of the H-ZSM-5/binder catalysts is lower than that of H- 
ZSM-5 (Table 2), due to the dilution of H-ZSM-5 with the three binders 
without Brønsted acidity. However, the Brønsted acidity of H-ZSM-5/ 
Al2O3 and H-ZSM-5/SiO2 is considerably lower than the theoretical one 
based on catalyst composition and acidity of individual compounds 
(Table S8). This reduction in Brønsted acidity after introducing the 
binders to H-ZSM-5 has been reported in the literature [26] and could be 
due to dealumination or neutralization by solid-state ion exchange of the 

H-ZSM-5 framework during catalyst preparation [26,28]. 

3.2.5. 27Al and 29Si MAS ssNMR 
Possible changes in the H-ZSM-5 framework upon the introduction of 

the binder were investigated by 27Al and 29Si MAS ssNMR analyses. The 
27Al MAS ssNMR spectrum of H-ZSM-5 (Fig. 7-b) shows two distinct 
peaks at δ = ca. 0 ppm (associated with the octahedrally coordinated 
extra-framework Al [44], abbreviated as EFAl) and ca. 53 ppm (attrib
uted to the tetrahedrally coordinated framework Al [44], abbreviated as 
FAl), and a small peak at δ = ca. 30 ppm (related to pentahedrally co
ordinated extra-framework Al [45]). The latter could be from an 
aluminum species (e.g., Al(OH)2

+) formed by the interaction of Brønsted 
acid sites with the EFAl migrated from the framework [7,45]. In liter
ature, the decrease in the peak intensity of FAl [26] or an increase in the 
ratio of the peak intensities of EFAl and AAl (IEFAl/IFAl, Al method) [4,7] 
has been often applied to indicate the level of dealumination of the H- 
ZSM-5 framework. The 29Si MAS ssNMR spectrum of H-ZSM-5 (Fig. 7-b) 
shows a sharp peak at δ = ca. -113 ppm and a small shoulder at δ = ca. 

Fig. 6. NH3-TPD profiles of H-ZSM-5, the three binders, and the three H-ZSM-5/binder catalysts.  

Fig. 7. 27Al and 29Si MAS ssNMR spectra of H-ZSM-5, the three binders, and the three H-ZSM-5/binder catalysts.  
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Fig. 8. TG-DTG curves of the used H-ZSM-5, the three used binders, and the three used H-ZSM-5/binder catalysts.  

Fig. 9. (i) N2 adsorption-desorption isotherms (A), BJH meso-pore size distribution (B), and NLDFT micro-pore size distribution (C), (ii) XRD patterns, (iii) 27Al and 
29Si MAS ssNMR spectra, and (iv) NH3-TPD profiles of the (a) fresh, (b) used, and (c) regenerated H-ZSM-5 catalysts. 
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-106 ppm, corresponding to Q4-linkage Si(4Si, 0Al) and Si(3Si, 1Al) in 
the framework [4,45]. The reduction of the peak intensity of Si(3Si, 1Al) 
or the increase of the peak intensity ratio of Si(4Si, 0Al) to Si(3Si, 1Al) 
(ISi(4Si, 0Al)/ISi(3Si, 1Al), Si method) has also been used in literature as the 
indicator for the extent of dealumination of the H-ZSM-5 framework [7]. 

The binders alone also show peaks in 27Al and/or 29Si MAS ssNMR 
spectra (Fig. 7-i-iii-a), and typically overlap with those of H-ZSM-5 
(Fig. 7-i-iii-c). Therefore, for quantification of extra-framework Al spe
cies after introducing the binders, the Al-method (IEFAl/IFAl) was applied 
for H-ZSM-5/SiO2 catalyst and the Si-method (ISi(4Si, 0Al)/ISi(3Si, 1Al)) for 
H-ZSM-5/Al2O3 and H-ZSM-5/kaolinite catalysts. The IEFAl/IFAl and ISi 

(4Si, 0Al)/ISi(3Si, 1Al) values (Table S9) show a lower amount of EFAl in the 
H-ZSM-5/binder catalysts compared to the H-ZSM-5 catalyst, indicating 
that dealumination of the H-ZSM-5 framework does not occur during the 
introduction of the binders. Therefore, the decreased Brønsted acidity 
for the H-ZSM-5/binder catalysts (vide supra) is mainly caused by the 
neutralization of acid sites related to the solid-state reactions of the 
Brønsted protons of the H-ZSM-5 framework with specific ions of the 
binders [26]. This was also reported previously for bentonite [4] and 
kaolin [46] bonded MFI zeolite-based catalysts. 

