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1.1. Zeolites and their Use as Catalysts 
Zeolites are crystalline aluminosilicates, characterized by a porous network with cages and 

channels of (sub)nanometer dimensions. The main composition of a zeolite-like material 

follows the formula: xM2/nO•xAl2O3•ySiO2•wH2O, where M is a cation, n the cation valence, 

and w corresponds to the water molecules contained within the zeolite material. The main 

building blocks of zeolites are tetrahedral silicon oxide fragments, which by sharing an oxygen 

atom form a three-dimensional network. If other cations than silicon are present during 

synthesis, an isomorphic substitution can take place, which is the replacement of an atom in a 

solid crystalline material without altering its crystalline structure. The most common 

replacements for silicon are either aluminum, phosphor or transition metal ions with a +2 or +3 

oxidation state (i.e., Fe3+)1–4. If a zeolite framework is only composed of SiO4 fragments, the 

overall charge of the framework is neutral. However, replacement of Si4+ by another atom, such 

as Al3+, results in a charge imbalance and the negatively charged framework needs an extra-

framework cation to compensate the overall charge. When this charge of the framework is 

compensated by a proton, Brønsted acid sites are formed, as illustrated in Figure 1.1b. Brønsted 

acid sites are considered to be the main active sites in zeolite-based materials when it comes to 

catalytic activity2. On the contrary, when the charge is balanced by an alkali or metal cation, 

this results in the formation of a Lewis acid site. Al3+ as an extra-framework cation can also 

form Lewis acid sites. 

 

Figure 1.1. (a) Schematic of a 2-D representation of zeolite ZSM-5, possessing a MFI framework with 

yellow representing Si4+ or Al3+ ions and red representing O2- ions, and (b) schematic description of a 

Brønsted acid site inside the zeolite framework, showing how the negatively charged framework is 

neutralized by a proton. 

Zeolites come in many different topologies varying in pore and channel architecture. The 

International Zeolite Association (IZA), founded in 1973, has registered more than 250 
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framework types in its database6. An example of the structure and pore network of the 

industrially important zeolite ZSM-5 is given in Figure 1.1a. The MFI framework structure of 

ZSM-5 is characterized by two types of 10-membered ring channel structures (10-MRs); a 

sinusoidal and a straight channel. The dimensions of these channels, shown in Figure 1.2, range 

from 4.5 to 6.0 Å. Together, their highly crystalline structures, well-defined micropore network 

and their tunable acidic properties make zeolites very well suited for widespread uses in 

different commercial applications as detergents, adsorbents or catalysts7, the latter in particular 

in the petrochemical industry2. 

 

Figure 1.2. 3-D images of zeolite ZSM-5 with the MFI framework structure with 10-membered rings 

(10-MRs), highlighting the (a) straight channels and (b) sinusoidal channels when viewed along the 

[010] and [100] directions, respectively. Color labeling is identical to Figure 1.1. 

Zeolite materials can be divided in synthetic zeolites, which account for 40% of the overall use, 

and natural zeolites (60%). The main manufacturers of synthetic zeolites are UOP (Honeywell), 

CECA (Arkema) and BASF, while the main manufacturers of zeolites specifically used for 

catalysis are Albemarle, BASF and W.R. Grace. The worldwide zeolite market represented 

more than 29 billion USD in 2016, and is expected to further grow with up to 3% annually in 

the next coming years due to increasing global demand for detergents, adsorbents and catalysts7.  

Zeolites are considered to be excellent catalysts for many different types of chemical 

conversions. Their high thermal stability allows their use under harsh conditions such as those 

encountered in, for example, the fluid catalytic cracking (FCC) process. Furthermore, a proper 

choice of zeolite topology can elicit high selectivity to certain products when the material is 

used as catalyst for chemical conversion, a property known as shape-selectivity. ZSM-5, for 
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example, is widely used as catalyst for its combination of shape selectivity and isomerization 

activity, e.g. to obtain branched additives for gasoline8. In addition, this material is also widely 

known to efficiently catalyze the production of Benzene-Toluene-Xylene (BTX) and small 

olefins from methanol9. 

Like many catalyst systems, the catalytic performance of zeolites also suffers from deactivation, 

however, for example by active site poisoning, pore blockage, framework deterioration or 

structure collapse, all compromising catalytic activity. Processes that expose the zeolite to a 

feedstock with a high metal content (metal poisoning), high temperature H2O (steaming) or one 

that produces a large amount of carbon deposits (coking) are, for example, well-known to lead 

to loss of activity5.  

Zeolites are also often endowed with bifunctionality, e.g. by the addition of an active metal 

phase. Such zeolite-supported metal catalysts comprise another family of industrially important 

catalysts. Indeed, the incorporation of metal and metal oxides, such as Pt and Cu oxide clusters, 

leads to the formation of new active sites within the zeolite framework conferring redox 

properties, such as hydrogenation-dehydrogenation activity, to these acidic materials10. There 

are different approaches to introduce metals into the zeolite; either such metal sites can be part 

of the framework, i.e. via the mentioned isomorphic substitution, or be extra-framework, 

usually located in the micropores and cavities of the zeolite as metallic clusters or cations9. 

Either way, the catalytic performance of the zeolites can be tuned to serve a wide variety of 

chemical processes11.  

1.2. Biomass Valorization: Catalytic Fast Pyrolysis Technology 
Present challenges, in particular climate change, motivate the replacement of the commonly 

used fossil resources, such as natural gas, coal and crude oil, by renewable and more sustainable 

feedstocks, such as biomass or municipal waste, for the production of transportation fuels and 

chemicals. Sustainably resourced biomass is an attractive resource capable of providing 

renewable energy, fuels and chemicals. Indeed, lignocellulosic biomass, e.g. residues from 

agriculture, forestry or dedicated energy crops, is the most abundant and renewable carbon 

resource on earth12. The acidic zeolite ZSM-5 is also heavily studied for the conversion of such 

lignocellulosic biomass and lignocellulose-derived oxygenates to produce liquid fuel and 

chemicals, e.g. via the so-called catalytic fast pyrolysis process. Zeolite ZSM-5 turns out to be 

particularly suited for this process due to its high ability to simultaneously perform cracking, 

deoxygenation, dehydration and aromatization reactions13–15.  



Chapter 1 

13 
 

Lignocellulosic biomass is mainly composed of three biopolymers: cellulose, hemicellulose 

and lignin. Figure 1.3 shows the chemical structure of these three biopolymers. The content of 

each fraction within plant material varies enormously, depending e.g. plant type, but typically 

is in the order of ~ 40-50 % cellulose, ~ 30% hemicellulose and ~ 20-30% lignin16. To properly 

convert biomass into value-added products, such as useful chemicals or building blocks, 

(bio)chemical, thermal and catalytic treatments need to be carried out to properly isolate, 

upgrade and transform all its components17.  

 

Figure 1.3. Schematic representation of the three main biopolymers, namely cellulose, hemicellulose 

and lignin, present in lignocellulosic biomass, including their chemical structures. 

Thermochemical processes, that can upgrade biomass into value-added products, include 

gasification, liquefaction and pyrolysis. Depending on the residence time of the biomass in the 

reactor, the heating rate and the reaction temperatures, different types of reaction products can 

be obtained. If biomass is gasified by direct combustion, mainly synthesis gas (i.e., a mixture 

of CO and H2) is produced, a useful source of carbon that can be further converted into fuels 

and platform compounds, e.g. via the Fischer-Tropsch synthesis process18,19. Thermal 

upgrading of biomass at moderate temperatures, short residence times and atmospheric pressure 

is known as pyrolysis13. Biomass pyrolysis is particularly attractive as high-quality liquid-phase 
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and gas-phase reaction products can be obtained with much lower oxygen content compared to 

other processes20. For example, the product distribution obtained during biomass pyrolysis can 

be controlled by changing the applied heating rate. The so-called fast pyrolysis takes place when 

short residence times and fast heating rates are applied, thus enhancing the yield to liquid-phase 

products (i.e., pyrolysis oil). Fast pyrolysis is the most economically feasible technology to 

upgrade biomass into valuable products due to its relatively low operational costs21. The 

pyrolysis oil obtained is a complex liquid, however, composed of many oxygenated 

compounds, including phenols, ketones and aldehydes, next to water. Its highly varied 

composition makes its direct transformation into biofuels or bio-chemicals challenging, as the 

bio-oil is unstable when stored. The high oxygen content, chemical instability, and high water 

content causes operating problems, such as corrosion and catalyst deactivation. The bio-oil is, 

nevertheless, an interesting alternative feedstock for renewable value-added products due to its 

lower sulfur and nitrogen content, when compared to conventional petroleum-derived 

feedstocks, such as vacuum-gas oil (VGO)17. To allow the use of bio-derived pyrolysis oils in 

current industrial infrastructure, e.g. as replacement of VGO oil, there is a need to first and 

foremost reduce the oxygen content of the bio-oil before it can be further processed and 

transformed into value-added chemicals. An interesting strategy that favors the removal of 

oxygen during the conversion of bio-oil into valuable chemicals is by catalytic fast pyrolysis. 

Catalytic fast pyrolysis (CFP) is a modification of thermal fast pyrolysis and makes use of a 

catalyst to upgrade the biomass by a chemo-catalytic process in addition to thermal conversion 

to produce fuels and platform compounds. The most used catalysts for CFP are acidic zeolite-

based materials22–24. The use of zeolites as catalyst during CFP ensures effective oxygen 

removal and catalytic conversion of the biomass feed into higher quality bio-oil25. It is 

noteworthy to mention that in CFP there are two different approaches that can be used for the 

upgrading of biomass into chemicals and fuels. These approaches are named in-situ and ex-situ 

CFP. In the in-situ CFP process, raw biomass is pyrolyzed and subsequently cracked in the 

same reactor in the presence of a catalyst, while in the ex-situ CFP process, raw biomass is first 

pyrolyzed in a separate reactor (i.e., a pyrolyzer) and subsequently, the pyrolysis vapors formed 

are fed into a second reactor, which contains a catalyst26. In the first method, raw biomass is 

directly mixed at high temperature with the catalysts material in the same reactor, resulting in 

almost instantaneous catalyst deactivation. In contrast, for the ex-situ CFP method the catalyst 

is separated from the harsh conditions and complex chemical matrix present in the pyrolyzer 

unit and only the vapors formed, which include non-condensable gases, are fed to the catalytic 
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reactor leading to a more optimum catalyst performance as catalyst lifetime improves. More 

desired reaction products are thus formed, as function of the process conditions chosen, 

resulting in a bio-oil pyrolysis fraction composed of light and heavy hydrocarbons. 

Nevertheless, as in ex situ CFP, there are still several challenges that require attention, such as 

the low carbon yields and still relatively rapid catalyst deactivation13,27.  

Bio-derived olefins and aromatics are often targeted as products in biomass CFP, given that 

they are highly valuable platform compounds with multiple uses. The development of catalyst 

materials to show improved performance during the CFP of biomass towards these product 

categories is therefore a topic of special interest. Several research groups have explored and 

investigated different zeolite topologies (i.e., MFI, BEA, FAU and MOR) for CFP13, of which, 

zeolite ZSM-5 has received special attention as the size of its pores and channels enables high 

selectivity to aromatics and small olefins. The benefit of using zeolites as catalysts is that 

deoxygenation can easily take place at the Brønsted acid sites (BAS) without the need for 

hydrogen to be present. However, efficiency is limited by the often too low hydrocarbon yields, 

primarily because of the strong BAS-induced rapid formation of coke deposits. As mentioned 

in section 1.1, acidity and pore architecture in zeolites determine their product selectivity. 

Therefore, it is expected that an optimal zeolite catalyst for the upgrading of bio-oil needs to 

have sufficiently large pores and mild enough BAS to allow biomass-derived molecules to enter 

the zeolite pores and undergo the required chemical transformations to form the desired 

products, while at the same time avoiding unwanted side reactions (e.g., oligomerization and 

coking).  

As also mentioned above, bio-oil is composed of a complex mixture of oxygenates. 

Consequently, elucidating the reactivity and related transformation of each group of oxygenates 

into the target chemical compounds is expected to be very challenging when feeds of such 

complexity are used directly. Therefore, in many cases, the transformation of single bio-derived 

compounds to model key components present in the bio-oil,  have been used to improve our 

understanding of bio-oil deoxygenation in CFP28–32. In addition to the use of single biomass-

derived compounds as model compounds for bio-oil upgrading, such compounds can also be 

regarded as (isolated) intermediate platform molecules in their own right. The further, 

downstream conversion of these oxygenate platform molecules, regardless of their means of 

production, into renewable aromatics and olefins using zeolites as catalysts is therefore also of 

particular interest31,33,34. Such efforts are the topic of the next section.  
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1.3. Catalytic Fast Pyrolysis of Bio-derived Furans 
An important class of platform molecules that can be obtained via various routes from biomass, 

are the sugar-derived furans. In addition to understanding their chemistry under whole biomass 

CFP conditions as discussed above, the development of chemical conversion routes to further 

convert these bio-derived platform compounds into commodity chemicals is crucial since they 

also foster biomass valorization31,37. 

Figure 1.4. Schematic representation of the different transformations that need to take place to form 

renewable aromatics from raw biomass via catalytic fast pyrolysis (CFP) technology using zeolite 

HZSM-5 as catalyst. 

Pyrolysis of cellulose and/or hemicellulose produces levoglucosan and other anhydrosugars, 

which can be further converted into smaller oxygenated compounds, such as aldehydes, ketones 

or furans, together with CO, CO2 and char38,39. Furans are known to constitute a significant 

fraction of the oxygenates in the bio-oil produced from cellulose pyrolysis. Furan derivatives 

can also be produced via other routes, e.g. via sugar dehydration optionally coupled with 

hydrogenation/decarbonylation and are thus, widely considered as key sugar-derived platform 

molecules. As schematically illustrated in Figure 1.4, these furans in the biomass pyrolysis 

vapors can be converted into aromatics by acid catalysis40–42. For example, Huber et al. 

investigated the conversion of different furan derivatives (e.g., furan (F), 2,5-dimethylfuran 

(DMF), 2-methylfuran (MF) and 5-hydroxymethylfurfural) into alkylated mono-aromatics 

using zeolite ZSM-5-based catalysts43. Next to the targeted aromatics, these experiments also 

produced CO, CO2, H2O and coke (composed of oxygenated oligomers and graphite-like 

coke)44,45. Usually, furan aromatization primarily yields benzene and toluene, trace amounts of 

xylenes (usually p-xylene), olefins as well as coke deposits. It is known that polycyclic aromatic 

coke is usually formed from condensation or oligomerization reactions of monocyclic 

aromatics. Although the reaction mechanism for the formation of aromatics from furan 

derivatives is assumed to involve a hydrocarbon pool mechanism, the intermediates formed 
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within the zeolite pores responsible for the formation of aromatics and coke are still largely 

unknown. Studying the conversion of furans as model or platform compounds, can help to 

unravel the complex mechanisms that operate under biomass CFP conditions within the zeolite 

network and can aid in the development of more efficient means of conversions when these 

furans are considered as platform molecules as such. 

The properties of pristine ZSM-5 zeolite catalysts are not necessarily optimal for the targeted 

furan to aromatics conversion and post-synthetic modifications need to be applied to tailor 

properties such as acidity, porosity or (de)hydrogenation activity. The latter can be tuned by  

the incorporation of metal promoter, such as Ga, Mo or Zn46–50. In previous reports, the addition 

of such metals greatly improved the aromatization efficiency of the ZSM-5 materials when 

hydrocarbons were used as feedstock3,51,52. In such bifunctional systems, the metal (oxide) sites 

promote hydrocarbon dehydrogenation by favoring C-H bonds activation, while with Brønsted 

acid sites from the zeolite material mostly favor hydrogen transfer, cracking, dehydration and 

isomerization reactions, thus ensuring the high selectivity towards aromatics. Furthermore, 

recent investigations revealed that if the metals are confined within the pores and channels of 

zeolites (i.e., as metal nanoparticles or single metal atoms), the size of the reaction intermediates 

can be restricted by the dimension of the micropores, yielding even higher aromatization 

rates55,56. This synergistic effect between the metal (oxide) promoters (i.e., Pt, Zn, Mo or Ga) 

and the Brønsted acid sites, illustrated in Figure 1.5, can also be exploited to enhance the 

selectivity towards aromatics with oxygenated feedstock53,54. 

 

Figure 1.5. Schematic of the possible synergistic effects taking place during the aromatization of 

hydrocarbons over zeolite HZSM-5, loaded with metal (oxide) promotors. 

For example, several investigations performed by Cheng et al. demonstrated that the presence 

of Ga boosted aromatics yields during the conversion of MF and DMF over HZSM-545,57,58. In 
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addition to an enhancement of aromatization rates, some metal supported ZSM-5 zeolites also 

improved carbon yields by suppressing deactivation through coking59. To the best of our 

knowledge, other dehydrogenation metals for the aromatization of furan derivatives have not 

been explored yet, showing the importance of further developments in this field. Thus, the topic 

of using dehydrogenation metal promoted ZSM-5 to convert oxygenated compounds, furans in 

particular, into aromatics will be further explored in this PhD Thesis.  

As discussed above, coking within the zeolite pores and channels during the conversion of 

feedstock compounds can be reduced by the incorporation of metal sites into the ZSM-5 

zeolite60. The formation of complex and heavy condensed carbon deposits is known to be the 

result of hydrocarbon oligomerization and condensation reactions not only at the Brønsted acid 

sites, but also due to thermal consendation61,62. Coke formation then impacts performance by 

acid site and pore blockage41,63,64. Also in furan upgrading, coking is a major drawback for its 

practical operation, since it occurs very rapidly at the zeolite pores and channels40. This process 

is schematically displayed in Figure 1.6 for zeolite ZSM-5. 

 

Figure 1.6. Schematic of the possible reaction products (e.g., aromatics, olefins and coke precursors) 

produced during the catalytic fast pyrolysis (CFP) of furan-type molecules when using zeolite ZSM-5 

as catalyst. 

It has been previously proposed that the conversion of furan over HZSM-5 zeolites follows a 

hydrocarbon pool (HCP) mechanism, in analogy to the well-known Methanol-to-Hydrocarbons 

(MTH) process for the conversion of methanol into light olefins and aromatics. In such a 

hydrocarbon pool mechanism, carbon loses its identity and two different types of coke are 
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formed at different stages40,71–73. At low temperatures, condensation and rearrangements take 

place and oligomers called “soft coke” are obtained. When high temperatures are applied, 

hydrogen-transfer and hydrogenation-dehydrogenation reactions occur giving polyaromatics, 

called “hard coke”. These species consist of highly condensed species that are retained within 

the zeolite micropores, thereby directly affecting catalytic activity64.  

Typical analytical methods used to determine the nature and chemical composition of coke 

deposits are e.g. thermogravimetric analysis (TGA), Fourier transform-infrared (FT-IR) 

spectroscopy, Raman spectroscopy, UV/Vis diffuse reflectance (DR) spectroscopy and 13C and 
1H magic angle spinning (MAS) solid-state nuclear magnetic resonance (ssNMR)67,74. The 

location and distribution of carbon deposits inside the zeolite-based catalyst is a more complex 

task, although techniques, such as temperature programmed oxidation (TPO) with online mass 

spectrometry (MS), physisorption methods and confocal fluorescence microscopy (CFM) can 

be used for that purpose75–77. To investigate if coke deposits are trapped species within the intra-

zeolitic framework structure, a total dilution of the catalyst matrix in hydrofluoric acid solution 

is usually performed. However, this latter technique may alter the chemical structure of the 

carbonaceous deposits extracted, as this strong acid is capable of converting some of the coke 

deposits into other hydrocarbon products. While these analytical techniques do provide some 

insight into the molecular composition of the hydrocarbon compounds retained within the 

catalyst, identification of the actual composition of coke deposits is still a very challenging task 

to accomplish. Despite of the many efforts, the definite mechanism of coke formation from 

furan derivates has not been described yet in great detail. Consequently, we stress here the 

necessity to use in-situ and operando spectroscopic methods to identify reaction intermediates 

to elucidate the reaction pathways to form the target molecules as well as carbon deposits. 

 

1.4. Scope and Outline of the PhD Thesis 

This PhD Thesis aims to explore and optimize the catalytic production of renewable building 

blocks, such as aromatics and olefins, from furan derivatives. To do so, we focus our 

investigation on the catalytic upgrading of lignocellulosic biomass and bio-derived furans as 

platform molecules into aromatics, with a special emphasis on the zeolite-catalyzed 

aromatization of these furans to BTX, as important platform molecules. Diverse catalyst 

compositions and reaction conditions were explored in combination with a variety of analytical 
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methods to get better insights into the catalytic performance as well as the mechanisms 

governing the aromatization of bio-derived furan derivatives.   

Indeed, a more consistent molecular understanding of the catalytic process can be achieved by 

combining catalyst and process modification with in-situ and ex-situ spectroscopic 

characterization techniques. Moreover, analysis under operando conditions facilitates the 

identification of precursors leading to the formation of aromatics and coke. At last, by 

combining the aforementioned approaches, this PhD Thesis aims to give a more detailed picture 

of the reaction pathways taking place within the zeolite pores during the catalytic aromatization 

of furan, including a study aimed at determining the causes of catalyst deactivation, as function 

of the furan derivatives and catalytic system tested. The effect of modifying the Si/Al ratio 

when incorporating mesopores, or when using metallic and non-metallic promotors within the 

zeolite has also been investigated, as both approaches directly influence the number and type 

of Lewis and Brønsted acid sites present and consequently, the overall catalytic performance. 

Furthermore, this PhD Thesis shows the applications of established analytical and spectroscopic 

methods to new processes such as the Furan-to-Aromatics (FTA) process. The use of operando 

UV/Vis spectroscopy, or the investigation of dealumination in a ZSM-5-based catalyst after the 

CFP of biomass by 27Al ssNMR will allow us to bridge the gap between the catalytic 

performance observed during experiments with powdered catalysts used at the lab scale and 

industrially used zeolite ZSM-5-based catalyst bodies used at the bench scale. 

In Part A of this PhD Thesis, the Furan-to-Aromatics process is studied by operando UV/Vis 

DRS with online mass spectrometry (MS). The use of UV/Vis DRS provided insight into the 

reaction intermediates formed, conjugated systems anticipated to exhibit π-π* transitions 

observable by this technique. With online MS, an analysis of the reaction products and by-

products formed during reaction showed us the formation of olefins and BTX aromatics was 

taking place. This state-of-the-art analytical approach allowed us to identify the main 

intermediates formed during the aromatization of furan derivatives, such as monoenyl and 

dienyl or arenium ions, and how these evolve to carbon deposits causing eventually catalyst 

deactivation. In addition, modifications of the benchmark zeolite HZSM-5 catalyst with non-

metallic and metallic promotors were carried out to study their influence on the aromatization 

of furan derivatives. The synthesized catalyst materials were characterized in depth before and 

after reaction to elucidate the main active sites and their role in the aromatization reaction. 

Catalytic testing was performed in a custom-made reactor specially design to allow co-feeding 
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experiments during the aromatization of diverse furan derivatives. Moreover, the structural and 

chemical changes in the catalyst materials after deactivation and regeneration are discussed. 

Chapter 2 describes an operando UV/Vis DRS-MS study of the aromatization of the biomass-

derived furan derivatives F, DMF and MF over zeolite HZSM-5 catalysts with different Si/Al 

ratios and porosity. Identification of reaction intermediates, such as benzofuran, by means of 

in-situ and ex-situ spectroscopy together with the use of a posteriori analytical methods, 

allowed us to put forward a mechanistic proposal for the aromatization of these furan 

derivatives. Further ex-situ catalyst characterization performed after reaction provided insight 

into any changes in the catalyst structure and the overall catalytic (deactivation) process.  

Chapter 3 presents an extended investigation about phosphorus-modified ZSM-5 zeolites by 

combining a large array of characterization techniques, such as 27Al, 31P and 29Si solid-state (ss) 

nuclear magnetic resonance (NMR), Fourier transform-infrared (FT-IR) spectroscopy, and 

temperature programmed desorption (TPD) of NH3 among other methods. Insight in the 

catalytic activity and structural information about the phosphorus species formed after 

impregnation are provided. Catalytic performance measurements during the aromatization of 

DMF and MF for different times-on-stream (TOS) are also described. In addition, the influence 

of ethylene co-feeding was studied during the catalytic conversion of DMF and MF.  

In Chapter 4 HZSM-5 zeolites impregnated with gallium are reported, materials showing a 

synergistic interaction between Ga and H+ sites from zeolite ZSM-5 in the co-aromatization of 

DMF with ethylene. The incorporation of Ga sites into the zeolite structure boosted the amount 

of Lewis acid sites, which are known to favor dehydrogenation and aromatization reactions. By 

using ex-situ and in-situ bulk and (micro)spectroscopic characterization techniques, such as 

confocal fluorescence microscopy (CFM), UV/Vis DRS and X-ray photoelectron spectroscopy 

(XPS), insights in the Ga location and speciation together with catalyst performance of the 

bifunctional Ga/HZSM-5 catalyst system during the aromatization of DMF with ethylene were 

given. 

Chapter 5 describes the aromatization of DMF with ethylene using Zn-promoted HZSM-5 

zeolites as catalyst materials. This chapter is divided in two different sections in which we 

describe the synthesis and characterization of the Zn/ZSM-5 catalyst followed by the 

subsequent catalytic testing to better understand the role of ethylene co-feeding during the 

aromatization of DMF when Zn promotors are present. Based on the prior UV/Vis 

spectroscopic data obtained under operando conditions, together with the ex-situ FT-IR 
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spectroscopy and TPD measurements on the Zn catalysts, a mechanism for DMF aromatization 

with ethylene is also proposed.  

In Part B of the PhD thesis, the CFP process of biomass performed in a bench scale reactor 

where pine wood vapors are used as feedstock (ex-situ CFP) is explored. In order to investigate 

the effect of each bio-polymer present in biomass, upgrading of cellulose is performed as well. 

In all these processes, technical ZSM-5-based catalyst extrudates are used as catalysts. 

In Chapter 6 various lab-scale characterization methods, used in the previous chapters, were 

employed to investigate the technical Al2O3-bound zeolite HZSM-5-based catalyst. Properties 

of the isolated components and the technical catalyst extrudates were carefully investigated to 

understand any repercussions of the extrusion process on catalytic performance. 

Characterization techniques, such as 27Al ssNMR, NH3-TPD, FT-IR and X-ray diffraction 

(XRD), are employed to gain new insights about the possible chemical and physical changes 

that occur upon scale-up to the technical catalyst material. Moreover, the performance of the 

zeolite ZSM-5-based catalyst composites was investigated for the ex-situ CFP of biomass and 

cellulose in a bench-scale reactor. In addition, an extensive catalyst characterization on the 

spent and regenerated catalysts was carried out to gain new insights into the nature and location 

of coke species within the catalyst composites formed after the ex-situ CFP of pine wood and 

cellulose. Using this holistic approach, we have investigated the aromatization and deactivation 

rate that each bio-polymer has on the zeolite ZSM-5-based catalyst extrudates. 

Chapter 7 provides a summary of the main results and conclusions of this PhD Thesis together 

with some future perspectives, which provides suggestions for future research. The thesis ends 

with a summary on the main implications of this research work for industry and our society as 

a whole. 
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Abstract 

The production of renewable platform compounds, such as aromatics and/or olefins, from 

biomass-derived furans via catalytic fast pyrolysis (CFP) technology is recently receiving 

increased attention. However, the low carbon selectivity and rapid catalyst deactivation 

hampers commercialization of this process. To improve the overall efficiency of this chemical 

process, detailed mechanistic insight at the level of the catalyst is needed, which can be obtained 

from operando spectroscopic studies. Operando UV/Vis Diffuse Reflectance Spectroscopy 

(DRS) coupled with online Mass Spectrometry (MS) allowed us to monitor the catalytic 

aromatization of bio-based furans over different HZSM-5 zeolites. Based on the time-resolved 

UV/Vis DRS profiles and online MS signals in which benzene, toluene and small olefins were 

detected, we propose that furan derivatives follow a mechanistic pathway similar to the well-

established dual-cycle (alkene/arene) hydrocarbon pool mechanism (HCP) operating in the 

Methanol-to-Hydrocarbon conversion (MTH). Furthermore, UV/Vis DRS showed that the size 

of the active carbocations formed at the early stages of the reaction depends on the acidity and 

porosity of the catalyst, and that the active species formed during the conversion of furan, 2-

methylfuran and 2,5-dimethylfuran displayed a red shift relative to the number of methyl groups 

of each starting reagent, implying that the size of the active species formed during the reaction 

as function of time on stream will depend on them. Nevertheless, the main mechanism of 

formation turned out to follow the same pathway independent of the type of furan derivatives 

and zeolite Si/Al ratio used.  
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2.1 Introduction 
As discussed in Chapter 1, bio-oils are complex liquids with a high oxygen content (up to 40% 

depending on the origin of the biomass), which can, for example, be obtained from the 

(catalytic) pyrolysis of lignocellulosic biomass and can thereafter be upgraded into commodity 

chemicals and fuels1,2. The main fractions of lignocellulosic biomass are lignin, hemicellulose 

and cellulose. Char, non-condensable gases as well as pyrolysis vapors are obtained once solid 

biomass is converted within a catalytic fast pyrolysis (CFP) reactor. The chemical composition 

of the pyrolysis vapors formed mainly consists of a mixture of oxygenates3. For example, furans 

are directly obtained from the dehydration of cellulose and hemicellulose and can make up ~ 

15% wt. of the bio-oil vapor fraction2,4,5. Given their relative abundance and ease of formation, 

furans are often considered as promising bio-derived intermediates that can be further upgraded 

into value-added chemicals6–8. This upgrading process is schematically illustrated in Figure 2.1.   

 

Figure 2.1. Schematic representation of the different chemical transformations that need to take place 

to form renewable olefins or aromatics from raw biomass, either through bio-derived platform 

compounds (e.g. furans) or in a single step via catalytic fast pyrolysis (CFP). 

CFP is one of the most investigated processes to convert biomass into chemical building blocks, 

such as olefins and aromatics9. The upgrading of biomass to platform molecules often involves 

the use of acidic zeolites, being HZSM-5 zeolites the most commonly used, due to their strong 

dehydration and deoxygenation capabilities10,11. However, already at the very early stages of 

the conversion process, carbon deposits form, which ultimately lead to catalyst deactivation. In 

addition to bio-oil upgrading, the CFP of bio-derived, pure furans to produce aromatics, olefins, 

and bio-fuels over HZSM-5 zeolites has also been investigated. The conversion of bio-derived 

furans has gained increasing relevance due to  the various routes by which they can be 
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catalytically converted into building blocks and their abundance within the bio-oil feed12,13. 

Thus, the conversion of bio-derived furans became a potential route to enhance biomass 

valorization 14. In the last decade, several investigations focused on improving the performance 

of HZSM-5 zeolites during the catalytic conversion of bio-derived oxygenates by boosting the 

yield towards aromatics, while at the same time decreasing the degree of catalyst deactivation15–

17. Modification of the acidic properties by incorporating metal promotors has become a 

common practice, modulating the density of strong Brønsted acid sites in the catalyst, sites 

considered detrimental as they promote catalyst deactivation13,16,18,19. This catalytic technology 

is usually able to convert these class of bio-based oxygenates into aromatics and olefins over 

HZSM-5 zeolites by effectively removing oxygen via decarboxylation, decarbonylation and 

dehydration reactions20. However, despite the many studies performed there is still a lack of 

mechanistic understanding of the reaction pathways taking place, which hampers further 

development of this approach. As is more common for the production of hydrocarbons via the 

well-known Methanol-to-Hydrocarbons (MTH), Methanol-to-Olefins (MTO)21 and Methanol-

to-Aromatics (MTA)22,23 technologies, detailed insight into the diverse mechanistic pathways 

allowed for the design of improved and more efficient zeolite-based catalysts. Analogously, 

improved insights into the mechanistic pathways governing furan conversion should facilitate 

the development of new or improved catalyst formulations.  

A first important contribution to the elucidation of the  reaction mechanism of converting furans 

into aromatics was reported by Grandmaison et al.6. They detected benzofuran both within the 

coke deposits and as a reaction product. Later on, Huber et al., further investigated the 

conversion of furan on zeolite HZSM-5 revealing that benzofuran was also a major reaction 

product during the conversion of furan and suggested that this chemical originates from Diels-

Alder cycloaddition reactions15,24. Moreover, these authors also provided further insight into 

the deactivation pathways, thereby suggesting that benzofuran is considered both a deactivation 

precursor and a reaction intermediate since they revealed that its direct conversion can yield 

both benzene and CO15. Among others, highly condensed coke species, such as indene, 

naphthalene and their alkylated derivatives, were also detected during their experiments. These 

findings are illustrated in Figure 2.2. 
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Figure 2.2. Reaction steps, as proposed by Cheng et al., during the conversion of furan over a HZSM-

5 zeolite as catalyst. Adapted from reference15,16,25. 

