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Abstract 

A time- and space-resolved deactivation study on the conversion of glycerol to aromatics over 

H-ZSM-5 was performed. For this purpose, glycerol was vaporized/pyrolyzed in a pyrolysis 

section followed by a catalytic aromatization step. Benchmark performance showed an 

induction period of ca. 20 min, followed by a rather constant BTX yield of ca. 25.4 ± 2.2 C.% 

for 3 - 4 h time on stream (TOS). Subsequently, a rapid drop in BTX yield was observed due to 

catalyst deactivation. Severe coking leads to coverage of catalyst surface area and blockage 

of micropores, particularly at the entrance of the catalyst bed at short TOS, indicating the 

presence of an axial coke gradient in the fixed bed reactor. At longer TOS, coke was formed 

throughout the bed and negligible BTX yield was shown to be associated with the presence 

of coke at all bed positions. Besides coking, the acidity of the catalyst was also reduced, and 

dealumination occurred, both with a similar time-space evolution. The results were explained 

by a conversion-zone migration model, which includes a deactivation zone (with severely 

coked catalyst), a conversion zone (BTX formation), and an induction zone (a.o. (de-)alkylation 

reactions), and describes the time- and space-resolved evolution of coking and relevant other 

catalyst characteristics.  
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1. Introduction  

Crude glycerol, a major byproduct of the biodiesel industry [1] has been identified as one 

of the top platform chemicals for the synthesis of a wide range of bio-based chemicals [2]. 

Catalytic conversion routes, e.g., oxidation [3], oligomerization [4], dehydration-oxidation [5], 

gasification [6], hydrogenolysis [7], reforming [8], carboxylation, and acetylation [9], have 

been studied extensively. An interesting option is the conversion of glycerol to aromatics (GTA) 

[10]. Aromatics like benzene, toluene, and xylene are important intermediates in the 

petrochemical industry and are produced in millions of tonnes per annum. There is a large 

incentive to green up the petrochemical industry and processes aiming at biobased aromatics 

are in great demand. The first report on the GTA concept dates back to the 1980s and an 

aromatics yield of 3 wt.% was obtained for pure glycerol conversion over an H-ZSM-

5/bentonite (80/20 wt.%) catalyst by an in-situ catalytic pyrolysis approach [11]. The potential 

of co-processing glycerol in the existing FCC process has been investigated by Corma et al. 

and aromatic yields of ca. 9 - 10% (on a carbon basis) were obtained using a 50 wt.% aqueous 

glycerol feed over a commercial Y-type of FCC catalyst in a micro activity test (MAT) reactor 

[12]. Recently, it was shown that crude glycerol may also be used as input by applying an ex-

situ catalytic pyrolysis approach [13]. Over an H-ZSM-5/bentonite (60/40 wt.%) catalyst in a 

fixed bed reactor (catalyst loading of 200 g, weight hourly space velocity (WHSV) of glycerol 

of 1 h-1, time on stream (TOS) of 5 - 6 h, reaction - regeneration cycle of 11 times) benzene, 

toluene and xylenes (BTX) was obtained in yields of ca. 6 - 8 wt.%. Typically acidic H-ZSM-5 

type zeolites [14] show a higher aromatics yield than other catalysts. The SiO2/Al2O3 molar 

ratio (23 - 280) of H-ZSM-5 is known to affect the aromatics yield, and the highest aromatics 

yield was obtained over an H-ZSM-5 zeolite with a low SiO2/Al2O3 ratio (e.g., of 23-30) [15]. In 

literature, either H-ZSM-5 [15, 16] as such, or modified ones doped with various metals (e.g., 

Ga, Sn, and Zn) [17, 18], or H-ZSM-5 in combination with suitable binders (e.g., kaolinite, SiO2, 

and Al2O3) [19-21], have been used for the GTA process.  

The reaction network for GTA via in-situ [14, 15, 17, 18] and ex-situ [16] catalytic pyrolysis 

approaches has been widely discussed and involves a large number of intermediates. When 

using an ex-situ catalytic approach, glycerol is first (partly) converted in a thermal pyrolysis 

reactor to various oxygenates (e.g., mainly acrolein, acetaldehyde, and formaldehyde) by 

dehydration of central and terminal hydroxyl groups of glycerol followed by C-C cleavage [22-

24]. The unconverted glycerol and the oxygenated intermediates are further converted over 
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the acidic zeolite catalyst to form aromatics by a mechanism involving oxygenate dehydration 

to alkenes, alkene oligomerization, cyclization to aromatics, and (de-)alkylation.   

It has been shown that the catalysts used for GTA are not stable [13, 25, 26] and 

deactivate mainly by coking. Catalyst lifetime is typically less than 10 h [14, 16, 18, 27-31] and 

regeneration protocols have been developed, e.g., by oxidative regeneration to remove the 

coke [12, 13, 16, 18, 32]. It is assumed that coke formation occurs in all main stages of the 

reaction network, e.g., in the dehydration steps (of glycerol and intermediate oxygenates), 

subsequent conversion to the hydrocarbon pool on the catalyst, and the aromatization step 

[12, 16]. Errekatxo et al. proposed a two-step sequence for coke formation, viz., the formation 

of an oxygenated coke (soft coke) followed by transformation into a more aromatic coke (hard 

coke) [25]. The soft coke preferably forms at low temperatures (e.g., < 400 °C [25, 26]) from 

reactive species such as intermediate oxygenates and alkenes/aromatics. The soft, 

oxygenated coke reacts further to hard coke (e.g., poly-condensed aromatics and dienes) via 

e.g., deoxygenation, and is favored at elevated temperatures (e.g., > 500 °C[25]). The amount 

of coke formed on H-ZSM-5 based catalysts in the GTA process is reported to be as high as 10 

- 20 wt.%, depending on reaction temperature [16], time on stream [13, 26], and the presence 

of promoters [27].  

The coke formed on the catalysts during GTA can be removed via an oxidative 

regeneration procedure at high temperatures, e.g., > 650 °C, as shown by thermal gravimetric 

analysis (TGA) [13, 16] and temperature-programmed oxidation (TPO) of used catalysts [14, 

32], and supported by testing of the spent/regenerated catalyst. This has been shown for pure 

H-ZSM-5 (pure glycerol, 5 reaction-regeneration cycles [16]), nano-sized H-ZSM-5 

(glycerol/methanol (40/60 wt.%), 3 reaction-regeneration cycles [32]), a promoted Sn/H-

ZSM-5 (2.34 wt.% Sn loading, glycerol/methanol (40/60 wt.%), 3 reaction-regeneration 

cycles[18]), and H-ZSM-5/bentonite (60/40 wt.%, crude glycerol, 11 reaction-regeneration 

cycles [13]). Reversible catalyst deactivation by coke formation/regeneration is, however, 

often also accompanied by irreversible catalyst deactivation, resulting in 10 - 20% of catalyst 

activity loss after a regeneration cycle [13, 16, 18, 32]. Catalyst characterization studies have 

shown that the dealumination of the H-ZSM-5 framework during reaction-regeneration cycles 

is the major cause for irreversible catalyst deactivation, resulting in a dramatic decrease in 

Brønsted acidity of the catalysts [13, 16].  
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        We have performed detailed studies on the GTA process and particularly on optimization 

of BTX yields and the identification of catalyst deactivation mechanisms using an ex-situ 

catalytic pyrolysis approach [16]. In this concept, the glycerol is initially converted (pyrolyzed) 

in a first reactor, typically operated at 400 °C, and the resulting vapors (containing 

unconverted glycerol and smaller oxygenates like acrolein and acetaldehyde) are passed over 

a catalyst for the aromatization step. In such a fixed bed reactor, an axial deactivation gradient 

is expected. Several deactivation models have been proposed for the conversion of methanol 

to hydrocarbons (MTH process) and well-known examples are the cigar burn model [33], axial 

model [34], and coke front model [35]. These models mainly focused on catalyst deactivation 

by coke formation. However, such analyses have not been performed for the conversion of 

glycerol to aromatics and are of high interest for a better understanding of the evolution of 

catalyst deactivation during glycerol conversion over an H-ZSM-5 catalyst in a fixed bed 

reactor. Besides, in this study, we not only focus on time and space resolved coke formation 

but also considered the evolution of relevant catalyst characteristics such as the SiO2/Al2O3 

ratio, crystallinity, and acidity. This knowledge is critical for the design of efficient reactor 

configurations for the process and future scale-up.  