Based on this extensive set of characterization data for H-ZSM-5, the 
three binders, and the H-ZSM-5/binder catalysts, we can conclude that:  

1. The three binders, Al2O3, SiO2, and kaolinite, interact with H-ZSM-5 
particles, forming a connected structure (Fig. 3). The binders may 
form a layer covering the surface of the H-ZSM-5 particles [25,47].  

2. The introduction of these binders (10 wt%) does not show a major 
effect on the surface area, total pore volume, and total acidity for the 
corresponding H-ZSM-5/binder catalysts when considering the 
dilution effect (Tables 2 and S1).  

3. The addition of macroporous SiO2 binder (10 wt%) to H-ZSM-5 leads 
to a decreased microporosity, a reduction of the crystallinity, and a 
lower Brønsted acidity for the H-ZSM-5/ SiO2 catalyst (Tables 2 and 
S1).  

4. The introduction of mesoporous alumina binder (10 wt%) has a 
minor effect on the microporosity and crystallinity of the H-ZSM-5/ 
Al2O3 catalyst, though the Brønsted acidity is slightly lower than 
anticipated (Tables 2 and S1).  

5. The properties of the H-ZSM-5/kaolinite catalyst are as expected 
(Tables 2 and S1) based on the properties of the individual compo
nents and the amount in the formulation (10 wt% of kaolinite). 

3.3. Characterization of the used catalysts 

The used H-ZSM-5, the three used binders, and the three used H- 
ZSM-5/binder catalysts after the reaction were characterized by the 
same characterization techniques used for the fresh catalysts, supported 
by TG-DTG (Fig. 8) and CHN elemental analyses, to get insights into 
catalyst deactivation during the reaction. 

Coking has been considered as the important factor causing catalyst 
deactivation for GTA and the amount of coke on the catalyst is generally 
analyzed by TG-DTG [4,7,11,17] or temperature-programmed oxidation 
(TPO) [6,13,15–18]. A TG curve of the used H-ZSM-5 (Fig. 8) shows a 
weight loss of ca. 8 wt%. (Table 2) at a temperature of 450–650 ◦C, in 
agreement with the result of elemental analysis showing ca. 8 wt% of 
carbon (Table 2). The TM of the DTG curve (Fig. 8) is ca. 590 ◦C 
(Table 2), in line with the literature data [11]. The coke has high crys
tallinity, indicated by the new peaks (∇) present in the XRD pattern of 
the used H-ZSM-5 (Fig. 9-ii-b) compared to the fresh one (Fig. 9-ii-a). 
This observation implies that the coke is graphitic in nature [4,7,11]. 
The coke leads to a strong reduction in acidity (ca. 74%, (Fig. 9-iv-b and 
Table 2), surface area (SBET of only 6 m2 g− 1, Table 2), and the micro-and 
meso-PSD (Fig. 9-i-b). The activity of the spent catalyst for BTX forma
tion was negligible, and as such, the amount of coke on the spent H-ZSM- 
5 catalyst is defined as the maximum coke accommodation capacity of 
the catalyst and will be used for comparison with the H-ZSM-5/binder 

catalysts. 
The three used H-ZSM-5/binder catalysts show similar characteris

tics as found for the used H-ZSM-5, viz. a significant loss in porosity 
(Fig. 4-i-iii-d and Table 2) and a substantial decrease in acidity (Fig. 6-i- 
iii-d and Table 2), as a result of coke deposition (Fig. 8 and Table 2). 

The coke contents of the used H-ZSM-5/binder catalysts are a func
tion of the binder type (Table 2). Of interest is the observation that all 
show a higher coke content (9–15 wt%, Table 2) than the used H-ZSM-5 
catalyst (8 wt%), indicating that the H-ZSM-5/binder catalysts have a 
considerably higher coke accommodation capacity. This is most likely 
related to the meso- and macro-porosity of the binders (Al2O3 and SiO2, 
vide supra), which have a higher coke accommodation capacity than H- 
ZSM-5. Support for this statement also comes from the amount of coke 
on the spent binders only, which are considerably higher (10–21 wt% 
carbon, Table 2) compared to the microporous H-ZSM-5. 