Operando spectroscopy could provide further insight into the mechanism, e.g. into benzofuran 

formation and its role during the aromatization of furan, and the eventual path of catalyst 

deactivation due to coke formation. Here, inspiration can be taken from mechanistic studies on 

the related, heavily investigated MTH, MTO and MTA processes26,27. Dahl and co-workers 

have proposed that the MTH process follows a so-called Hydrocarbon Pool (HCP)28 

mechanism, for which the formation of products occurs in a “pool” inside the zeolite 

pores/channels in which carbon loses its identity. Recently performed time-resolved operando 

UV/Vis spectroscopy experiments29–31 coupled with other ex-situ (spectroscopic) 

characterization techniques allowed the identification of both adsorbed cationic and neutral 

species located inside the zeolite domains, based on the detection of reactions intermediates32,33 

and trapped coke deposits34–37. The latest investigations converged on the so-called dual-cycle 

mechanism21, which was initially suggested by Olsbye et al.. This mechanism comprises two 

independent and competing alkene and arene-based cycles that run within the intra-zeolitic 

framework and are responsible for the formation of olefins and aromatics38 (Figure 2.3). In this 

particular case, it is believed that further condensation of the generated aromatics eventually 

causes coke formation and thus, catalyst deactivation. 
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Figure 2.3. Dual-cycle mechanism proposed for the Methanol-to-Hydrocarbons (MTH) process. 

Adapted from reference38. 

First-of-its-kind studies suggested that furans are converted39 at the catalytic active sites of 

zeolite HZSM-5 by a series of oligomerization, alkylation, decarbonylation and dehydration 

reactions, thereby producing aromatics, CO, CO2, H2O and coke deposits7,13,15. Nevertheless, 

the lack of spectroscopic and more specifically, in-situ or operando evidences for these 

mechanistic assumptions, warrants an in-depth operando spectroscopy study of the Furan-to-

Aromatics (FTA) process.  

Interestingly, recent studies on the aromatization mechanism of furan and 2,5-dimethylfuran 

over HZSM-5 proposed that the acid-catalyzed conversion of furan derivatives, after 

protonation of the furan ring, involves a series of ring opening, isomerization and 

tautomerization reactions. These reactions ultimately lead to decarbonylation and dehydration 

to give both olefins and aromatics40. These results were based on a combined temperature 

programmed reduction (TPR) and Fourier transform-infrared (FT-IR) spectroscopy study of 

furan derivatives at low temperatures (i.e., below the temperature of the formation of aromatics, 

300 – 600 °C). However, how these observations translate to the typical high temperature 

reaction conditions remains to be demonstrated. In addition, it is noteworthy that porosity and 

acid density of the zeolite-based catalysts are crucial parameters that need to be optimized since 

they determine the type of reaction product formed and the extent of coke formation. To 

overcome this issue, hierarchical zeolites were proposed as a potential solution41–43, since they 

are known to elongate catalyst life-time in a wide variety of processes. Simple post-synthetic 

methods, such as alkaline treatment, can created zeolite mesoporosity44. 
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The above-mentioned efforts to propose a detailed mechanistic pathway for the formation of 

aromatics have yet to be complemented with a detailed operando spectroscopic study under 

realistic reaction conditions. In this Chapter, we report mechanistic investigations under such 

conditions using an operando approach using a combination of UV/Vis DRS approach and 

online Mass Spectrometry (MS). More specifically, the catalytic conversion of furan (F), 2-

methylfuran (MF) and 2,5-dimethylfuran (DMF) over zeolite HZSM-5 catalysts with different 

Si/Al ratios and porosity have been studied in a time-resolved manner with the aim to obtain 

new insights on the aromatization of furan derivatives obtained during the CFP process. 

 

2.2 Experimental Part 
 

2.2.1 Catalyst Preparation and Chemicals 
For this study, two ZSM-5 zeolites with Si/Al ratios of 15 and 40 were used. The H+ form of 

the catalyst materials was obtained after calcination of two commercial (NH4
+)ZSM-5 zeolites, 

namely CBV 8014 (NH4
+ form zeolite with a Si/Al=40) and CBV 3024E (NH4

+ form zeolite 

with a  Si/Al=15), at 550 °C for 5 h in air. The materials are further labelled as H15 and H40. 

Hierarchical zeolites were prepared following an alkaline treatment described elsewhere45. 

Zeolites (in their H-form) were stirred in 0.2 M NaOH solution at 65 °C for 30 min. Then, to 

obtain the materials in their H+ form the treated sample was stirred in 200 ml 0.1 M NH4NO3 

aqueous solution, with the aqueous solution being refreshed two times after 15 h. Subsequently, 

samples were filtered off, dried and calcined at 550 for 5 h. The hierarchical samples obtained 

were labelled as H15-A and H40-A. Furan (>99%, Sigma Aldrich), 2-methylfuran (99%, Sigma 

Aldrich) and 2,5-dimethylfuran (98+%, Alfa Aesar) were used without any treatment.  

 

2.2.2 Catalyst Characterization and Testing 
X-ray diffraction (XRD) patterns were obtained using a Bruker-AXS D2 Phaser powder X-ray 

diffractometer in Bragg-Brentano mode equipped with a Lynxeye detector. The radiation used 

was a CoKα (λ = 1.79026 Å) source. The XRD patterns were collected in the 2θ range from 5° 

to 50° at a scanning speed of 0.02 °/min and an acquisition time of 1 s per step.   
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Surface area and porosity of the synthesized catalysts were determined by Ar physisorption 

using a Micrometric TriStar II plus Analyzer at -196 °C. Before the experiments, all samples 

were degassed under a N2 flow at 300 °C for 16 h to remove any physisorbed impurities. The 

micropore volume and the surface area were determined by the t-plot method and the Brunauer-

Emmett-Teller (BET) theory, respectively. External surface area was determined by subtraction 

of the micropore volume area from the BET surface area. 

Silicon and aluminum were determined by elemental analysis using an inductively coupled 

plasma-optical emission spectrometer (ICP-OES) analyzer. The experiments were performed 

at Mikroanalytisches laboratorium Kolbe in Oberhauser, Germany. Prior to analysis, all the 

samples were digested in special acid solutions.  

Temperature programmed desorption (TPD) analyses with NH3 as probe molecule were 

recorded in a Micromeritics AutoChem II 2920 to determine both the strength and number of 

acid sites of the materials. 100 mg of sample was placed on the chamber and pre-treated up to 

600 °C under a He flow. The chamber was cooled down and kept at 100 °C before to start the 

NH3 dossing. A 25 ml/min flow of 10% NH3 in He was fed into the chamber using a pulse-wise 

manner until saturation. Afterwards, the temperature was ramped to 600 °C with a heating rate 

of 10 °C/min and kept at that temperature for 25 min more.  

For pyridine Fourier transform-infrared (FT-IR) spectroscopy measurements, the samples were 

grounded and pressed into thin self-supported wafers (~ 25 mg sample). The wafers were placed 

in a sealed FT-IR cell equipped with a vacuum system and a heating system. The wafers were 

pre-treated under vacuum (~10-5 mbar) at 550 °C for 2 h to remove all adsorbates, then was 

cooled down to 40 °C where pyridine vapor was introduced into the cell for 30 min until 

complete saturation. The weakly adsorbed pyridine was removed by evacuation for 20 min. 

Afterwards, the temperature was ramped from 40 to 150 °C at 2.5 °C/min and kept at 150 °C 

for 30 min, after which a FT-IR spectrum was recorded. As described elsewhere46, this 

procedure allows to determine the amount of Lewis and Bronsted acid sites. Afterwards, the 

temperature was ramped up to 550 °C with a heating rate of 2.5 °C/min and kept at that 

temperature for 2 h min to remove all pyridine from the sample. All FT-IR spectra were 

recorded between 4000-1000 cm-1 using a Perkin-Elmer System 2000 FT-IR instrument.  

Thermogravimetric analyses (TGA) were performed with a Perkin Elmer TGA8000 analyzer 

hyphenated with a Hiden HPR-20 Mass Spectrometer (TGA-MS) to analyze the amount and 

nature of the coke deposits formed in the spent catalyst. Prior to starting the measurements, 10 
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mg of spent sample was pre-dried under N2 at 120 °C. Subsequently, the spent sample was 

submitted to 80 ml/min Ar flow and a heating ramp of 10 °C/min from 120 °C to 700 °C was 

applied. The CO2 and H2O MS signals (with m/z 44 and 18, respectively) were recorded during 

all analyses. 

Hydrofluoric (HF) leaching experiments were carried out to extract the retained hydrocarbons 

from the spent catalysts. 30 mg of spent catalyst were added to a solution of 48% HF (ACS 

reagent, Sigma-Aldrich) and stirred for 30 min. The organic compounds were then extracted 

from the aqueous solution with 3 x 1 ml CH2Cl2. The combined extracted organics in CH2Cl2 

were injected in an advanced gas chromatography (GC) system, more specifically a 2D 

GC×GC-MS instrument. The 2D GC×GC-MS (1st column: VF-5MS 30 m, 0.25 mm ID, df 

0.25 μm; 2nd column: VF-17MS, 2.5 m, 0.15 mm ID, df 0.15 μm) data acquisition was 

performed with a Shimadzu GCMS-QP2010 Ultra instrument equipped with a Zoex ZX1 

cryogenic modulator (LN2). The modulation time was 7 s with a jet flow 6 L/min. The column 

was stabilized at 40 °C for 5 min and ramped up to 280 °C at 2.5 °C/min. The injection port 

was at 270 °C and the interface temperature was 300 °C. Injection was 1 µl in split mode (50 

split rate). The modulation applied for the comprehensive GC×GC analysis was a hot jet pulse 

at 100 °C (375 ms) every 7000 ms. The mass range analyzed was 45-500 m/z at 20000 amu/s 

scan speed. The 2D chromatograms were processed with GC Image software (Zoex).  

Operando UV/Vis Diffuse Reflectance Spectroscopy (DRS) experiments were performed in a 

quartz-window reactor (FTIR600, Linkam Scientific Instruments) at 500 °C during 30 min. The 

setup was equipped with a UV/Vis AvaSpec-2048L spectrometer and an AvaLight DH-S-BAL 

light source, as outlined in Figure 2.4. The UV/Vis DRS probe sends the light to the sample 

through six illumination fibers, while the reflection is measured by one read fiber located in the 

center of the probe. 55 mg fresh catalyst was pelletized and introduced inside the reactor. Before 

performing the reaction, the catalyst was activated at 500 °C under an O2 flow for 90 min and 

then was cooled to reaction temperature under N2 flow. The different reagents were fed into the 

reactor by using N2 as carrier gas through a gas bubbler at a weight hourly space velocity 

(WHSV) of 1 h-1 under atmospheric pressure. The reaction products were analyzed using an 

online OmniStar GSD 320 O3 (Pfeiffer) mass spectrometer (MS) equipped with a Faraday 

detector. 
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Figure 2.4. Schematic representation and related illustrations of the operando UV/Vis diffuse 

reflectance spectroscopy (DRS) setup used for studying the aromatization of furan derivatives. The 

reagents and reaction products are analyzed by an online mass spectrometer (MS). 

 

2.3 Results 
 

2.3.1 Bulk Catalyst Characterization 
The crystallinity of the two pristine HZSM-5 zeolites H15 and H40 under study was 

investigated by X-ray diffraction (XRD) (Figure 2.5a), with the typical reflections for MFI 

zeolite crystals being observed for both materials. The most characteristic reflections are (101) 

at 9.2°, (200) at 10.2°, (111) at 10.5°, (332) at 26.9°, (051) at 27.2°, (151) at 27.6°, and (133) 

at 28.4°, which were assigned from the Powder Diffraction File (PDF) database. For the 

hierarchical zeolites, obtained after applying an alkaline treatment, a small shift was observed 

for both H15-A and H40-A. H40-A showed a small shift in the position of reflections towards 

higher values. In terms of crystallinity, no major changes were observed. However, the 9.2° 

peak for H40-A sample shows a relatively lower intensity, indicating that the available 

microporosity system has decreased. Ar physisorption measurements of H40 show a larger 

surface area and pore volume compared to the H15 sample (Table 2.1), as seen before for other 

materials with high Si/Al ratio47. After applying the alkaline treatment, the total micropore 

volume of both H15-A and H40-A materials decreased, while the total pore volume increased 

indicating the formation of mesopores in the system. Furthermore, the lower Si/Al ratio values 

confirm the increase in the density of Brønsted acid sites. 
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Figure 2.5. (a) X-ray diffractograms (XRD) and (b) NH3-temperature programmed desorption (NH3-

TPD) profiles of the pristine H15 and H40 samples, as well as the alkaline-treated H15-A and H40-A 

samples. 

Table 2.1. Overview of the physicochemical data of the four zeolite-based catalysts used in this study, 

as determined by (a) inductively coupled plasma-optical emission spectroscopy (ICP-OES) and (b) Ar 

physisorption at -196 °C. 

Materials 
Si/Al 

ratioa

BET 

Surface 

Area

m2 g-1

(Micro)Pore 

Volume 

cm3 g-1 

Total 

Pore 

Volume

cm3 g-1 

Micropore 

Area 

m2 g-1

External 

Surface 

Area

m2 g-1 

H15 16 407 0.12 0.14 379  28 

H40 39 453 0.14 0.23 388 65 

H15-A 11 389 0.11 0.19 324 70 

H40-A 27 475 0.10 0.39 288 187 

 

The total amount and type of acid sites of the zeolite-based catalysts were measured by NH3-

TPD and pyridine FT-IR spectroscopy. The NH3-TPD profiles are displayed in Figure 2.5b, 

showing two desorption peaks for all samples, corresponding to weak and strong acid sites. The 

NH3-TPD profile for H15 compared to that one for H40 revealed a higher amount of strong 

acid sites, as expected due to the lower Si/Al ratio. Upon desilication, however, the NH3-TPD 

profiles showed an overall increase of the number acid sites, especially of the weak acid sites, 

which is summarized in Table 2.2, confirming an overall increase in the acidity of the alkaline 

treated samples. Moreover, the strength of the weak and strong acid sites for the H40-A sample 
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shifted to lower temperatures, something which is not really expected or observed before in 

literature.  

Table 2.2. Overview of the acidity data of the four zeolite-based catalysts used in this study, as 

determined by aNH3-temperature programmed desorption (TPD) and bPyridine Fourier transform-

infrared (FT-IR) spectroscopy. 

Materials 

Amount of 

acid sitesa  

μmol g-1 cat 

Weak  

acid sitesa 

°C 

Strong 

acid sitesa 

°C 

Lewis 

acid sitesb  

μmol g-1 

cat 

Bronsted 

acid sitesb 

μmol g-1 

cat 

Accessibility 

Index 

(ACI)48 

H15 940 238 434 100 363 0.50 

H40 400 209 403 32 195 0.56 

H15-A 1050 230 413 128 350 0.45 

H40-A 590 188 365 51 108 0.26 

 

After adsorption of pyridine onto the zeolite-based catalysts, Brønsted acid sites (BAS) and 

Lewis acid sites (LAS) were determined with FT-IR spectroscopy and the obtained data are 

summarized in Table 2.2, while the spectroscopic data are shown in Figures 2.6 and 2.7 for the 

pristine and alkaline-treated samples, respectively.   

The FT-IR band located at ~ 1490 cm-1 is assigned to the interaction of pyridine with both Lewis 

and Brønsted acid sites. The FT-IR bands at ~ 1600 cm-1 correspond to H-bonded pyridine on 

zeolite silanol groups, while the vibrations of the pyridinium ion and physisorbed pyridine can 

be observed from 1600 cm-1 to 1637 cm-1 and at ~ 1440-1445 cm-1, respectively. Regarding the 

OH stretch region (ranging from 3500 to 3700 cm-1), there are some changes taking place upon 

the addition of pyridine. More specifically, there is a decrease in the band intensity related to 

external silanol groups (3743-3746 cm-1) and OH Brønsted acid sites (3608-3610 cm-1), as 

shown in Figures 2.6a and Figure 2.6c.  

Interestingly, the H15 zeolite sample shows the highest amount of BAS and LAS (Figure 2.6b), 

in accordance with the NH3-TPD results. The slight discrepancy between the results on acidity 

obtained by NH3-TPD and pyridine FT-IR spectroscopy, also observed in previous studies, is 

most probably related to two factors; the size of the probe molecule used for each of the acidity 

measurements, and the temperature difference between each experiments, since NH3-TPD 
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experiments are recorded from 100 °C to 550 °C, while the pyridine probed FT-IR spectroscopy 

experiments underestimate the amount of acid sites since are calculated after recording a 

spectrum at 150 °C (i.e., the weaker acid sites were removed)51–53.  

 

Figure 2.6. Fourier transform-infrared (FT-IR) spectra taken during pyridine adsorption at 30 °C until 

saturation of the pristine H15 (a-b) and H40 (c-d) samples. The black spectrum corresponds to the fresh 

materials after drying under high vacuum at 550 °C for 2 h and the blue spectrum corresponds to the 

same materials after saturation with pyridine. 

For a more accurate evaluation on the determination of the acid sites by pyridine FT-IR 

spectroscopy, the accessibility index (ACI) was calculated48,49. This value correlates the 

detected acid sites by the pyridine probe with the total number of acid sites (i.e., as determined 

by NH3-TPD). As tabulated in Table 2.2, the ACI for the two hierarchical zeolites under study 

decreased compared to the corresponding pristine zeolites, which is especially pronounced for 

the H40-A sample. As previously reported54,55, alkaline treatments might cause a decrease in 

both the amount and accessibility of the acid sites due to a partial dealumination (thereby 

decreasing the amount of framework aluminum), leading to EFAl formation. This implies that 

the alkaline treatment conditions applied in this work for the synthesis of the H40-A sample 
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was not optimal suggesting that a milder treatment needs to be applied to create mesoporosity 

without reducing the accessibility/amount of acid sites.   

For the FT-IR spectra of the hierarchical zeolites shown in Figure 2.7, the bridging hydroxyl 

band assigned to BAS (located at ~ 3610 cm-1) of H15-A zeolite sample showed a relative 

increase respect to the external silanol band (located at ~ 3745 cm-1) compared to the pristine 

zeolite samples49 (Figure 2.7a). This observation suggests that there is a higher number of BAS 

present in the H15-A sample relative to the parent H15 sample. In addition, two extra FT-IR 

bands (3664 and 3780 cm-1) corresponding to OH groups from extra-framework aluminum 

(EFAl) can be observed for the H15-A when compared to the pristine H1549,50. In the case of 

the H40-A sample, the intensity of the bridging hydroxyl band (Figure 2.7c) decreased with 

respect to that observed for the parent H40 sample, thereby confirming our working hypothesis 

mentioned above: BAS sites are less accessible for pyridine after desilication. Overall, upon 

pyridine adsorption onto the H15-A and H40-A samples (Figures 2.7b and 2.7d), almost no 

differences in terms of wavenumber shift (Δν) were observed with respect to their parent 

versions, suggesting that a slight increase in acidity was observed, while preserving the 

structural integrity of the zeolite framework. 
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Figure 2.7. Fourier transform-infrared (FT-IR) spectra taken during pyridine adsorption at 30 °C until 

saturation of the alkaline treated H15-A (a-b) and H40-A (c-d) samples. The black spectrum 

corresponds to the fresh materials after drying under high vacuum at 550 °C for 2 h and the orange 

spectrum corresponds to the same materials after saturation with pyridine. 

 

2.3.2 Operando UV/Vis Diffuse Reflectance Spectroscopy 

Previous studies on the mechanisms of reaction and deactivation of the MTH, MTO and MTA 

processes showed that carbenium ion intermediates are formed within the zeolite pores, and 

these species serve as precursors for the formation of olefins and aromatics19,56. In some cases, 

these adsorbed cations may also grow into larger species and can eventually be retained inside 

the zeolite pores causing catalyst deactivation56. All these species can be observed by UV/Vis 

DRS due to the presence of π-π* and n- π* transitions, which appear in the UV/Vis region of 

the electromagnetic spectrum. The exact presence of these electronic transitions depends on 

both the charge and size of the organic molecules with the following general rule of thumb: the 

larger the conjugated nature of the alkenyl carbenium species, the higher the λmax of the 

absorption band related to this species. Early studies performed by Kiricsi et al. on the 

characterization by UV/Vis and FT-IR of carbenium ions in acidic zeolites demonstrated that 
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the presence of diverse substituents in the intermediates formed had a direct influence in the 

wavelength of absorption. For example, more alkyl substituents led to a larger red shift56. 

Chowdhury et al. also observed a similar trend during the alkylation of benzene. They observed 

a red shift in wavelength, but when increasing the electron-donating character of the 

substituents. By increasing the electron-donating character of the alkyl groups attached to the 

reaction intermediates formed inside the zeolite, the λmax of these hydrocarbon species appeared 

at higher wavelengths in UV/Vis57. 

In this work, we have applied time-resolved operando UV/Vis DRS spectroscopy to investigate 

hydrocarbon formation at 500 °C during furan (F), 2-methylfuran (MF) and 2,5-dimethylfuran 

(DMF) aromatization within the parent and hierarchical HZSM-5 zeolites. The spectroscopic 

data obtained are shown in Figure 2.8 and 2.9. As the aim was to work under operando 

conditions, the experimental conditions were chosen such that they fall within the kinetic 

regime favorable for the production of aromatics58. As seen previously40,57, the tested furan 

derivatives, differing in  the number of methyl groups, showed different band intensities and 

positions.  

Based on the state of the art, understanding of the mechanism on the MTH process, as well as 

the conversion of related oxygenates over zeolite catalysts21, we propose that  the catalytic 

conversion of furans  to olefins and aromatics is governed by a pathway similar to the MTH 

pathway. Initially, and independently of the feedstock used, the catalytic reactions taking place 

on the BAS sites of a zeolite are known to proceed via the formation of carbenium ions59–62, the 

formation of which involves the protonation of the substrate in the zeolite pores followed by a 

subsequent propagation stage (i.e., ring-opening, cracking, dehydration, decarbonylation, 

oligomerization or cyclization).  

An overview of the general assignments of the different UV/Vis absorption bands observed is 

given in Table 2.3. At the very early stages of the aromatization of the furan derivatives three 

main absorption bands appear, which are ascribed to three diverse functional groups: i) a first 

group of absorption bands arise at 256-265 nm, which correspond to π-π* transitions of neutral 

aromatics formed (including furans)57,59; ii) a second group of absorption bands are observed at 

323-334 nm, which correspond to the formation of monoenyl carbenium ions, which are 

considered the active species within the alkene cycle33,56,63, and iii) the last, and most intense 

group of absorption bands, appear between 398-414 nm, which most probably correspond to 

dienyl carbenium/arenium ions (and a part of the arene cycle)33,56,59. Thus, with the 
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experimental detection of aromatics (i.e., neutral and cationic species), we confirm that we are 

working under operando conditions. Subsequently, these active species undergo hydrogen 

transfer and alkylation reactions yielding olefins and aromatics as reaction products. After the 

reaction evolves further, the formation of a broad absorption band, which arises at 573-692 nm 

(depending on the furan derivative and zeolite catalyst used) is assigned to the so-called charged 

π-zeolite-aromatic complexes and large neutral polyaromatic species (coke precursors)64.  

Table 2.3. Summary of the UV/Vis absorption bands, as measured with diffuse reflectance spectroscopy 

(DRS), observed during the aromatization of furan derivatives over zeolites.  

UV/Vis Absorption 

bands, λ /nm 
Absorbance Species assigned Reference 

250-270 Strong 
Neutral (alkylated) aromatics/ 

Furans 
59,65,66 

300-400 Weak Monoenyl carbenium ions 56,59,63 

400-500 Strong 
Dienyl carbenium and arenium 

ions 
57,63 

>500 Weak 

π-interaction of zeolite-

aromatic complexes/ neutral 

coke species 

56,57 

 

It is important to note that trienyl carbenium ions (461-552 nm) were only observed when using 

the H40 sample64, indicating that their formation is possible but restricted by the zeolite pore 

size. Their detection is in line with the observed change in the color of the catalyst (from 

yellow/red to grey/black), indicative of catalyst deactivation15,31. The red shift observed for 

each absorption band depended on the furan derivatives used and correlated with the extent of 

methylation of the furan, with more electron donating groups stabilizing the zeolite-trapped 

carbocations more effectively40,57,59. Another remarkable aspect of the absorption bands 

observed for almost all reactants is that some of them shift as a function of increasing time-on-

stream towards higher wavelengths and furthermore increase in intensity, indicating the gradual 

growth of the π-systems and an increase in abundance of those species inside the zeolite 

channels. At the end of the reaction, some more pronounced absorption bands located around 

550 and 600 nm were detected, which correspond to highly condensed coke species (as is very 

noticeable in Figure 2.8b). 
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Figure 2.8. Operando UV/Vis diffuse reflectance (DR) spectra obtained (0-5 min) during the conversion 

of furan, 2-methylfuran and 2,5-dimethylfuran when using (a) H15 and (b) H40 as catalyst materials. 

Reaction Conditions: Treaction = 500 °C for 30 min with WHSVF = WHSVMF =WHSVDMF = 1 h-1.  

The UV/Vis absorption bands detected with the HZSM-5 zeolites in the Furans-to-Aromatics 

(FTA) process resemble those seen in the MTH process21. This suggests that although the 

carbon sources are different, the main active species are similar67,68. Despite the difference in 

reaction temperature between both processes (MTH vs. FTA), several active/intermediate 

species, such as monoenyl and arenium carbenium ions, detected during the MTH were also 

present and evolved similarly during furan conversion69,70. These similarities and the fact that 

both olefins and aromatics are formed during FTA, support the proposal that dual olefinic and 

aromatic cycles are being propagated within the HZSM-5 zeolite pores69,71. 

Aromatics formation occurred faster with H15 than with H40, as indicated by the mainly well-

resolved and pronounced absorption bands. These main bands, corresponding to neutral and 

charged aromatic species (256-265 nm) appear upon adsorption, protonation and reaction of the 

furan derivatives. This is also seen in the online MS data (Figures 2.10a and 2.11a) with more 

benzene, toluene and traces of xylenes being detected. With increasing time-on-stream and 

rather rapidly, further transformations take place giving rise to the presence of carbenium ions, 

which result in the formation of absorption bands located at 323-334 nm and 409-412 nm57. 

Unexpectedly, together with the absorption band at 602-692 nm, the (combination) band at 409-
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412 nm developed into one of the most intense absorption bands when using the H15 sample. 

When comparing different catalyst materials with the same feedstock, the difference in the 

amount of strong acid sites (more specifically the BAS) between H15 and H40 seems to be 

linked to the differences in the UV/Vis DRS spectra56,57, which becomes more apparent when 

a less reactive furan derivative is being used as feedstock. In short, these results demonstrated 

that the higher the number of BAS, the easier the reaction intermediates (e.g., monoenyl and 

enyl carbenium ions) can be visualized by UV/Vis. We suggest that this might be related to the 

acid strength of the respective BAS in the H15 samples. Regarding feedstock reactivity, the 

lack of well-resolved UV/Vis bands observed in some spectra is in line with the increasing 

furan derivatives reactivity used. These observations suggest that for highly active feedstocks, 

such as furan, faster adsorption, cracking (e.g., formation of carbenium ions), cyclization and 

desorption reactions occur simultaneously than with less reactive reagents, such as DMF.  

The hierarchical H15-A and H40-A zeolites (Figure 2.9) showed several differences in FTA 

when compared to the parent H15 and H40 zeolites. First, the overall and relative intensity of 

the bands are lower than the UV/Vis spectra obtained from the parent zeolites. Regarding the 

most pronounced UV/Vis bands, there is a competing growth observed for the bands at 319-

336 nm and 390-416 nm, the latter being the predominant one at the later reaction stages 

together with the coke deposits bands (above 500 nm). This indicates that the ratio of large to 

small active species is lower than when using smaller pore size systems. In this case, we have 

two factors that influence that, the larger pore system and the higher acidity, suggesting that the 

pore system is also key and are responsible for the size of the active species formed, as reported 

in previously69. Second, a slight blue shift for some of the absorption bands is seen (specially 

for bands above 500 nm). Even though these catalysts have increased mesoporosity, access to 

the zeolite channels is partially limited, as indicated by the accessibility values (ACI) for the 

hierarchical zeolites discussed above (see Table 2.2). The lower ratio of larger to smaller active 

species would be in line with this21,70.  
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Figure 2.9. Operando UV/Vis diffuse reflectance (DR) spectra obtained (0-5 min) during the conversion 

of furan, 2-methylfuran and 2,5-dimethylfuran when using (a) H15-A and (b) H40-A as catalysts. 

Reaction Conditions: Treaction = 500 °C for 30 min with WHSVF = WHSVMF =WHSVDMF = 1 h-1. 

In summary, all UV/Vis DR spectra recorded expectedly showed a trend of formation of smaller 

to larger species as function of time-on-stream. Initially, smaller active species are formed 

which seem to evolve to larger species via oligomerization and aromatization reactions. At 

longer reaction times, broad band emerged above 500 nm, corresponding to the formation of 

polyaromatic coke deposits in and on the catalyst. The most well-resolved UV/Vis spectra were 

mostly obtained when using the H15 and H15-A zeolite as catalysts. Especially at early reaction 

stages, well-resolved bands around ~ 250, 330 and 400 nm are observed, with, in some cases, 

the latter prevailing even at longer reaction times (see Figure 2.8a).  

In Figures 2.10 and 2.11 the MS data monitored during 30 min of reaction over H15 and H15-

A is shown, providing qualitative trends on product formation and catalyst stability. As general 

observations, for all catalyst after normalization, different conversions were attained for each 

furan derivatives at the same WHSV values. The reactivity of the furan derivatives employed 

as feedstock is as follows: F >> MF > DMF (Figure 2.9d). Indeed, furan shows strong 

chemisorption on the Brønsted active sites of the HZSM-5 zeolite40. Cheng et al. demonstrated 

also its high reactivity since, even at room temperature, furan is able to be converted into 

oligomers15. The more rapid deactivation seen with F in comparison with MF and DMF is also 
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thought to be directly related to this higher (unselective) reactivity. As a result, a pronounced 

steep slope was displayed for the furan MS signal after 15 min time on stream. The main mono-

aromatics detected were benzene (m/z = 78) and toluene (m/z = 91), while just trace amounts 

of xylenes (m/z = 106) were detected. The highest amount of benzene and toluene was observed 

during furan aromatization after 20 min time-on-stream. Olefins (ethylene (m/z = 26), allene 

(m/z = 40)), CO2 (m/z = 44) and H2O (m/z = 18) were the main detected products, with more 

CO2 being formed than water, suggesting that the predominant pathway of deoxygenation is 

via decarboxylation. In addition, It is noteworthy to remark that for all furan derivatives the 

CO2 MS signal appeared at the same reaction time and followed as the MS signal for BTX, 

suggesting that deoxygenation mainly occurs via decarboxylation reactions, as observed in 

previous works15,40. The CO mass signal (m/z = 28) could not be monitored as function of time, 

as it overlaps with the MS signal of N2 (carrier gas). A time delay (dead time) of roughly 5 to 

10 min in the MS data (depending on the furan derivative employed) is caused due to the time 

the compounds take to reach the MS analyzer from the reactor cell, since different gas flows 

were used to have the same WHSV for all the reagents. Only with furan as substrate, benzene 

and toluene production increased up to a steady state, which later on starts to decrease, as did 

aromatics formation in general (see Figure 2.10a). For all the reactions, species larger than 

mono-aromatics (such as naphthalene and benzofuran) were not detected. If formed, they may 

not have reached the MS analyzer, since the outlet of the reactor setup was not heat-traced. 
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Figure 2.10. Time-resolved mass spectrometry (MS) data monitored during the aromatization of furan 

(m/z = 68) (a and d), 2-methylfuran (m/z = 82) (b and e) and 2,5-dimethylfuran (m/z = 96) (c and f) 

when using H15 zeolite as catalyst. The MS signals of all ion currents have been normalized by one of 

the N2 fragmentation ions (14 m/z), which was used as carrier gas. Insets from 5 to 20 min reaction time 

for the Figure 2.10e and 2.10f are shown in the top-right of each figure.  

In addition, the intense MS signals for CO2 and H2O could be due to a contribution from part 

of the coke deposits in and on the catalyst, which are being desorbed from the catalyst surface 

as the reaction proceeds, as suggested by other authors72,73. Formation of allene and ethylene 

occurs simultaneously with the formation of aromatics. However, while aromatics formation 

decreased during the conversion of furan, allene and ethylene signals reach a quasi-steady state 

followed by a slight increase before 30 min reaction. This increase in the detection of low 

olefins might suggest a decrease of the aromatization rates due to the partial deactivation of the 

strong BAS within the zeolite, in line with previous studies59,74. Based on the MTH dual-cycle 

mechanism, once the arene cycle starts slowing down its propagation, the reaction rate to olefins 

should start increasing, since they are competing cycles running simultaneously in the intra-

zeolitic framework. At prolonged reaction times, the formation of carbon deposits is 

unavoidable, and the pore blockage is detrimental for the formation of aromatics. 

Unfortunately, UV/Vis spectra cannot confirm the above, as highly condensed coke species 

rapidly dominate the spectra, already at very early reaction stages. This precludes one to 
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distinguish if the formation of olefins (from monoenyl or dienyl carbenium ions) is 

predominantly occurring over the formation of arenium ions (see Table 2.3).  

 

Figure 2.11. Time-resolved online mass spectrometry (MS) data monitored during the aromatization of 

furan (m/z = 68) (a and d), 2-methylfuran (m/z = 82) (b and e) and 2,5-dimethylfuran (m/z = 96) (c and 

f) when using H15-A zeolite as catalyst. The MS signals of all ion currents have been normalized by 

one of the N2 fragmentation ions (14 m/z), which was used as carrier gas.  