        In this study, two series of experiments have been performed for the ex-situ catalytic 

pyrolysis of glycerol using an H-ZSM-5(23) catalyst. In the first stage, experiments were 

performed to determine the BTX yields at different times on stream (TOS, 0 - 5 h) by sampling 

the reactor outlet periodically and analyzing the reaction products (benchmark experiments). 

In the second stage, 4 separate experiments were carried out using the fresh catalyst for times 

on stream of 1, 2, 3, and 4 h. For these four experiments, the catalyst bed was divided into 5 

zones. After the reaction, the catalyst was carefully taken out from different bed positions 

(abbreviated as BP) in the reactor. The fresh H-ZSM-5 catalyst and 20 spent catalysts (4 

different times on stream and 5 different bed positions) were characterized in detail by TG-

DTG, Ar physisorption, HR-TEM-EDX, and NH3-TPD to determine the amount of coke, relevant 

coke characteristics, and changes in the structure and morphology of the H-ZSM-5 catalyst. 

The results from these time- and space-resolved experiments were used to set-up a 

conversion-zone migration model for catalyst performance/deactivation in a fixed bed 

reactor.  

 

2. Experimental Section 
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2.1. Materials  

A ZSM-5(23) zeolite in ammonia form with a SiO2/Al2O3 molar ratio of 23 (product 

number CBV2314) was commercially supplied by Zeolyst International. All chemicals, e.g., 

glycerol (> 99.5% purity), tetrahydrofuran (analytical grade), and n-nonane (analytical grade), 

were supplied by Sigma-Aldrich. All gases (e.g., N2, He and Ar, 99.995% purity) and liquid N2 

and Ar were supplied by Linde. 

2.2. H-ZSM-5(23) catalyst preparation  

        H-ZSM-5(23) zeolite was prepared by heating the as-received ZSM-5(23) zeolite to 600 °C 

with a heating rate of 1 °C min-1 followed by isothermal calcination for 8 h. The H-ZSM-5(23) 

powder was pelletized at a pressure of 1 ton cm-2 (Model 4350, Carver Inc.), followed by 

crushing (Agate mortar, IDL GmbH & Co. KG) and sieving (analytical sieves, Linker Industrie-

Technik GmbH) to obtain an H-ZSM-5(23) catalyst with a particle size range of 300 - 500 µm. 

The H-ZSM-5(23) catalyst was stored in a vacuum desiccator (BEL-ART - SP Scienceware & HB 

Instruments, Bel-Art™ F42400-2141) filled with silica gel (Fisher Scientific Nederlands, product 

number 11418580). 

2.3. Catalytic conversion of glycerol to aromatics  

        The conversion of glycerol to aromatics via an ex-situ catalytic pyrolysis approach was 

performed in a dedicated CTMR-1 unit, which was described in detail in a previous paper from 

our group (Chapter 2) [16]. The CTMR-1 unit is equipped with a syringe pump (for feeding 

glycerol), a mass flow controller (for N2 gas), a preheater (for vaporizations of glycerol), a 

thermal-pyrolysis reactor (for pyrolysis of glycerol), a catalytic-conversion reactor (for the 

aromatization of the pyrolysis vapors), and a two-stage condensation-separation system (for 

collection of gas and liquid products). A constant glycerol vapor flow for the downstream 

pyrolysis and catalytic upgrading is ensured by feeding the glycerol at a low flow rate and 

mixing it with preheated N2 gas (280 °C,  via a capillary column (1/16 inch tubing, length of 

1.5 m)). The reaction parameters (viz., catalyst particle sizes and loading, flow rates of the 

feeds, and temperatures for the two reactors) for performing GTA on this dedicated CTMR-1 

unit have been systematically screened to eliminate the internal and external mass transfer 

limitations and to obtain the highest aromatics productivity with good mass balance closure 

[16]. These conditions were used for the experiments reported in this study viz., a pyrolysis 

temperature of 400 °C, catalytic upgrading temperature of 500 °C (monitored by two K-type 

thermocouples positioned at the top and bottom of the catalyst bed, showing a temperature 
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difference of < 1 °C during experiments), atmospheric pressure, N2 flow of 1.8 ml min-1, 

catalyst loading of 1 g (in the isothermal zone of the reactor), and a WHSV of glycerol of 1 h-

1. 

        In Phase 1 of the experimental study, a standard experiment using fresh catalyst was 

performed continuously for 300 min. During the experiment, samples were taken every 20 

minutes, where each sample is the cumulative amount of liquid collected in this 20-min period.  

        In the second stage study, four separate experiments were performed for different times 

on stream (1, 2, 3, and 4 h) at conditions given above. For each experiment, a quartz-tube 

reactor (φ10 × 1 mm, length of 200 mm, made in the glass workshop at the University of 

Groningen) was used and was loaded with 1 g fresh H-ZSM-5(23) (denoted as Cat-F). The 

catalyst was divided into 5 equal portions and sandwiched between quartz wool (VWR 

international, part number BEHRB00027716) (Scheme 1). This configuration allows collecting 

the used catalysts from different catalyst bed positions in the reactor after a reaction. The 

used catalysts were carefully unloaded from the reactors after cooling to room temperature 

under N2 flow (5 ml min-1). In total, 20 used catalysts were collected from different catalyst 

bed positions (BP) after various TOS. The samples were denoted as Cat-BPx-TOSy, where x 

and y represent the bed position (1 to 5) and time on stream (1 - 4 h). These 20 samples were 

ground gently into homogeneous fine powder samples for further characterization (vide infra). 

The liquid samples for these 4 experiments were not analyzed and the composition of the 

outlet stream was taken from the data obtained in Phase 1 of this study. When considering 

the delay between the start of the feeding of the set-up and sampling and the time to reach 

steady-state in the set-up, the liquid compositions representative for the products produced 

by Cat-F, Cat-TOS1, Cat-TOS2, Cat-TOS3, and Cat-TOS4 were considered to be the 

compositions of the collected liquids between 20 - 40 min, 80 - 100 min, 140 - 160 min, 200 - 

220, and 260 - 280 min, respectively, obtained in Phase 1 of this study. 

2.4. Liquid product analysis  

        The liquid products were mixed with a stock solution (a known concentration of n-nonane 

in tetrahydrofuran) to obtain homogenous samples, which were analyzed by GC-MS 

(6890/5973, Hewlett-Packard, USA) for qualification and by GC-FID (5890, Hewlett-Packard, 

USA) for quantification. The two GCs were equipped with a Rtx-1701 column (30 m × 0.25 mm 

× 0.25 µm, Restek, USA).  