Besides, the TM of DTG curves for the used H-ZSM-5/Al2O3 (585 ◦C) 
and H-ZSM-5/kaolinite catalysts (574 ◦C) shifted to a lower temperature 
compared to the used H-ZSM-5 catalyst (Fig. 8-i-iii and Table 2). This 
means that the regeneration of the used H-ZSM-5/binder catalysts via 
oxidation in the air could be accomplished at relatively lower temper
atures compared to H-ZSM-5 catalyst, which might cause less damage to 
the catalyst surface and structure after regeneration (particularly after 
multiple reaction regeneration cycles), causing irreversible catalyst 
deactivation [4,7]. 

3.4. Catalyst structure-performance relations 

In this paragraph, the data obtained from the catalyst characteriza
tion studies will be related to the performance of the catalysts in terms of 
peak BTX yield and catalyst life-time. 

When considering peak BTX yield in the steady-state of operation 
(TOS of 60–120 min, Fig. 1), it is evident that the use of a binder in low 
amounts (e.g., 10 wt%) does not have a positive effect on catalyst ac
tivity. When using SiO2, the BTX-yield-TOS curves H-ZSM-5/SiO2 are 
very similar to that of H-ZSM-5 (Fig. 1-ii). SiO2 is marginally active for 
the conversion of the pyrolysis vapor and also for BTX formation, see the 
experimental BTX yield over SiO2 alone (Fig. 1-ii and Table 1). There
fore, no obvious difference is observed for the BTX yield curves for the 
H-ZSM-5 catalyst and the H-ZSM-5/SiO2 catalyst. However, for the other 
2 binders, the BTX yields over the two H-ZSM-5/binder catalysts are 
lower than over the H-ZSM-5 catalyst (Fig. 1-i and 1-iii). When consid
ering these differences in peak yields, this is likely not due to a dilution 
effect of the binders (c.f. the data in Table 1, H-ZSM-5 peak yield of 14.1 
wt%, which is reduced to 11.8 wt% when using the alumina binder (10 
wt%), which is lower than when considering dilution only (12.7 wt%). 

A possible explanation is involvement of the binders in the reaction 
network for the conversion of glycerol to BTX. It is well possible that 
glycerol pyrolysis vapors are converted, e.g., to C1 - C3 oxygenates by 
dehydration over the binders, which is known for Al2O3 [48]. This also 
leads to coke formation in the binders, which lowers the concentration 
of organics in the stream for aromatization in H-ZSM-5, resulting in a 
lower peak BTX yield (23.6C.% over the H-ZSM-5/Al2O3 catalyst 
compared to 31.1C.% over the H-ZSM-5 catalyst, Fig. 1 and Table 1). 

Remarkable differences in catalyst life-time were observed for the 
three H-ZSM-5/binder catalysts, and particularly for the H-ZSM-5/Al2O3 
catalyst, which showed an extended life-time of more than 45% 
compared to H-ZSM-5 (Fig. 1). Catalyst life-time of H-ZSM-5-based 
catalyst for the GTA process is typically related to the coke formation, 
and it is well established that H-ZSM-5 becomes inactive for BTX for
mation when the coke level on the catalyst has reached a level (e.g., 8 wt 
%, Table 2) at which all micropores are filled with coke (Table 2). 
Apparently, the use of alumina as a binder has a major impact on the 
amount and the location of the coke in the catalyst formulation. The 
coke formed in the micro-pores of H-ZSM-5 may migrate to the crys
tallite surface [49], and further to the connected mesopores of the binder 
when available [4] (e.g., Al2O3). As such, the coking rate of the H-ZSM-5 
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catalysts, active for BTX formation, is reduced [25]. The mesoporous 
Al2O3 binder has a considerably higher coke accommodation capacity 
than microporous H-ZSM-5 (21 vs. 8 wt%, Table 2), leading to a reduced 
coking rate of H-ZSM-5 and, ultimately, to a prolonged catalyst life-time 
for the H-ZSM-5/Al2O3 catalyst. This significantly prolonged catalyst 
life-time of the H-ZSM-5/Al2O3 catalyst results in a high total BTX 
productivity of 518 mg BTX g− 1H-ZSM-5 and a TON of 10.1 mol BTX 
mol− 1 Brønsted acid sites (Table 1). As such, Al2O3 is the best binder 
among the three binders investigated here to prepare the shaped H-ZSM- 
5/binder catalysts for GTA. This finding also confirms that an H-ZSM-5/ 
binder catalyst with a proper binder (e.g., Al2O3) can match or exceed 
the performance of hierarchical H-ZSM-5 catalysts [15,17] for GTA, in 
agreement with the literature [26]. 