With H15-A zeolite (Figure 2.11a), due to its higher acidity, furan conversion was higher, the 

aromatics formed faster and the catalyst deactivated faster than with H15. Overall, despite the 

faster aromatization, the incorporation of mesopores in H15 therefore did not, as anticipated, 

seem to either lower the rate of deactivation or favor selectivity to aromatics. Benzene and 

toluene were detected as mono-aromatics, but xylenes were hardly formed. In addition, over 

time, allene and ethylene MS signals are slightly higher than with the parent H15 zeolite, in 

accordance with the rapid decrease in aromatics production. Furthermore, slightly more CO2 is 

formed than when using the parent H15 zeolite catalysts, also in line with the faster formation 

of aromatics.  

The MS results for the aromatization of furan derivatives over the parent H40 and the 

hierarchical H40-A zeolites as catalyst are shown in Figure 2.12 and 2.13, respectively. In this 

case, the slightly larger pore size and lower acidity of the H40 zeolites, as demonstrated by Ar 

physisorption and NH3-TPD, yielded less aromatics in comparison to the H15 zeolite catalysts 
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in almost all cases. Benzene and toluene are predominantly observed when using furan as 

reactant and H40 as catalyst. During the aromatization of the other furan derivatives, MF and 

DMF, benzene and toluene amounts did not plateau as when F was used as reagent, which 

indicates that the aromatic cycle continues propagating almost in parallel with the olefinic cycle, 

since some olefins were also observed at the same reaction times (insets in Figure 2.12e and 

Figure 2.12f). 

 

Figure 2.12. Time-resolved online mass spectrometry (MS) data monitored during the aromatization of 

furan (m/z = 68) (a and d), 2-methylfuran (m/z = 82) (b and e) and 2,5-dimethylfuran (m/z = 96) (c and 

f) when using H40 zeolite as catalyst. The MS signals of all ion currents have been normalized by one 

of the N2 fragmentation ions (14 m/z), which was used as carrier gas. Insets from 5 to 20 min reaction 

time for the 2.12e and 2.12f figures are shown in the top-right of each figure.  

Regarding the formation of allene and ethylene, similar trends are seen as for the two H15 

catalysts. The hierarchical zeolite catalyst again showed a fast decrease in the benzene and 

toluene signals during the conversion of furan (Figure 2.12a), which start decreasing after 20 

and 25 min reaction, respectively. The higher acid density and larger pores favor the faster 

production and subsequent condensation and oligomerization of the aromatics formed, which 

are known to be precursors to coke species75,76. Furthermore, large pores can accommodate 

larger coke species, thus promoting a more rapid deactivation of the catalyst.  
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Figure 2.13. Time-resolved online mass spectrometry (MS) data monitored during the aromatization of 

furan (m/z = 68) (a and d), 2-methylfuran (m/z = 82) (b and e) and 2,5-dimethylfuran (m/z = 96) (c and 

f) when using H40-A zeolite as catalyst. The MS signals of all ion currents have been normalized by 

one of the N2 fragmentation ions (14 m/z), which was used as carrier gas. Insets from 5 to 20 min reaction 

time for the 2.13e and 2.13f Figures are shown in the top-right of each figure. 

 

2.3.3 Analysis of Carbon Deposits  
To further elucidate the amount and nature of the carbon deposits formed, those catalysts 

showing the fastest deactivation (after 30 min reaction) have been analyzed after reaction with 

thermogravimetric analysis with online mass spectrometry (TGA-MS) and 2D gas 

chromatography with mass spectrometry (2D GC×GC-MS).  
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Figure 2.14. Thermogravimetric analyses (TGA) of spent HZSM-5 zeolite-based catalysts after furan 

aromatization at 500 °C for 30 min. 

The TGA profiles of all samples, shown in Figure 2.14, show that the removal of carbon 

deposits was not complete at 700 °C, with the remainder likely being the so-called hard 

graphite-like coke deposits77. Soft and hard coke are known to be observed at low temperatures 

(150-400 °C) and high temperatures (400-600 °C), respectively76.  

In Table 2.4, a summary of the different weight losses calculated at the different stages (drying 

and calcination) during the TGA analysis is shown. Strikingly, although the catalytic MS results 

showed that H15-A deactivated faster, TGA analyses showed that the H15-A spent catalyst had 

the lowest amount of carbon deposits after 30 min of reaction (3.6%). The catalyst weight loss 

during the drying step (performed at 120 °C for 20 min) was ~ 1-1.5 wt. % for the H15 sample, 

while a lower weight loss was displayed for the H40 sample. The presence of mesopores in the 

system was only favorable for the H15 catalysts, since a lower formation of coke was observed 

at high temperatures (i.e., hard coke). For H40-A, a higher amount of coke was formed relative 

to its H40 counterpart sample58.  
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Table 2.4. Normalized weight losses, as obtained with thermogravimetric analysis (TGA), from the 

spent catalysts after performing furan aromatization for 30 min at 500 °C. 

Catalyst 

Weight loss during 

drying  

(30 – 120 °C), in wt. % 

Weight loss during 

calcination  

(50 – 700 °C), in wt. % 

Total weight 

loss 

in wt. % 

H15 1.1 4 5.1 

H15-A 1.6 2 3.6 

H40 0.6 3.3 3.9 

H40-A 1 3.5 4.5 

 

The evolution of H2O and CO2 were monitored with TGA-MS under Ar atmosphere. The 

corresponding online MS data for H2O and CO are shown in Figure 2.15a and 2.15b, 

respectively, for both the drying and the calcination steps. The sharp H2O signal after 10 min 

showed the water released during drying. Upon calcination, we have observed an increase in 

H2O desorption followed by a plateau (after 70 min), indicating that water desorption has ceased 

and most of the carbon deposits burnt off at low temperature are oxygenated organic compounds 

(which we assume to be soft coke). The online MS results for CO also showed that its mainly 

detected during the drying step and at low temperatures (below 350 °C). These results suggest 

that oxygenated compounds are present within the carbon deposits retained in the spent 

catalysts. While at higher calcination temperatures, mass loss is more due to decomposition of 

aromatic compounds, lean or deficient in oxygen, given the lower signal for CO and H2O. This 

observation is in accordance with what has been previously proposed in literature78. More 

specifically, it indicates that the formation of carbonaceous deposits at low temperatures 

involves mainly condensation and rearrangement steps, which implies that these hydrocarbons 

deposits are generally (oxygenated) oligomers from the reactant. The high temperature coke is 

generally poly-aromatic in nature, its formation involving also hydrogen transfer reactions and 

dehydrogenation steps on the acid sites. 
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Figure 2.15. Monitored online mass spectrometry (MS) signals of (a) H2O (m/z = 18) and CO (m/z = 

29) during the thermogravimetric analysis (TGA) measurements of four spent HZSM-5 zeolite samples 

under study.   

To further identify the hydrocarbons trapped inside the spent catalyst materials, extraction of 

the retained hydrocarbons from the spent HZSM-5 zeolite catalyst  after the conversion of MF 

at 500 ºC was performed by HF leaching64. This approach allowed us to gain insights about the 

possible reaction intermediates and coke precursors formed during the aromatization of MF. 

This substrate/catalyst combination was chosen because it showed a high MS signal to benzene 

and toluene and a lower rate of deactivation (see Figure 2.12). After the HF leaching 

experiment, the dichloromethane soluble organic compounds were analyzed by 2D GC×GC-

MS. In Figure 2.16 the 2D chromatogram with the assignment of the most relevant peaks at 500 

°C is shown.  

The most abundant compounds retained in the spent catalyst were oxygenated compounds, such 

as furan derivatives, phenol and methylated benzofurans. Elucidating the compounds at higher 

retention times (which can be found in the top-right of the chromatograms) was challenging as 

the data base available for those compounds was limited and the MS library suggestions seemed 

to be misleading. One of the most abundant species detected in the chromatogram  were 

methylated benzofurans, which is in accordance to the findings reported by Huber et al.15. That 

methylated benzofurans instead of benzofuran were observed is because MF was used instead 

of F as starting reagent.  
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Figure 2.16. 2D GCxGC obtained after the injection of the organic phase extracted (in CH2Cl2) after 

the HF leaching of the spent catalyst (i.e., H40 zeolite) obtained during the aromatization of MF at 500 

°C for 30 min. 

At low retention times, oxygenated compounds, such as furan derivatives and phenol, were also 

identified, in addition to methylated benzofurans. Different linear hydrocarbon chains were 

observed, again showing that at such high temperatures, 500 °C, both cracking and 

aromatization reactions take place15,79.  

The detection of methylated benzofurans in the spent catalysts, prompted us to study the role 

of these compounds further by testing benzofuran as feedstock on a fresh H40 zeolite. In 

previous works, Huber et al. proposed that benzofuran was one of the main products formed at 

low reaction temperatures during the conversion of furan. Furthermore, it was suggested that 

benzofuran was possibly a reaction intermediate to aromatics since it was also detected at higher 

reaction temperatures, but up-to-date, little evidences has been presented to confirm this 

hypothesis58.  

In Figure 2.17a, the UV/Vis DR spectrum of benzofuran at RT after its addition to the zeolite 

material is shown. The main absorption bands were assigned as follows: the sharp bands at ~ 

271 and ~ 280 nm correspond to the absorption of neutral benzofuran, and therefore, we assume 

that bands centered at ~ 397, ~ 480 and ~ 615 nm correspond to (protonated) benzofuran 

interacting and possibly being already converted within the zeolite framework80. These UV/Vis 

absorption bands detected at RT are in line with some of the UV/Vis bands observed during the 
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conversion of MF at 500 °C, as shown in Figure 2.8a. Although benzofuran was not monitored 

by MS, these results indicate that benzofuran is one of the main compounds formed (and 

trapped) within the intra-zeolitic structure of H40 zeolite catalyst at these reaction conditions.   

To corroborate our hypothesis, benzofuran was then tested as feed at 500 °C over the H40 

zeolite catalyst. The MS signals obtained during the conversion of benzofuran are shown in 

Figure 2.17b, 2.17c and 2.17d. 

 

Figure 2.17. (a) UV/Vis diffuse reflectance (DR) spectrum recorded at RT from H40 zeolite 30 s after 

the addition of benzofuran; (b) CO2 mass spectrometry (MS) signal (m/z = 44), (c) benzofuran, benzene 

and furan, and (d) CO MS signal (m/z = 29) monitored during the conversion of benzofuran at 500 °C 

for 30 min at H40 zeolite as catalyst. Reaction Conditions: Tbubbler saturator =105 °C with a N2 flow = 10 

ml/min at 500 °C for 30 min (55 mg catalyst). 

As the reaction evolves over time, after 15 min, the signal of benzene (Figure 2.17c) increases 

as function of time. Simultaneously, the CO signal (Figure 2.17d) increases as well, indicating 

that benzene is being formed during the conversion of benzofuran by decarbonylation. This, 

suggests that benzofuran (or methylated benzofuran in case of MF aromatization) could be a 

possible reaction intermediate, in line with the proposal of Huber and co-workers that 
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benzofuran is formed and is part of the hydrocarbon pool58,80. Furthermore, it remains as a coke 

precursor, as the GC×GC-MS data revealed.  

 

2.4. Discussion 
The UV/Vis DRS data and online MS data of the different zeolite/substrate combinations under 

study show how the ratio of olefins to aromatics produced is determined by the starting reagent, 

the density of acid sites and the porosity of the zeolite used. UV/Vis DR spectra showed a fast 

aromatization rate for low Si/Al ratio zeolites, when converting highly reactive furan 

derivatives. For example, with H15 as catalyst and furan as starting reagent, the formation of 

aromatics occurs very fast, as indicated by the pronounced rise of the absorption band located 

at ~ 400-410 nm that corresponds to dienylic and arenium ions active species. Subsequently, 

the absorption bands above 500 nm, indicating the formation of coke deposits, dominate all the 

spectra after 5 min of reaction. Formation of olefins can be monitored by the rise of absorption 

bands between 300 and 400 nm, i.e. monoenylic species. It can be observed that there is a 

competing growth between the absorption bands corresponding to monoenylic species (~ 320-

340 nm) and those corresponding to dienylic or arenium active species (~400-410 nm), with 

the latter dominating the later stages of the catalytic reaction. With H15, monoenylic species (~ 

300-320 nm) are only observed at early reaction stages, because, as the reaction evolves, the 

broad and predominant absorption band corresponding to the formation of coke overlaps with 

other absorption bands, hampering the monitoring of the less intense absorption. Thus, defining 

a ratio between dienylic or arenium species, and monoenylic species is a challenging task when 

using these highly active catalysts. What can be extracted from the UV/Vis results is that the 

formation of aromatics dominates over the formation of olefins when using H15 zeolite as 

catalyst, based on the larger and pronounced absorption band at ~ 400-410 nm. When using 

H40 as catalyst, the absorption band at ~ 400-410 nm is less pronounced at the early stages of 

the reaction, indicating that the relative ratio between dienyl or arenium species and monoenyl 

species, i.e., aromatics and olefins, is lower than when using H15 as catalyst. This is ascribed 

to its lower acidity (Si/Al = 40), compared to the H15. Remarkable differences were observed 

also depending on the number of alkyl substituents of the furan derivatives. The higher the 

number of substituents, the more red-shifted the absorption wavelength formed for species of 

the same nature, such as non-substituted or substituted arenium ions. As for the hierarchical 

systems, a small blue shift of the absorption bands was observed, suggesting that smaller active 
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species are formed with these hierarchical zeolites (see Figure 2.9a and 2.9b). This is 

counterintuitive but in line with the measured accessibility indices.  

Moreover, by monitoring the formation of BTX and small olefins by mass spectrometry (MS), 

we studied if the aromatic cycle was indeed propagating more than the olefinic cycle. Firstly, 

in the UV/Vis DR spectra monoenyl and dienyl carbenium species are already detected at the 

very early reaction stages. Secondly, the subsequent increase in the formation of dienyl and/or 

arenium ions over time suggests that these species are being predominantly formed over the 

initially formed monoenyl ions. This correlates with the early formation of allene and ethylene, 

observed at early reaction times, after which, at around 10-15 min reaction time, aromatics start 

to be formed (~ 400-410 nm), suggesting that aromatics are formed from cyclization of olefins 

at the BAS. When using less acidic and larger pore size zeolites, for example, H40-A zeolite, 

the aromatic and olefinic cycles were observed to run quasi in parallel, as indicated by the very 

similar intensity of the UV/Vis absorption bands for the monoenyl, and dienyl/arenium species. 

This observation was as well displayed by the MS data, wherein lower MS signals for BTX 

were detected compared to more acidic catalysts such as H15, indicating that to favor the 

propagation of the arene cycle over the olefinic cycle, a high density of strong acid sites is 

needed. 

It has been previously suggested that after protonation of the furan ring ring opening takes place 

yielding linear alkenes containing oxygen as alcohol or carbonyl groups40,80. These 

(oxygenated) active species could undergo a series of elementary steps; cracking, methylation, 

deoxygenation (dehydration or decarboxylation), hydrogen transfer and aromatization15,21 to 

rapidly form monoenyl carbenium ions which can further deoxygenate by 

decarbonylation/decarboxylation or dehydration (Figure 2.18). Based on our UV/Vis 

experiments, we can speculate that the first elementary steps are furan ring protonation followed 

by cracking and decarboxylation to form small olefins (monoenyl ions). Subsequently, 

aromatics (arenium ions) are rapidly being formed from monoenyl cations, which after further 

condensation with other active species form the so-called polyaromatic coke species, causing 

catalyst deactivation, as indicated by the broad band at ~ 600 nm. It is worth remembering that 

all these steps take place at the available BAS of the zeolite. 
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Figure 2.18. Proposed reaction pathways taking place during the aromatization of furan derivatives 

using HZSM-5 zeolites as catalysts. H+ Z- represent the restoration of a BAS in the HZSM-5 zeolite. 

(H+)2 Z- represents that two BAS are restored.  

When the amount of strong BAS decreases and the accessibility within the zeolite pores 

decreases as a result of coke buildup, aromatics production decreases and the monoenyl 

carbenium ions, formed after cracking at the BAS, desorb and yield mostly olefins instead. At 

this stage, the alkene cycle is promoted over the aromatic cycle. In Figure 2.19, an adaptation 

from the original dual-cycle mechanism for the MTH reaction is given for the aromatization of 

furan derivatives69, in line with the intermediates and products detected by UV/Vis and MS, 

respectively. In this mechanism, benzofuran can be part of the alkene and arene cycle since it 

can form olefins and furan by cracking/decomposition but also aromatics by decarbonylation. 

Furthermore, we also consider it a coke precursor, been identified as a one of the trapped carbon 

species within the spent catalysts. 

. 
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Figure 2.19. Proposed dual-cycle mechanism taking place in the ZSM-5 zeolite pores during the 

conversion of Furan-to-Aromatics (FTA) process.  

 

2.5. Conclusions 
In this Chapter, we have presented an operando UV/Vis diffuse reflectance spectroscopy study 

to monitor the evolution of reaction intermediates and related coke precursors in the 

aromatization of bio-based furan derivatives, such as furan, 2-methylfuran, 2,5-dimethylfuran. 

For this purpose, two different sets of HZSM-5 zeolite catalysts were tested, differing in their 

Si/Al ratio and porosity, thereby revealing that pore size, Brønsted and Lewis acidity; and 

accessibility are key parameters that determine both the type/size of active species formed and 

thus, the final product distribution.  

With operando UV/Vis DRS it was possible to identify the formation of monoenyl followed by 

the formation of dienyl/arenium ions within the zeolite channels of zeolite HZSM-5. Regarding 

the feedstocks used, a red shift in the UV/Vis DR spectra is observed when increasing the 

number of alkyl substituents of the furan rings, indicating that larger species are formed. In 

contrast, in this case, the use of mesoporous systems gave blue shifted bands, indicating the 

formation of smaller hydrocarbon species. The evolution of the UV/Vis spectra over time 

revealed that small olefins are formed first, followed by the formation of aromatics, in line with 

the related online MS data recorded. Taken together, the data also supports the proposal of two 

catalytic cycles running in parallel, such as the olefinic and arene cycles, similar to the current 

dual-cycle mechanism proposed for the HZSM-5 catalyzed MTH process. Analysis of the spent 

catalysts by different bulk characterization methods showed that relatively high amounts of 

(methylated)benzofuran are formed during MF conversion, confirming Huber´s proposal on the 
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role of benzofuran; both a reaction intermediate and a coke precursor. Since furan derivatives 

are already small aromatics species, we have adapted the dual-cycle mechanism accordingly as 

outlined in Figure 2.19. Olefins can be formed by cracking and 

decarbonylation/decarboxylation reactions, while aromatics can be formed by aromatization of 

olefins or decarbonylation of benzofuran 

.  
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Abstract 

The aromatization of both 2-methylfuran (MF) and 2,5-dimethylfuran (DMF) was studied over 

phosphorus-modified HZSM-5 zeolites. Phosphorus was added to tune the acidity and surface 

area of the zeolites and influence their reactivity. Advanced characterization techniques, such 

as FT-IR spectroscopy with pyridine as probe molecule and, 27Al, 29Si, 31P MAS, 2D 27Al MQ-

MAS solid-state NMR (ssNMR) spectroscopy were used to elucidate the phosphorus – zeolite 

interactions. The FT-IR and 27Al NMR spectra revealed the formation of AlPO species at higher 

weight loadings. Furthermore, 31P ssNMR showed a wide range of other free and condensed 

phosphorus compounds. These species could be partly removed by washing, a post-synthesis 

treatment that improved the acidity, accessibility and as a result, performance of the materials. 

The PHZSM-5 catalyst was tested in the aromatization of DMF and MF, with the lower 

phosphorus loaded materials giving better yields than the HZSM-5 benchmark catalyst. The 

washed 2 wt. % PHZSM-5 catalyst showed an improved selectivity towards (di)alkylated 

aromatics in the aromatization of MF and an increase in xylenes selectivity when DMF was 

used as substrate. More non-condensable gases were observed when ethylene was added during 

MF and DMF aromatization over PHZSM-5 zeolites. While co-feeding ethylene with MF 

slightly improved toluene selectivity (from 20% to 25% selectivity when using 2 wt. % 

PHZSM-5 zeolite catalyst). P addition resulted in improved selectivity to (mono)alkylated 

aromatics only at low loadings (>2 wt. %). A low P loading also influenced loss of activity 

through deactivation in the MF aromatization reaction. Phosphorus loadings should thus, be 

carefully controlled during catalyst optimization for the aromatization of furan derivatives.   
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3.1 Introduction 
Nowadays, the production of chemical building blocks such as olefins or benzene, toluene, and 

xylene (BTX) is performed by steam cracking of naphtha. However, due to the ongoing 

concerns about climate change, alternative and more sustainable routes are being explored in 

order to find alternatives to common fossil route. One way that has been widely investigated, 

and one of topics of this PhD Thesis, is the upgrading of bio-derived feedstock to chemical 

building blocks over acidic zeolites as catalysts.  

As we introduced in previous Chapters, furan derivatives can be obtained from sugars such as 

xylose or glucose1–4. Zeolite-catalyzed aromatization is then one of the most investigated routes 

for further valorization of these furan derivatives, yielding aromatics such as BTX5–7. Previous 

investigations revealed that Brønsted acid sites present in HZSM-5 zeolites catalyze furan 

conversion towards BTX, but this process is known to suffer from rapid deactivation by coke 

buildup and low carbon selectivities5,8. In general, the most often suggested route to form 

aromatics from furans is via decarbonylation/decarboxylation followed by a carbon 

rearrangement or by addition of another carbon source, such as olefins, which can either be 

formed by cracking of the furan ring or added via co-feeding3,9,10. The formation of aromatics 

through the latter route is proposed to proceed via Diels-Alder cycloaddition11, a [4+2] addition 

reaction that yields aromatics after dehydration of the diene and dienophile adduct (Figure 3.1). 

Corma and co-workers proposed this reaction mechanism to be taking place during various gas-

phase biomass acid-catalyzed reactions involving zeolites as catalysts11,12. Later investigations 

carried by Carlson et al. revealed the effect of co-feeding different olefins (i.e., propylene and, 

ethylene), which resulted in improved BTX selectivity, especially for alkylated aromatics13. 

Furthermore, they demonstrated how co-feeding of olefins such as ethylene or propylene, 

considerably improved the H/Ceff ratio (Hydrogen/Carbon effective ratio) and thus, the 

production to aromatics14.  
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Figure 3.1. Schematic representation of the Diels-Alder cycloaddition when co-feeding furan 

derivatives with olefins. 

The conversion of Furan-to-Aromatics (FTA) in presence of olefins in the gas phase is usually 

catalyzed by the combination of Lewis acid sites (LAS) and Brønsted acid sites (BAS) present 

in the HZSM-5 zeolite materials5,14–17. These latter sites are known to favor the final 

dehydration step18,19. However, a high number of BAS (e.g. as a result of a low Si/Al ratio) are 

known to not only favor aromatization, but also catalyst coking. Besides the high rate of side 

reactions, the considerably large amount of water produced during the reaction is detrimental 

for the structural integrity of the zeolite, as under these conditions the removal of framework 

aluminum by steaming is promoted20. To improve carbon selectivity as well as catalyst stability, 

further investigations in catalyst design for the FTA process are needed.  

A common and easy practice to improve the catalytic performance of HZSM-5 zeolites is by 

means of post-synthesis modification. The addition of promotors directly modifies the chemical 

properties of the zeolite, allowing to improve their catalytic performance. A well-known 

practice for improving zeolite catalyst performance is by the addition of phosphorus species, 

which is known to significantly improve catalyst lifetime by preventing aluminum leaching 

from the framework21,22. Furthermore, van der Bij et al. reported that phosphatation can result 

in an improved catalytic performance for HZSM-5 zeolites depending on the synthesis method 

applied. In addition, depending on the phosphorus loadings used, key physicochemical 

properties such as acidity and accessibility are known to be directly affected23. Moreover, 

impregnation of phosphorus can be used for a controlled dealumination, a process known to be 

strictly dependent on the phosphorus loading and post-synthetic method employed24. 

The most common technique for the incorporation of phosphorus on HZSM-5 zeolites is by 

wetness or incipient-wetness impregnation of a phosphorus precursor, such as orthophosphoric 

acid (H3PO4)22. It is noteworthy to remark that the use of phosphoric acid as precursor indirectly 

favors dealumination due to the very low pH ∼0-1 used.  
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Figure 3.2. Proposed zeolite-phosphate interactions from: (a.) Keading et al.25, (b.) Zhuang et al.26 (c.) 

Xue et al.27, (d.) van der Bij et al.23, (e.) Blasco et al.21 (f.) Lercher et al.28, (g.) Caro et al.29, (h.) 

Abubakar et al.30. 

After synthesis, the phosphorus species are found to be mostly distributed over the surface of 

the zeolite. This is especially the case at high weight loadings (>5% phosphorus), at which most 

of the phosphorus is deposited on the external surface of the zeolite29,31. The addition of 

phosphorus results in the interaction of monomeric phosphorus species with Si and Al sites 

from the zeolite, with the phosphorus preferentially binding to the aluminum sites on the zeolite, 

as was demonstrated in previous studies32. Although the origin of the phosphorus-zeolite 

interactions still remains under debate, several researchers proposed various phosphorus species 

that might be formed within the zeolite domains. Several interactions were proposed, such as 

the incorporation of phosphates into the structure (see phosphorus species a, b, c, d, and f from 

Figure 3.2), or electrostatic interactions between the phosphate species and the zeolitic 

framework, as shown in Figure 3.2e or by hydrogen bonding as shown in Figure 3.2h. 

Formation of Si-O-P bonds are proposed but their formation seems to be thermodynamically 

unlikely due to drastic hydrothermal treatments need to be applied to favor their formation33–

36. Protonation of the phosphorus species via the acid sites present in the zeolite framework 

(Figure 3.2e) was also proposed, by Blasco et al.21, who suggested that such phosphorus binding 

to a Brønsted acid site creates “neutralized” aluminum atoms. This phosphorus cationic 

formation is highly favorable in zeolites with a high Al content, as this protonated phosphorus 

species stabilizes another near BAS acid site by stabilizing the “non-neutralized” second 

aluminum atom. This model assumes then assumes a close proximity of acid sites within the 
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framework. Phosphorus is also known to dealuminate the zeolite structure by forming either 

aluminum phosphate phases (AlPO) (Figure 3.2g), or partially dislodging aluminum from the 

framework by monodentate phosphate (Figure 3.2b) or bidentate phosphates species (Figure 

3.2d). In previous works by van der Bij et al., formation of the so-called SAPO interfaces within 

the zeolite structure such as (SiO)2Al(O2P(OR)2) or (SiO)2Al(O2P2O2(OR)3) were also 

proposed, where R is either a phosphate or a polyphosphoric species23,31. Besides the direct 

attachment of phosphorus to the framework, the formation of larger condensed phosphates can 

also take place thereby decreasing pore volume. Up to some extent, such induced pore 

narrowing of the zeolite framework can result in reaction with improved shape-selectivity, as 

seen in the production of p-xylene over m- or o-xylene14,37,38. Despite the partial dislodging of 

the aluminum from the framework, these phosphorus interactions (i.e. Figure 3.2b) favor 

aluminum sites to be kept within the zeolite framework during steaming conditions, because 

they prevent the Si-O-Al bond of being broken. Moreover, phosphorus impregnation leads to a 

decrease in strong acid sites, while the amount of weak acid sites increases slightly with 

increased phosphorus loading39,40. It is also noteworthy to mention that P deposition is a 

reversible process and that the original acid sites and pore volume can be regenerated if no 

calcination is applied after impregnation41,42. Thus, to promote the formation of strong and 

irreversible phosphorus-zeolite interactions a subsequent calcination step after the wetness 

impregnation step is strictly necessary. Nevertheless, despite all the available literature on 

phosphorus-modified HZSM-5 zeolites, there is still scarce knowledge about the catalytically 

active sites and speciation of phosphorus zeolites.  

Previous reports on the effect of phosphorus addition to HZSM-5 zeolite demonstrated that the 

formation of phosphorus-zeolite adducts removes BAS by partial dislodging Al sites from the 

framework43. In contrast, the adduct formed stabilizes the zeolitic framework providing also a 

lower acid concentration compared to the unmodified zeolite. Not only because of the removal 

of the original BAS but because of the presence of protons from the phosphate species44. The 

high concentration of BAS within the HZSM-5 zeolites promotes the formation of side and 

uncontrolled reactions during furan aromatization, resulting in a broad distribution of products 

and a low carbon selectivity, e.g. as a result of excessive coking5. Furthermore, the use of 

phosphorus as promotor during the conversion of Methanol-to-Olefins (MTO) enhanced 

selectivity by reducing coking45. Therefore, given the large amount of H2O produced within 

our system, incorporation of phosphorus is expected to have a similar effect as in the MTO 

process. The introduction of phosphorus as promotor known to improve zeolite catalysts´ 
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lifetime and reduce coking, is then again anticipated to benefit the FTA process36. Additionally, 

the physicochemical (i.e., a decrease in BAS/LAS acidity and accessibility) changes induced 

within the intra-zeolitic domains upon the incorporation of the phosphorus will result in a 

modified performance because of the decrease of BAS. By reducing the extent of side reactions, 

we expect to improve the selectivity to BTX.  

In this Chapter, we have investigated phosphorous-modified HZSM-5 zeolites in furan 

aromatization, combining catalyst synthesis, characterization and testing. We synthesized a 

variety of phosphorous-modified HZSM-5 zeolite catalysts by wetness impregnation46, using 

H3PO4 as phosphorus precursor. Extensive characterization employing different spectroscopic 

techniques provided further insight into the most abundant and catalytically active phosphorus 

species formed after phosphatation. The aromatization of 2-methylfuran (MF) and 2,5-

dimethylfuran (DMF) was studied with and without ethylene co-feeding. Investigations on the 

presence of phosphorus in ZSM-5 zeolites is believed to facilitate aromatization or/and co-

aromatization process via Diels-Alder cycloadditions by reducing coking and improving 

catalyst hydrothermal stability. 

 

3.2 Experimental Part 
 

3.2.1 Catalyst Preparation and Reagents 
Phosphorus-modified HZSM-5 zeolites were prepared by wetness impregnation of a 

commercial zeolite (CBV 3024E, Si/Al = 15) using H3PO4 as phosphatation agent, similarly as 

described in ref.46. Firstly, the H-form was obtained after calcination of the commercial 

(NH4
+)ZSM-5 zeolite at 550 °C for 5 h under air. Next, 40 ml solution containing the H3PO4 

precursor was prepared (from 0.04 to 0.22 ml H3PO4 in demi-water to obtain from 1 to 5 wt. % 

phosphorus content). 2 g H-form zeolite was added to the H3PO4 prepared solution and stirred 

for 15 min reaching a pH = ~2. Subsequently, the solvent was evaporated under vacuum, and 

samples were dried and calcined at 550 °C for 3 h. The samples obtained were labelled as 

xPH15; were x denotes the percentage of phosphor loaded, which ranged from 1 to 5 wt. %. A 

second batch of samples was subjected to an extra washing and calcination step to remove any 

excess of phosphor deposited on the materials. W_C-xPH15 samples were obtained from the 

xPH15 samples after washing with 20 ml demi-water, vacuum filtration, drying overnight at 
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120 °C and calcination at 550 °C for 3 h. W- xPH15 samples were only washed a second time 

and not again calcined.  

Commercially available H3PO4 solution (85 wt. %, Sigma-Aldrich) was used to prepare the 

phosphorus precursor. 2-methylfuran (99%, Sigma Aldrich) and 2,5-dimethylfuran (98+%, 

Alfa Aesar) were used without any treatment. Ethylene was purchased and directly used from 

a steel cylinder without further treatment (> 99.95% purity, Linde).   

 

3.2.2 Catalyst Characterization 
X-ray diffraction (XRD) patterns were recorded on a Bruker-AXS D2 Phaser powder X-ray 

diffractometer in Bragg-Brentano mode equipped with a Lynxeye detector. The radiation used 

was a CoKα (λ = 1.79026 Å) source. XRD patterns were collected in the 2θ range from 5° to 

50° at a scanning speed of 0.02 °/min and an acquisition time of 1 s per step.   

The specific surface area and porosity of the zeolite materials were determined by Ar 

physisorption using a Micrometric TriStar Analyzer. Before the experiments were performed, 

all samples were degassed under a N2 flow at 300 °C for 16 h to remove any physiosorbed 

impurities. The micropore volume and the surface area were determined by the t-plot method 

and the Brunauer-Emmett-Teller (BET) theory, respectively. External surface area was 

determined by subtraction of the micropore volume area from the BET surface area. 

Silicon, aluminum and phosphor were determined by elemental analysis using an Inductively 

Coupled Plasma-Optical Emission Spectrometer (ICP-OES) analyzer. The experiments were 

performed at Mikroanalytisches laboratorium Kolbe in Oberhauser, Germany. Prior to analysis, 

all the samples were digested in special acid solutions.  