         

161



Chapter 3 

162 
 

 

Scheme 1. Schematic representation of the axial arrangement of the reactor in the CTMR-1 

unit. Top part: thermal pyrolysis section; bottom part: catalytic upgrading section with 5 

catalyst zones 
 

        The carbon yields of BTX (viz., benzene, toluene, and xylenes) and other aromatic 

products (e.g., ethylbenzene, naphthalene, and methyl-naphthalene) were calculated using 

Equation 1. The carbon selectivity for an individual BTX component was calculated using 

Equation 2. 

Carbon yield (%) =  
mol of carbon in the individual aromatic product

mol of carbon in the glycerol feed  ×  100      (1) 
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Carbon selectivity for the individual BTX (%) = 

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

 

2.5. Catalyst characterization  

        The coke on the used catalysts was analyzed by thermogravimetric analyses (TGA) on a 

TGA 4000 (PerkinElmer) using synthetic air (50 ml min-1). The catalysts (5 - 10 mg) were loaded 

in the ceramic crucibles and the temperature was increased from 50 °C to 800 °C at 10 °C min-

1. The curves for the corresponding empty ceramic crucibles were subtracted to correct the 

blanks. 

Textural properties of the catalysts were analyzed by physisorption of Ar at 87 K on an 

ASAP 2420 (Micromeritics). Before the measurements, the catalysts (80 - 100 mg) were 

degassed at 450 °C for 4 h and the free space of the sample tubes was measured according to 

Application Note No. 104 from Micromeritics. The surface area (SBET) was calculated by the 

Brunauer-Emmett-Teller (BET) method. The micropore size distribution and micropore 

volume (Vmicropore) were determined from the isotherms using the Non-Localized Density 

Functional Theory method (NLDFT, Model # 251 from Micromeritics). 

The acidity of the catalysts was measured by temperature-programmed desorption of 

ammonia (NH3-TPD) on an AutoChem II system (Micromeritic). The catalysts (50 - 80 mg) were 

purged by a flow of He (50 ml min-1) at 550 °C for 1 h. After cooling to 100 °C, the catalysts 

were exposed to NH3/He stream (1.0 vol.%, 50 ml min-1) for 1 h, followed by purging by He 

(50 ml min-1) for 1 h for removal of weakly adsorbed ammonia on the catalyst surface. 

Afterward, the temperature was increased to 550 °C at 10 °C min-1 and maintained for 30 min. 

The desorbed products were detected by a thermal conductivity detector (TCD) with a 

calibrated curve for NH3.  

High-resolution transmission electron microscopy (HR-TEM) images of the catalysts were 

obtained using a Tecnai T20 electron microscope (FEI) operated at an accelerating voltage of 

200 keV. The catalysts were dispersed in ethanol under ultrasonication followed by depositing 

on a holy carbon-coated copper grid (Quantifoil 1.2/1.3) for measurement. Fast Fourier 

transforms of high-resolution images were used to check for loss of ordering of the used H-

ZSM-5 crystals. Energy Dispersive X-ray (EDX) analyses were performed on an X-Max T80 SDD 

detector (Oxford instruments) and are combined with high angle annular dark field STEM 
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images for both elemental composition and location. In general, 4 - 10 spots of each sample 

were analyzed and EDX mapping of three representative sites are presented (SI) 

 

3. Results and discussions  

3.1. Benchmark experiment for the catalytic conversion of glycerol using H-ZSM-5(23)  

In phase 1 of this study, the conversion of glycerol (> 99.5% purity) to aromatics over the 

un-modified H-ZSM-5(23) catalyst via an ex-situ catalytic approach was performed 

continuously for 5 h with liquid sampling at an interval of every 20 min (1 g catalyst, WHSV of 

glycerol of 1 h-1, pyrolysis temperature of 400 °C, catalytic upgrading temperature of 500 °C, 

and atmospheric pressure). Each liquid sample consists of the amount of liquid collected in 

this 20-min period (mixed-cup approach). The carbon yields for total BTX and the carbon 

selectivity to the individual BTX components are shown in Figure 1, a more extended version 

of this figure including other hydrocarbon products (ethylbenzene, naphthalenes) is given in 

the Supporting information (Figure S1).  

The yield of aromatics was only ca. 5% for the first sample collected in the initial TOS of 

0 - 20 min, Figure S1). This so-called induction period (ca. 20 min in this study) is often 

observed for GTA over H-ZSM-5 based catalysts [16, 18, 28] and most likely corresponds to 

the time required to reach steady-state in the continuous set-up after start-up [16]. A 

relatively constant BTX yield of 25.4 ± 2.2% (on a carbon basis, Figure 1) was achieved after 

the induction period for about 3 h. However, upon prolonged TOS, the BTX yields drop and 

after a TOS of 4.5 h, only a negligible BTX yield of 0.3 ± 0.1% (on a carbon basis) was obtained, 

indicating severe catalyst deactivation. This reduction in aromatics yield (Figures 1 and S1) 

upon a prolonged time on stream has also been observed in the literature [18, 28, 29, 36]. It 

is proposed that coke formation by further condensation reactions of intermediates on the 

catalyst surface leads to complete blockage of micropores of H-ZSM-5 [16, 18]. Glycerol 

conversion is quantitative for a TOS of 3-4 h, though after 4.5 h when BTX formation is low, 

unconverted glycerol and the intermediates such as acrolein, acetaldehyde, and acetol are 

present in the products. 

The selectivity for individual BTX components is a clear function of the TOS (Figure 1). In 

the initial stage, high selectivity for toluene (47.3 ± 0.3%, on a carbon basis) and benzene (29.9 

± 0.3%, on a carbon basis) was observed, which decreased considerably after a TOS of 4 h. 

This reduction in benzene and toluene selectivity leads to a considerable increase in the 
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selectivity for o-xylene and m,p-xylenes (from 5.6 ± 0.1% and 17.1 ± 0.1% to 9.2 ± 0.1% and 

39.5 ± 1.6%).  

 

3.2. Time- and space-resolved experiments on the conversion of glycerol to BTX 

        To explore time- and space-resolved effects on catalyst performance in the fixed bed 

reactor, four separate experiments were carried out at different times on stream (1, 2, 3, and 

4 h) in phase 2 of this study. For each experiment, the catalyst bed was divided into 5 zones, 

and after the reaction, the catalyst was taken from the different positions in the bed. The 

fresh and 20 spent H-ZSM-5 catalysts (4 different times on stream and 5 bed positions) were 

characterized in detail by TG-DTG, Ar physisorption, HR-TEM-EDX, and NH3-TPD to determine 

the amount of coke, relevant coke characteristics, and changes in the structure and 

morphology of the H-ZSM-5 catalyst.  

Figure 1. Carbon yield of total BTX (top) and carbon selectivity’s for the individual BTX 

components (bottom) versus TOS. 
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3.2.1 Characterization of the coke  

3.2.1.1. Visual observation of coke formation 

        An overview of the visual appearance of catalysts after the reaction is shown in Figure S2. 