3.5. Characteristics of the regenerated catalysts 

Besides coke formation, other relevant characteristics of the catalysts 
may also be affected (e.g., porosity, crystallinity, and acidity, Table 2) 
and have an impact on the extent of catalyst deactivation. Coke for
mation is typically considered as reversible deactivation, as it has been 
shown that the coke may be removed effectively using an oxidative 
treatment [4,7,12–14]. To determine the extent of catalyst deactivation 
other than by coke deposition, the used catalysts were regenerated by an 
oxidative regeneration in air at 680 ◦C for 12 h and subsequently 
characterized in detail. The characterization data (vide infra) reveal that 
dealumination of the H-ZSM-5 framework occurs, likely due to exposure 
with steam generated by dehydration of glycerol and oxygenated in
termediates, in line with previous studies for H-ZSM-5(23) from our 
group [7,11]. 

Dealumination is particularly evident from solid-state NMR data for 
the regenerated H-ZSM-5 catalyst. Considerably higher values for the 
IEFAl/IFAl and ISi(4Si, 0Al)/ISi(3Si, 1Al) were observed compared to the fresh 
H-ZSM-5 catalyst (Table S9). Besides, the intensity of the peak at δ = ca. 
30 ppm (corresponding to the 5-coordinated EFAl) in the 27Al MAS 
ssNMR spectrum of the regenerated H-ZSM-5 (Fig. 9-iii-c) is consider
ably higher than for fresh H-ZSM-5 (Fig. 9-iii-a). This indicates the 
occurrence of dealumination of H-ZSM-5 framework after reaction and 
regeneration, which leads to a lowering of the relative crystallinity 
(77%, Table 2) and a reduction in total acidity (670 μmol NH3 g− 1H- 
ZSM-5, Table 2) for the regenerated H-ZSM-5 catalyst, though minor 
effects are detected regarding microporosity (Table S9) [7]. 

The three regenerated H-ZSM-5/binder catalysts also show consid
erably higher IEFAl/IFAl and ISi(4Si, 0Al)/ISi(3Si, 1Al) values compared to the 
corresponding fresh ones (Fig. 7-i-iii-d and Table S9), indicating that 
dealumination of the H-ZSM-5 framework after the first cycle of 
reaction-regeneration cannot be eliminated by introducing a binder. In 
line with this statement is the observation of a reduced relative crys
tallinity (62–81%, Table 2) and total acidity (629–652 μmol NH3 g− 1 

regenerated catalyst, Table 2) for the three regenerated H-ZSM-5/binder 
catalysts. Further studies will be required to assess the effect of irre
versible deactivation of catalyst characteristics on catalyst performance 
by performing multiple reaction-regeneration cycles, which is beyond 
the scope of this investigation. 

4. Conclusions 

Shaped H-ZSM-5-based catalysts with various binders were prepared 
in a mini mixer/extruder (10 g batch− 1) and were applied for catalytic 
conversion of glycerol to bio-based aromatics (GTA) in a continuous 
tandem reactor, aiming to elucidate the effects of binders and shaping on 
catalyst performance. The use of such catalyst is of high relevance for 
scale-up and industrial implementation of MFI-type zeolite for the 
biomass conversion to biofuels and bio-based chemicals. It has so far not 
been reported for the conversion of glycerol to BTX, which makes this 
work novel and relevant. 

The best results obtained here, though without optimization of the 

binder content, is over the H-ZSM-5/Al2O3 catalyst containing 10 wt% 
Al2O3. Catalyst life-time is enhanced considerably (at least 45%), though 
the peak BTX yield in the steady-state is slightly lower than for H-ZSM-5 
alone. As such, the total BTX productivity (ca. 518 mg BTX g− 1H-ZSM-5) 
is considerably higher (70%) than for H-ZSM-5 alone (ca. 312 mg BTX 
g− 1H-ZSM-5), which is an important finding for future catalyst devel
opment and scale-up studies. Detailed catalyst characterization studies 
indicate that the prolonged life-time is likely due to a higher coke ac
commodation capacity of the mesoporous Al2O3 binder than micropo
rous H-ZSM-5 (21 vs. 8 wt%), leading to a reduced coking rate of H-ZSM- 
5, which is the active catalyst for BTX formation. 
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