Temperature programmed desorption (TPD) analyses with NH3 as probe molecule were 

recorded with a Micromeritics AutoChem II 2920 instrument to determine the strength and 

number of acid sites of the zeolite-based materials. 100 mg of sample was placed on the 

chamber and pre-treated up to 550 °C under a He flow. The chamber was cooled down and kept 

at 100 °C before to start the dosing of NH3. A 25 ml/min flow of 10% NH3 in He was fed into 

the chamber using a pulse wise manner until saturation. Afterwards, the temperature was 

ramped to 550 °C at 10 °C/min and kept at that temperature for 25 min more.  
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For the Fourier transform-infrared (FT-IR) spectroscopy measurements with pyridine as probe 

molecule, the samples were grounded and pressed into thin self-supported wafers (~ 25 mg 

sample). The wafers were placed in a sealed FT-IR cell equipped with a vacuum system and a 

heating system. The wafers were pre-treated under vacuum (~10-3 mbar) at 550 °C for 2 h to 

remove all adsorbates, then was cooled down to 40 °C where pyridine vapor was introduced 

into the cell for 30 min until complete saturation. The weakly adsorbed pyridine was removed 

by evacuation for 1 h. Afterwards, the temperature was ramped from 40 to 150 °C at 5 °C/min 

and kept at 150 °C for 30 min, after which a spectrum was recorded. As described elsewhere47, 

this step is done to calculate the amount of Lewis acid sites (LAS) and Bronsted acid sites 

(BAS). In a next step, the temperature was ramped up to 550 °C to remove all pyridine from 

the sample. All spectra were recorded between 4000-1000 cm-1 using a Perkin-Elmer System 

2000 instrument.  

27Al, 29Si and 31P magic angle spinning (MAS) solid-state (ss) nuclear magnetic resonance 

(NMR) experiments were performed at 11.7 T (500 MHz) on a Bruker Avance III spectrometer 

equipped with a 3.2 mm MAS probe. Spectra were recorded at ambient temperature and 

referencing was done externally to Al(NO3)3, tetramethylsilane (TMS) and NaP, respectively. 

For all the measurements the rotors were filled with the same amount of sample (~ 30 mg). A 

MAS of 16 kHz was applied for 27Al and 31P experiments, while a radiofrequency (RF) field of 

50 kHz was used for the 27Al π/12 pulse followed by 4.4 ms acquisition. An inter-scan delay of 

1s was applied and 10240 scans were accumulated for [Z] and 2P[Z] samples, for W-2P[Z] and 

W_C-2P[Z] samples 4096 scans were used (where [Z] = H15). The spectra were processed with 

a line-broadening of 100 Hz. A zero-quantum (ZQ) filtered multiple-quantum magic angle 

spinning (MQ-MAS) pulse-sequence48 was used to correlate the 27Al isotropic chemical shift 

(F1) with the quadrupolar line-shape (F2). The excitation and conversion pulses were applied 

with a RF field of 50 kHz, instead for the soft, selective pulse following the Z-filter delay an 

RF field of 6.5 kHz was used. 2400 scans were accumulated using an inter-scan delay of 1 s. 

Acquisition times of 5 ms and 1 ms were used for the direct and indirect dimensions, 

respectively. MQ-MAS data were Fourier transformed and sheared, and 100 Hz line-

broadening was applied in both dimensions. A RF field of 83 kHz, 12 ms acquisition time and 

2048 scans were applied for the 1D 31P spectra, with 5 s recycle delay and 88 kHz SPINAL-

6449 proton decoupling and 100 Hz line broadening for spectral processing.  

For the 1H-31P cross-polarization (CP)50 RF fields of 70 kHz and 57 kHz were used, 

respectively, and a 70% ramp, with CP contact time of 2 ms and 10 ms acquisition time. Using 
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88 kHz SPINAL-64 proton decoupling, 2048 scans were recorded with 1.5 s recycle delay and 

a line broadening of 100 Hz was applied for spectral processing.  

For 29Si ssNMR experiments a MAS frequency of 12 kHz was applied. 88 kHz SPINAL-64 

proton decoupling and RF field of 54 kHz were used for 29Si 1D spectra, recorded with 512 

scans, 13 ms acquisition time and 80 s recycle delay, then processed with 50 Hz line broadening. 

All spectra were processed and analyzed using the Bruker software Topspin 3.5. 

To verify that phosphorous pentoxide (P₄O₁₀) can be formed inside zeolite ZSM-5 channels, its 

adsorption energy was computed. As a zeolite model, purely siliceous version of ZSM-5, 

silicalite-1, with an orthorhombic unit cell and lattice parameters a = 20.090 Å, b = 19.738 Å 

and c= 13.142 Å was used. All geometries were optimized using periodic Density Functional 

Theory (DFT) calculations implemented within cp2k software51. Gaussian and plane waves 

approach (GPW)52 with GTH pseudopotentials53 and Perdew–Burke–Ernzerhof (PBE)54 

functional with Grimme dispersion correction (-D3)55 were used. The accuracy of calculations 

was controlled using MOLOPT-TZVP basis set56 and plane-wave cutoff of 700 Ry. Prior the 

geometry optimization phosphorous pentoxide was placed in its most favorable position, i.e. at 

the intersection of a- and b- channels57. The adsorption energy was computed as: 

Eads = Ecomplex – Ezeolite – EP₄O₁₀  , 

where Ecomplex is the energy of the phosphorous pentoxide adsorbed in the zeolite framework, 

Ezeolite is the energy of an empty zeolite and EP₄O₁₀ is the energy of the phosphorous pentoxide in 

vacuum. 

 

3.2.3 Catalyst Testing 
The catalytic aromatization of 2-methylfuran (MF) and 2,5-dimethylfuran (DMF) with 

ethylene was performed in a custom-made reactor setup, as shown in Figure 3.3. For every 

catalytic test, ~ 55 mg catalyst was placed inside the reactor. All reagents and gases were fed 

into the reactor using calibrated mass-flow controllers (Bronkhorst). Activation of the catalyst 

was performed at the reaction temperature (500 °C) for 60 min under O2/N2 flow. Subsequently, 

the reactor was purged with N2 for 30 min before starting the reaction. MF and DMF were fed 

into the reactor in gas phase using a bubbler saturator with Ar as carrier gas (2 ml/min at 30 

°C) which was then added to N2 flow (18 ml/min) obtaining a weight hourly space velocity 
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(WHSV) of respectively WHSVMF 1 h-1 and WHSVDMF 0.7 h-1,  in a total flow of 20 ml/min. 

For the ethylene co-feeding experiments, a calibrated mass-flow controller for ethylene 

(Bronkhorst) was used. The flows were set to obtain a volume (molar) ratio of 1:0.5 furan-to-

ethylene with a 3.9% of either MF or DMF with respect to the total flow rate. Both reagents 

were also diluted by a N2 carrier gas (16 ml/min) obtaining a total flow rate of 20 ml/min. The 

total products were analyzed using an online compact GC (Interscience) equipped with three 

25 μl sample loops mounted on a six-way valve. The GC was equipped with three different 

columns and two different detectors; C1-C3 products were analyzed with a Rt-QBond column 

of 3 m length and 0.32 mm diameter equipped with a flame ionization detector (FID). C4-

C8/aromatic products were analyzed on a MXT-5 column of 15 m length and 0.28 mm diameter 

equipped with a FID. Non-condensable gases, such as O2, H2, N2 and CO2, were analyzed with 

a Carboxen 1010 column of 10 m length and 0.32 mm diameter equipped with a thermal 

conductivity detector (TCD). 

 

 
Figure 3.3. (a) Schematic obtained from the LabVIEW program used for running the reactions, 

depicting the setup configuration and (b) Picture of the setup used for the catalytic aromatization of 2-

methylfuran (MF) and 2,5-dimethylfuran (DMF) in the absence and presence of ethylene over HZSM-

5 zeolite-based catalysts. 
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The catalytic conversion, selectivity and yield (carbon-based) in the aromatization of MF and 

DMF (represented as A) with co-feeding of ethylene (represented as B) were calculated using 

the following equations58: 

𝑋𝑋𝐴𝐴,𝐵𝐵(𝑡𝑡 = 𝑥𝑥) = 𝑛𝑛𝐴𝐴,𝐵𝐵
𝑖𝑖𝑖𝑖 −𝑛𝑛𝐴𝐴,𝐵𝐵

𝑜𝑜𝑜𝑜𝑜𝑜

𝑛𝑛𝐴𝐴,𝐵𝐵
𝑖𝑖𝑖𝑖 = 1 − 𝑛𝑛𝐴𝐴,𝐵𝐵

𝑜𝑜𝑜𝑜𝑜𝑜

𝑛𝑛𝐴𝐴,𝐵𝐵
𝑖𝑖𝑖𝑖   (eq. 3.1) 

 

𝑆𝑆𝑃𝑃(𝑡𝑡 = 𝑥𝑥) =  𝑛𝑛𝑃𝑃
𝑜𝑜𝑜𝑜𝑜𝑜−𝑛𝑛𝑃𝑃

𝑖𝑖𝑖𝑖

𝑛𝑛𝐴𝐴,𝐵𝐵
𝑖𝑖𝑛𝑛 −𝑛𝑛𝐴𝐴,𝐵𝐵

𝑜𝑜𝑜𝑜𝑜𝑜 × � 𝜇𝜇𝑝𝑝
𝜇𝜇𝐴𝐴,𝐵𝐵

� (eq. 3.2) 

 

𝑌𝑌𝑃𝑃(𝑡𝑡 = 𝑥𝑥) = 𝑛𝑛𝑃𝑃
𝑜𝑜𝑜𝑜𝑜𝑜−𝑛𝑛𝑃𝑃

𝑖𝑖𝑖𝑖

𝑛𝑛𝐴𝐴,𝐵𝐵
𝑖𝑖𝑖𝑖  = 𝑋𝑋𝐴𝐴,𝐵𝐵 × 𝑆𝑆𝑃𝑃; (eq. 3.3) 

 

where nin
A,B and nout

A,B represent number of moles of MF or DMF (A) and ethylene (B) entering 

the reactor and in the outlet, respectively. Selectivity for a product p at a time x = 125 min, μp 

and μA,B represent the number of carbons of a product p and of the starting reagents (DMF and 

ethylene), respectively.  

For the selectivity, conversion and yield calculations of the co-feeding tests, ethylene was 

included in all the calculation together with either MF or DMF as starting reagent. MF or DMF 

and ethylene were both added to the carbon balance (calculated after 125 min). 

 

3.3 Results and Discussion 
 

3.3.1 Catalyst Characterization 
Various phosphorus-modified HZSM-5 zeolites (PHZSM-5) were synthesized with different P 

loadings (1-5 wt. %) by the wetness impregnation method using H3PO4 as phosphatation 

precursor. In addition, samples that were subjected to an extra washing and calcination step, 

labelled as W_C-PH15 zeolites, were also investigated. The P-modified zeolitic materials were 

thoroughly characterized to gain insight into the location and type of phosphorus species formed 

and, ultimately, to correlate structure with performance in the furan aromatization reaction.  
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XRD experiments of the pristine and simply impregnated PHZSM-5 zeolites revealed that the 

MFI crystal structure remained almost unchanged, with all the characteristic reflections for an 

MFI structure being visible. The slight decrease of the diffraction peak intensity seen at low 2θ 

angles (Figure 3.4a) indicates filling of the pore system by phosphor species after 

phosphatation. Neither crystalline aluminum phosphate (AlPO) or silicon orthophosphate 

(SiPO) species were observed in the XRD patterns, suggesting that such species are not formed, 

at least not in detectable amounts36.  

Physisorption results revealed a linear decrease in surface area (Figure 3.4b) upon increasing 

phosphorus loading. The decrease in surface area was mostly the result of a decrease in 

microporous area, as the external surface area remained very similar (∼55 m2/g). This suggests 

that the deposition of phosphorus species occurred mostly within the micropores, in accordance 

with the XRD results (Figure 3.4c). Previously, van der Bij et al. proposed that the phosphorus 

species preferentially react with aluminum sites (mostly located within the pores) from the 

zeolite framework59. Upon additional washing and calcination of the PHZSM-5 samples, a 

considerable increase in BET area and micropore area was seen compared to the non-washed 

samples, suggesting that washing and calcination is indeed necessary to irreversible deposit the 

P species60. These larger surface area and porosity values reflect the better accessibility of the 

washed samples compared to the non-washed samples. Additional washing and calcination thus 

allowed most of the original surface area and porosity of the zeolite materials to be recovered, 

but as the values do not exceed the original values from the parent zeolite material, none of 

these steps is thought to induce major desilication or dealumination.  
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Figure 3.4. (a) X-ray diffraction (XRD) patterns of non-modified and phosphorus-modified HZSM-5 

zeolite catalysts. (b) Surface area of the only impregnated PH15 samples and (c) micropore and external 

surface area obtained from Ar physisorption experiments for several only impregnated phosphorus 

PH15, washed, and washed and calcined PH15 zeolite samples. 

The acidity of the non-modified and phosphorus-modified HZSM-5 zeolites was evaluated by 

a combination of NH3-TPD and FT-IR spectroscopy with pyridine as probe molecule. The NH3-

TPD desorption profiles, shown in Figure 3.5a, revealed how by increasing the phosphorus 

content, the overall acidity gradually decreased (both in terms of the strength and number of 

the acid sites). High phosphorus loadings (i.e., 5 wt. %), resulted in a further decrease of the 

acidity as reflected by the broader distribution of weak acid sites and a low amount of strong 

acid sites. These results might suggest the formation of a new type of acid sites of medium acid 

strength. In the case of the washed samples (W_2PH15 and W_5PH15), an increase in acidity 

is observed especially for the strong acid sites, as also previously reported by Blasco et al.21. 

They demonstrated that washing with a polar solution could remove part of the phosphorus 

species leading to partial restoration of strong acidity, indicative of the phosphorus species 

interacting with the BAS in the first place. This result suggests that the phosphatation process 
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was partly reversible. The total amount of acid sites and the temperature maxima of the different 

NH3-TPD peaks are summarized in Table 3.1.  

FT-IR spectroscopy with pyridine as probe molecule allowed us to gain a better understanding 

of the main interactions between phosphorus species and the MFI structure. By employing 

pyridine as probe molecule together with FT-IR spectroscopy, BAS and LAS were 

determined47. In Figure 3.5b, the peaks corresponding to BAS (1545 cm-1) and LAS (1455 cm-

1) after pyridine adsorption for different phosphorus zeolites are displayed61. Among the 

different washed and unwashed phosphorus samples, an increase in LAS and BAS can be 

observed, in line with the noted reversibility of the phosphatation process after washing and 

calcination36,59. The amounts of LAS and BAS, as summarized in Table 3.1, showed a decrease 

of BAS upon the incorporation of phosphorus while at low weight loadings (>1 wt. %), the 

number of BAS increased. Only for the washed and calcined W_C2PH15 zeolite sample, the 

number of BAS increased compared to the parent H15 zeolite. This suggests that two 

phenomena are taking place: the improved accessibility and a higher number of BAS are the 

result of a decrease of the BAS-P interactions. A similar trend is observed for the concentration 

of LAS, which increases slightly more after the washing and subsequent calcination steps. As 

mentioned in literature, a hydrothermal treatment of a HZSM-5 zeolite in the presence of 

phosphoric acid leads to bond breaking at the Si-O-Al sites, causing an increase in the degree 

of partial zeolite dealumination36. Despite of the differences in the number of acid sites obtained 

by each technique used to determine acidity, the acidity results obtained from pyridine probed 

FT-IR follow the same trends observed in the NH3-TPD analyses. 
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Figure 3.5. (a) Profiles obtained with temperature programmed desorption (TPD) with NH3 as probe for 

different PHZSM-5 zeolites. Analysis of the number of acid sites (BAS and LAS) by (b) FT-IR 

spectroscopy with pyridine as probe for 2% phosphorus HZSM-5 zeolites before and after washing and 

calcination. The FT-IR vibrations from the silanol region of the different PHZSM-5 samples (c and d) 

after drying and activating them at 550 °C for 2 h under high vacuum.  

The OH-stretching region (4000 cm-1-3000 cm-1) is considered of interest for evaluating the P-

MFI interactions since noticeable, diagnostic differences can be observed (Figure 3.5c and 

3.5d). The FT-IR spectrum of parent H15 zeolite shows the main characteristic vibrations; the 

band at 3610 cm-1 is assigned to bridging hydroxyls or Brønsted acid sites (BAS); 3660 and 

3780 cm-1 to extra-framework aluminum (EFAl, Al-OH) and partially dealuminated aluminum 

species (Al(V)), respectively; and 3745 cm-1 is assigned to silanol groups on the external surface 

of the zeolite crystals. Upon incorporation of phosphorus, the overall intensities dropped within 

the hydroxyl region, while a new P-OH vibration was now detected at 3675 cm-1 in all 

phosphorous-modified samples, a band that shifted towards lower wavenumbers (3669 cm-1 for 

5PH15 zeolite) with increasing phosphorus content21,44. The intensity decreases of the 3610 cm-
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1 peak with increasing phosphorus loading indicates the decrease of the number of BAS. At 

high phosphorus loadings (i.e., 5 wt. %), the peak intensities corresponding to free EFAl and 

partial EFAl species decreased considerably, indicating the formation of AlPO species. After 

washing and calcining the 2PH15 sample, the overall peak intensities remained mostly 

unchanged except for the peak at 3610 cm-1 which increased slightly in intensity (Figure 3.5d). 

Thus, the W_ 2PH15 and W_C-2PH15 samples appear to have a higher acidity. In addition, 

these results suggest that the initial AlPO and phosphorus species located on the external silanol 

species present within the 2PH15 sample, remain intact after washing and calcination.  

Table 3.1. Physicochemical properties of phosphorus-modified HZSM-5 zeolites investigated in this 

work. 

 
P contenta  

wt. % 

Total  

acid sitesb  

μmol g-1 cat 

Weak 

acid sitesb 

°C  

Strong 

acid sitesb 

°C  

Lewis  

acid sitesc  

μmol g-1 cat 

Brønsted  

acid sitesc  

μmol g-1 cat 

H15 - 101 236 432 37 104 

1PH15 1.04 71 225 404 45 118 

2PH15 1.85 54 211 385 31 80 

W_2PH15 1.29 55 224 402 35 89 

W_C-2PH15 1.40 n.a. n.a. n.a. 43 116 

5PH15 n.a. 27 195 - 10 34 

W_5PH15 n.a. 29 212 - 19 60 

 

For a better insight into the phosphorus-zeolite interactions, solid-state NMR experiments were 

carried out on a selection of phosphorus-modified zeolites. The 29Si ssNMR spectra given in 

Figure 3.6a, show two peaks for all samples with maxima at -105 and -112 ppm, which 

correspond to Q3 type Si species with framework aluminum (Si(OSi)3(OAl)) and Q4 (Si(OSi)4) 

type sites, respectively36,62. The incorporation of phosphorus resulted in a decrease in intensity 

of the Q3 peak, suggesting the direct formation of P-zeolite interactions with framework Al. A 

small decrease and shift towards lower chemical shifts was observed for the Q4 peaks, which is 

attributed to a distortion in the tetrahedral silicon chemical environment due to the close 

proximity of phosphorus36,63. No Si-O-P interactions are expected for any of the samples, given 

the absence of the -214 ppm peak in the 29Si ssNMR spectra (inset in Figure 3.6a). 
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In Figure 3.6b, the 27Al MAS ssNMR spectra are shown. For the parent H15 zeolite, two main 

NMR peaks are observed; a peak at 55 ppm, which corresponds to tetrahedrally coordinated 

aluminum in the zeolite framework (TFAl), and another peak at 0 ppm, which corresponds to 

octahedrally coordinated extra-framework aluminum (EFAl)62,64. After the incorporation of 

phosphorus, the overall peak intensities for the Al(IV) and Al(VI) species decreased and new 

peaks at 40 and -10 ppm arose, which are assigned to distorted TFAl and AlPO species, 

respectively26. Washing and calcination steps resulted in a major decrease in intensity for all 

the NMR peaks, suggesting that the excess of phosphorus originally located in close proximity 

to TFAl sites and the AlPO species were partially removed. 

 

Figure 3.6. Solid-state (a) 29Si nuclear magnetic resonance (NMR), (b) 1D 27Al NMR, (c) 31P NMR and 

cross polarization (CP) 1H-31P NMR spectra of 2PH15 zeolites as synthesized (red line), after washing 

(green line), and after calcination (blue line). 
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2D 27Al MQ-MAS ssNMR spectra provided further insight into the Al interaction (Figure 3.7). 

Two symmetric NMR peaks, ascribed to tetra- and octahedral aluminum sites, are seen for all 

the samples under study. With the addition of 2 wt. % phosphorus to the system, (2P[Z], where 

[Z] = H15), a third NMR peak is observed, which corresponds to distorted TFAl species (40 

ppm, 60ppm). This shift indicates a stronger quadrupolar environment, which arises from the 

presence of phosphorus next to the TFAl species in the zeolite. A shift is also observed for the 

Oh Al species due to the formation of AlPO species. Upon washing, no major differences in the 
27Al MQ-MAS NMR spectrum were observed, suggesting that the phosphorus species being 

washed out had almost no interaction with either Oh or Td aluminum sites. However, after 

calcination, a major shift of the distorted TFAl species is seen (±35 ppm, 60 ppm), suggesting 

that the aluminum is influenced by a stronger quadrupole environment due to the increase of 

phosphorus in the vicinity. This stronger quadrupole environment results in a stronger 

interaction between phosphorus and the zeolite framework.  

 

Figure 3.7. 2D 27Al multi-quantum (MQ) magic angle spinning (MAS) nuclear magnetic resonance 

(NMR) spectra of fresh HZSM-5 (dark grey), 2% PHZSM-5 (red), and 2% PHZSM-5 washed (green) 

and calcined samples (blue). 

The 31P ssNMR spectra for the different phosphorous-modified zeolites are shown in Figure 

3.6c. Various assignments can be found in the literature but the exact nature of the different P 

species contributing to the spectra is still under discussion. It is noteworthy to mention that the 

type and amount of species formed is strongly dependent on the synthesis method employed65. 

The 31P chemical shifts values of different phosphorus species, together with their chemical 

structure, are depicted in Figure 3.8. A NMR peak at -7 ppm present in all NMR spectra is 

assigned to the end groups in pyrophosphate species65, while a shoulder present at -1 ppm 
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corresponds to orthophosphoric acid groups36. The presence of larger phosphorus species, such 

as triphosphates or phosphorus pentoxide, can be confirmed by the NMR peaks at -14.5 ppm 

and -42.8, respectively. The former peak is assigned to middle chain phosphorus groups, while 

the latter peak is assigned to branched polyphosphates36,65. Within the -30 and -50 ppm region, 

different spectral assignments have been proposed in the literature29,36,65,66. For example, silicon 

phosphate species (i.e., silicon hydrogen orthophosphate or silicon hydrogen tripolyphosphate) 

proposed to appear at -35 ppm, however their presence cannot be assured from our 

experiments36,65. Tetrahedral phosphates67 or phosphate ligands bound to aluminum23,68 are 

observed at -29 ppm, while AlPO appear at -32 ppm27. 1H-31P CP ssNMR experiments of the 

2PH15 sample show two peaks centered at -8.8 and -15.3 ppm, which are assigned to 

interactions of phosphate groups from polyphosphate species attached to Brønsted acid sites 

(Figure 3.6d). This confirms the interaction of a phosphorus species without direct binding to 

framework aluminum, which according to the model suggested by Caro et. al29, the 

polyphosphate is protonated by the acid site. 

 

Figure 3.8. Representation of some phosphorus species (with their respective 31P chemical shifts) 

formed after phosphatation of HZSM-5 zeolite. All assignments are based on different references.  

Washing and calcination affected the phosphorous species present, as can be seen in the 31P 

ssNMR spectra. After washing, the overall spectral intensity decreased, especially for small 

phosphate species such as pyrophosphate and triphosphate, species known to be soluble in 

water. Furthermore, the intensity of the NMR peak centered at -42.8 ppm, which corresponds 

to condensed polyphosphate species also decreased considerably. This decrease coincides with 

a simultaneous increase of a shoulder located at 0 ppm, which corresponds to phosphoric acid 
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species, indicating the removal due to hydrolysis of these condensed polyphosphate species to 

phosphoric acid species (Figure 3.6c). Previous investigations reported that highly condensed 

phosphates, such as phosphorus pentoxide or phosphorus trioxide, are known to be easily 

hydrolyzed in the presence of water, leading to monomeric orthophosphate species (Figure 

3.9b)69. Strikingly, after calcination, the NMR peaks at -34.4 and -42.8 ppm have a slightly 

higher intensity comparable to those of the unwashed 2PH15 zeolite sample, suggesting that 

new phosphorus species attached to the zeolite framework have been formed during the extra 

hydrothermal treatment, as observed in the MQ-MAS NMR results. After the extra washing 

and subsequent calcination steps, a stronger interaction between phosphorus species and the 

zeolite framework is formed. However, smaller phosphorus species, such as orthophosphoric 

acid, pyrophosphate and triphosphate species appearing at 0 and -7.6 and -14.5 ppm decreased 

in intensity. These evidences suggest that part of these species are being removed from the 

intra-zeolitic framework allowing for a better accessibility. Very low intensity spectra resulted 

after 1H-31P CP ssNMR experiments of the washed and calcined samples. This prompt decrease 

in spectral intensity suggests that the interaction between Brønsted acid sites and phosphorus 

decreased, leading to a restoration of the BAS, observations that are in accordance with NH3-

TPD and pyridine FT-IR experiments.  

 

Figure 3.9. (a) Representation of the intersection of an MFI cluster with phosphorus pentoxide molecule 

as obtained by density functional theory (DFT) simulations. (b) Schematic representation of the 

exothermal hydrolysis (ΔHr = -177 kJ/mol) of phosphorus pentoxide during the washing step.  
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Density functional theory (DFT) simulations allowed us to further investigate whether the 

presence and adsorption of phosphorus pentoxide species is possible within an MFI structure 

(Figure 3.9a). The adsorption of phosphorous pentoxide in silicalite-1 is a very exothermic 

process with adsorption energy of -169 kJ/mol. This suggests that phosphorous pentoxide can 

be easily formed inside the zeolite channels without steric constraints. To further support this 

hypothesis the ground state optimized geometries were used to estimate the phosphorus 

pentoxide dimensions. The molecule size was approximated by a sphere with a diameter equal 

to the distance between corner oxygen atoms (Figure 3.9a). The measured diameter was 5.2 Å 

which is about 1 Å less than the theoretically predicted maximum diameter of sphere that can 

be included within MFI zeolite (6.3 Å). Therefore, we can conclude that phosphorus pentoxide 

can be formed within the channels of zeolite ZSM-5, and it seems that it is one of the major 

phosphorus species present within the intra-zeolitic framework together with the phosphate 

aluminum bound species (bound to partially dislodged Al from framework and with extra-

framework Al).  

 

3.3.2 Catalyst Testing 

Building on the work presented in Chapter 2 of this PhD Thesis, the aromatization of the furan 

derivatives MF and DMF was investigated using the PHZSM-5 zeolites as catalysts. The effect 

of ethylene co-feeding was also investigated to study the effect of phosphatation on catalyst 

performance, in particular BTX yield and selectivity.  

Aromatization of MF under the reaction conditions specified in section 3.2.3 using phosphorus-

modified HZSM-5 zeolites as catalysts yielded BTX as products with a higher selectivity to 

alkylated aromatics compared to the benchmark, unmodified HZSM-5. Conversion of MF over 

125 min of reaction is shown for each catalyst in Figure 3.10a. Lower conversion was obtained 

for the W_C-2PH15 than for the H15 catalyst, while a similar deactivation rate was observed 

for both catalysts over time. The gradual drop in conversion of MF suggest a first order rate of 

deactivation. This rate of deactivation is similar for both catalysts, showing that the 

incorporation of phosphorus as promotor did not decrease deactivation.  
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Figure 3.10. Conversion of (a) 2-methylfuran (MF) and (b) 2,5-dimethylfuran (DMF) only at different 

time-on-stream (TOS) at 500 °C using various HZSM-5 zeolites as catalysts. 

The selectivity to mono-aromatics, determined at 75% conversion, was very similar for the H15 

and W_C-2PH15 zeolite catalyst, ~ 40% BTX selectivity. The BTX distribution did show a 

difference between the two catalysts, however, with the latter being slightly more selective for 

alkylated aromatics such as toluene and xylenes, despite its lower acidity compared to the parent 

H15 zeolite (see Figure 3.11a).  

 

 

Figure 3.11. Selectivity towards Benzene-Toluene-Xylenes (BTX) obtained during the aromatization 

of (a) 2-methylfuran (MF), and (b) 2,5-dimethylfuran (DMF), at a conversion level of 75% for both 

reagents. 

The obtained selectivities to benzene, toluene and xylenes in the conversion of MF and DMF 

using PHZSM-5 zeolites are depicted as function of time in Figure 3.12 and 3.13, respectively. 

BTX selectivity during the conversion of MF as function of time on stream is shown in Figure 

3.12. Overall, a higher selectivity is displayed to alkylated aromatics by the W_C-2PH15 
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catalyst as function of time-on-stream (Figure 3.12b, 3.12c and 3.12d), while benzene 

selectivity is higher for the H15 catalyst up to 125 min reaction time (Figure 3.12a). After 90 

min reaction, selectivity to toluene and m-/p-xylenes became similar to the selectivity given by 

the H15 catalyst, whilst the selectivity to o-xylene remained higher than when using pristine 

H15 zeolite catalysts. This higher selectivity towards alkylated aromatics and lower conversion 

obtained by W_C-2PH15 zeolite catalyst suggests that a combination of both lower BAS 

together with new medium strength acid sites formed by the incorporation of phosphorous is 

optimal for (di)alkylated aromatics production from MF. 

 

Figure 3.12. Selectivity toward (a) benzene, (b) toluene, (c) m-, p-xylene and (d) o-xylene obtained 

during the aromatization of 2-methylfuran (MF) for different time-on-stream (TOS) using H15 and 

W_C-2PH15 zeolites as catalysts at 500 °C for 125 min. 

To further compare the catalytic performance of W_C-2PH15 and H15 zeolite catalysts, the 

aromatization of DMF was also investigated. As in the aromatization of MF, conversion of 

DMF is lower when using W_C-2PH15 than when using H15 as catalyst (Figure 3.10b). In this 

case, the gradual decrease in conversion again showed first order behavior. Deactivation to be 

similar for both catalysts under the same reaction conditions. Selectivity to BTX determined at 

75% conversion shown in Figure 3.11b displayed the highest selectivity to BTX when using 

the H15 zeolite as catalyst (52.2% vs 50.2% for the W_C-2PH15 zeolite). Additionally, BTX 

selectivity for DMF differed from the one for MF. The selectivity to benzene and toluene with 
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W_C-2PH15 zeolite as catalyst was lower than with the benchmark catalyst as function of time-

on-stream (Figure 3.13a and 3.13b). However, selectivity to xylenes (m-, p- and o-xylene), is 

higher for the W_C-2PH15 zeolite (Figure 3.13c and 3.13d). These differences in selectivity 

between MF and DMF conversion can be ascribed to the size and  carbon number of each 

starting reagent. It is known from literature, that DMF is more prone to yield xylenes than MF7. 

Notably, the amount of propylene detected in the products outlet was qualitatively higher when 

using phosphorus-modified zeolites than when using H15 zeolite as catalyst, (the small olefins 

and non-condensable gases were not quantified). 

 

Figure 3.13. Selectivity towards (a) benzene, (b) toluene, (c) m-, p-xylene and (d) o-xylene obtained 

during the aromatization of 2,5-dimethylfuran (DMF) as different time-on-stream (TOS) using H15 and 

W_C-2PH15 zeolites as catalysts at 500 °C for 125 min. 

To investigate if the aromatization performance can be further improved during the conversion 

of MF and DMF, ethylene co-feeding experiments were also performed. Previous investigations 

demonstrated that by co-feeding olefins production of alkylated aromatics can be boosted9,70. 

Conversion for MF is higher in presence of ethylene and the deactivation rate is slower for 

almost all cases (Figure 3.14a). Regarding the aromatization of DMF in presence of ethylene 

(Figure 3.14b), conversion of DMF is higher than during the conversion of DMF only for all 

catalysts used. Furthermore, the deactivation rate is slower, with conversion remaining above 
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70% for up to 125 min. During both MF and DMF conversion, the 2PH15 deactivation rate is 

slightly faster than for the other phosphorus-modified zeolites. 

 

Figure 3.14. Conversion of (a) 2-methylfuran (MF) and (b) 2,5-dimethylfuran (DMF) with ethylene co-

feeding at different time-on-stream (TOS) at 500 °C using various HZSM-5 zeolites as catalysts. 

The highest selectivity to BTX during the aromatization of MF and ethylene (43%) was 

obtained with the H15 catalyst (Figure 3.15a). When comparing the different phosphorous-

modified materials, the washed and calcined W_C-2PH15 catalyst gave the highest selectivity 

to BTX (33.3%). During MF aromatization in presence of ethylene, only xylenes selectivity is 

higher compared to the MF experiments without ethylene for all modified and non-modified 

PHZSM-5 zeolites. Total selectivity to BTX during the aromatization of DMF with ethylene 

co-fed (Figure 3.15b) was slightly higher (55%) than without ethylene (52.2%). Also, in this 

case, the highest BTX selectivity was exhibited by the H15 zeolite catalyst. Among the 

phosphorus-modified materials, washed W_2PH15 zeolite displayed the highest BTX 

selectivity (42.5%). The performance of the different phosphorus-modified zeolite catalysts 

(impregnated, washed, and washed and calcined) was therefore very similar in the 

aromatization of furan derivatives with ethylene co-feeding.  
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Figure 3.15. Selectivity to Benzene-Toluene-Xylenes (BTX) obtained during the conversion of (a) 2-

methylfuran (MF) (at a conversion level of 80%) with ethylene co-feeding, and (b) 2,5-dimethylfuran 

(DMF) (at conversion level of 90%) with ethylene co-feeding. 

Selectivity to BTX during the conversion of MF with the phosphorus-modified zeolites as 

catalysts (synthesized, washed, and calcined) is displayed in Figure 3.16 as a function of time. 