The color of the catalyst at the various bed positions (BP) and TOS differ considerably, 

indicating a time- and space-resolved nonuniform coking of the H-ZSM-5 catalyst in the fixed 

bed reactor. For instance, after a TOS of 1 h, a black zone (e.g., BP1 and BP2) and a grey zone 

(e.g., BP3 - BP5) are observed. This implies that the amount of coke on the upper catalyst is 

more severe than further down the bed after a short TOS. Coke formation is typically related 

to catalyst deactivation and as such, the activity of the catalyst is also expected to be non-

uniform within the bed. With prolonging reaction time, the black zone is substantially 

extended and after a TOS of 4 h, most of the catalyst has become black. These results indicate 

that coke formation is a function of the position in the bed and that the coke front migrates 

through the fixed bed. Time- and space-resolved coke formation on ZSM-5 have been 

observed for other ZSM-5 catalyzed processes, like methanol conversion to hydrocarbons 

(MTH, including MTP, MTO, and MTG processes) [33-35, 37-40], and different models for 

coke-formation have been proposed (cigar burn model [33], axial model [34] and coke front 

model [35]). Also, Rojo-Gama et al. found that coke formation patterns depend on the pore 

size of the zeolite used and large pore size zeolites were shown to coke more uniformly than 

medium pore size zeolites [40, 41]. However, time- and space-dependent coke formation has 

not been reported for the conversion of glycerol to aromatics and is a novelty of this paper. 

It will have severe consequences for kinetics studies and indicate that catalyst samples taken 

from one position in the bed will not be representative of the bed as a whole.   

3.2.1.2. Quantification of coke on the catalysts (TG) 

    The used catalysts were unloaded from the reactors (Figure S2) and the resulting 20 

samples (Cat-BPx-TOSy, x, and y represent the bed position of 1 - 5 and TOS of 1 - 4 h, 

respectively) were analyzed by TGA to quantify the amount of coke (Figure 2-a). When 

considering the data for an experiment at a TOS of 1 h, large differences in the amount of 

coke at the various bed positions are observed. For instance, Cat-BP1-TOS-1 has a high coke 

content of ca. 11.0 wt.% (Figure 2-a). This amount is very close to the coke content (ca. 12 

wt.% [16]) of a fully deactivated H-ZSM-5 catalyst (after a TOS of 5 h) and indicates that the 

catalyst at this position (Cat-BP1-TOS-1) is fully deactivated. Interestingly, the catalyst 

positioned close to the exit of the reactor (viz., Cat-BP4-TOS-1 and Cat-BP5-TOS-1) has a very 
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low coke content (ca. 0.8 - 1.0 wt.%), showing the presence of a strong axial coke gradient 

within the catalyst bed. When the TOS is prolonged to 4 h, catalysts at all positions contain a 

significant amount of coke and only a small coke gradient is visible within the fixed bed. 

Figure 2. (a) Amount of coke on the catalyst (wt%) and (b) TM of DTG of the coke at different 

catalyst bed positions (BP) and TOS. 

 

167



Chapter 3 

168 
 

Interestingly, there appears to be a maximum value for the amount of coke (about 12 wt.%), 

which could be related to the micropore volume available for coke accommodation. This 

observation is a strong indication that the catalyst at these positions is not active anymore, 

presumably due to full pore blockage (vide infra). 

3.2.1.3 Coke characteristics (DTG) 

        The type of coke on the 20 spent catalysts was analyzed using derivative 

thermogravimetric (DTG) analysis and the DTG curves are shown in Figure S2. Two distinct 

weight loss peaks are observed, a first peak (50 - 300 °C) corresponding to the desorption of 

the moisture and volatile compounds, and a second peak (300 - 750 °C) attributed to coke. 

The combustion peak temperatures (TM) are plotted in Figure 2-b. The TM of the coke is a clear 

function of the bed position and TOS and varies between 550 and 580°C, which is in the range 

for TM values (e.g., 562 °C [13]) reported for the coke on a used ZSM-5 catalyst for GTA. The 

highest values are found for the catalyst close to the bed entrance (BP-1) at all TOS values, 

indicative of hard coke. The coke at the bed-outlet at all TOS is by far lower and is classified 

as soft. Thus, not only the amount of coke is a function of the position of the catalyst in the 

bed (vide supra), but also the coke structure differs.  

3.2.1.4. Location of coke (HR-TEM and EDX) 

HR-TEM combined with EDX mapping of relevant elements was performed on the 

catalyst samples to gain insights into the location of the coke in the zeolite, viz. in the 

microchannels and/or at the outside of the individual zeolite particles. In the first case, a 

homogeneous carbon distribution is expected, whereas a strong non-uniform distribution is 

expected in the second case. An HR-TEM-EDX image for the catalyst at the entrance of the 

bed at a short TOS of 1 h (Cat-BP1-TOS1, Figure S15-b), reveals a homogeneous distribution 

of carbon in the Al, Si, and C maps. After a TOS of 2 h, more coke is formed at the bed entrance 

(Figure 2), and carbon build-up at the edge of the crystals in Al, Si, and C maps of Cat-BP1-

TOS2 (Figure S15-g) and Cat-BP2-TOS2 (Figure 3) is detected. For the latter, a very clear coke 

casing (Figure 3-b and f) is observed on a highly crystalline (Figure 3-d) H-ZSM-5 crystal surface. 

The lattice fringe with ca. 0.34 nm spacing (Figure 3-c) indicates a graphitic structure of the 

coke [42], in line with literature data showing new XRD peaks on deactivated H-ZSM-5 

catalysts arising from highly crystalline coke with a graphitic nature [13, 16]. 

        As such, it can be concluded that the coke is initially formed in the micro-channels of the 

H-ZSM-5 zeolite and then accumulates on its external crystal surface. These findings are in 
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line with studies on the methanol to hydrocarbon conversion catalyzed by H-ZSM-5 [34].  

Figure 3. HR-TEM images (a and b), zoom in on the carbon built-up on the crystal surface (c), 

FFT patterns (d), Al and Si maps (e), and C and Si maps (f) of Cat-BP2-TOS2. 
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Besides, the amount of external coke is expected to grow with prolonged TOS. Visual 

inspection (Figure S2) shows that these may form isolated coke particles that may be 

detached from the catalyst surface and end up in the quartz wool below the catalyst bed. This 

is also confirmed by considering the coke amount at a TOS of 3 and 4 h for BP3. At TOS of 3 h, 

the coke content is ca. 14.5 wt.% (Cat-BP3-TOS3) while it is reduced to ca. 12.0 wt.% at a TOS 

of 4 h (Cat-BP3-TOS4, Figure 2), indicating loss of coke due to detachment of coke particles. 

It is also reflected in the EDX mapping of the used catalyst located at BP3. After a TOS of 3 h 

(Cat-BP3-TOS3, Figure S15-n), clear carbon accumulation is observed which is absent after 4 

h (Cat-BP3-TOS4, Figure S15-s).  

3.2.2 Characterization of the spent H-ZSM-5 catalysts 

        The spent catalysts obtained at 5 bed positions after TOS of 1 - 4 h, were also 

characterized by various techniques to determine the time- and space-dependent changes in 

the catalyst structure such as the surface areas, micropore volume, pore-size distribution, 

crystallinity, SiO2/Al2O3 molar ratio, and acidity.   