The highest selectivity to benzene (Figure 3.16a) was obtained when using the H15 zeolite 

catalyst, while slightly higher selectivity to toluene (Figure 3.16b) was given by 2PH15 at 

longer reaction times (75 min). Additionally, small olefins such as propylene, ethylene, and 

non-condensable gases such as methane, were detected in the outlet stream. Based on our work, 

the addition of phosphorus seems to be detrimental for the benzene selectivity during the 

aromatization of MF with ethylene co-feeding, possibly due to the low concentration of strong 

BAS. For toluene, we believe that the combination of reduced BAS concentration together with 

a stronger effect of confinement caused by the presence of condensed phosphorous species, are 

key parameters that enhance alkylation reactions. Selectivity to xylenes during co-feeding of 

ethylene was still better when using the parent H15 zeolite as catalyst (Figure 3.16c and 3.16d). 

That xylenes are produced less during the co-feeding experiments could suggest that the 

presence of phosphor hampers the formation of dialkylated aromatics due to severe 

confinement19.  
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Figure 3.16. Selectivity towards (a) benzene, (b) toluene, (c) m-, p-xylene and (d) o-xylene at different 

time-on-stream (TOS) using various HZSM-5 zeolites as catalysts obtained during the conversion of 2-

methylfuran (MF) with ethylene co-feeding at 500 °C. 

During the aromatization of DMF with ethylene co-feeding, a similar trend was observed in 

BTX selectivity as when using MF and ethylene; the phosphorus-modified catalysts performed 

less well than the benchmark catalyst. Still xylenes selectivity is better when co-feeding 

ethylene, but H15 zeolite gave also the highest BTX selectivity during ethylene co-feeding, as 

shown in Figure 3.17, which shows BTX selectivity as function of time-on-stream. Seemingly, 

these investigations indicate that the performance of PHZSM-5 materials in gas phase 

aromatization while co-feeding ethylene is neither better or comparable to what has been 

proposed in literature for similar reaction processes in the liquid phase that used phosphorus as 

promotor in zeolite catalysts19.  
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Figure 3.17. Selectivity towards (a) benzene, (b) toluene, (c) m-, p-xylene and (d) o-xylene at different 

time-on-stream (TOS) using various HZSM-5 zeolites as catalysts obtained during the conversion of 

2,5-dimethylfuran (DMF) with ethylene co-feeding at 500 °C. 

The carbon mass balances for the different PHZSM-5 zeolites, shown in Figure 3.18, were 

calculated after 125 min reaction of aromatization of both MF and DMF with ethylene co-

feeding. BTX yields for the conversion of MF with ethylene were only better when using 2PH15 

catalysts, and the lowest amount of coke deposits was observed with the W_2PH15 (13%) and 

W_C-2PH15 (15.2%) catalysts (Figure 3.18a). As previously mentioned, rather high amount of 

non-condensable gases were formed when using W_2PH15 and W_C-2PH15 catalysts when 

compared to the non-promoted H15 zeolite catalyst, which is in accordance to previous reports 

in literature21,39,71,74, which the presence of phosphor is widely known to be an additive that 

favors cracking. For DMF (Figure 3.18b), a higher fraction of non-condensable gases was 

obtained with the phosphorous modified catalyst, especially for the W_2PH15 catalysts (36%).  
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Figure 3.18. Carbon balance obtained after the conversion of (a) 2-methylfuran (MF) and (b) 2,5-

dimethylfuran (DMF) with ethylene co-feeding at 500 °C after 125 min reaction. 

Upon the introduction of phosphor in the HZSM-5 zeolites, overall BAS acidity decreased 

while with the subsequent extra washing and calcination steps, BAS acidity was partially 

restored. The strong dehydration character of phosphorus-promoted zeolites previously shown 

in the conversion of oxygenated compounds40,71, led us to expect that these catalysts would also 

show improved performance during furan aromatization. However, when comparing their 

catalytic performance during the aromatization of MF and DMF only, the overall BTX 

selectivity obtained was lower when compared with the pristine H15 zeolite catalyst. Only, the 

selectivity to alkylated aromatics was higher when the washed and calcined W_C-2PH15 

zeolite was used as catalyst. An even higher decrease in the aromatization rates was observed 

when using phosphorous-modified zeolites as catalysts during the co-feeding experiments. We 

believe that the presence of phosphorus species inside the zeolite channels together with the 

lower concentration of BAS even after the extra washing and calcination restoration, hampers 

aromatization, leading to enhanced production of propylene instead, as reported previously 
39,72,73. Furthermore, the partial blockage of the pores and channels of the zeolite by the 

phosphorus, as observed in the Ar physisorption experiments, possibly also contributes to the 

low aromatization rates. 

 

3.4 Conclusions 
A series of phosphorus-modified zeolites with different phosphorus loadings (1-5 wt. %) have 

been synthesized by the wetness impregnation method using H3PO4 as phosphorus precursor. 

Extra washing and calcination steps after the first hydrothermal treatment restores part of the 

acidity, confirming that phosphatation is partially reversible, as revealed by NH3-TPD and FT-
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IR spectroscopy with pyridine as probe molecule. Extensive characterization of the phosphorus-

modified zeolite materials gave us insight into the phosphorus specialization and location 

within the intra-zeolitic framework. Crystallinity of the zeolite crystals remained unchanged 

upon the impregnation of phosphor, while porosity linearly decreased upon increasing P 

loading, indicating that the addition of phosphorus species occurred mainly into the micropores. 

Same was observed for acidity, especially for BAS, which also dropped upon increasing the P 

loading. The extra washing and calcination steps had a positive effect on acidity and 

accessibility. As demonstrated by the ssNMR experiments, upon washing and calcination, 

several phosphate species that were not directly interacting with the intra-zeolitic framework 

were removed, resulting in a larger accessibility and acidity, as shown in the 31P MAS ssNMR 

spectra. These changes allowed for more acidic phosphorus-containing zeolites with a higher 

accessibility since the condensed and large phosphorus species, such as phosphorus pentoxide, 

were hydrolyzed and removed. Different phosphorus-zeolite interactions were also identified 

by 31P ssNMR and 27Al ssNMR. Species involving a partially dislodged aluminum site upon 

the incorporation of phosphorus or totally extra-framework phosphorus-aluminum species 

(AlPO) were also identified.  

The catalytic performance of the phosphorous-promoted zeolites was explored in MF and DMF 

aromatization, and overall performance to BTX did not exceed the pristine H15 performance. 

Instead, the P promoted catalysts showed higher yields of non-condensable gases, such as 

propylene and ethylene. Only a slightly higher selectivity to (di)alkylated aromatics was seen 

for the W_C-2PH15 as catalyst compared to the benchmark H15 zeolite. Also, in the co-feeding 

experiments, the use of PHZSM-5 catalyst did not improve BTX formation. A smaller amount 

of coke was produced during the conversion of MF with ethylene co-feeding when using the 

W_2PH15 and W_C-2PH15 catalysts, while during DMF aromatization with ethylene co-

feeding, a higher amount of non-condensable gases was obtained with  the W_2PH15 catalysts 

after 125 min reaction. This suggests that the formation of aromatics from both MF and DMF 

with ethylene co-feeding does not proceed solely via a Diels-Alder cycloaddition mechanism. 

The phosphorus-modified zeolites thus showed enhanced alkylated aromatics formation during 

the aromatization of MF and DMF only, i.e. without ethylene co-feeding. According to 

literature and based on our results, the presence of phosphor increased cracking rates, as higher 

formation of non-condensable gases, such as propylene, ethylene and methane, were detected. 

This boosted the formation of alkylated aromatics. The anticipated positive effect of P-

promotion seen in liquid phase catalytic conversions could thus not be translated to gas phase 
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furan aromatization. Further studies focused on the optimization of the phosphorus loading and 

speciation may still lead to improved catalyst performance.   
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Abstract 

The development of novel technologies to convert renewable biomass feedstocks to fuels and 

chemicals is of increasing interest for making our chemical industry more sustainable. Plant 

biomass or its biomass-derived platform molecules are typically over-functionalized, requiring 

substantial modification to produce the chemicals currently demanded by industry. Furans 

compounds are intermediates in the catalytic fast pyrolysis of lignocellulosic biomass or sugar 

dehydration and can in principle be further converted to aromatics. While upgrading of furans 

by zeolite-catalyzed aromatization typically results in a large loss of carbon due to coke 

deposition, carbon laydown can be mitigated by the addition of ethylene and by the 

modification of the zeolite with Lewis acid Ga sites. In this Chapter, we investigate the 

influence of the Ga loading on the physicochemical properties of Ga-modified HZSM-5 zeolite 

and its performance in the gas-phase aromatization of 2,5-dimethylfuran with ethylene. 

Characterization of the morphological, textural and acidic properties were carried out to 

understand the role of Brønsted and Lewis acid sites on the catalytic reaction. We demonstrate 

a crucial role of the dispersion of Ga-species and the resulting Lewis acidity of the Ga/ZSM-5 

catalysts; and show means how to control both parameters by adjusting the synthesis method.  
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4.1 Introduction 
The potential of zeolite catalysts for the production of sustainable chemical building blocks 

from biomass has attracted widespread attention in the last decade1–5. Bio-based platform 

molecules are small molecules obtained preferably from lignocellulosic biomass that can be 

utilized as building blocks for higher-value chemicals and in this way help to introduce 

alternative, sustainable feedstock in the value chain of the chemical industry6,7. Deoxygenated 

furan derivatives, such as furan, 2-methylfuran and 2,5-dimethylfuran, together can be thought 

to constitute a class of such renewable platform molecules. These furan derivatives can be 

converted into light aromatic hydrocarbons, such as benzene, toluene, ethylbenzene and xylenes 

(further denoted as BTEX), for example by selective Diels-Alder addition with ethylene in the 

liquid phase2,8,9. Another route prominently investigated in recent years is catalytic fast 

pyrolysis (CFP) of raw biomass to bio-oil, with furans thought to play a crucial role in particular 

in the production of the aromatic components of the oil10,11. Carlson et al. proposed a reaction 

pathway for the CFP of cellulose over HZSM-5 catalysts involving dehydration of sugar 

fragments derived from cellulose to form anhydrosugars and then furans12. Further 

deoxygenation reactions of furans leads to aromatics, light olefins and coke11. Recently we 

demonstrated that methylated furans, namely 2-methylfuran and 2,5-dimethylfuran (2,5-dMF) 

poses significantly higher selectivity to aromatics comparable to furan13. Despite promising 

yield in the aromatization of furan derivatives compounds, the overall process remains 

problematic, primarily due to a low selectivity of valuable alkylated benzenes and strong 

catalyst deactivation. 

In recent studies, Huber and co-workers discussed Diels-Alder pathways as a main reaction 

mechanism of furan aromatization when co-feeding small olefins11,14. Based on these insights, 

co-feeding of light dienophiles, such as ethylene and propylene, has been explored to enhance 

the reaction selectivity. The BTEX selectivity was indeed enhanced upon addition of ethylene, 

with the addition of olefins, especially propylene, additionally improving deoxygenation by 

dehydration, resulting in less carbon loss as COx
15. Addition of Ga to ZSM-5 was demonstrated 

to improve the BTEX yield during furan aromatization and CFP of saw dust14. The authors 

speculated that Lewis acid Ga sites promote aromatics yields by increasing Diels-Alder reaction 

rates. However, the acidic and morphological properties of the catalysts used were not 

evaluated. To gain deeper understanding of the reaction mechanism and to design novel 

catalysts with high performance it is necessary to use well-defined materials.  
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Ga-promoted zeolites are well-known as effective catalysts for the aromatization of other feeds, 

such as alkanes, alkenes and methanol to aromatics16–19. Depending on the preparation method 

used, different Ga species can be obtained with the Ga/ZSM-5 system, strongly affecting 

catalyst performance in aromatization. The exact nature of the gallium species formed and 

desired for catalysis has long been the subject of investigation. The group of Hensen and 

Kazansky investigated Ga species in HZSM-5 by XANES and DRIFT spectroscopy20–22, 

demonstrating that reduced Ga+ species are formed in a H2 atmosphere at elevated temperatures. 

It has also been established that such reducing conditions result in the migration of bulky Ga-

oxides into the zeolite micropores and ion-exchange with protons22. Rane et al. observed that 

GaH2
+ is less active for alkane dehydrogenation than Ga+, while oxidized gallium species, 

present as GaO+ or Ga2O2
2+, are the most active, requiring an oxygen source to prevent 

reduction of Ga3+ to Ga+ 23,24. These authors also observed that at high temperature Brønsted 

acid sites were regenerated with concomitant formation of Ga2O3 species. Kazansky et al. 

studied the adsorption of ethane over Ga2O3 clusters by DRIFT spectroscopy and observed that 

these non-cationic Ga oxide clusters can in fact also activate alkanes via dissociative 

adsorption25. While Brønsted acidic HZSM-5 catalyzes both cracking and dehydrogenation of 

alkanes26, Ga-modified HZSM-5 generally show a preference for dehydrogenation to olefins 

and aromatization. High aromatization activity is achieved with bifunctional catalysis involving 

Ga species and Brønsted acid sites27–29. Pidko et al. demonstrated a significant enhancement of 

ethane dehydrogenation when Brønsted acid sites are in close proximity to Ga sites. Finally, 

Hensen et al. demonstrated that water addition positively affects alkane dehydrogenation by 

stabilization of the Ga-oxo cations24. Thus, depending on the preparation procedures and 

especially the reaction conditions different Ga species can be formed in the zeolite. In contrast 

to more defined model systems prepared via CVD of GaCl3 or Ga(CH3)3, preparation of well-

defined Ga modified zeolites by a simple insipient wetness impregnation method has not been 

systematically described yet.  

In this Chapter, we have prepared a set of Ga-promoted HZSM-5 zeolites by wetness 

impregnation with Ga(NO3)3 followed by a reduction-oxidation procedure to increase the Ga 

dispersion. We show that the materials with designed acidic properties can be obtained. These 

catalysts were characterized in detail for their acidity, texture and morphology. By comparing 

these data to the catalytic performance in the co-aromatization of 2,5-dimethylfuran with 

ethylene, structure-performance relations are deduced, showing that Ga Lewis acid sites play 

an important role in this reaction.  
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4.2 Experimental Part 
 

4.2.1 Catalyst Preparation 
Ga/HZSM-5 catalysts were prepared via incipient wetness impregnation of a pristine HZSM-5 

zeolite (Süd-Chemie, Si/Al = 13) with an aqueous solution of Ga(NO3)3 (Alfa Aesar, 99.9% 

metal based). As-prepared samples were first dried at 110 °C overnight and then calcined at 

550 °C (heating ramp rate 2 °C/min) under static air atmosphere. Those samples are denoted as 

Ga(x) with x corresponding to Ga wt. % further in the text. Calcined samples were then treated 

in H2 at 550 °C (heating rate 2 °C/min, 30% H2 in Ar) for 7 h to enhance the metal dispersion. 

After reduction, the samples were exposed to O2 at 150 °C (30 vol. % O2 in Ar, 1 h). These 

samples after reduction – oxidation treatment are denoted as Ga(x)RO. Additionally a sample 

was prepared by physically mixing Ga2O3 (Alfa Aesar, 99.9% metal based) with a parent zeolite 

followed by calcination at 550 °C (heating ramp rate 2 °/min) and denoted as Ga(8)PM.  

 

4.2.2 Catalyst Characterization 
The elemental composition (Si/Al ratio and Ga content) of the zeolite catalysts was determined 

by inductively coupled plasma-optical emission spectroscopy (ICP-OES) (Spectro CIROS 

CCD ICP optical emission spectrometer with axial plasma viewing). Prior to analysis, the 

zeolite samples were dissolved in a 1:1:1 (by weight) mixture of HF (Merck, 40 % for trace 

analysis), HNO3 (Merck, 65% for trace analysis) and H2O (18.2 mQ·cm).  

Scanning electron microscopy (SEM) and Energy Dispersive X-Ray analysis (EDX) were 

performed to determine the presence and morphology of gallium over the surface of the zeolites. 

Measurements were carried out with a FEI Helios Nanolab 600 FIB-SEM instrument at 15.0 

kV acceleration voltage. Energy Dispersive Spectroscopy (EDS) was performed using a Silicon 

Drift Detector (SDD) X-MAX from Oxford Instruments coupled to the Helios Nanolab.  

NH3 temperature programmed desorption (TPD) experiments were carried out in a 

Micromeritics AutoChem II equipped with a TCD detector. Approximately 100 mg sample was 

placed in the reaction chamber and the sample was dried up at 600 °C in a He flow. Then, the 

chamber was cooled to 100 °C in a He flow and held at 100 °C for 2 h. A flow of 10 ml/min of 
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10 vol. % NH3/He was fed into the chamber to saturate the sample with NH3. Thereafter, the 

sample was kept at 100 °C in a He flow for 2 h, followed by heating to 600 °C at 10 °C/min.  

Fourier transform-infrared (FT-IR) spectroscopy of adsorbed pyridine and carbon monoxide 

was carried out to probe the acid sites. Spectra were taken in the 4000 − 1000 cm−1 range using 

a Bruker Vertex 70v spectrometer. First, a zeolite sample was pressed into a self-supporting 

wafer (5 − 10 mg, diameter 13 mm) and then placed in an environmental transmittance IR cell. 

Samples were first pre-treated in a O2/N2 flow at 550 °C (heating rate 5 °C/min) to eliminate 

adsorbed species, followed by cooling in dynamic vacuum (~10-5 mbar). For pyridine 

adsorption experiments, the sample was exposed to an excess of pyridine at 150 °C. Spectra 

were then recorded at different temperatures (150 − 450 °C) under dynamic vacuum. Heating 

was done at a rate of 5 °C/min followed by a dwell of 1 h before recording a spectrum. For the 

quantification of Brønsted and Lewis acid sites the integral molar extinction coefficients 

(IMEC, Ε) of 0.73 cm/µmol and 1.11 cm/µmol respectively were used30,31. For the CO 

adsorption experiments, the cell was cooled with liquid nitrogen to a temperature of ~ -183 °C 

in dynamic vacuum. Small pulses of CO (10 µmol) were then admitted to the IR cell, whilst 

recording IR spectra. Prior to CO dosing the cell was pressurized with a few mbar of He to 

enhance thermal conductivity and eliminate possible temperature gradients.  

In situ UV/Vis Diffuse Reflectance Spectroscopy (DRS) experiments were carried out in a 

Linkam FTIR600 in situ cell equipped with a temperature controller. All UV/Vis DRS spectra 

were collected using a AvaSpec-2048L spectrometer and a AvaLight DH-S-BAL fiber probe 

(Avantes). Samples were pressed over a quartz slide and 15 µl 4-fluorostyrene (99%, Sigma 

Aldrich) was added to the materials. Afterwards, they were heated to 120 °C while collecting 

UV/Vis DRS spectra to monitor oligomer formation over time.  

Confocal fluorescence microscopy (CFM) measurements were carried out using a Nikon 

ECLIPS 90i upright confocal laser scanning fluorescence microscope equipped with a 

100×0.73NA dry objective lens and a pinhole value of 1.2 au. Fluorescence microphotographs 

were collected using 488 nm and 561 nm laser lights. The emission was measured in a range of 

510 − 670 nm when using 488 nm laser light and in a range of 580 − 700 nm when using 561 

nm laser light by the A1R scanning head equipped with a spectral detection unit consisting of 

a diffraction grating and a 32-photomultiplier tube array. The catalysts were analyzed in-situ 

by CFM after staining the samples by 4-fluorostyrene oligomerization. All the materials were 

heated to 120 °C and held at that temperature for 5 min. Subsequently, 15 µl 4-fluorostyrene 
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was added and after 15 sec. the heating was turned off. After cooling to room temperature, the 

stained samples, these were illuminated by specific wavelength lasers causing the oligomeric 

species to fluoresce.  

Zeolite crystallinity was evaluated by powder X-ray diffraction (XRD) method. XRD 

measurements were performed on a Bruker D2 powder diffraction system (Cu Kα radiation, 

scan speed 0.01° per step, 2θ range 5−60°). The relative crystallinity of samples normalized to 

a parent HZSM-5 was evaluated by comparing of the integral areas of the reflections (Miller 

indices in parentheses) at 23.1° (051), 23.3° (501), 23.7° (511), 24.0° (033), and 24.4° (313).  

The texture of the zeolites was determined by Ar porosimetry, carried out at - 186 °C using a 

Micromeritics ASAP-2020 apparatus. The samples were degassed at 500 °C prior to 

measurements. The micropore volume was determined by the t-plot method in a thickness range 

from 3.5 to 4.5 Å.  

X-ray Photoelectron Spectroscopy (XPS) spectra were taken using a Thermo Scientific K-alpha 

spectrometer equipped with a monochromatic Al Kα X-ray source and a 180° double-focusing 

hemispherical analyzer with a 128-channel detector.  

 

4.2.3 Catalyst Testing 
The catalytic aromatization of 2,5-dimethylfuran (2,5-dMF) in the presence of ethylene was 

carried out in a fixed bed quartz reactor. In a typical catalytic run, 0.5 g of the sieved catalyst 

fraction (250-500 µm) was placed into the reactor and held between quartz wool plugs. 

Calibrated thermal gas mass-flow controllers (Brooks) were used to feed the gases into the 

reactor. To feed 2,5-dMF a thermostated glass saturator was used. Reaction products were 

analyzed using online GC (Trace 1300, Thermo) and MS (Pfeiffer Omnistar GSD 301 T3) 

instruments. The gas flow from the reactor was sent directly to the GC injection system 

equipped with a 100 µl sample loop mounted on a 6-way valve. The MS capillary entrance was 

installed just below the reactor bed exit. The GC was equipped with two columns and detectors. 

A TCD detector with an RT-Q-Bond column (l. 20 m; i.d. 0.32 mm; d.f. 10 µm) was used for 

the analysis of the light fraction of the reaction products. Aromatics and other heavier products 

(including substituted naphthalenes) were analyzed on a Stabilwax-DB column (length 30 m; 

i. d. 0.25 mm; d. f. 0.25 µm) coupled with a FID. Identification of the compounds was done 
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based on the retention time compared to standards. The reaction selectivity, conversion and 

yield were calculated as: 

𝑥𝑥𝑖𝑖(𝑡𝑡) = 1 − ni
out

ni
in ;        (eq. 4.1) 

𝑠𝑠𝑘𝑘(𝑡𝑡) = nk
out

ni
in−ni

out ∗ �
µi
µk
�;       (eq. 4.2) 

𝑋𝑋𝛴𝛴(𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) = ∑ µi ∗ ∫ (niin − niout)dtt
0i ;     (eq. 4.3) 

𝑆𝑆𝑘𝑘 =
µk∗∫ nk

outdtt
0
Xi

;        (eq. 4.4) 

𝑌𝑌𝑘𝑘 = µk ∗ ∫ nkoutdt = Sk ∗ Xi
t
0 ,      (eq. 4.5) 

 

where (eq. 4.1) – conversion at t; (eq. 4.2) – C based selectivity to a product k at t where nj – 

concentration of compound and µj – number of carbon atoms in k; (eq 4.3) – overall C based 

conversion at t; (eq. 4.4) – overall C based selectivity to a product k; (eq. 4.5) – overall C based 

yield of a product k. Cumulative (overall) parameters were calculated at t such that x(t) = 90%. 

Both ethylene and 2,5-dimethylfuran are included in the overall carbon balance.  

 

4.3 Results and Discussion 
 

4.3.1 Catalyst Characterization 
As solvated Ga3+ ions are too large to enter the ZSM-5 micropores, the direct exchange of 

Brønsted acid sites (BAS) with Ga during wet impregnation is limited32. Therefore, wet 

impregnation leads to the predominant deposition of aggregated Ga-oxide on the external 

zeolite surface. A different, more effective method to substitute ZSM-5 BAS for Ga involves 

their gas phase reaction with volatile Ga compounds, such as Ga(CH3)3 or GaCl3. However, 

this method is only applicable to prepare model catalyst systems at a small scale. A high degree 

of gallium-proton exchange can also be achieved by a high-temperature reductive treatment of 

a Ga/HZSM-5 zeolite sample prepared via conventional wet impregnation or wet ion-exchange 

methods. Reduction leads to the formation of mobile Ga2O, which can migrate into the 

micropores and react with BAS. This procedure is sometimes called reductive solid-state ion 
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exchange. Subsequent oxidation in oxygen results in the formation of well-dispersed GaO+ ions, 

which are considered catalytically active2128: 

Ga2O3 + 2H2  Ga2O + 2 H2O, 

Ga2O + 2 ZO-···H+  2 ZO−···Ga+ + H2O, 

2 ZO-···Ga+ + ½ O2  2 ZO−···GaO+. 

A drawback of this approach is that repeated calcination and reductive treatments at 550 °C 

result in damage to the zeolite framework due to water formation. Moreover, volatile Ga species 

might be removed from the solid catalyst. Accordingly, we investigated the texture, structure 

and composition of Ga/ZSM-5 after the reductive treatment step followed by the re-oxidation. 

It should be noted though that the XRD patterns show that neither the presence of Ga nor the 

high-temperature reductive and oxidative treatments affected the crystal structure of zeolite, 

even for the highest Ga loading of 8 wt. % (Figure 4.2a). Quantification of the relative 

crystallinity confirms that the MFI framework remained intact (Table 4.1). The observed shift 

of the XRD reflections can be attributed to a slight increase of the zeolite unit cell dimensions, 

induced by the intra-zeolite Ga species33. 

 

 
Figure 4.1. (a) X-ray diffraction (XRD) patterns of the parent HZSM-5, Ga(8)RO, Ga(8) and Ga(8)PM; 

(b) X-ray photoelectron spectroscopy (XPS) data of Ga(x)RO (dashed lines) and Ga(x) (solid lines).  

The presence of a bulk gallium oxide phase (particles >30 nm) can be inferred from XRD 

reflections at 31.75° and 35.25° 2Θ32. Figure 4.2a shows that such bulk Ga2O3 reflexes are 

absent in the XRD patterns of the impregnated and treated catalysts, while they are apparent for 
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the physical mixture of Ga2O3 and ZSM-5. XPS analysis of the zeolite samples, which mainly 

probes the external surface of the crystals, shows how the reductive treatment affects the Ga 

distribution. After impregnation and calcination, a large amount of Ga-species was found to 

reside at the external surface (Figure 4.1b). Reduction resulted in the complete disappearance 

of the Ga 3d signal for Ga(1)RO and Ga(2)RO. This implies that most of the Ga-oxide has 

dispersed inside the zeolite pores during reduction. A Ga 3d signal remains for Ga(4)RO, 

showing that not all Ga can be dispersed inside the zeolite at a higher Ga content.  

 
Figure 4.2. (a) X-ray diffraction (XRD) patterns of the Ga(x)RO samples and the pristine HZSM-5; (b) 

Ga loading, and actual Ga content based on elemental analysis data for Ga(x) and Ga(x)RO samples.  

Elemental analysis showed that the total Ga loading does not change upon reductive treatment 

(Figure 4.2b), confirming that all Ga is retained by the zeolite during high-temperature 

reduction. Considering that Ga is not Visible in the XPS spectra of Ga(1)RO and Ga(2)RO, and 

just a 10% fraction of Ga remains on the surface for Ga(4)RO, it is clear that Ga is (nearly) 

quantitatively located inside the zeolite pores at loadings below 4%.  

SEM-EDX was used to determine the presence and morphology of the Ga species over the 

surface of the promoted materials. In order to get an insight into the physical appearance and 

elemental composition of the Ga/HZSM-5 catalysts, SEM-EDX analysis was performed for the 

samples before and after reductive treatment. The micrographs of those samples and EDX 

mapping of the elements are shown in Figure 4.3.  
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Figure 4.3. Scanning electron microscopy (SEM) image and energy dispersive X-ray (EDX) mapping 

(Al, Si, Ga) of Ga/ZSM-5 samples. 

SEM images show that incorporation of Ga did not introduce any significant morphological 

changes in zeolite crystal habit. In line with expectation, EDX mapping showed the presence 

of Ga conglomerates for Ga(4) and Ga(8) samples. After the reductive treatment the distribution 

of Ga became significantly more homogeneous. Only Ga(8)RO contained measurable 

aggregates of Ga. The EDX data is thus in a good agreement with the XRD and XPS data 

reported above. It confirms the importance of the reductive treatment on the Ga distribution and 

indicates that, at a Ga loading higher than 4%, a larger fraction of Ga remains on the zeolite 

outer surface.  

The acidity of the samples was probed by different methods. NH3 desorption traces are shown 

in Figure 4.4, revealing the two main features typical for acidic zeolites. The low temperature 

desorption feature with a maximum at 220 – 230 °C (l-peak) is associated with ammonia 

adsorbed on weak acid sites or physically adsorbed ammonia. The feature at high temperature 



Chapter 4 

133 
 

(h-peak) is attributed to ammonia adsorption on strong acid sites34,35. Introduction of Ga led to 

significant changes in the NH3 desorption traces. The h-peak became broader with the 

maximum shifting to lower temperature with increasing Ga loading. The broadening indicates 

that there are different acid sites associated with h-peak including strong Brønsted acid sites 

and Lewis acid sites. In contrast, the l-peak remains similar in shape and position. The ratio 

between l- and h-peaks decreases upon increasing Ga content. Introduction of Ga most likely 

decreases the number and strength of the remaining strong acid sites, which can be attributed 

to the partial exchange of Brønsted acid sites and formation of Ga-associated Lewis acid sites.  

 

 

Figure 4.4. NH3 temperature programmed desorption (TPD) profiles for HZSM-5 and Ga(x)RO 

zeolites. 

The quantity, nature and strength of the acid sites was further characterized by FT-IR 

spectroscopy of adsorbed pyridine at 150 °C and CO at -196 °C. Analysis of the pyridine FT-

IR spectra (Figure 4.5) shows that the exchange degree of Brønsted acid sites increases 

proportionally with Ga loading between 0 and 4 wt. %, before reaching a plateau. These data 

are supported by the EDX-mapping and XPS results, where we found that agglomerated Ga 

starts to form at a Ga loading above 4 wt. %. It is also important to note that the disappearance 

of BAS is accompanied by a proportional increase in Lewis acidity (Figure 4.5b). The 

stoichiometry implies that the composition of Ga species formed is different in the samples with 

different loading. At low Ga loading formation of (Ga2O)2x
2x+ can be anticipated while at higher 
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loading the ions with the composition (GaO)x
x+ are the dominant species. These observations 

are in line with previously reported theoretical studies detailing the formation and self-

organization of such multinuclear clusters, particularly (Ga(µ-O)2Ga)2+ 36,37.  

 
Figure 4.5. (a) Concentration of Lewis and Brønsted acid sites obtained from Fourier transform-infrared 

(FT-IR) pyridine adsorption; (b) Number of Brønsted acid sites (BAS) removed and Lewis acid sites 

(LAS) introduced normalized by amount of Ga deposited. 

FT-IR analysis of adsorbed CO shows that the presence of Ga at exchange sites did not change 

the acid strength of the remaining BAS. The band positions related to bridging OH groups and 

CO adsorbed to this bridging OH group were similar for the parent HZSM-5 and the Ga(2)RO 

and Ga(4)RO samples (Figure 4.6). At low partial pressure of CO, only a band at 2174 cm-1 

was observed in the CO stretching region, corresponding to ν(OH···CO). With increasing CO 

pressure, a band at 2140 cm-1 appeared, which is due to physisorbed CO. No bands are observed 

in the 2200 – 2300 cm-1 region, showing that reduced Ga species are absent after the re-

oxidation treatment21. A summary of the acidity characterization results is given in Table 4.1. 

 
Figure 4.6. Fourier transform-infrared (FT-IR) spectra of CO adsorbed on Ga(x)RO samples under 

sequential dosing of CO at 77 K. (a) parent HZSM-5, (b) Ga(2)RO (c) Ga(4)RO. 
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Table 4.1. Summary of the physiochemical properties of the Ga/HZSM-5 materials under study. 

Catalyst HZSM-5 Ga(1)RO Ga(2)RO Ga(4)RO Ga(6)RO Ga(8)RO Ga(4) Ga(8) 

Ga/Ala 0 0.11 0.23 0.43 0.62 0.86 0.43 0.87 

NH3 TPD 

total,  

mmol g-1 

1.0 0.81 0.86 1.08 n.d. 0.8 n.d. n.d. 

NH3 TPD 

weak, °C 
233 222 226 218 n.d. 216 n.d. n.d. 

NH3 TPD 

weak, mmol 

g-1 

0.45 0.41 0.37 0.36 n.d. 0.26 n.d. n.d. 

NH3 TPD 

strong, °C 
426 393 378 338 n.d. 336 n.d. n.d. 

NH3 TPD 

strong, mmol 

g-1 

0.55 0.40 0.48 0.72 n.d. 0.54 n.d. n.d. 

ν(OH·CO)b, 

cm-1 
3305 3305 3305 3305 n.d. 3305 n.d. n.d. 

ν(CO·HO)b, 

cm-1 
2174 2174 2174 2174 n.d. 2174 n.d. n.d. 

BAS/LASc, 

µmol g-1c 
950/107 614/393 556/526 487/599 402/551 421/548 n.d. 664/152 

Stotal,  

m2 g-1 
321.3 349.2 331.3 292.5 275.4 292.2 235.1 274.4 

Smicro,  

m2 g-1 
281.8 307.9 280.8 219.0 251.0 269.1 233.7 248.8 

Sexternal,  

m2 g-1 
39.5 41.2 50.5 73.5 24.3 23.2 25.2 25.7 

Vmicro,  

cm3 g-1 
0.11 0.12 0.11 0.10 0.10 0.11 0.08 0.09 

Crystallinityd 1 n.d. 1.01 1.06 0.99 0.99 n.d. n.d. 

Measured by ICP; (b) CO adsorbed FT-IR (c) pyridine adsorbed FT-IR; (d) XRD. 
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As demonstrated by NH3-TPD and FT-IR spectroscopy measurements, an increase of the Ga 

loading leads to a lower Brønsted acidity. To gain further insight into the nature and location 

of acid sites in the Ga-exchanged zeolites, these samples and the parent HZSM-5 reference 

were analyzed with in situ UV/Vis DR spectroscopy and fluorescence micro-spectroscopy 

using the BAS-catalyzed oligomerization of 4-fluorostyrene as a probe reaction. In previous 

works, reactivity and distribution of Brønsted acid sites of different porous zeolitic materials 

have been studied in combination with micro-spectroscopy techniques and acid-catalyzed 

oligomerization reactions38,39. 4-fluorostyrene oligomerization yields conjugated cyclic and 

linear dimeric carbocationic species as well as higher oligomeric carbocationic species, which 

serve as BAS-selective reporter molecules (Figure 4.7)40,41. Sprung and Weckhuysen observed 

that linear dimeric carbocations predominantly occupy straight MFI channels, while the cyclic 

carbocations can be formed either in the intersections or close to the external surface. 
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Figure 4.7. UV/Vis diffuse reflectance (DR) spectra recorded after the exposure of zeolites to 4-

fluorostyrene at 25 °C followed by heating to 120 °C and the main oligomeric species formed with their 

expected absorption wavelengths (bottom) (a) HZSM-5; (b) Ga(2)RO; (c) Ga(4)RO and d) Ga(8)RO. 

The data, given in Figure 4.7, show the linear dimeric carbocations, likely occupying the 

straight channels, to dominate the spectra, as indicated by the intense absorption band at 550 

nm found for all catalysts. Modification of zeolite with Ga led to the suppressed formation of 

the cyclic dimeric (510-515 nm) and the higher oligomeric carbocations (600 nm), which are 

located in the intersections of the MFI framework and the zeolitic external surface, respectively. 

This implies a reduction in Brønsted acidity or hindered accessibility of the acid sites in these 

positions. The most noticeable decrease in intensity of the linear and cyclic dimeric 
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carbocations is observed between the parent ZSM-5 zeolite and the Ga(2)RO sample. A drop 

in intensity is only observed for the 600 nm absorption band of the Ga(8)RO catalyst, which is 

attributed to the large amount of Ga species agglomerated after the reduction step on the surface. 

This result is in line with the XPS and SEM analyses shown above. The absorption band around 

400 nm decreases in intensity as well with increasing Ga loading. This band is assigned to the 

formation of methyl-substituted benzenium carbocationic species42,43. Furthermore, as shown 

in Figure 4.7, introduction of Ga into MFI also increased the onset temperature for the 

oligomerization reaction. Specifically, 4-fluorostyrene oligomerization over the HZSM-5 

material (Figure 4.7a) already yielded the cyclic and linear carbocations after 50 s of reaction. 

In contrast, for Ga(8)RO (Figure 4.7d) the linear dimeric carbocation is detected only after 200 

s of reaction, attributed to the lower BAS content and reduced accessibility, in line with the 

above reasonings.  

For a more detailed visualization of the decrease in the formation of oligomeric species by 

increasing Ga content, absorption spectra of all samples at 300 s are shown in Figure 4.8a. It 

can be observed that an increase in the Ga loading leads to a decrease in the intensity of all the 

absorption bands. Furthermore, the 400, 510, 550 and 600 nm absorption bands have been 

plotted over time to see if there is any difference between the ratio of formation of the different 

oligomeric species (Figure 4.8b, 4.8c, 4.8d and 4.8e). The absorption difference between the 

linear and the cyclic carbocations is larger among HZSM-5 and Ga(4)RO, however for sample 

Ga(8)RO their difference in intensity is smaller revealing a significant reduction of BAS. 

Concerning the higher oligomeric carbocationic species, their difference in the absorption 

intensities between the linear carbocations increases as well. Both evidences indicate the 

decrease in the amount and strength of BAS, which are in line with the TPD data discussed 

above.  
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Figure 4.8. (a) UV/Vis DR spectra for the different catalyst materials after 300 s of reaction with 4-

fluorostyrene, including the position of the two laser frequencies, used to excite the oligomeric species 

formed; Intensity plots of 400, 510, 550 and 600 nm absorption bands as a function of reaction time for: 

(b) Fresh HZSM-5, (c) Ga(2)RO, (d) Ga(4)RO and (e) Ga(8)RO.  

The fluorescence microscopy images of the series of (Ga-exchanged) HZSM-5 catalysts stained 

with 4-fluorostyrene are shown in Figure 4.9. The images were taken after excitation with 488 

nm and 561 nm wavelength lasers, respectively.  
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Figure 4.9. Fluorescence microscopy images taken from stained catalysts after irradiating them with a 

488 nm (top) and 561 nm (bottom) wavelength laser; (a) Fresh HZSM-5, (b) Ga(2)RO, (c) Ga(4)RO, 

(d) Ga(6)RO and (e) Ga(8)RO.  

After excitation with the 488 nm laser the predominant species excited are the cyclic dimeric 

carbocations and to a lower extent the linear dimeric carbocations. As Figure 4.9 shows, the 

fresh HZSM-5 sample expectedly gives the highest fluorescence intensity after excitation with 

the 488 nm laser followed by Ga(2)RO and Ga(4)RO samples. The overall fluorescence 

intensity decreases with increasing Ga loading, confirming that the density of BAS is reduced. 

Moreover, a rather consistent fluorescence intensity is displayed in all the CFM images 

revealing a homogeneous distribution of the Ga species in all the Ga-exchanged samples, as 

also shown in the SEM-EDX analyses shown above. Also, after excitation with the 561 nm 

wavelength laser, the parent ZSM-5 shows the highest fluorescence intensity. The main excited 

oligomeric species in this case are the linear dimeric carbocations and the larger oligomeric 

carbocations.  
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Figure 4.10. Emission spectra of each sample after excitation with (a) 488 nm and (b) 561 nm 

wavelength lasers.  

For a more detailed analysis of the fluorescence microscopy measurements we also collected 

emission spectra, as shown in Figure 4.10, for each sample after excitation with 488 nm and 

561 nm lasers. After excitation with the 488 nm laser, there is one broad shoulder at around 550 

nm in the emission spectra, which corresponds to the cyclic dimeric carbocation, and two bands 

at around 570 nm and 610 nm in the emission spectra, corresponding to the linear dimeric 

carbocation emission bands. In turn, after excitation with the 561 nm laser there is a band around 

630-640 nm, which can be attributed to the larger oligomeric carbocation. For both sets of 

spectra we can corroborate that fresh HZSM-5 displays the highest fluorescence intensity, 

reflecting also its higher reactivity in 4-fluorostyrene oligomerization.  

 

4.3.2 Catalytic Activity Tests 
To investigate the influence of Ga content and location on the catalytic performance, the 

different samples were used as catalysts in the co-aromatization reaction of 2,5-dMF with 

ethylene. We first verified that SiC, used as a diluent, was not active in this reaction in the 300 

– 600 °C temperature regime (Figure 4.11), in line with an earlier study44. A silica reference 

was found to convert 2,5-dMF at temperatures of 400 °C. Full conversion was reached at 600 

°C and above 500 °C, benzene and toluene formation was observed. 
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Figure 4.11. Temperature dependence of 2,5-dMF and ethylene conversion over SiO2 (left) and SiC 

(right) as derived from the MS analysis. Observed spikes correspond to GC injections. 

The low mass balance indicates that most 2,5-dimethylfuran is converted to coke at these high 

temperatures. Accordingly, we carried out the activity measurements of the zeolites at a 

temperature of 450 °C to avoid non-selective reactions at the external zeolite surface. Figure 

4.13a shows that all catalysts possess a complete conversion of 2,5-dMF at the start of the 

reaction. After ca. 100 min, the catalysts undergo rapid deactivation. The major deoxygenation 

product is water for both Ga-modified and pristine zeolites (Figure 4.12).  

 

 
Figure 4.12. Deoxygenation selectivity towards water in the aromatization reaction of 2,5-dMF and 2,5-

dMF with co-feeding of ethylene over HZSM-5 and 4% Ga(HT) catalysts. Conditions: T = 450 °C; 

p(2,5-dMF) = p(C2H4) = 0.2 kPa in 100 ml/min Ar. 
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Only trace amounts of COx and benzofuran were detected. The product distribution for the 

various catalysts are displayed in Figure 4.13b. The hydrocarbon products are aromatics, mainly 

benzene and toluene with small amounts of xylenes. The BTEX selectivity (Figure 4.13b) 

shows a considerable increase from ca. 25% on the pristine zeolite to 40% on Ga(2)RO. Further 

increase in Ga loading from 2 wt. % to 8 wt. % leads to an increase in BTEX selectivity of ca. 

7 – 8%. The observed trends correlate well with the concentration of LAS as well as with 

removal of BAS.  

 

 
Figure 4.13. Conversion (a) of 2,5-dMF and selectivity (b) towards BTEX aromatics in the reaction of 

2,5-dMF with ethylene. Conditions: T = 450 °C; p(2,5-dMF) = p(C2H4) = 0.2 kPa in 100 ml/min Ar.  

In addition, we found that the distribution of aromatic products changes with increasing the Ga 

loading. The overall carbon selectivity towards benzene and xylenes significantly increased, 

while the production of toluene stayed on almost the same level. This difference can be 

attributed to a change in the reaction mechanism due to the presence of Ga. Based on literature 

reports, we suspect that following reaction pathways might be facilitated by Ga species: (i) 

Diels-Alder coupling of 2,5-dMF and ethylene, (ii) enhanced aromatization of ethylene via 

hydrogen transfer reactions45, and (iii) interaction of ethylene with some other reaction 

intermediates, for example (de)alkylation of aromatic or olefinic intermediates. To evaluate 

which of these pathways is important under our conditions, we investigated the behavior of 

ethylene in a more detailed way.  

Figure 4.14a shows that ethylene is produced in the reaction of pure 2,5-dMF on both HZSM-

5 and Ga(4)RO catalysts. It contributes about 10% and 5% to the overall carbon selectivity, 

respectively. No conversion of ethylene is observed when ethylene is co-fed with 2,5-dMF over 

pristine HZSM-5 catalysts. (Figure 4.14b) In contrast, Ga(4)RO catalysts shows 65% 
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conversion at the beginning of the reaction, which dropped in a linear manner to zero. Figure 

4.15a and 4.15b shows the BTX selectivity as function of time-on-stream for HZSM-5 and 

Ga(4)RO, respectively. Conversion of pure ethylene over the HZSM-5 zeolite under the same 

reaction conditions is relatively low (<5%). Modification of the zeolite with Ga substantially 

improved the conversion up to 85% for Ga(4)RO, yielding mostly benzene and toluene in a 

nearly equimolar ratio (Figure 4.14c).  

 
Figure 4.14. (a) Carbon selectivity to ethylene in the aromatization reaction of 2,5-dMF on HZSM-5 

and Ga(4)RO; (b) carbon selectivity to ethylene in aromatization reaction of 2.5-dMF with ethylene on 

HZSM-5 and Ga(4)RO (c) conversion of pure ethylene on HZSM-5 and Ga(4)RO;. Conditions: T = 450 

°C; p(2,5-dMF) = p(C2H4) = 0.2 kPa; in 100 ml/min Ar.  

Interestingly, the conversion of ethylene which is co-fed with 2,5-dMF is close to zero on 

HZSM-5, indicating that the conversion of ethylene and the formation of ethylene from 2,5-

dMF have nearly equal rates under our reaction conditions (Figure 4.14b). Considering that 

ethylene affected the product distribution (Figure 4.13), we infer that ethylene is involved in 

the further conversion of the primary products from 2,5-dMF conversion. However, the net 

conversion of ethylene is very low. A thermodynamic basis for similar effects observed during 

co-aromatization of alkanes with methane over zeolites has been earlier discussed46,47. When 

Ga is added to ZSM-5 zeolite, there is a net conversion rate of ethylene. However, as ethylene 

addition did not lead to a significant increase in xylenes selectivity (the principal product of 

Diels-Alder coupling of 2,5-dMF with ethylene is p-xylene), it is not likely that a Diels-Alder 

reaction of 2,5-dMF with ethylene is the predominant reaction by which ethylene is 

incorporated in the products.  
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Figure 4.15. Distribution of BTEX aromatics as a function of time-on-stream in the reaction of  ethylene 

with 2,5-dMF over (a) HZSM-5, and (b) Ga(4)RO . Conditions: T = 450 °C; p(2,5-dMF) = p(C2H4) = 

0.2 kPa; in 100 ml/min Ar. 

Finally, to evaluate catalyst stability we carried out 10 reaction-regeneration experiments 

(Figure 4.16). Intermediate regeneration was carried out at 550 °C (ramp rate 5 °C /min,) in 

20% O2 in Ar. Although water evolving during the reaction and regeneration might cause 

dealumination of the zeolite48, the catalytic activity remained at the same level after 10 reaction-

regeneration cycles. These results indicate that Ga/HZSM-5 is an active and stable catalyst for 

cyclic reaction-regeneration operation of co-aromatization of furans with ethylene.  

 

Figure 4.16. Aromatic selectivity under the sequential reaction regeneration cycles aromatization 

reaction of 2,5-dMF with co-feeding of ethylene on Ga(4)RO catalysts. Conditions: T = 450 °C; p(2,5-

dMF) = p(C2H4) = 0.2 kPa in100 ml/min Ar 
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4.4 Conclusions 
By applying a wide range of characterization methods, including SEM-EDX, XPS, NH3-TPD, 

FT-IR and UV/Vis DRS and CFM, we showed that Ga-oxide clusters are abundantly present 

on the external surface of the HZSM-5 zeolite crystals after impregnation. Upon reduction and 

re-oxidation, these large agglomerates are dispersed into the zeolite micropores and nearly 

quantitatively exchanged as (GaO)x
x+ species. A high dispersion and the absence of Ga-oxide 

on the external zeolite surface can be achieved in this manner, when the Ga loading is kept 

below 4 wt. %. The cationic Ga species substitute Brønsted acid sites, resulting in a lowering 

of the Brønsted acidity and an increase of the Lewis acidity of Ga/HZSM-5. The evaluation of 

these catalysts in the co-aromatization of 2,5-dMF with ethylene showed a positive role of Ga-

promotion on the BTEX productivity. The role of ethylene is more complex in this reaction and 

cannot be attributed exclusively to Diels-Alder chemistry. Ethylene most likely participates in 

various alkylation and trans-alkylation reactions affecting the net reaction network. The BTEX 

selectivity increased proportionally to the concentration of exchanged GaO+ sites, implying that 

Ga LAS play an important role in the reaction. Finally, we found that an optimized Ga(4)RO 

catalysts is stable during at least 10 reaction–regeneration cycles, proving the high stability of 

cationic Ga-oxo-species in Ga/HZSM-5. 
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Abstract 

The renewable bulk aromatics Benzene, Toluene and Xylenes (BTX) can be synthesized via 

the aromatization of biobased 2,5-dimethylfuran (DMF) in the presence of ethylene. In this 

Chapter, we report a set of Zn-promoted ZSM-5 zeolite catalysts as efficient catalysts for this 

reaction. The incorporation of Zn adds dehydrogenation activity to the HZSM-5 zeolites, 

thereby influencing the aromatization efficiency of the catalysts. Incorporation of Zn (1.5-3 

wt.%) by incipient wetness impregnation to microporous only as well as hierarchical HZSM-5 

zeolites led to a homogeneous dispersion of zinc over the zeolite crystals, as shown by SEM-

EDX mapping, with no or little occlusion of the zeolite’s micropores, as revealed by Ar 

physisorption. A decrease of the number of Brønsted Acid Sites (BAS) was observed by 

pyridine-probed FT-IR spectroscopy as a result of Zn2+ cation exchange. ZnO clusters were also 

formed on the external surface area, partly blocking access to the micropores, but only for the 

highest Zn loadings (3 wt.%). This resulted in up to a 40% acidity decrease for 3Zn-H15 

compared to the benchmark catalyst (H15). Aromatization of DMF was studied at 500 °C with 

and without ethylene co-feeding, with the highest BTX selectivity (73.5% compared to 55.9% 

with H15 at 90% conversion) shown by the Zn/HZSM-5 catalyst with the highest Zn content 

and in the presence of ethylene. Zn addition thus did improve BTX selectivity, but at the 

expense of increased coke formation, possibly by condensation of the aromatics formed on the 

Zn sites.  
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5.1 Introduction 
The aromatization of furan derivatives towards benzene, toluene and xylenes (BTX) over 

HZSM-5 zeolites has been widely investigated in the last decades as part of the efforts aimed 

at biomass valorization. In a more general sense, this particular reaction is part of the ZSM-5 

catalyzed oxygenate-to-aromatics family of processes, such as the well-studied Methanol-to-

Hydrocarbons (MTH) process. As also often seen with other oxygenates, the 2,5-dimethylfuran 

(DMF) conversion route still suffers from low carbon efficiency and rapid catalyst deactivation 

and thus, requires further attention1,2. Indeed, high temperature, gas-phase processes for the 

aromatization of biomass-derived oxygenates, such as DMF, given their high oxygen content 

(and resulting low H/Ceff ratio), show much faster deactivation than when using oxygen-free 

feedstocks, mainly because of the fast production of carbonaceous deposits3. It has also been 

shown that BTX production can be enhanced by the addition of light olefins, such as ethylene, 

to the feed. This increase in efficiency has been proposed to be the result of Diels-Alder (D-A) 

cycloaddition aromatization4,5, while more recent studies suggest the olefins to play a more 

complex role than solely participating in the D-A mechanism. These last investigations suggest 

that different reaction pathways might be taking place (i.e., a hydrocarbon pool mechanism is 

involved, as is commonly accepted for the MTH process)6. Several recent studies also revealed 

that a combination of both Lewis Acid Sites (LAS) and medium-weak Brønsted Acid Sites 

(BAS) improves aromatization rates, while at the same time lowers the formation of carbon 

deposits7–10. When located within the micropores and channels as cations, gallium, for example, 

adds Lewis acidity to the zeolite, contributing positively to the aromatization of furan derivates. 

This has been discussed in more detail in Chapter 4 of this PhD Thesis9. Introducing Ga cations 

with dehydrogenation activity comes at the expense of a reduction in the number of Brønsted 

acid sites, which together results in an enhanced BTX selectivity. More specifically, for the 

aromatization of 2,5-dimethylfuran (DMF) in the presence of ethylene, Ga-promoted ZSM-5 

zeolites resulted in improved BTX yields by improving the selectivity mostly towards the 

formation of benzene, while the selectivity for the more valuable alkylated aromatics, such as 

toluene and xylenes, remained the same6,9,11. 

Another method to modify Lewis acidity in zeolites is by the incorporation of Zn as promotor. 

Zn-containing ZSM-5 zeolites (Zn/ZSM-5) catalyst have been used widely for the 

aromatization of light hydrocarbons, exploiting their high dehydrogenation activity12–16. They 

have also been tested during the conversion of organic oxygenates, such as alcohols17–20. Zn 

speciation in ZSM-5 zeolite has been extensively studied, e.g. as function of the impregnation 
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method used21–23. As demonstrated by Hensen et al., introduction of cationic Zn species, the 

nature of which depends on the deposition method, leads to a decrease in the number of BAS, 

thus inhibiting the strong cracking properties of ZSM-5 zeolites and favoring ring-closure 

reactions24. The suggested mechanism involving Zn-containing zeolites is known to occur via 

the activation of C-H bonds resulting in the formation of a strong molecular complex between 

the adsorbed carbon substrate and the Zn-based Lewis acid sites, which subsequently leads to 

the production of H2 and an alkene25. Kazansky et al. suggested that an exchange of the BAS 

can be achieved by single Zn2+ cations and by bridging zinc oxide moieties [Zn-O-Zn]2+. 

Further investigations suggested not only the presence of isolated Zn2+, but pointed at the 

formation of ZnOH+ cations as active Zn dehydrogenation sites, species formed at the expense 

of external silanol groups20,24. Later theoretical studies performed by Li et al.26, noted that 

different oxo-, hydroxy-, and isolated Zn cations can be responsible for the dehydrogenation 

activity. However, as reported in previous studies, increase in activity brought by introduction 

of these Zn species is typically accompanied by a more rapid deactivation, as the highly active 

Zn species cause polyaromatic coke to form more rapidly than with the unmodified ZSM-5 

catalysts20,27–29. As reported previously, the introduction of mesopores to a microporous system 

containing Zn can attenuate catalyst deactivation30–32. Unlike for the aromatization of alcohols, 

to the best of our knowledge, only very few investigations about the effect of Zn promotors for 

the aromatization of other oxygenates have been reported33–35, dealing in particular with 

carbohydrates, furfural and furan, but not dimethylfuran.  

As the nature and degree of furan substitution is known to strongly affect the outcome of 

catalytic aromatization6, in this Chapter we have studied the catalytic performance of a series 

of Zn-promoted HZSM-5 zeolites with different Zn loading (1.5-3 wt.%) during DMF 

aromatization. The two different Zn loadings investigated modify the Brønsted and Lewis 

acidity of the catalyst to different extents and hence, catalyst performance. We report a positive 

effect of Zn promotion on the selectivity to aromatics, in particular, to alkylated aromatics. 

Moreover, by incorporating zinc promotors within a hierarchical zeolite system, we were able 

to further boost aromatics production. Furthermore, in some cases the incorporation of 

mesopores enhanced accessibility, thereby reducing diffusion limitations and hence improving 

the lifetime and stability of the zeolite-based catalysts.  
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5.2 Experimental Part 
 

5.2.1 Catalyst Preparation and Reagents 
The H+ form of ZSM-5 zeolites with Si/Al = 15 and 40 was obtained by calcination of the 

commercial (NH4
+)ZSM-5 zeolite (CBV 8014 and CBV 3024E, Zeolyst) at 550 °C for 5 h under 

air. Hierarchical zeolites (H15-A and H40-A) were prepared following the alkaline treatment, 

already described in Chapter 2 of this PhD Thesis36. The H+ form samples with Si/Al = 15, and 

40 were labelled as H15 and H40, while the alkaline-treated materials were labelled as H15-A 

and H40-A, respectively.  

Zinc impregnated samples (with 1.5 and 3 wt. % Zn) were prepared by incipient wetness 

impregnation of the proton form and alkaline treated zeolites (H15 and H15-A) with an aqueous 

solution containing Zn(OAc)2·2H2O (98%, Sigma Aldrich) as precursor. Subsequently, 

samples were dried at 120 °C for 16 h and calcined at 550 °C for 4 h at a rate of 5 °C/min under 

air24. The obtained zinc-containing zeolite materials are labelled as 1.5Zn-H15, 3Zn-H15 and 

3Zn-H15-A. 

2,5-dimethylfuran (98+%, Alfa Aesar) was purchased and used as feedstock without any 

treatment. Ethylene was purchased and directly used from a steel cylinder without further 

treatment (> 99.95% purity, Linde).   

 

5.2.2 Catalyst Characterization 
The crystallinity before and after zinc impregnation of the zeolite materials was investigated by 

X-ray diffraction (XRD) using a Bruker-AXS D2 Phaser powder X-ray diffractometer in 

Bragg-Brentano mode equipped with a Lynxeye detector. The radiation used was a CoKα (λ = 

1.79026 Å) source. The XRD patterns were collected in the 2θ range from 5° to 50° at a 

scanning speed of 0.02°/min and an acquisition time of 1 s per step.   

The specific surface area and porosity of the zeolite materials were determined by Ar 

physisorption using a Micrometric TriStar Analyzer at -196 °C. Before the experiments were 

performed, all samples were degassed under a N2 flow at 300 °C for 16 h to remove any 

physiosorbed impurities. The micropore volume and the surface area were determined by the t-
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plot method and the Brunauer-Emmett-Teller (BET) theory, respectively. External surface area 

was determined by subtraction of the micropore volume area from the BET surface area. 

The Si, Al and Zn content of the zeolites was determined by Inductive Coupled Plasma – 

Optical Emission Spectrometry (ICP-OES) elemental analysis in the Mikroanalytisches 

laboratorium Kolbe in Oberhauser (Germany). Prior to analysis, all the samples were digested 

in acid solutions.  

Temperature programmed desorption (TPD) with NH3 as probe molecule was performed with 

a Micromeritics AutoChem II 2920 equipped with a thermal conductivity detector (TCD) to 

determine the strength and amount of the acid sites within the zeolite materials. 100 mg of 

sample was placed within the chamber and pre-treated up to 600 °C under a He flow. The 

chamber was cooled down and kept at 100 °C before to start the NH3 dosing. A 25 ml/min flow 

of 10% NH3 in He was fed into the chamber using a pulse wise manner until saturation. 

Afterwards, the temperature was ramped to 600 °C at 10 °C/min and kept at that temperature 

for 25 min more.  

For the Fourier transform-infrared (FT-IR) spectroscopy measurements with pyridine as probe 

molecule, the samples were grounded and pressed into thin self-supported wafers (~ 25 mg 

sample). The wafers were placed in a sealed FT-IR cell equipped with a vacuum system and a 

heating system. The wafers were pre-treated under vacuum (~10-3 mbar) at 550 °C for 2 h to 

remove all adsorbates, then was cooled down to 40 °C where pyridine vapor was introduced 

into the cell for 30 min until complete saturation. The weakly adsorbed pyridine was removed 

by evacuation for 1 h. Afterwards, the temperature was ramped from 40 to 150 °C at 2.5 °C/min 

and kept at 150 °C for 30 min, after which a spectrum was recorded. As described in ref.37, this 

step is done to calculate the amount of Lewis acid sites (LAS) and Bronsted acid sites (BAS). 

In a next step, the temperature was ramped up to 550 °C to remove all pyridine from the sample. 

All spectra were recorded between 4000-1000 cm-1 using a Perkin-Elmer System 2000 

instrument.  

Fourier transform-infrared (FT-IR) spectroscopy with CO as probe molecule was also 

performed to investigate both the strength of the acid sites and the nature of the Zn2+ species 

present in the Zn/HZSM-5 zeolites. Approximately 30 mg of zeolite material was grounded and 

pressed into thin self-supported wafers. Then, the wafer was placed in a sealed FT-IR cell 

equipped with a vacuum system and a heating system. Prior to CO adsorption, the wafer was 

pre-treated under vacuum (~10-5 mbar) at 500 °C for 2 h to remove all adsorbates. Subsequently, 
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the wafer was cooled down to -188 °C with liquid N2 before the dosing of CO (up to 4 mbar) to 

favor the adsorption of CO on our material (COb.p.= -191.5 °C). 

Scanning electron microscopy (SEM)-energy dispersive X-ray analysis (EDX) was carried out 

to determine the degree of dispersion of zinc within the zeolite material. Prior to the SEM-EDX 

measurements, all samples were coated with a Pt/Pd layer (~ 4 nm) to reduce charging and 

increase conductivity. SEM images were performed with a FEI Helios Nanolab 600 FIB-SEM 

instrument operating at 15.0 kV acceleration voltage. For acquiring the EDX maps, the 

acceleration voltage was decreased to 2.0 kV while a Silicon Drift Detector (SDD) X-MAX 

from Oxford Instruments, coupled to the Helios Nanolab microscope, was used.  

Thermogravimetric analyses (TGA) under O2 flow were performed with a Perkin Elmer Pyris 

1 TGA analyzer connected to an online mass spectrometer (MS) (OmniStar Pfeiffer). TGA 

experiments were carried out with ~ 10 mg spent zeolite material, which was kept at 50 °C 

under 20 mL/min oxygen flow and heated up to 700 °C at 10 °C/ min. The CO2 (m/z = 44), CO 

(m/z = 28) and H2O (m/z = 18) signals monitored by MS allowed to elucidate the degree of 

coking as well as the nature of the carbon deposits present in the spent catalysts. 

 

5.2.3 Catalyst Testing 
The aromatization of 2,5-dimethylfuran (DMF) with or without ethylene was performed in a 

custom-made reactor setup, as shown in Figure 5.1. For every catalytic test, ~ 55 mg catalyst 

was placed inside the reactor. All reagents and gases were fed into the reactor using calibrated 

mass-flow controllers (Bronkhorst). Activation of the catalyst was performed at the reaction 

temperature (500 °C) for 60 min under O2/N2 flow. Subsequently, the reactor was purged with 

N2 for 30 min before starting the reaction test. DMF was fed into the reactor (0.78 bar) by 

means of a saturator using Ar as carrier gas with a WHSV = 0.7 h-1. For the ethylene co-feeding 

experiments, a calibrated mass-flow controller for ethylene (Bronkhorst) was used. The 

reaction products were analyzed using an online compact gas chromatograph (GC) 

(Interscience) equipped with three 25 μl sample loops mounted on a six-way valve. The GC 

was equipped with three different columns and two different detectors. The C1-C3 products 

were analyzed with a Rt-QBond column of 3 m length and 0.32 mm diameter equipped with a 

flame ionization detector (FID). C4-C8/aromatic products were analyzed on a MXT-5 column 

of 15 m length and 0.28 mm diameter equipped with a FID detector. Non-condensable gases, 
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such as O2, H2, N2 and CO2, were analyzed with a Carboxen 1010 column of 10 m length and 

0.32 mm diameter equipped with a thermal conductivity detector (TCD). 

 

Figure 5.1. (a) Schematic obtained from the LabVIEW program used for running the reactions, 

depicting the experimental setup configuration used for performing the catalytic experiments and (b) 

Picture of the setup used for the aromatization of 2,5-dimethylfuran (DMF) in the absence and presence 

of ethylene over HZSM-5 zeolite-based catalysts. 

Conversion, selectivity and yield (carbon-based) for the aromatization of DMF (which is 

represented as A) with co-feeding of ethylene (which is represented as B) were calculated using 

the following equations38:  

𝑋𝑋𝐴𝐴,𝐵𝐵(𝑡𝑡 = 𝑥𝑥) = 𝑛𝑛𝐴𝐴,𝐵𝐵
𝑖𝑖𝑖𝑖 −𝑛𝑛𝐴𝐴,𝐵𝐵

𝑜𝑜𝑜𝑜𝑜𝑜

𝑛𝑛𝐴𝐴,𝐵𝐵
𝑖𝑖𝑖𝑖 = 1 − 𝑛𝑛𝐴𝐴,𝐵𝐵

𝑜𝑜𝑜𝑜𝑜𝑜

𝑛𝑛𝐴𝐴,𝐵𝐵
𝑖𝑖𝑖𝑖   (eq. 5.1) 

 

𝑆𝑆𝑃𝑃(𝑡𝑡 = 𝑥𝑥) =  𝑛𝑛𝑃𝑃
𝑜𝑜𝑢𝑢𝑡𝑡−𝑛𝑛𝑃𝑃

𝑖𝑖𝑖𝑖

𝑛𝑛𝐴𝐴,𝐵𝐵
𝑖𝑖𝑖𝑖 −𝑛𝑛𝐴𝐴,𝐵𝐵

𝑜𝑜𝑜𝑜𝑜𝑜 × � 𝜇𝜇𝑝𝑝
𝜇𝜇𝐴𝐴,𝐵𝐵

� (eq. 5.2) 

 

𝑌𝑌𝑃𝑃(𝑡𝑡 = 𝑥𝑥) = 𝑛𝑛𝑃𝑃
𝑜𝑜𝑜𝑜𝑜𝑜−𝑛𝑛𝑃𝑃

𝑖𝑖𝑖𝑖

𝑛𝑛𝐴𝐴,𝐵𝐵
𝑖𝑖𝑖𝑖  = 𝑋𝑋𝐴𝐴,𝐵𝐵 × 𝑆𝑆𝑃𝑃; (eq. 5.3) 
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where nin
A,B and nout

A,B represent number of mols of DMF (A) and ethylene (B) entering the 

reactor and in the outlet, respectively. μp and μA,B represent the number of carbons of a product 

p and of the starting reagents A and B (DMF and ethylene), respectively. For the selectivity, 

conversion and yield calculations of the co-feeding tests, ethylene was included in all 

calculations together with DMF as starting reagent.  

 

5.3 Results and Discussion 
 

5.3.1 Catalyst Characterization 
The physicochemical and structural characterization data of the parent and hierarchical zeolites, 

namely (H15, H40, H15-A and H40-A) samples, are discussed in detail in Chapter 2 of this 

PhD Thesis. Zinc-containing zeolites with different amount of Zn (1.5 and 3 wt. %) were 

synthesized by incipient wetness impregnation (IWI) and thoroughly characterized to assess 

how the incorporation of zinc affected the zeolite properties. As shown in previous studies, the 

method of zinc incorporation strongly influences the type of species formed24. The IWI method 

chosen is most commonly used in literature to favor the incorporation of Zn in the channels and 

porous space. 

It is important to note that the crystallinity of the zeolite-based samples was not altered upon 

incorporation of zinc, as demonstrated by the XRD patterns, shown in Figure 5.2a. Furthermore, 

within the detection limits of the XRD method crystalline ZnO or zinc acetate precursor peaks 

were not observed for any of the Zn/ZSM-5 samples (Figure 5.2b), suggesting that ZnO is either 

highly dispersed over the zeolite crystals or amorphous16,19,39. 
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Figure 5.2. X-ray diffraction (XRD) patterns of the different Zn/ZSM-5 catalyst materials under study 

measured between (a) 5° to 50° and (b) from 34° to 50°. 