3.2.2.1. Textural properties using Ar physisorption   

        The SBET and Vmicropore of the fresh and used catalysts were analyzed by Ar physisorption 

and the results are shown in Figure 4. The BET surface area and micropore volume are a strong 

function of the TOS and the bed position. After 1 h TOS, the SBET, and Vmicropore for the catalyst 

located closest to the feed entrance of the bed (BP1) were decreased dramatically to ca. 10 

m2 g-1 and 0.01 cm3 g-1 (Cat-BP1-TOS1, Figure 4), which is a reduction of 97% compared to the 

values for the fresh catalyst. This change is less for the catalyst at BP5, where the values are 

close to that of the fresh catalyst. At longer TOS, reductions in surface area and pore volume 

are observed at all positions. The surface area and micropore volume reductions mirror the 

coke amounts on the catalyst (Figure 2), pinpointing that coke formation is the major cause 

for a reduction in these catalyst properties. 

The NLDFT micropore size distributions (PSD) of the fresh and 20 used catalysts are shown 

in Figure 5. The micropores with a PSD of 0.4 - 0.6 nm centered at 0.52 nm of the fresh catalyst 

in BP1 and BP2 disappeared after a TOS of 1 h (Figure 5). For the catalysts at the exit of the 

fixed bed catalyst (particularly BP4 and BP5), SBET and Vmicropore were only slightly changed 

(Figure 4) and the micropore size distributions were also preserved (Figure 5). However, after 

TOS of 4 h, the small micropores of catalysts at all positions have disappeared, indicating that 

these are completely filled with coke. 
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3.2.2.2. Crystal structure (HR-TEM and FFT)   

        Initial attempts were made to determine changes in the crystal structure of the catalyst 

by XRD. Unfortunately, due to the overlap with peaks from coke, the relative crystallinity of 

the spent H-ZSM-5 catalyst was higher than 100% [13]. As such, HR-TEM analyses and fast 

Figure 4. (a) BET surface area and (b) micropore volume of the fresh and spent catalysts at 
different catalyst bed positions (BP) and TOS 
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Fourier transform (FFT) analyses of HR-TEM images of the 20 spent catalysts have been 

performed to determine the crystal structure. The HR-TEM images and corresponding FFT 

clearly show the highly ordered lattice fringe of H-ZSM-5 (Figure S8) for all 20 samples (Figure 

S9), indicating that the crystalline structure of H-ZSM-5 is preserved. These results suggest 

that only negligible or minor changes in the crystal structure of the catalysts occur during the 

reaction. This is also confirmed by the high relative crystallinity of a regenerated H-ZSM-5 

catalyst (ca. 10% reduction compared to a fresh H-ZSM-5 catalyst, obtained by XRD [16]) after 

an oxidative treatment to remove the coke.  

3.2.2.3. Dealumination of the zeolite structure (EDX)   

    To study possible changes in the distribution of Si and Al in the catalyst structure, Energy 

Dispersive X-ray (EDX) mapping analyses of the fresh and 20 spent catalysts were performed 

in parallel with the HR-TEM imaging activities. To obtain reliable data, 4 - 10 sites per catalyst 

Figure 5. NLDFT micropore size distributions of the fresh and used catalysts at different 
catalyst bed positions (BP) after various TOS. 
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were analyzed. The EDX mapping analyses of three sites per catalyst are displayed in Figure 

S15. The SiO2/Al2O3 molar ratio of the catalysts calculated from all the analyzed sites and the 

corresponding standard deviation (SD) are given in Figure S10. The average SiO2/Al2O3 molar 

ratio based on all analyses is 23.7 ± 1.0, in line with the bulk analysis of H-ZSM-5(23) zeolite 

by Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) [16] and product 

specifications of the supplier.  

However, an inhomogeneous distribution of Al is observed (see Al and Si maps in Figure 

S15) for most of the spent catalysts, in contrast to the more uniformly distributed Al in the 

fresh H-ZSM-5 catalyst (Figure S15-a). As a representative example, the HR-TEM images, Al 

and Si maps, and C and Si maps of Cat-BP4-TOS2 (coke content of 1.6 wt.%, Figure 2), are 

shown in Figure 6. A clear Al segregation at the edge of the Al and Si maps (Figure 6-e) 

indicates the occurrence of dealumination of the H-ZSM-5 framework. A thin amorphous edge 

on the lattice fringes of H-ZSM-5 crystals (Figure 6-b, c, and d), most likely related to the 5- 

and 6-coordinated extra-framework Al species [16], is observed. Dealumination of the H-ZSM-

5 framework was also reported in previous work from our group on the conversion of glycerol 

to BTX using 27Al and 29Si MAS ssNMR [16]. Compared to the fresh catalyst (Figure S16-a), the 

spent catalyst after a TOS of 5 h (Experiment - Phase 1) shows a new resonance at δ = ca. 30 

ppm in the 27Al MAS ssNMR spectrum (Figure S16-left) and a decreased intensity of the peak 

at δ = ca. -106 ppm in the 29Si MAS ssNMR spectrum (Figure S16-right), and shows an 

increased extra framework Al (EFAl) to framework Al (FAL) peak intensity ratio (IEFAl/IFAl, 0.4 

vs. 0.1). Besides, dealumination of the H-ZSM-5 framework has been observed for other H-

ZSM-5 catalyzed reactions, e.g., catalytic cracking [43] and catalytic upgrading of biomass 

pyrolysis vapor [13], particularly under severe conditions in the presence of steam [44]. At 

elevated temperatures, the presence of steam leads to the migration of Al atoms in the H-

ZSM-5 zeolite framework, and the formation of EFAl species [45].  

The level of dealumination is a function of both the position and the TOS. For catalysts 

located at BP2 - BP5, dealumination already occurred after a TOS of 1 h (Figure S15, c-e). 

Remarkably, the dealumination of the catalyst in BP1 only occurred after the TOS of 3 h (Cat-

BP1-TOS3, Figure S15-l). A likely explanation for this finding is an increase in the water content 

(in the form of steam) in the fixed bed when going from the entrance to the exit due to the 

formation of water, a major reaction by-product, by dehydration reactions (vide infra). 

 

173



Chapter 3 

174 
 

 
Figure 6. TEM image (a), HR-TEM images (b, c, and d), Al and Si maps (e), and C and Si maps 

(f) of Cat-BP4-TOS2.  

         

3.2.2.4. Acidity of the catalysts 
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        The acidity of the 20 spent catalysts was analyzed by NH3-TPD to study the time- and 

space-resolved evolution of acidity in the fixed bed reactor. NH3-TPD profile of fresh H-ZSM-

5 catalyst (Figure S11) shows two distinct peaks centered at ca. 210 °C and 400 °C. After the 

reaction, the spent catalyst shows reduced acidity, of which the exact extent is a function of 

bed position and TOS (Figure 7).  

For the catalyst close to the feed entrance, viz., BP1, the acidity decreased significantly 

(ca. 88%, Cat-BP1-TOS1, Figure S13) after TOS of 1 h and is rather stable afterward. This loss 

of acidity is close to a reported value (ca. 90%) for a spent H-ZSM-5 catalyst which was inactive 

for BTX formation [16]. For the catalyst in the lower part of the bed (e.g., in BP4 and BP5), a 

dramatic decrease of acidy was also observed on Cat-BP4-TOS1 (ca. 44%) and Cat-BP5-TOS1 

(ca. 38%) after a TOS of 1 h. This trend in acidity for a TOS of 1 h versus the bed position differs 

considerably from that found for the microporosity (only minor changes, Section 3.2.2.1) and 

extent of coke deposition (only minor changes, Section 3.2.1.2). A such, changes in acidity are 

not one to one related to coke formation. It is more likely that acidity changes are related to 

the extent of dealumination (Section 3.2.2.3). This is also supported by literature data, 

showing that dealumination (as a result of the presence of steam) has a negligible effect on 

Figure 7. Acidity of the fresh and used catalysts at different catalyst bed positions (BP) after 
various TOS. 