 

 

Figure 5.3. Scanning electron microscopy (SEM) images of the different Zn/ZSM-5 catalyst materials 

under study with Si (red), Al (yellow) and Zn (blue) measured with energy-dispersive X-ray (EDX) 

analysis. 

The distribution of Zn over the zeolite sample was further examined by means of SEM-EDX. 

The SEM-EDX images in Figure 5.3 show that there is within the limits of the spatial resolution 

of the analytical methods a homogeneous distribution of Zn over the zeolite crystals in the 

1.5Zn-H15 sample. The 3Zn-H15 sample image revealed small clusters of Zn on the zeolite 

crystals, which are too small and/or amorphous to be observed by XRD. Interestingly, 3Zn-
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H15-A displayed much less ZnO agglomerations than its 3 wt. % analogue (3Zn-H15), 

suggesting that the presence of mesopores favored a better dispersion of Zn31.  

Physicochemical properties of the Zn/ZSM-5 catalysts under study are summarized in Table 

5.1. The different results, obtained by ICP-OES and SEM-EDX, for the Zn content of the 

samples suggest that Zn was preferentially incorporated in the intra-zeolitic framework most 

probably as cations, rather than as agglomerates/clusters on the external surface or in the pore 

mouths. After incipient wetness impregnation, we have achieved Zn/Al ratios of 0.4 (1.5 wt. 

%) and 0.8 (3 wt. %), the latter being above the exchange capacity threshold (i.e., the zeolite 

material is over-exchanged)24. Based on our Ar physisorption studies, the micropore volume 

and surface area were only slightly affected upon Zn incorporation, confirming the high degree 

of Zn exchange achieved. Regarding the external surface area, a low percentage of zinc was 

also deposited at high Zn loading, with 3Zn-H15-A material showing a 40% decrease of the 

external surface area compared to the parent H15-A material. Moreover, as observed in 

previous studies31, a considerable decrease in the mesopore volume and the external surface 

area was observed for the alkaline-treated sample, suggesting that Zn may be preferentially 

present in the mesopores. In general, the location and dispersion of Zn were thus found to 

depend on the differences in the Si/Al ratio and porosity between the diverse parent zeolites40.  
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Table 5.1. Physicochemical properties of the HZSM-5 and Zn/HZSM-5 catalyst materials investigated 

in this Chapter, as determined with a inductively coupled plasma-optical emission spectroscopy (ICP-

OES), b scanning electron microscopy-energy dispersive X-ray (SEM-EDX) analysis, c Ar physisorption, 
dNH3 temperature programmed desorption (TPD) and e Fourier transform-infrared (FT-IR) spectroscopy 

with pyridine as probe molecule. Details of other physicochemical properties for H15 and H15-A 

samples are given in Chapter 2. 

Materials H15 1.5Zn-H15 3Zn-H15 H15-A 3Zn-H15-A 

Si/Al ratioa 16 13 13 11 16 

Zn/Al ratioa - 0.4 0.8 - 0.8 

Zn contenta wt. % - 1.1 2.1 - 1.6 

Zn contentb wt. % - 0.9 1.3 - 2.1 

BET areac 

m2 g-1 
462 430 420 394 305 

External areac 

m2 g-1 
53 49 45 70 40 

(Micro)Pore 

volumec 

cm3 g-1 

0.14 0.13 0.13 0.11 0.09 

Total pore volumec 

cm3 g-1 
0.20 0.19 0.18 0.19 0.15 

(Meso)pore volume 

cm3 g-1 
0.06 0.06 0.05 0.08 0.06 

Total acid sitesd  

μmol g-1 cat 
942 970 913 1050 977 

Weak acid sitesd 

Tmax, °C 
232 218 224 232 214 

Strong acid sitesd 

Tmax, °C 
421 398 415 418 397 

Lewis acid sitese  

μmol g-1 cat 
100 210 157 128 88 

Brønsted acid sitese  

μmol g-1 cat 
363 118 25 350 34 
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After the incorporation of zinc, the overall acidity slightly decreased for all samples This can 

be inferred from the data, obtained by NH3-TPD, summarized in Table 5.1. As the Zn content 

increased, new weak-medium acid sites (250-350 °C) were observed in the 3Zn-H15 and 3Zn-

H15-A samples (Figure 5.4a and 5.4b), revealing that the Zn2+ ions located in the pores and 

channels space, generate a new type of acid site16,40. A clear decrease in the number of BAS 

upon increasing Zn content is observed for all zeolites by NH3-TPD. Seemingly, the 

impregnation method used allows the 

formation of both ZnO clusters, as 

suggested by the SEM-EDX 

measurements, and Zn2+ cations at the 

higher metal loading18. The desorption 

temperature of weak and strong acid sites 

decreased as compared to the non-

promoted zeolites. Pyridine-probed FT-

IR spectroscopy revealed that the number 

of Lewis Acid Sites (LAS) increased 

with increasing Zn content (Figure 5.5b), 

which is in accordance with the 

corresponding NH3-TPD desorption 

profile. The NH3-TPD results for the 

3Zn-H15 sample (Figure 5.4a) display a 

shoulder, which develops at ~ 300 °C 

and becomes broader for higher Zn 

loadings. This again suggests that the 

addition of Zn to the HZSM-5 zeolite-

based catalysts generates a new type of 

acid sites with weak-medium strength 

and their number increases with 

increasing Zn content. It is important to 

remark that with the applied impregnation method, Zn2+ cations will be exchanged at the 

expense of the available H+ and hence, BAS are converted into LAS by the formation of e.g. 

[Z-Zn2+Z-] (with Z = zeolite) and ZnOH+ species. At higher Zn loadings, Zn oxide clusters are 

instead known to form preferentially in the zeolite pore mouth and external surface area20,24. 

For hierarchical zeolites, the opposite trend was observed and according to FT-IR spectroscopy 

Figure 5.4. Temperature programmed desorption (TPD) 

for the non-promoted and Zn-promoted HZSM-5 

zeolite-based catalysts. 
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with pyridine as probe molecule, the number of LAS sites decreased with increasing amount of 

Zn (see Table 5.1)31,41. The FT-IR spectra are shown in Figure 5.5b and confirm a high degree 

of ion exchange, in line with previous work18,24. Zinc ion exchange is suggested because the 

micropore volume values of the obtained materials hardly decreased after zinc impregnation. 

That H+ are indeed exchanged for Zn2+ can be concluded after examination of the hydroxyl 

region of the FT-IR spectra, shown in Figure 5.5a. It was found that the peak intensity at ~ 3610 

cm-1 slightly decreased with increasing zinc loading and ~ 3745 cm-1 slightly decreased after 

Zn impregnation, in line with the formation of ZnOH+ cations42. Strikingly, the peak intensity 

corresponding to OH groups from extra-framework Al (EFAl) species decreased with 

increasing Zn content, suggesting the possible formation of zinc aluminate clusters (Zn(AlO=)), 

as previously reported in the literature43.  

 

Figure 5.5. (a) Fourier transform-infrared (FT-IR) spectra of the OH region (4000-3300 cm-1) of the 

fresh catalyst after drying at 500 °C under vacuum (10-5 mbar). (b) FT-IR spectra of H15, 1.5Zn-H15 

and 3Zn-H15 samples after pyridine desorption at 150 °C. The Bronsted acid sites (BAS) are 

characterized by the band at ~ 1545 cm-1, while the band at ~ 1445 cm-1 shows the presence of Lewis 

acid sites (LAS). FT-IR spectra were normalized to the structural Si-O stretching vibration peak at 1875 

cm-1.

Figure 5.6 highlights the decrease of the overall number of acid sites (Figure 5.6a) as well as of 

BAS (Figure 5.6b) upon introduction of Zn. The FT-IR spectra of adsorbed CO on HZSM-5 

and Zn-promoted HZSM-5 zeolites are displayed in Figure 5.7. Similar to the pyridine-probed 

FT-IR spectra, a decrease in the intensity of the peak corresponding to BAS was noted upon 

increasing Zn content, while showing a similar shift for all samples after CO adsorption (shifted 

from 3610 cm-1 to 3273 cm-1 for non-promoted HZSM-5 zeolites, and to 3284 cm-1 and 3278 

cm-1 for the promoted Zn/HZSM-5 zeolites)44. 
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Figure 5.6. Relationship between (a) the decrease of the number of acid sites and increase of Zn loading, 

as obtained from the temperature programmed desorption (TPD) measurements with NH3. (b) The 

decrease of the number of Bronsted acid sites (BAS) and increase of Zn loading.  

This difference in red shift is possibly due to the difference in Si/Al ratios (i.e., Si/Al = 13 for 

H15 and Si/Al = 16 for Zn-promoted HZSM-5) and Zn content from each sample (1.5 wt. % 

and 3 wt.%). The bands at ~ 3743 cm-1 and ~ 3661-3667 cm-1 correspond to OH stretching from 

external silanol groups and extra-framework alumina moieties, which after CO adsorption are 

shifted to ~ 3586-3595 cm-1 and ~ 3487-3490 cm-1, respectively. Furthermore, the FT-IR 

spectra of adsorbed CO did not show any change in acid strength of the remaining BAS, as no 

shift was observed for the 2175 cm-1 peak that is associated with CO adsorbed on BAS (see 

Figure 5.7d, 5.7e and, 5.7f)45. However, a shoulder did develop at ~ 2165 cm-1 upon increasing 

Zn loading, which is assigned to the interaction of CO with low acidic (extra-framework) Al-

OH moieties42. 
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Figure 5.7. Fourier transform-infrared (FT-IR) spectra of CO adsorbed (from 0 to 3 mbar CO adsorbed 

at -188 °C) on fresh HZSM-5 zeolites (a and d) and promoted 1.5Zn-H15 (b and c) and 3Zn-H15 (e and 

f) zeolites. 

The FT-IR spectra after CO adsorption of the Zn-promoted zeolites also showed bands in the 

2200 to 2300 cm-1 region, as a result of adsorption of CO on different type of Lewis acid sites 

(Figure 5.8)42. The interpretation of these bands in terms of which Zn species are involved, is 

still under debate and will be further discussed in this Chapter. According to the current 

literature, the band at ~ 2210 cm-1 can be assigned to Zn2+ cations46,47. For the 1.5Zn-H15 and 

the hierarchical 3Zn-H15-A samples, a lower intensity and a small blue shift is exhibited for 

the 2210 cm-1 band (up to 2206 cm-1). The actual Zn loadings of these two samples are 1.1 wt. 

% Zn for 1.5Zn-H15 and 1.6 wt. % Zn for 3Zn-H15-A, respectively, as determined by ICP-

OES. This indicates that the ion exchange is limited by the amount of acid sites available, hence 

the lower loading obtained. The discrepancies between the NH3-TPD and pyridine adsorbed 

FT-IR results have been discussed in Chapter 2. In this particular case, this difference is also 

caused by the lower accessibility index (ACI) values obtained for the hierarchical H15 zeolites 

(see Table 2.3 in Chapter 2). That this ACI value is lower than expected from the literature is 

possibly the result of blockage of the zeolite pores upon desilication and partial dealumination 

as indicated by the change in the Si/Al ratio. This seems in line with the observed decrease in 

the FT-IR bands after pyridine adsorption, which indicate a lower zeolite accessibility rather 

than a higher degree of exchange by Zn2+. The FT-IR band at ~ 2224 cm-1 can also be attributed 

to an interaction of CO with Zn2+ cations20. The peaks at 2230-2233 cm-1 correspond to the 
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adsorption of CO on different extra-framework aluminum (Lewis) acid sites, suggesting the 

possible formation of Zn(AlO=) species42, which would be in line with partial dealumination 

taking place during desilication of the 3Zn-H15-A sample, since the relative intensity between 

2230 and 2210 cm-1 is smaller for the 3Zn-H15-A sample than for the 1.5Zn-H15 sample.  

 

Figure 5.8. Fourier transform-infrared (FT-IR) spectra of fresh non-promoted and Zn promoted zeolites 

after adsorption of 2 mbar CO at -188 °C. 

Taken together, these results suggest that the type of Zn species formed and the degree of ion 

exchange for the 1.5Zn-H15 and hierarchical 3Zn-H15-A samples are similar. Indeed, a similar 

number of acid sites was determined by NH3-TPD, while the intensity and position of the FT-

IR bands in the region 2200-2250 cm-1 after CO adsorption were also comparable (see Figure 

5.8); furthermore, no large ZnO clusters could be observed by SEM-EDX. As previously 

mentioned, a possible explanation for the lower degree of exchange for the hierarchical 3Zn-

H15-A sample could lie in its lower accessibility index. In contrast, for the 3Zn-H15 zeolite 

sample, ZnO clusters were detected, together with a higher degree of exchange by Zn2+ (i.e., a 

lower amount of remaining BAS), as determined by NH3-TPD and pyridine-probed FT-IR 

spectroscopy. The higher intensity of the band ~ 2210 cm-1 further confirmed the higher degree 

of Zn ion exchange.  
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5.3.2 Catalyst Testing 
In a second stage of our study, the well-characterized HZSM-5 zeolite samples, differing in 

their Si/Al ratio, mesoporosity and Zn loading, were tested in the aromatization of DMF at 500 

°C in the absence and presence of ethylene. It was found that, regardless of the Si/Al ratio and 

porosity, all non-promoted HZSM-5 zeolite catalysts gave similar conversion values after 10 

min time-on-stream (Figure 5.9b), although each HZSM-5 sample did show a different 

deactivation rate. All catalyst materials displayed a linear deactivation rate. The trend in 

decrease in conversion shown here for the conversion of DMF does not fully correspond to 

what has been previously reported for this type of reactions9,48. The reactor configuration and 

how the catalysts is placed in the catalyst bed might be a reason of this difference (for clarity 

see Figure 5.1b). The reactor employed during these studies was designed for performing 

operando spectroscopic studies with a tilted orientation of the catalyst bed, resulting in the 

unavoidable presence of dead volume. As the catalyst bed is in a tilted position in the reactor 

to allow for spectroscopic measurements, part of the gas flow bypasses the bed, resulting in the 

conversion values obtained. The lower acidity of the H40 and H40-A samples is reflected in 

slower deactivation compared to the H15-based samples. However, the mesoporosity of H40-

A and H15-A did further reduce deactivation compared to H40 and H15. In other words, 

reduction in acidity did reduce deactivation rates, while the incorporation of mesoporosity did 

not slow down the deactivation rate of the HZSM-5 zeolite samples. A more severe alkaline 

treatment (i.e., longer post-treatment times or higher concentrations of NaOH solution) would 

lead to larger mesopores and improved accessibility, possibly resulting in a lower deactivation 

rate49.  

When comparing the effect of Zn loading, hardly any difference was observed in the 

deactivation rates between the non-promoted and Zn-promoted zeolites (Figure 5.9d), with the 

3Zn-H15 sample giving the highest conversion after 10 min TOS. As reported previously by 

other authors, the catalysts with the highest Zn loadings deactivated only slightly faster (3Zn-

H15 and 3Zn-H15-A), when comparing their results with the benchmark catalyst20,28,29. The 

amounts of coke formed after 125 min of reaction are given in Table 5.2. The results show that 

more coke is produced on the hierarchical zeolites than on the pristine zeolites. Furthermore, 

the addition of Zn also led to an increased formation of coke deposits. Although it is known 

that hierarchical systems should enhance diffusion and are, hence, expected to limit deactivation 

by coke buildup, higher amount of coke deposits were in fact preferentially formed in the 

hierarchical systems when compared to their unmodified analogous (H15 or H40)49,50. 
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A summary of the product distribution obtained at 125 min reaction, as given in Table 5.2, 

shows that the DMF conversion dropped by 55% from the initial conversion, especially for the 

hierarchical and Zn-promoted zeolite material (i.e., 3Zn-H15-A). This drop in conversion is 

thought to be correlated with the decrease in number of BAS. Furthermore, the higher initial 

aromatization activity as a result of a high amount of Lewis acid sites, is also thought to 

contribute to catalyst deactivation, as these aromatics are also considered coke precursors. 

The selectivity towards BTX at 90% conversion during the DMF reactions in the absence of 

ethylene are shown in Figure 5.9a and 5.9c. For the non-promoted zeolite catalysts, the highest 

BTX selectivity at 90% conversion was obtained by the hierarchical H15-A zeolite catalyst 

(56.7%), followed by the benchmark unmodified H15 zeolite catalyst. In line with previous 

investigations19,51, the incorporation of Zn boosted the selectivity towards aromatics. When 

aromatization of DMF was performed over 1.5Zn-H15 catalyst, the highest BTX selectivity 

was obtained (72.4%). The selectivity to BTX as function of time when using non-promoted 

and Zn-promoted zeolite catalysts are shown in Figure 5.10 and 5.11., respectively. Among the 

non-promoted HZSM-5 zeolites, the hierarchical H15-A zeolite yielded the highest selectivity 

to BTX after 125 min (see Table 5.2), demonstrating a positive effect of mesoporosity after 

prolonged TOS (from 37.9% for the H15 sample to 44.8% for the H15-A sample). Regarding 

BTX distribution, the highest yield to benzene as function of TOS was obtained when using 

3Zn-H15 zeolite as catalyst (Figure 5.12), while the highest mono- and di-alkylated yields as 

function of time were obtained with the hierarchical and non-promoted H15-A zeolite catalyst 

(up to 125 min TOS). This suggests that hierarchical systems do have a positive effect on the 

BTX selectivity. Zn-promoted zeolites yield a lower selectivity towards toluene and xylenes 

due to the lower number of BAS, which are thought to be responsible for the alkylation/trans-

alkylation reactions to form alkylated aromatics. Thus, the results highlight that the right 

balance between both Zn metallic sites and Brønsted acid sites needs to be struck for an optimal 

aromatics distribution. Here, those bifunctional catalysts that have low Si/Al ratios and Zn 

loadings around 1.5 wt. %, were found to show the best catalytic performance toward 

aromatics20. Its worthy to note that in all cases, ethylene, propylene, methane, CO2 and H2O 

were also detected in the outlet stream, products that are formed by cracking and deoxygenation 

of DMF.  
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Figure 5.9. Selectivity towards benzene-toluene-xylenes (BTX) (at a conversion level of 90%) when 

using non-promoted (a) and Zn-promoted zeolites (c) and conversion of 2,5-dimethylfuran (DMF) over 

non-promoted (b) and Zn-promoted zeolites (d) as a function of time-on-stream (TOS, 125 min). 

Reaction conditions: Treaction = 500 °C, p(DMF) = 0.78 bar in 20 ml/min N2 for 125 min reaction. 
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Figure 5.10. Selectivity obtained at different times-on-stream (TOS) for (a) Benzene, (b) Toluene, (c) 

m-, p-Xylene and (d) o-Xylene during the aromatization of 2,5-dimethylfuran (DMF) when using non-

Zn-promoted HZSM-5 catalysts. 

 

Figure 5.11. Selectivity obtained at different times-on-stream (TOS) for a) Benzene, (b) Toluene, (c) 

m-, p-Xylene and (d) o-Xylene during the aromatization of 2,5-dimethylfuran (DMF) when using Zn-

promoted HZSM-5 catalysts. 
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Table 5.2. Conversion and selectivity values obtained for the conversion of 2,5-dimethylfuran (DMF) 

after 125 min time-on-stream (TOS). Treaction = 500 °C, p(DMF) = 0.78 bar in 18 ml/min N2. WHSV = 

0.7 h-1 

Materials H15 H40 H15-A H40-A 1.5Zn-H15 3Zn-H15 3Zn-H15-A 

Conversion (C%) 

DMF 48.5 65.8 44.3 68.9 36 46.3 35.8 

Selectivity (C%) 

BTX 37.9 34.9 44.8 42.3 16 19.4 32.6 

Benzene 20.4 15.9 23.8 19.6 10.7 14.9 27.3 

Toluene 15.1 15 17.8 18.4 3.4 2.6 3.7 

m-, p-Xylene 1.4 1.7 1.9 2.1 1.1 1.1 1 

o-Xylene 1 2.3 1.3 2.2 < 1 < 1 < 1 

Total coke  

(wt. %) 
10.6 10.1 12.2 16 12.3 12.4 13.4 

 

 

Figure 5.12. Yield obtained at different times-on-stream (TOS) for (a) Benzene, (b) Toluene, (c) m-, p-

Xylene and (d) o-Xylene during the aromatization of 2,5-dimethylfuran (DMF) only when using non-

promoted and Zn-promoted HZSM-5 catalysts. 
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DMF aromatization with ethylene co-feeding was performed under the same reaction 

conditions but with the addition of 0.5 molar equivalents of ethylene (p(ethylene) = 0.39 bar). 

The catalytic data for the conversion of DMF over the non-promoted and Zn-promoted zeolite 

catalyst materials at different TOS are shown in Figure 5.13b and 5.13d, respectively. When 

co-feeding ethylene, a rather similar linear rate of deactivation was observed for all catalysts, 

with the slowest deactivation again shown by the H15 benchmark catalyst. This catalyst gave 

less than a 15% decrease after 125 min TOS (Table 5.3). For the hierarchical zeolites, faster 

deactivation is again observed followed by the Zn-promoted zeolites, which deactivate even 

faster, as shown in Table 5.3.  

The selectivity towards BTX (at 90% conversion) during the co-feeding of ethylene for non-

promoted and Zn-promoted zeolites is shown in Figure 5.13a and 5.13b, respectively. The 

presence of ethylene in the feed, as in other aromatization processes, is known to improve the 

overall selectivity towards BTX9,52,53. For example, for H15 zeolite selectivity improved from 

49% to 56% at 90% conversion, by the addition of ethylene to the feed. Furthermore, the 

introduction of a hierarchical zeolite system apparently does not improve DMF aromatization, 

neither in the presence of ethylene. Overall, when co-feeding ethylene, the selectivity towards 

benzene was in all cases lower than without ethylene (Figure 5.13a), while selectivity toward 

alkylated products, i.e., toluene and xylenes, was higher (Figure 5.13b). Overall, the highest 

BTX selectivity at 90% conversion was 73.5%, which was attained by the 3Zn-H15 zeolite 

catalyst (Figure 5.13c). These results are in line with the catalytic data reported in literature for 

light hydrocarbons when using Zn/ZSM-5 catalysts under similar reaction conditions41. The 

BTX selectivity obtained at different TOS under the same reaction conditions almost doubled 

when the 3Zn-H15 sample is compared to the unmodified H15 sample (Figure 5.15). Figure 

5.16 shows the BTX yields obtained at different TOS when using Zn-promoted zeolites, 

highlighting that the combination of ethylene co-feeding and Zn-promoted zeolites enhances 

the yield towards alkylated aromatics. Such improvements have been previously reported for 

other oxygenates and non-oxygenated hydrocarbons upon introduction of Zn-based Lewis acid 

sites9,41,54. They report that the enhanced catalytic activity is attributed to the C-H bond 

activation capability of the Zn sites. In order to make a better comparison between the two 

series of catalytic experiments, we have also performed ethylene only conversion experiments 

with the parent H15 and 3Zn-H15 samples. These results, summarized in Figure 5.17, show 

that there is a rather linear and constant conversion value of up to 60% and 45% for the parent 

H15 and 3Zn-H15 samples, respectively, in line with previous reports at similar temperatures27. 
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With ethylene only, the amount of ethylene converted per Zn/BAS active site is higher than 

when performing the DMF aromatization with co-fed ethylene. During the conversion of 

oxygenated aromatics, such as DMF, the performance of Zn-promoted zeolites is lowered as 

furan derivatives first need to undergo cracking at the BAS to form small olefins55,56, which 

later on will be activated (C-H bond) on the Zn sites27,41, to subsequently undergo 

oligomerization and aromatization on the BAS54.  

 
Figure 5.13. Selectivity towards benzene-toluene-xylenes (BTX) (at a conversion level of 90%) when 

using non-promoted (a) and Zn-promoted zeolites (c) and conversion of 2,5-dimethylfuran (DMF) with 

ethylene co-feeding over non-promoted (b) and Zn-promoted zeolites (d) as a function of time-on-stream 

(TOS). Reaction conditions: Treaction = 500 °C, p(DMF) = 0.78 bar with 0.5 molar equivalents of ethylene 

in 16 ml/min N2.  

Although coke formation is also observed during ethylene co-feeding tests, much less carbon 

deposits were produced for all catalysts than within the DMF only tests. The lowest amount of 

coke deposits was obtained with the benchmark H15 zeolite catalyst. In this case, hierarchical 

systems did attenuate coke formation, while when using Zn-promoted zeolites in combination 

with hierarchical systems, the amount of coke deposits produced increased, revealing that 
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neither the enlargement of the pores nor the reduction of the number of BAS after Zn exchange 

helped to attenuate the formation of carbon deposits (Table 5.3).  

 

 

Figure 5.14. Selectivity obtained at different time-on-stream (TOS) for (a) Benzene, (b) Toluene, (c) 

m-, p-Xylene and (d) o-Xylene during the aromatization of 2,5-dimethylfuran (DMF) with ethylene co-

feeding when using non-Zn-promoted HZSM-5 catalysts. 
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Figure 5.15. Selectivity obtained at different time-on-stream (TOS) for (a) Benzene, (b) Toluene, c) m-

, p-Xylene and (d) o-Xylene during the aromatization of 2,5-dimethylfuran (DMF) with ethylene co-

feeding when using Zn-promoted HZSM-5 catalysts. 

Table 5.3. Conversion and reaction products distribution obtained for the conversion of 2,5-

dimethylfuran (DMF) with ethylene after 125 min time-on-stream (TOS). Treaction = 500 °C, p(DMF) = 

0.78 bar with 0.5 molar equivalent of ethylene in 16 ml/min N2. WHSV = 0.7 h-1

Materials H15 H40 H15-A H40-A 1.5Zn-H15 3Zn-H15 3Zn-H15-A 

Conversion (%) 

DMF 82.6 81.3 65.8 82.2 64.8 70.8 66.2 

Ethylene 46.6 8.3 36.9 21.5 6.2 5.6 5.4 

Selectivity (%) 

BTX 53.8 48.4 50.3 40.8 58.9 51.5 42.9 

Benzene 18.2 17 17.5 13.6 29.9 26.6 22.7 

Toluene 26.6 19.6 24.4 18.7 18.4 14.3 11 

m-, p- Xylene 5.5 6.7 5.1 4.9 6.7 7 6 

o-Xylene 3.5 5.1 3.3 3.6 3.9 3.6 3.2 

Total coke  

(wt. %) 
7.9 9.2 9.7 8.2 11.3 10.7 11.1 
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Figure 5.16. Yield obtained at different times-on-stream (TOS) for (a) Benzene, (b) Toluene, (c) m-, p-

Xylene and (d) o-Xylene during the aromatization of 2,5-dimethylfuran (DMF) when using non-

promoted and Zn-promoted HZSM-5 catalysts. 
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Figure 5.17. (a) Conversion of pure ethylene at the same reaction conditions (Treaction = 500 °C and 

p(ethylene) = 0.39 bar) when using the H15 and 3Zn-H15 zeolites as catalyst materials for the 

aromatization of 2,5-dimethylfuran (DMF). Selectivity obtained at different time-on-stream (TOS) for 

(a) Benzene, (b) Toluene, (c) m-, p-Xylene and (d) o-Xylene during the conversion of pure ethylene. 

In Figures 5.18a and 5.18b, the selectivity values towards benzene and alkylated aromatics are 

shown as a function of Zn loading. It was found that the BTX selectivity increases with 

increasing Zn content, with benzene being the dominant product. Co-feeding ethylene causes a 

shift to the methylated products, with the selectivity towards benzene decreasing and the 

selectivity towards toluene and xylenes increasing. Both ethylene co-feeding and Zn metal sites 

thus favor the formation of alkylated aromatics. In contrast, the presence of only Zn has a 

negative effect on DMF aromatization, since Zn sites favor predominantly the formation of 
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dehydrogenated/non-alkylated product. The selectivity to benzene or alkylated aromatics as 

function of mesoporosity or Zn incorporation are displayed in Figure 5.18c and 5.18d. 

Regarding benzene selectivity, the hierarchical system, which has a higher porosity and BAS 

acidity, gave a higher benzene selectivity compared to the parent H15 zeolite. Upon Zn 

incorporation, benzene selectivity improved slightly more. Alkylated aromatics selectivity 

improved upon incorporation of mesopores but decreased after the addition of Zn compared to 

the benchmark H15 catalyst. When co-feeding ethylene, the BTX distribution shifted towards 

the formation of alkylated aromatics, showing its relevance during alkylation reactions.  

 

Figure 5.18. Selectivity towards benzene (a), and alkylated aromatics (b) such as toluene and 

xylenes versus the amount of Zn loading (as determined by ICP-OES) after the aromatization 

of 2,5-dimethylfuran (DMF) only (dashed lines) and after the aromatization of DMF with co-

feeding of ethylene (solid lines). The influence in selectivity to benzene (c) and alkylated 

aromatics (d) versus mesoporosity and the content of Zn loading and after the aromatization of 

2,5-dimethylfuran (DMF) only (dashed lines) and after the aromatization of DMF with co-

feeding of ethylene (solid lines). The catalytic selectivity data are obtained at conversion levels 

of 90%. 
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Our results suggest that ethylene co-fed during DMF aromatization partially competes for the 

available active sites (i.e., the Zn sites and BAS). To form aromatics, DMF has to undergo first 

cracking at the BAS, with the cracking fragments subsequently undergoing aromatization at the 

BAS as well. However, ethylene is preferentially activated by the Zn sites, and subsequent 

aromatization reactions take place at the BAS. This may indicate that aromatization of DMF 

with ethylene co-feeding, in the presence of Zn metal sites may not (only) involve a co-

aromatization between both reagents to yield BTX as stated in previous Chapters, but rather a 

competitive reaction between each reagent at the BAS must also be considered.  

It has been suggested that the formation of aromatics during the catalytic conversion of 

oxygenates, such as methanol in the so-called, Methanol-to-Aromatics (MTA) process57, is the 

result of an arene cycle mechanism. The observations made for the aromatization of DMF co-

fed ethylene, suggest a similar catalytic reaction pathway to what is proposed for MTA reaction. 

For example, during the aromatization of DMF only, which seems to go through cracking to 

form alkenes followed by oligomerization and aromatization reactions, the formation of 

alkylated aromatics proceeds via a slower rate. Only with the presence of another source of 

carbon, i.e., ethylene, the selectivity towards alkylated aromatics is boosted. Thus, we suggest 

that a dual-cycle mechanism similar to the MTA process also takes place within the zeolite 

pores during DMF aromatization with ethylene co-feeding. This concept is illustrated in 

Scheme 5.1.  
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Scheme 5.1. (a) Proposed preferential reaction pathways taking place within the zeolite pores when 

using bifunctional Zn2+/H+-ZSM-5 zeolite catalysts for the aromatization of 2,5-dimethylfuran (DMF). 

(b) Possible alkene and arene cycles that take place within the zeolite pores. When co-feeding ethylene, 

we push the equilibrium to the arene cycle, thereby favoring the formation of alkylated aromatics. 

 

5.4 Conclusions 
It was found that Zn-promoted HZSM-5 zeolite-based catalysts, which were synthesized by the 

incipient wetness impregnation method, show an enhanced selectivity towards benzene, toluene 

and xylenes (BTX) in the aromatization of DMF, especially when ethylene is co-fed. The 

applied preparation method resulted in a homogeneous dispersion of Zn over the zeolite crystals 

and small ZnO clusters were only observed with 3 wt. % Zn loadings (3Zn-H15). Upon 

increasing the Zn loading a decrease in the number of Bronsted acid sites (BAS) was observed, 

implying a high degree of ion exchange and incorporation of Zn2+ cations. Moreover, after the 

Zn sites are introduced, a new type of weak-medium acid sites was detected, e.g., via TPD. 

The presence of well-dispersed ZnOH+ and ZnO clusters introduced enhanced dehydrogenation 

character, resulting in improved BTX selectivity during the aromatization of DMF with or 

without ethylene co-feeding. The BTX selectivity was only enhanced when using 1.5Zn-H15 

as catalyst (up to a 20% increase) in the absence of ethylene, whilst the highest selectivity 

towards BTX was obtained when using 3Zn-H15 as catalyst (up to a 73.5% increase) in the 

presence of ethylene. The introduction of mesoporosity slightly improved the selectivity 
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towards BTX formation during the aromatization of only DMF, while it did not decrease the 

rate of deactivation, possibly due to the faster formation of carbon deposits by the higher 

number of BAS. Also, larger amounts of coke deposits were observed for all Zn-promoted 

HZSM-5 catalysts as compared to the benchmark HZSM-5 catalysts, this time due to the higher 

number of LAS known to favor dehydrogenation reactions. Moreover, the faster aromatization 

rates observed for the Zn-promoted HZSM-5 catalyst materials demonstrate that coke deposits 

are formed by condensation and dehydrogenation reactions, e.g. of aromatics. Thus, 

deactivation is directly related with the aromatization rate. Ethylene co-feeding leads to less 

coke deposition and improved the aromatization rates to alkylated aromatics. These results are 

in line with a dual-cycle mechanism, similar to the one proposed for the Methanol-to-Aromatics 

reaction, in which alkylated aromatics are formed during the DMF aromatization in the presence 

of ethylene via an arene cycle.  
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Abstract 

Rapid catalyst deactivation due to coke formation is a major challenge in the catalytic fast 

pyrolysis of biomass. The extent and mechanism of deactivation will be dependent on the 

composition and shape of the catalyst used and on the type of biomass processed. In this 

Chapter, a multi-technique investigation of a technical Al2O3-bound ZSM-5-based catalyst 

extrudate is presented for the catalytic fast pyrolysis of pine wood and cellulose. Extensive 

characterization of fresh, spent and regenerated catalysts at both the bulk and catalyst particle 

level, provided insight into the effects of extrusion and the catalytic pyrolysis and the 

regeneration processes on catalyst structure and performance. The activity of the technical 

catalyst was found to decrease drastically with increasing time on stream (TOS), as evidenced 

by the decrease in aromatics yields (from 81 g kg-1 at TOS = 10 min to 8 g kg-1 at TOS = 180 

min). This decrease correlated with reduction in catalyst acidity and surface area as observed 

by temperature programmed desorption of NH3 and Ar physisorption for both feedstocks. 