 

175



Chapter 3 

176 
 

the microporosity of H-ZSM-5 zeolites [44, 46], but decreases its acidity remarkably [44, 46, 

47].  

A schematic overview of the changes of three important catalyst characteristics (viz., 

microporosity (SBET and Vmicropore), acidity, and coke) for the used catalyst compared with the 

fresh one is shown in Scheme S1. The relative crystallinity is excluded because no obvious 

change has been observed (by FFT analyses, Section 3.2.2.2). Based on the characterization 

studies on the fresh and 20 spent catalysts, we can conclude that major axial differences in 

catalyst properties are present within the catalyst bed and that these are also a function of 

the TOS. The major observations are: (i) Severe coking, coverage of catalyst surface area, and 

blockage of micropores occur, particularly at the entrance of the feed at short TOS and at the 

lower bed positions at longer TOS and (ii) dealumination occurs at the bed positions closer to 

the exit even after a TOS of 1 h but it takes 2 - 3 h to observe significant dealumination at the 

catalyst close to the entrance of the bed. Dealumination is most likely also one of the reasons 

for a reduction in catalyst acidity.    

 

3.3 Development of an integrated model 

        In the following paragraph, the results of the liquid product composition versus TOS 

(Phase 1, Section 3.1) will be coupled with time- and space-dependent catalyst properties 

(Phase 2, Section 3.2) by an integrated model. This model is based on the following 

observations: 

1. After a TOS of 4 h, aromatics and BTX yields drop considerably, indicative of severe 

catalyst deactivation, in line with literature data [16, 28-30]. Catalyst characterization 

studies show a significant amount of coke on catalysts in all positions after a TOS of 5 

h in the bed. Besides, catalyst characteristics such as surface area, microporosity, and 

acidity, are also dramatically decreased (> 90%). [16].  

2. During TOS between 1 - 4, coke formation is severe, though BTX formation is still at 

close to maximum values. This observation implies that BTX formation does not occur 

uniformly within the catalyst bed and that most likely only a part of the catalyst bed is 

active for BTX formation.  

3. The selectivity of the individual BTX components is a function of the TOS. Apparently, 

there is a relation between the changes in catalyst properties (e.g., acidity, Figure S14) 

in the bed and the level of dealkylation/alkylation (vide infra). 
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Based on these observations, we propose a conversion-zone migration model as given in 

Scheme 2. It differs from the three models (viz., cigar burn model [33], axial model [34], and 

coke front model [35]) proposed for the MTH process, which mainly focuses on the 

deactivation by coke formation. The conversion-zone migration model for GTA over a 

Scheme 2. Schematic of three conversion zones illustrating the conversion-zone migration 

model for GTA over an H-ZSM-5 catalyst in the fixed bed reactor. The chemical reactions 

involved are: e.g., dehydration of glycerol and the oxygenated intermediates in (a) deactivated 

zone, further deoxygenation of the oxygenated intermediates and aromatization in (b) 

conversion zone, and dealkylation and minor coking in (c) induction zone. 

 

177



Chapter 3 

178 
 

micropore H-ZSM-5 catalyst not only describes time- and space-resolved coke formation but 

also considers catalyst characteristics, and provides a relation with relevant reactions. It 

distinguishes three defined zones, a deactivated zone (with severe coking of the catalyst), a 

conversion zone (with BTX formation), and an induction zone (Scheme 2). The conversion 

zone migrates through the catalyst bed until it reaches the exit. The model will be discussed 

at two-levels: viz. i) on a molecular level with an emphasis on the various reactions occurring 

during the GTA process and ii) on a reactor level.  

3.3.1 Relevant considerations at a molecular level 

        The conversion of glycerol to aromatics involves a sequence of reactions [14-18], giving 

the desired BTX, as well as water, gaseous components, and coke as the major byproducts, 

etc. Based on literature data, a simplified reaction network is given in Scheme 3.  

Scheme 3. Simplified reaction network for the GTA process 
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For the ex-situ approach used in this study, the feed to the catalytic upgrading reactor 

with the H-ZSM-5 catalyst contains, besides the unconverted glycerol [16], already light 

oxygenates such as acrolein, formaldehyde, and acetaldehyde, and water (by dehydration of 

glycerol followed by a C-C cleavage (Scheme S2) [22-24]). These oxygenates are further 

converted on the catalyst in the conversion zone to form a hydrocarbon pool (Scheme 3) [18, 

35] as well as some coke, by e.g., decarbonylation and decarboxylation [48], dehydration [19], 

and aldol condensation reactions [49] (Scheme S2). These reactions are accompanied by the 

formation of substantial amounts of water and gas-phase components like light alkanes and 

olefins (C1 - C3), CO, and CO2 (Scheme 3). The hydrocarbon pool is the main source to form 

aromatics (BTX as well as higher aromatics such as bicyclic monoaromatics (BCMAS) and 

polycyclic aromatic hydrocarbons (PAHS) [16]) by reactions including oligomerization [19], 

cyclization [49], dehydrogenation, and (de)-alkylation [18, 27-29], etc., on the catalyst in the 

conversion zone (Scheme S2). All these reactions lead to coke formation (Scheme 3), though 

particularly the higher aromatics are reported to be coke precursors. The aromatics are 

further converted on the catalyst to BTX by e.g., dehydrogenation, dealkylation, and 

disproportionation [16] (Scheme S2).  

3.3.2 Relevant considerations at a reactor level 

The conversion-zone migration model will be discussed based on the yield and selectivity 

of BTX at various TOS and the spatial distribution of coke and other relevant catalyst 

characteristics in the fixed bed, combined with the reactions given above (Section 3.3.1). 

3.3.2.1 TOS of 0 - 1 h  

    After TOS of 1 h, the BTX yield is about 25.4 ± 2.2% (on a carbon basis, Figure 1) at full 

glycerol/small oxygenate conversion. Severe coking is observed on the catalyst at particularly 

the entrance of the bed (ca. 11.0 - 11.2 wt.% coke on Cat-BP1-TOS1 and Cat-BP2-TOS1), 

though the catalyst close to the exit also shows minor coking (ca. 0.8 - 1.0 wt.% coke on Cat-

BP4-TOS1 and Cat-BP5-TOS1). The surface area and the microporosity show a similar trend 

(Section 3.2.2.1). However, the acidity of the catalyst is reduced considerably, not only at the 

entrance of the bed (ca. 76.7 - 87.8% acidity decrease for Cat-BP1-TOS1 and Cat-BP2-TOS1), 

but also already at the exit (ca. 37.6 - 44.5% acidity decrease for Cat-BP1-TOS1 and Cat-BP2-

TOS1). Besides, dealumination of the catalyst at BP2 - BP5, already occurred at this short TOS 

(Section 3.2.2.3), most likely due to the presence of steam in the gas-phase originating from 

dehydration reactions of oxygenates. Because of the observation that the coke content on 2 
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catalyst layers close to the entrance of the reactor is close to that of a fully deactivated 

catalyst regarding BTX formation (vide infra, TOS > 5 h) [16], we propose that after TOS of 1 

h, the upper part of the catalyst bed is already fully deactivated. These results indicate that 

most of the relevant reactions for GTA (e.g., dehydration, aromatization, and also coking) 

occurred in the upper part of the bed, close to the feed entrance (e.g. BP1, BP2, Figure S2). 

This is in line with other H-ZSM-5 catalyzed reactions like the conversion of methanol to 

hydrocarbons (MTH) [34, 37] and ethene to propene (ETP) [50]. Recently, Weckhuysen et al. 

reported studies on the MTH process with operando UV-vis spectroscopy and showed that 

only a small fraction of the catalyst bed acted as the conversion zone, which deactivated and 

turned black due to coke formation [35].  

     Most of the catalyst in the bed after the conversion zone (closer to the reactor exit) is not 

active for BTX formation and is defined as the induction zone. However, relevant reactions 

also occur in this zone, such as dealkylation of already formed aromatics (e.g., xylenes) in the 

conversion zone leading to a high selectivity for toluene (47.3%) and benzene (29.9%, Figure 

1) and minor coking (leading to partial deactivation). Also, dealumination of the H-ZSM-5 

framework and loss of acidity occurs in the induction zone due to steam formed by 

dehydration of oxygenates in the conversion zone and steam formed in the thermal pyrolysis 

reactor (Scheme 3).  

3.3.2.2 TOS between 1 - 2 h   

When TOS is prolonged from 1 h to 2 h, the BTX yield is relatively stable (28.5 ± 1.8%, on 

a carbon basis, Figure 1), glycerol and small oxygenate conversion is quantitative, though coke 

formation is severe and catalyst present in the upper part of the reactor are fully (BP1 and 

BP2) deactivated, or partially deactivated (BP3- BP5). Besides, the surface area and micropore 

volume for Cat-BP3-TOS2 were also lowered considerably. These results indicate that the 

upper catalyst bed, which was the conversion zone at short TOS is now inactive for BTX 

formation and is now the deactivated zone. The desired BTX products are now formed in the 

‘new’ conversion zone, which is located downstream of the deactivated zone. Because the 

conversion zone has moved downwards, the induction zone becomes shorter (Scheme 2). As 

a result, the amount of catalyst available to perform dealkylation reactions is reduced. Indeed, 

the selectivity to toluene (45.5%) and benzene (18.7%) is lowered compared to the values 

obtained at shorter TOS, and more xylenes are formed. Also, the acidity of the catalyst in the 
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induction zone is also reduced and this may also impact the selectivity for individual BTX 

components.     

3.3.2.3 TOS between 2 - 4 h   

Upon extending the TOS from 2 h to 4 h, the conversion zone migrates further towards 

the exit of the reactor. There is still enough catalyst available in the bed for a fully developed 

conversion zone and a stable high BTX yield (27.7 ± 3.8%, on a carbon basis, Figure 1) is 

observed at full glycerol and oxygenate conversion. However, compared to experiments at a 

shorter TOS, it is likely that an extended conversion zone (Scheme 2) is required. This is 

because the catalysts at positions closer to the exit of the reactor are already deactivated 

partially by coke deposition, and also have a lower acidity, which is not favored for BTX 

formation (Section 3.2). Such a longer conversion zone at extended TOS was also proposed 

for the MTH process by Bleken et al. [34]. With prolonged TOS, the induction zone becomes 

also shorter and also more deactivated, resulting in higher selectivities to xylenes and reduced 

selectivities for benzene and toluene (Figure 1 and Section 3.1). Besides, also some changes 

occur in the deactivation zone. Though the catalysts here are not active anymore for BTX 

formation, considerable dealumination occurs after a TOS of 3 h (Cat-BP1-TOS3, Figure S15-l, 

Section 3.2.2.3), due to extended exposure to steam [16].  

3.3.2.4 TOS > 4 h   

After TOS > 4 h, the catalyst bed is not active anymore for BTX formation (0.3 ± 0.1%, on a 

carbon basis, Figure 1, Section 3.1). Apparently, all catalyst in the bed is now fully deactivated, 

by coke deposition on the catalyst surface. In this stage, glycerol conversion is far from 

quantitative and present in the product mixture, together with a range of other small 

oxygenates.  

 

3.4. Discussion 

The implications of this model for relevant catalyst characteristics and its consequences 

for reactor design will be discussed below. The conversion-zone migration model implies that 

only a part of the catalyst in the fixed bed is active for BTX formation. As a consequence, the 

so-called catalyst lifetime is the time required for the conversion zone to move through the 

bed and has no relation with the intrinsic rate of deactivation of a catalyst particle or site. As 

such, it resembles a breakthrough curve in e.g., adsorption processes. A simple way to 

increase catalyst life-time is to increase the length of the catalyst bed (viz., a higher catalyst 
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intake). This is in line with recent findings on the effects of WHSV on catalyst performance. 

Here, it was shown that, at a fixed glycerol feed rate, the time required for complete catalyst 

deactivation (no BTX formation) scales linearly with the catalyst loading [16].  

Another option to increase catalyst life-time is by tailoring the catalyst structure. When 

considering catalyst deactivation, a clear distinction should be made between reversible and 

irreversible catalyst deactivation. Reversible catalyst deactivation is the result of coke 

formation and regeneration is possible by performing an oxidative treatment with air [13, 16, 

18, 32]. This has been demonstrated with high efficiency, without major damage to the zeolite 

structure [16]. Irreversible deactivation, e.g., by dealumination is also a major issue and leads 

to worse performance, as was shown for the GTA process by performing multiple 

regeneration/reaction cycles [13, 16]. 

When considering reversible deactivation by coke, we have shown that coke is 

predominately formed in the micro-channels of H-ZSM-5 (Section 3.2.1.4) in the conversion 

zone. Due to the limited micropore volume, severe coking results in rapid catalyst 

deactivation. Thus the introduction of intra-mesoporosity in the H-ZSM-5 based catalyst 

might retard catalyst deactivation related to coke formation. Xiao et al. have applied such H-

ZSM-5 based catalysts with hierarchical pore architectures (both micro-and mesopores) for 

GTA and showed that coke formation rates were indeed retarded [30, 31, 36]. Moreover, the 

use of a suitable matrix or binder may also be a solution [12]. An example is the use of a 

shaped H-ZSM-5/bentonite catalyst [11, 13] and an H-ZSM-5/Al2O3 catalyst [20, 21], which 

have also been shown to lead to enhanced catalyst life-times. For instance, the lifetime and 

the total BTX productivity of the catalyst are significantly increased from 6.5 h and 556 mgBTX 

g-1H-ZSM5 for the un-modified H-ZSM-5 to 8.5 h and 710 mgBTX g-1H-ZSM5 for the H-ZSM-5/Al2O3 

catalyst [20]. When using binders, special attention should be given to the stability of the 

matrix, as deactivation (e.g., the collapse of the layered structure of bentonite and exchange 

of cations of bentonite with protons of H-ZSM-5 [13]) might lead to irreversible deactivation 

of the H-ZSM-5 catalyst.  

Irreversible catalyst deactivation is mainly due to structural changes in the zeolite 

structure, and particularly dealumination plays a major role. Dealumination rates can be 

reduced by smart catalyst and reactor/process design. At a catalyst level, it has been shown 

that the use of an Al2O3 binder reduces the rate of dealumination by migration of alumina 

from the binder to the zeolite to compensate for Al losses [20]. Solutions to mitigate 
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dealumination can also be considered at the reactor/process level. The experimental data 

obtained in this study show that considerable dealumination occurs in the catalyst located in 

the induction zone. However, this induction zone is not required to obtain high BTX yields, 

though it changes the selectivity of the individual BTX components, and should be minimized 

to reduce the extent of dealumination. This is practically rather difficult to achieve in a packed 

bed reactor. With this respect, an FCC-type reactor (with a short residence time and frequent 

catalyst regeneration) may show the advantage for GTA.  

    

4. Conclusions 

A detailed study has been performed on the conversion of glycerol to aromatics (GTA) via 

an ex-situ catalytic pyrolysis approach to gain insights into the extent and origin of catalyst 

deactivation. A conversion-zone migration model has been proposed to correlate the time 

and spatial changes in catalyst characteristics (e.g., microporosity, acidity, and coke 

deposition) with catalyst performance (e.g., BTX yield and selectivity). In this model, three 

distinct zones are distinguished, namely, a deactivated zone, a conversion zone, and an 

induction zone. The essence of the model is that only a minor part of the catalyst bed is active 

for BTX formation (conversion zone) and that this zone migrates from the entrance of the bed 

to the exit. The deactivation zone contains a catalyst that is severely deactivated, mainly by 

coke formation. The active catalyst in the induction zone does not contribute to BTX yield as 

all glycerol/small oxygenates are converted in the conversion zone to BTX, though has a major 

impact on the selectivity of the individual BTX components by further conversions (e.g., 

dealkylation) of the produced aromatics. Due to a direct exposure with steam (produced in 

the pyrolysis reactor and the catalytic reactor in the deactivated and conversion zone at an 

elevated temperature), dealumination of the catalyst in the induction zone occurs, leading to 

irreversible catalyst deactivation. Based on these findings, a packed bed reactor is most likely 

not the best reactor configuration for the GTA process and an FCC type configuration with an 

integrated catalyst recycle seems a better choice. These findings will aid in the design of smart 

reactor configurations/operation and recycling strategies for reversible catalyst deactivation 

(by coking) and to minimize irreversible deactivation (e.g. caused by dealumination). 
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Supporting information 

 
Scheme S1. Schematic evolution of the catalyst deactivation during glycerol to aromatics (GTA) via an ex-situ catalytic pyrolysis approach over 

an H-ZSM-5(23) catalyst. The numbers are the relative characteristics compared to those for the fresh catalyst. 
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Scheme S2. Reactions for GTA over an H-ZS-5(23) catalyst via an ex-situ catalytic pyrolysis 

approach. 
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Figure S1. Yields of aromatics versus TOS. Reaction conditions are: pyrolysis temperature was 400 °C, 
catalytic upgrading temperature was 500 °C, atmospheric pressure, N2 flow was 1.8 ml min-1, H-ZSM-
5(23) particle size was 300 - 500 μm, loading of H-ZSM-5(23) zeolite was 1 g, and WHSV of glycerol was 1 
h-1.  
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Figure S2. An overview image of the visual appearance of the catalyst in the reactor tube after 

various TOS (feed as at the top of the bed). 
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Figure S3. DTG curves of the used catalysts at different catalyst bed position (BP) after various TOS. 

188



A time- and space-resolved catalyst deactivation study on the conversion of glycerol to aromatics 
using H-ZSM-5 

189 
 

 
Figure S4. Amount of coke on the catalyst (wt%) and TM of DTG of the coke at different catalyst bed 

positions (BP) and TOS. 
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Figure S5. BET surface areas and micropore volumes of the fresh and used catalysts at different catalyst 

bed position (BP) after various TOS. 
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Figure S6. SBET decrease (top) and micropore volume decrease (bottom) of the used catalysts 

at different catalyst bed position (BP) after various TOS. 
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Figure S7. NLDFT micropore size distributions of the fresh and used catalysts at different 

catalyst bed position (BP) after various TOS. 
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Figure S8. HR-TEM image and FFT pattern of the fresh H-ZSM-5 catalyst. 
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Figure S9. HR-TEM images and FFT patterns of the used catalysts at different catalyst bed 

position (BP) after various TOS.  
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Figure S10. SiO2/Al2O3 ratio (analyzed by EDX) of the fresh catalyst and used ones at different 

catalyst bed position (BP) after various TOS. 
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Figure S11. NH3-TPD profiles of the fresh catalyst and the used ones at different catalyst bed 

position (BP) after various TOS.   

196



A time- and space-resolved catalyst deactivation study on the conversion of glycerol to aromatics 
using H-ZSM-5 

197 
 

 
Figure S12. Acidity of the used catalysts at different catalyst bed position (BP) after various 

TOS. 
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Figure S13. Acidity decrease of the used catalysts at different catalyst bed position (BP) after 

various TOS. 
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Figure S14. carbon selectivity’s for the individual BTX components versus catalyst acidity. 
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Figure S15-a. Al and Si maps of the fresh catalyst. 
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Figure S15-b. Al and Si, C and Si, and Al, Si and C maps of Cat-BP1-TOS1.  
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Figure S15-c. Al and Si, C and Si, and Al, Si and C maps of Cat-BP2-TOS1. 
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Figure S15-d. Al and Si, C and Si, and Al, Si and C maps of Cat-BP3-TOS1. 
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Figure S15-e. Al and Si, C and Si, and Al, Si and C maps of Cat-BP4-TOS1. 
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Figure S15-f. Al and Si, C and Si, and Al, Si and C maps of Cat-BP5-TOS1. 
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Figure S15-g. Al and Si, C and Si, and Al, Si and C maps of Cat-BP1-TOS2. 
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Figure S15-h. Al and Si, C and Si, and Al, Si and C maps of Cat-BP2-TOS2. 
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Figure S15-i. Al and Si, C and Si, and Al, Si and C maps of Cat-BP3-TOS2. 
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Figure S15-j. Al and Si, C and Si, and Al, Si and C maps of Cat-BP4-TOS2. 
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Figure S15-k. Al and Si, C and Si, and Al, Si and C maps of Cat-BP5-TOS2. 
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Figure S15-l. Al and Si, C and Si, and Al, Si and C maps of Cat-BP1-TOS3. 
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Figure S15-m. Al and Si, C and Si, and Al, Si and C maps of Cat-BP2-TOS3. 
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Figure S15-n. Al and Si, C and Si, and Al, Si and C maps of Cat-BP3-TOS3. 
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Figure S15-o. Al and Si, C and Si, and Al, Si and C maps of Cat-BP4-TOS3. 
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Figure S15-p. Al and Si, C and Si, and Al, Si and C maps of Cat-BP5-TOS3. 

215



Chapter 3 

216 
 

 
Figure S15-q. Al and Si, C and Si, and Al, Si and C maps of Cat-BP1-TOS4. 
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Figure S15-r. Al and Si, C and Si, and Al, Si and C maps of Cat-BP2-TOS4. 
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Figure S15-s. Al and Si, C and Si, and Al, Si and C maps of Cat-BP3-TOS4. 

218



A time- and space-resolved catalyst deactivation study on the conversion of glycerol to aromatics 
using H-ZSM-5 

219 
 

 
Figure S15-t. Al and Si, C and Si, and Al, Si and C maps of Cat-BP4-TOS4. 
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Figure S15-u. Al and Si, C and Si, and Al, Si and C maps of Cat-BP5-TOS4. 
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Figure S16. 27Al and 29Si MAS ssNMR spectra of (a) fresh catalyst and (b) used catalyst after 

TOS of 5 h. (Reproduced from Appl. Catal., B 281 (2021) Article number 119467, 1-14.) 
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