Strikingly, confocal fluorescence microscopy of the shaped catalyst particles showed that 

cellulose-derived vapors and pine wood-derived vapors coke differently at the level of a single 

catalyst particle, likely due to the presence of lignin-derived oligomeric species in the latter. 

While lignin-derived species lead mainly to the blockage of the external surface area of the 

catalyst, larger carbon deposits were formed inside the catalyst’s micropores upon catalytic fast 

pyrolysis of cellulose. The acidity and surface area of the catalyst material could not be restored 

completely after regeneration. These irreversible changes, observed by solid-state NMR and 

pyridine-probed FT-IR spectroscopy, occurred likely due to partial zeolite dealumination. 

Consequently, a loss of performance in terms of aromatic yields was observed upon reuse of 

the catalyst. On basis of our spectroscopic and catalytic studies, the usage of lignin-free biomass 

feedstocks yields improved BTX selectivity while contributes for longer catalyst lifetime. 
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6.1 Introduction 

As outlined in Chapter 1 of this PhD Thesis, catalytic fast pyrolysis (CFP) is a thermochemical 

upgrading technology that enables the production of BTX (Benzene, Toluene and Xylenes) 

aromatics, polycyclic aromatic hydrocarbons (e.g., naphthalene and derivatives) and C2-C3 

olefins from lignocellulosic biomass1,2. The prospect of producing hydrocarbons from 

renewable lignocellulosic biomass ready to be integrated into the existing chemical 

infrastructure, led to a considerable amount of research on CFP of biomass over the last few 

decades3–13. The intention is to use the produced hydrocarbons either as gasoline-range blend 

components, or as base chemicals for the production of high-volume plastics (e.g., 

polyurethane, polystyrene, polyester). Zeolite ZSM-5 generally show superior performance 

towards the upgrading of oxygenate-containing vapors14,15 and are therefore, typically the 

catalyst materials of choice for the production of BTX from biomass. Despite the promising 

advances shown by this technology, the CFP process is also characterized by low carbon yields 

and rapid catalyst deactivation as a result of excessive coke formation, hampering 

commercialization efforts16,17.  

Two distinct operating modes (i.e. in-situ and ex-situ) can be employed during biomass CFP. 

Ex-situ CFP, which uses two separate reactors for the initial pyrolysis and subsequent catalytic 

vapor upgrading, is preferred because in that case the contact of biomass minerals (e.g. alkali 

and alkaline earth metals) and the catalyst particles is avoided18,19. Such inorganic materials 

accumulating on the catalyst would affect the activity of the catalyst and cannot be removed as 

easily as burning off the coke deposits. Another advantage of the ex situ CFP technology is that 

it allows for reactor configurations that enable integrated regeneration of the spent catalysts to 

deal with the rapid catalyst deactivation20.  

The mechanism of biomass CFP is thought to proceed through a hydrocarbon-pool 

mechanism21 and according to this view, oxygenated pyrolysis vapors follow a series of 

cracking and dehydration reactions that produce small olefins inside the micropore channels of 

the zeolite which will undergo subsequent aromatization reactions22–24. Therefore, the 

hypothesized mechanism for the CFP of biomass resembles to that of the more advanced 

Methanol-to-Hydrocarbons (MTH) process. In the MTH process, highly methylated mono-

aromatics are produced through the dual-cycle mechanism25, which eventually lead to the 

formation of condensed coke precursors26. However, the complexity of the feedstock along with 

the rapid catalyst deactivation observed with biomass pyrolysis vapors17, compared to MTH 
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process27, implies that more complex phenomena play a role during biomass CFP with respect 

to coke formation on the catalyst.  

From a feedstock perspective, fragments of the original polymeric components of 

lignocellulose present in  the pyrolysis vapors (i.e., those derived primarily from the lignin 

fraction) are too large28 to be able to diffuse into the micropores of the zeolite. Wang et al.29 

indeed reported that the yield of aromatic hydrocarbons decreased in the order of cellulose > 

hemicellulose >> lignin. They also found that the yield of catalytic coke was the highest with 

cellulose (30% on carbon basis), while with lignin, thermal production of coke by condensation, 

seemed to contribute more to the generation of solid carbonaceous residue. Stanton et al.30 

recently showed that the contribution of lignin-derived vapors to catalyst deactivation by 

irreversible changes in technical zeolite ZSM-5-based catalysts is substantially lower than that 

of cellulose-derived vapors, as evidenced by the higher amounts of acid sites (76%) and 

micropore area (93%) retained on the catalyst following regeneration after the CFP of lignin. 

Together, these studies suggest that lignin-derived monomers and oligomers coke on the 

external surface of the catalyst, while cellulose-derived vapors coke via successive 

aromatization reactions taking place inside the micropores of the catalyst. A previous work by 

Hernando et al. related the physicochemical properties from a technical ZrO2-promoted ZSM-

5-based catalyst particle with its catalytic performance. Hernando and co-workers gave further 

insight in the importance of properly choosing a promotor and catalyst binder to obtain 

improved catalytic performance31. In short, their investigation allowed a direct correlation 

between feedstock used and the effect this has on local catalyst functionality, demonstrating 

that the promoted ZSM-5-based extrudates that showed an outstanding accessibility and acid-

base physicochemical properties during the characterization experiments resulted to be the most 

efficient catalysts to convert both the bulky molecules and the smaller oxygenates present in 

the bio-oil feedstock into valuable chemicals. In addition, more recent investigations performed 

by Heracleous et al. relating the ex-situ CFP of biomass with the formation and location of 

carbon deposits within technical ZrO2-promoted ZSM-5-based catalyst extrudates, gave us a 

closer look to the investigations at the single catalyst particle level of spent and regenerated 

catalyst particles32 obtained after CFP of biomass. After a regeneration process (e.g. 500 ºC, 

under air) and comparison of the characterization results from spent and regenerated catalysts, 

physicochemical properties were utterly restored. However, their investigations were 

performed for ZSM-5-based catalysts with alterations in the zeolite crystals, different matrix 
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composition (clays were used as binders), and pre-treated biomass feedstock (e.g. Alkali and 

alkaline earth metals were removed). 

Previous studies29,33 have shown that the bulk zeolite material is far too active for oxygenates-

to-hydrocarbon conversions, giving extensive coke formation instead. The use of shaped 

catalysts, consisting of other components than the active zeolite phase, rather than the pure 

phases is a typically applied industrial practice to achieve optimal physical and chemical 

performance. The application of such technical catalysts offers important advantages, for 

example by providing mechanical strength and/or by avoiding pressure drops inside the reactor 

vessels34,35. Therefore, the use of binders is essential for the real-life industrial reactors whether 

is a fluidized bed or an ex-situ fixed-bed reactor. Accordingly, building on the knowledge 

gained with powdered samples, it is therefore of paramount importance to also study the 

performance of such shaped catalyst materials in CFP of biomass. Binders such as alumina 

(Al2O3), silica (SiO2) or clays are typically used to support the active zeolite phase, generally 

altering the overall catalytic activity of the composite materials as well of zeolites by giving 

robustness and, in some cases, extra catalytic activity to the catalyst composites (i.e. pre-

catalytic activity taking place in the binder matrix). Previous reports, revealed that the presence 

of mesoporous Al2O3 binders gave improved robustness and certain pre-cracking activity 

during diverse catalytic processes, when compared to technical catalysts without alumina or 

with inert SiO2 binders36–38. Improved catalytic performance was attributed to the pre-cracking 

of larger oligomers within the alumina matrix. Investigations performed at the single particle 

catalyst level provided critical information on the accessibility, predominant active sites and 

possible deactivation pathways of zeolite ZSM-5-based catalyst materials in different complex 

matrices including fluid catalytic cracking and CFP catalysts by means of (micro)spectroscopic 

characterization38–40. Heracleous et al.32 reported on the nature and location of carbon deposits 

formed within technical ZSM-5-based catalyst extrudates upon CFP of biomass. However, a 

novel catalyst formulation (i.e. ZrO2 incorporated nanocrystalline ZSM-5, agglomerated with 

attapulgite) has been used in that work. As such, it may not be straightforward to decouple the 

influence of individual components (ZrO2, nanocrystalline zeolite, and the attapulgite clay) on 

coke formation. 

Literature dealing with a detailed characterization of the catalyst properties along with bench 

scale CFP testing, is scarce. A multi-technique characterization approach covering multiple 

length scales, analogous to what was used in previous investigations31, will enable us to bridge 

the gap between catalytic activity and catalyst structural properties of HZSM-5/Al2O3 catalyst 
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extrudates, and to reveal the structure-performance relations governing zeolite ZSM-5-based 

catalysts for the CFP of biomass.  

In this Chapter, Al2O3-bound ZSM-5 based catalysts have been prepared in a technical form 

(such as extrudates), and their performance is assessed for the CFP of biomass using pine wood 

and cellulose as feedstock. Bench-scale experiments were performed in a continuously fed fast 

pyrolysis system that enabled ex-situ upgrading of pyrolysis vapors over a fixed-bed of catalyst. 

Yields and bio-oil compositions were determined for the fresh and the regenerated catalyst to 

investigate the effect of reaction and regeneration. Catalyst performance could thus be 

correlated with the (spatially resolved) physicochemical properties. The advantages of the 

multi-technique catalyst characterization are amplified by performing the experiments in an 

industrially relevant setup using technical catalysts which are composed of commercially 

available components. Because, the characterization of such technical catalysts could 

potentially serve as a benchmark case for future research. The extensive analysis of the catalysts 

revealed the mismatch between the biomass pyrolysis vapors and the catalyst system due to a 

complex interplay of mass transfer limitations and chemistry. Also, despite the similarities 

between pine wood and cellulose derived vapors, different catalytic mechanisms seem to 

govern the CFP reaction and will be further discussed. 

 

6.2 Experimental Part 
 

6.2.1 Biomass Origin and Composition 
Pine wood (Bemap Houtmeel B.V., Bemmel, The Netherlands) with a particle size range of 

1.0 – 2.0 mm and cellulose (Cellets® 1000, Pharmatrans Sanaq AG, spherical pellets) with a 

particle size range of 1.0 – 1.4 mm were used as feedstock materials in the catalytic and non-

catalytic fast pyrolysis experiments. The pine wood feedstock had an elemental composition 

of 0.47 g g-1 C, 0.06 g g-1 H, and 0.46 g g-1 O on dry basis. The biochemical composition of 

the pine wood used is 0.35 kg g-1 cellulose, 0.29 g g-1 hemicellulose and 0.28 g g-1 lignin (on 

dry biomass basis). The cellulose feedstock contained 0.42 g g-1 C, 0.06 g g-1 H and 0.52 g g-1 

O. Both feedstocks used within this study, pine wood and cellulose, are denoted as PW and 

CELL, respectively. 
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6.2.2 Catalyst Synthesis 
HZSM-5/Al2O3 composites (HZSM-5/Al2O3) were prepared by mixing alumina powder 

(PURAL SB from Sasol), ZSM-5 powder (CBV 2314 from Zeolyst, with SiO2/Al2O3 = 23), 

water and an aqueous acid solution in a kneader for about 60 min at room temperature. 

Subsequently, the obtained paste is passed through an extruder to obtain the extrudates in a 

spaghetti-like structure. Afterwards, extrudates were dried at room temperature overnight. The 

catalyst extrudates were then crushed to obtain a particle size between (1.0 – 3.0 mm), which 

was followed by a calcination sequence, first at 350 °C for 16 h and then at 600 °C for 16 h. 

The composites obtained contained 50% zeolite ZSM-5 and 50% alumina by weight. While 

fresh catalyst extrudates are denoted as HZSM-5/Al2O3 throughout the manuscript, the 

individual zeolite and binder powders are denoted as HZSM-5 and Al2O3, respectively. Prior to 

any characterization, the individual components of the extrudates, HZSM-5 and Al2O3, were 

also subjected to the same two-step calcination procedure mentioned above. 

Spent catalyst extrudates were collected at 10, 60, and 180 min time-on-stream after catalytic 

pyrolysis tests and they were analyzed without further treatment, unless otherwise stated. 

Regenerated catalyst extrudates were obtained after calcining the spent extrudates at 250 °C for 

40 min with a heating ramp of 4.5 °C·min-1 under static air atmosphere followed by a second 

calcination at 600 °C for 5 h with a heating ramp of 5 °C·min-1 under air atmosphere41. Spent 

and regenerated catalyst extrudates are further denoted following the feedstock-TOS and 

feedstock-TOSr sequences, respectively. The feedstock indicates the feed (either CELL or PW 

for cellulose and pinewood, respectively) used in catalytic pyrolysis tests and TOS indicates 

the time-on-stream the sample is collected at. For example, spent and regenerated extrudates 

obtained at TOS = 10 min from the CFP of cellulose and pine wood are represented as CELL-

10 and CELL-10r, and as PW-10 and PW-10r, respectively. 

 

6.2.3 Catalyst Characterization 
X-ray diffraction (XRD) patterns have been recorded on a Bruker-AXS D2 Phaser 2nd 

generation powder X-ray diffractometer, in Bragg-Brentano mode, equipped with a Co Kα 

(operation at 30 Kev, 10 mA, λ = 1.79026 Å) and a Lynxeye detector. All samples were 

measured over a 2θ range of 5° to 50° with 0.02° as scanning step size. 
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Porosity and surface area of the materials were determined by argon physisorption, carried out 

at -196 °C using a Micromeritics TriStar 3000. The samples were degassed under vacuum at 

300 °C for 16 h prior to measurement. The micropore volume and the surface area were 

determined by the t-plot method and the Brunauer-Emmett-Teller (BET) theory, respectively. 

External surface area was determined by subtraction of the micropore volume area from the 

BET surface area. 

NH3 temperature programmed desorption (TPD) experiments were carried out in a 

Micromeritics AutoChem II equipped with a TCD detector. Approximately 100 mg sample was 

placed in the reaction chamber and the sample was dried up at 600 °C in a He flow. Then, the 

chamber was cooled to 100 °C in a He flow and held at 100 °C for 2 h. A flow of 10 ml/min of 

10 vol. % NH3/He was fed into the chamber to saturate the sample with NH3. Thereafter, the 

sample was kept at 100 °C in a He flow for 2 h, followed by heating to 600 °C at 10 °C min-1. 

For spent catalyst, a drying step at 400 °C in He flow was applied instead. After NH3 dosing, 

sample was kept at 100 °C in a He flow for 2 h, followed by heating to 400 °C at 10 °C min-1.  

For the Fourier transform-infrared (FT-IR) spectroscopy measurements with pyridine as probe 

molecule, the samples were grounded and pressed into thin self-supported wafers (~ 25 mg 

sample). The wafers were placed in a sealed FT-IR cell equipped with a vacuum system and a 

heating system. The wafers were pre-treated under vacuum (~10-3 mbar) at 550 °C for 2 h to 

remove all adsorbates, then was cooled down to 40 °C where pyridine vapor was introduced 

into the cell for 30 min until complete saturation. The weakly adsorbed pyridine was removed 

by evacuation for 1 h. Afterwards, the temperature was ramped from 40 to 150 °C at 2.5 °C/min 

and kept at 150 °C for 30 min, after which a spectrum was recorded. As described in ref. 42, this 

step is done to calculate the amount of Lewis acid sites (LAS) and Bronsted acid sites (BAS). 

In a next step, the temperature was ramped up to 550 °C to remove all pyridine from the sample. 

All spectra were recorded between 4000-1000 cm-1 using a Perkin-Elmer System 2000 

instrument.  

Scanning electron microscopy (SEM) and energy dispersive X-ray analysis (EDX) were 

performed in bi-sectioned samples. Measurements were carried out with a FEI Helios NanoLab 

G3 UC (FEI Company) instrument at 15.0 kV acceleration voltage. Energy Dispersive 

Spectroscopy (EDS) was performed using a Silicon Drift Detector (SDD) X-MAX from Oxford 

Instruments coupled to the Helios Nanolab. Focused-Ion-Beam Scanning-Electron-Microscopy 

(FIB-SEM) images were taken on the same instrument aforementioned. The sample was 
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supported on an aluminum SEM stub with a carbon sticker. A small carbon strip tape was 

connecting the aluminum stub with the sample to ensure electrical conductivity. A protective 

layer of Pt was deposited on top of the region of interest before performing the measurements. 

For the FIB experiments, a trench was made by milling perpendicularly to the surface, next to 

the Pt-deposited area. After milling the trench, a cleaning step with Ga ions was performed 

before imaging. SEM images of the cross section were recorded in backscatter electron (BSE) 

mode (2 kV, 50 pA). 

27Al magic angle spinning (MAS) solid-state nuclear magnetic resonance (ssNMR) experiments 

were performed at 11.7 T (500 MHz proton frequency) on a Bruker Avance III spectrometer 

equipped with a 3.2 mm MAS probe. Spectra were recorded at ambient temperature using 16 

kHz MAS. A radiofrequency (RF) field of 50 kHz was used for the 27Al π/12 pulse followed by 

6.5 ms acquisition. 10240 scans were accumulated using an inter-scan delay of 1s. The 27Al 

chemical shift was externally referenced to an aqueous aluminum nitrate solution. The spectra 

were processed with the software Topspin3.5 using a line-broadening of 75 Hz. A zero-quantum 

(ZQ) filtered multiple-quantum magic angle spinning (MQ-MAS) pulse-sequence was used to 

correlate the 27Al isotropic chemical shift (F1) with the quadrupolar line-shape (F2)43. The 

excitation and conversion pulses were applied with a RF field of 50 kHz, instead for the soft, 

selective pulse following the Z-filter delay a RF field of 6.5 kHz was used. 1024 scans were 

accumulated using an inter-scan delay of 1 s. Acquisition times of 6.5 ms and 1.3 ms were used 

for the direct and indirect dimensions, respectively. MQ-MAS data were Fourier transformed 

and sheared, using the software of Bruker Topspin3.5, and 75 Hz line-broadening was applied 

in both dimensions. For all the measurements the rotors were filled with the same amount of 

sample (35 mg). 

Confocal Fluorescence Microscopy (CFM) measurements were carried out using a Nikon 

Eclipse 90i confocal fluorescence microscope equipped with a 50×0.55 NA dry objective lens 

and a pin hole and a dichroic mirror. Fluorescence microphotographs were collected by a Nikon 

A1-SHR A1 R scan head connected to a Melles Griot laser after illuminating the extrudates 

surface with 488 nm and 561 nm lasers. The emission was measured by the A1R scanning head 

equipped with a spectral detection unit consisting of a diffraction grating and a 32-

photomultiplier tube array. 

Thermogravimetric Analysis (TGA) of the samples in presence of oxygen (TPO) have been 

performed in a Perkin Elmer TGA8000 analyzer hyphenated with a Hiden HPR-20 Mass 
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Spectrometer (TGA-MS). 10 mg sample was placed in a ceramic pan on a thermo-balance under 

20 ml/min 20 % O2/Ar flow and heated from 30 °C to 700 °C at a heating rate of 10 °C·min-1. 

CO2 and H2O masses (m/z 44 and 18, respectively) have been recorded during all the analyses 

in order to give insights about the nature of the carbonaceous deposits. 

 

6.2.4 Catalyst Testing  
Catalytic Fast Pyrolysis (CFP) experiments were performed in a continuously operated fast 

pyrolysis system employing auger reactor technology for the pyrolysis part, and a fixed-bed 

reactor for the integrated ex-situ catalytic upgrading. The biomass (either pine wood or 

cellulose) was fed at a rate of ca. 0.2 kg h-1, while the catalyst bed contained 0.04 kg of catalyst. 

In this way, a weight-hourly space velocity (WHSV) of 5 h-1 on feed basis for each feedstock 

was achieved. The temperature of the pyrolysis reactor and the catalytic reactor were kept at 

500 °C during the experiments. The reactor scheme (Figure 6.1), with a detailed explanation of 

the experimental procedure, and the product analysis are shown below.  

 

 

Figure 6.1. Schematic drawing of the catalytic fast pyrolysis (CFP) system used in the catalytic and 

non-catalytic fast pyrolysis experiments. (1) biomass hopper, (2) sand hopper, (3) feed conveyor, (4) 

sand conveyor, (5) auger reactor, (6) sluice valve system, (7) solid collection vessel, (8) knock-out 
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vessel, (9) pyrolysis reactor oven, (10) fixed-bed catalytic reactor, (11) catalysis reactor oven, (12) 

electrostatic precipitator, (13) glass condenser, (14) cotton filter and (15) gas meter. 

Catalytic and non-catalytic fast pyrolysis experiments were performed in a fully controlled, 

continuously operated catalytic fast pyrolysis system (Figure 6.1). The bench-scale system, 

described previously in detail elsewhere95, was slightly modified with the addition of a sluice 

valve system (6) and an electrostatic precipitator (12). The sluice valve system was operated in 

an automated way to facilitate the removal of sand/char particles from the hot reactor system in 

a controlled manner while maintaining an optimal solid residence time inside the reactor, 

thereby enabling the complete pyrolysis of biomass particles. And the electrostatic precipitator 

was added to the system to ensure proper condensation of condensable pyrolysis vapors.  

In a typical fast pyrolysis experiment, biomass particles in the storage hopper (1) were 

continuously fed to the hot pyrolysis reactor (at 500 °C) at a rate of 0.2 kg h-1 via the feed (3) 

and the auger reactor (5) conveyors. The experiments were performed under continuous 

nitrogen flow (72 L h-1) to provide an inert reaction atmosphere and to minimize the vapor 

residence time in the hot reaction zone. The pyrolysis reaction started when the biomass 

particles were in contact with the hot sand particles carried to the auger reactor via the heated 

sand conveyor (4). Following the auger reactor, the charred biomass particles were kept in the 

hot part of the pyrolysis reactor with the help of the sluice valve system (6) long enough to 

ensure a complete devolatilization of the particles. The pyrolysis vapors were then purged out 

of the pyrolysis reactor with the continuously flowing nitrogen gas. The fine char / sand 

particles that could entrain with the pyrolysis vapors were trapped inside the knock-out vessel 

(8). The fixed-bed catalytic reactor (10) was left empty in case of non-catalytic pyrolysis 

experiments, while it was filled with the HZSM-5/Al2O3 catalyst extrudates (0.04 kg) prior to 

the experiment in case of catalytic pyrolysis experiments. The condensable pyrolysis vapors are 

condensed underneath the water-cooled (2 °C) electrostatic precipitator (12) and the tap-water 

cooled (15 °C) glass condenser (13). The liquids collected underneath the condensers are 

collectively called the bio-oil, the liquid product of the pyrolysis reaction. The non-condensable 

vapors are counted with a wet gas meter (15) and sampled throughout the experiment to acquire 

data for gas yield and gas composition calculations.  

 

I. Product Analysis 
In this work, the lumped product yields of char, bio-oil (organics + water) and non-condensable 

gas fractions are all defined on as-received (a.r.) biomass basis.  
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The char yields (Yc) on a.r. basis were calculated following the equation;  

 𝑌𝑌c =
𝑚𝑚c

𝑚𝑚ar
 (eq.6.1) 

 

where mar denotes the biomass fed to the reactor and mc denotes the char collected from the 

solid collection vessel (7). The char is mixed with the sand inside the solid collection vessel. 

So, the amount of the char is determined by burning off the char at the end of an experiment. 

This was done for three experiments for each feedstock used in this work and the average value 

is assumed for all the remaining experiments. 

The NCG product yields (Ygas) were calculated on the basis of flow rate data measured 

continuously during the experiment as well as the gas composition data (CO, CO2, CH4, H2, 

C2H4, C2H6, C3H6, C3H8) determined using gas chromatography (Varian micro-GC 490-GC)95.  

 𝑌𝑌gas =  
∫ (𝜙𝜙out − 𝜙𝜙in)  ×  ∑ (𝑉𝑉𝑗𝑗 × 𝜌𝜌𝑗𝑗)𝑗𝑗
𝑡𝑡end
𝑡𝑡0

𝑑𝑑𝑑𝑑 

𝑚𝑚daf
 (eq.6.2) 

 where ϕout and ϕin represent total gas flow measured at the outlet and the inlet of the reactor 

throughout the experiment, Vj is the volume fraction of the individual gas components 

(excluding N2) and ρj is the corresponding density of the individual gas components at 20 °C.  

The pyrolysis oil yields (Yliq) for the fast pyrolysis experiments were calculated with the 

following equation:  

 𝑌𝑌liq =
𝑚𝑚liq

𝑚𝑚ar
 (eq.6.3) 

The total amount of liquids (mliq) include the liquids collected underneath the ESP and the glass 

condenser. The yield of organics (Yorg) in the bio-oils was calculated by:  

 𝑌𝑌org =  
𝑚𝑚liq  ×  (1 −  𝑓𝑓w)

𝑚𝑚ar
 (eq.6.4) 

  

The term, fw, represents the water mass fraction of the bio-oils produced. By knowing the water 

content of the bio-oils, the yield of water (Yw) is also calculated:  
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 𝑌𝑌w =
(𝑚𝑚liq × 𝑓𝑓w)

𝑚𝑚ar
 (eq.6.5) 

The coke yields for the catalytic pyrolysis experiments were calculated by thermogravimetric 

analysis following the procedure described in section 6.2.3:  

 𝑌𝑌coke =
𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑚𝑚ar
 (eq.6.1) 

And the mass balance closure is defined as the sum of Yc, Ygas, Yorg, Yw and Ycoke. 

The non-condensable gas fraction was sampled through a sampling port downstream of gas 

meter during the experiments and subsequently analyzed for CO, CO2, CH4, H2, C2H4, C2H6, 

C3H6 and C3H8 by gas chromatography using a Varian micro-GC 490-GC, equipped with 10 m 

molsieve 5 Å (with backflush) and 10 m PPQ analytical columns and TCD detectors.  

The water content of the bio-oils was determined by Karl Fischer titration (Mettler Toledo V20 

automatic titrator, using Merck Combi Titrant 5 Keto as the titrant and Merck Combi Solvent 

5 Keto as the solvent). The elemental composition of the bio-oils was determined by a Thermo 

Scientific Flash 2000 Organic elemental analyzer for carbon and hydrogen. And oxygen 

contents are determined by difference.  

A set of volatile compounds, selected on the basis of abundancy in the pyrolysis liquids, were 

quantified following the calibration of a GC/MS (Thermo Fischer ISQ) system equipped with 

a Restek DB-1701 column. Fluoranthene was used as the internal standard. The calibrated 

compounds and the corresponding functional groups assigned to them can be seen in Table 6.1. 

The response factors obtained for the compounds listed in Table 6.1 were also used to quantify 

the non-calibrated compounds with similar structure. For instance, the response factor used for 

naphthalene was also used for substituted naphthalene derivatives.  
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Table 6.1. The list of calibrated compounds that are used for the quantification of the abundant volatile 

compounds produced in this work. 

Calibrated compounds Functional groups 

Acetaldehyde, hydroxy- oxygenates 

Acetic acid oxygenates 

2-Propanone, 1-hydroxy- oxygenates 

Furfural oxygenates 

2-Furancarboxaldehyde, 5-methyl- oxygenates 

1,2-Cyclopentanedione, 3-methyl- oxygenates 

Levoglucosan oxygenates 

Phenol phenols 

Guaiacol phenols 

4-methyl guaiacol phenols 

Eugenol phenols 

Vanillin phenols 

Benzene aromatics 

Toluene aromatics 

o-Xylene aromatics 

m-Xylene aromatics 

p-Xylene aromatics 

Naphthalene aromatics 
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The concentrations of individual compounds (Ci) are calculated on dry bio-oil basis following:  

𝐶𝐶𝑖𝑖 =
𝐴𝐴𝑖𝑖
𝑅𝑅𝑅𝑅𝑖𝑖

×
𝐶𝐶𝐼𝐼𝐼𝐼
𝐴𝐴𝐼𝐼𝐼𝐼

×
(𝑤𝑤liq +  𝑤𝑤s)

𝑤𝑤liq
×

1
𝑤𝑤liq × (1 −  𝑓𝑓𝑤𝑤) (eq.6.7) 

  

where Ai denotes the integrated peak area of the individual compound, RFi represents the 

response factor of the respective compound. CIS and AIS represent the concentration and the 

area of the internal standard, respectively. The concentrations of individual compounds are then 

reported on a dry bio-oil basis following the correction due to the dilution of the bio-oil sample 

(wliq) with the solvent (ws). 

 

II. Py/GC-MS Experiments 

A set of catalytic pyrolysis experiments using the cellulose feedstock were carried out at micro-

scale to see the effect of individual components (the zeolite HZSM-5 and the Al2O3 binder) of 

the catalyst extrudates on the composition of the bio-oil product. The experiments were 

performed using a micro-pyrolysis unit (multi-shot pyrolyzer, Frontier Labs, EGA/PY-3030D) 

coupled to a GC/MS system (Thermo Fisher Scientific Trace GC Ultra and Thermo ISQ MS). 

The zeolite (ZSM-5, CBV 2314 from Zeolyst) and the alumina (Al2O3, PURAL SB from Sasol) 

powders were subjected to a calcination sequence, first at 350 °C for 16 h and then at 600 °C 

for 16 h, prior to the catalytic pyrolysis experiments. Briefly, samples of approx. 200 μg 

cellulose (particle size between 100 – 250 μm) were mixed with approx. 4000 μg of either the 

zeolite (HZSM-5) or the binder (Al2O3) in a cup of deactivated stainless steel (Frontier 

Laboratories Eco-cup, 80 μl). The loaded cup was released with the aid of the double-shot 

sampler into a vertical stainless-steel tube (pyrolysis reactor tube) placed in a furnace which 

was held at 500 °C. The (catalytic) pyrolysis reaction products (i.e. vapors) were evacuated 

from the reactor tube with the helium gas stream (ca. 100 mL·min-1). The pyrolysis vapors were 

transferred into the GC via a split/splitless injection port (split ratio = 1:100, injector 

temperature = 250 °C). And then the chromatographic separation of the pyrolysis vapors was 

achieved using a Restek capillary column (RTX-1701, 60 m, 0.25 mm, 0.25 μm) with a constant 

column gas flow of 1 mL·min-1. The GC oven temperature program was set to hold at 40 °C 

for 3 min, followed by a ramp up at 5 °C·min-1 to 280 °C and finally to hold constant at 280 °C 

for 1 minute. Following the separation on the GC column, the pyrolysis compounds were 

identified using an MS (a single quadrupole mass spectrometric detector, Thermo ISQ MS). 

The MS transfer line temperature and the ion source temperature were kept at 280 °C and 230 
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°C, respectively. The peak areas were collected from the integration of the total ion current 

(TIC) signals gathered from MS chromatograms. The scanning was performed within a m/z 

range of 29–300 (recorded at every 0.2 s) employing an ionization energy of 70 eV. The 

identification of compounds was achieved based on the comparison of the mass spectra 

recorded with those in the National Institute of Standards and Technology (NIST) database 

library.  

 

6.3 Results and Discussion 
 

6.3.1 Catalyst Characterization  
Figure 6.2a shows the X-ray diffraction (XRD) patterns of the individual components and fresh 

catalyst extrudates. The XRD diffraction patterns for the HZSM-5/Al2O3 catalyst extrudates 

show the characteristic reflections of zeolite ZSM-5. The alumina component displays no 

crystalline phase being purely amorphous.  

 

Figure 6.2. (a) XRD patterns and (b) NH3-TPD profiles of fresh HZSM-5 and Al2O3 individual 

components, and fresh HZSM-5/Al2O3 extrudates. In both graphs, black line represents HZSM-5 

zeolite, red line represents Al2O3 binder and blue line represent the fresh HZSM-5/Al2O3 extrudates.  

Textural properties of catalyst extrudates, such as porosity and crystallinity, are mainly dictated 

by the percentages of binder and active phase, and the preparation method used. Pore size 

distributions obtained after Hg porosimetry and Ar physisorption at -196 °C are shown in Figure 

6.3a and 6.3b, respectively. Zeolite HZSM-5 expectedly showed the presence of micropores, 
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while alumina (Al2O3) showed mesopores with a rather broad distribution of pore sizes (up to 

15 nm), confirming the highly amorphous nature of the material. The technical HZSM-5/Al2O3 

materials also showed the presence of mesopores (14 nm and ~ 45 nm), corresponding to both 

the mesopores from Al2O3 and the formation of interparticle domains upon extrusion. These 

domains are known to accommodate larger feedstock molecules44.  

 

Figure 6.3. Pore size distribution graphs after (a) Hg porosimetry and (b) Ar physisorption at -196 °C. 

(c) Fourier transform-infrared (FT-IR) spectra of the OH-stretching region. Terminal silanols (3745 cm-

1) are assigned in the graph. (d) 27Al solid-state nuclear magnetic resonance (ssNMR) spectra of fresh, 

individual components, and the HZSM-5/Al2O3 catalyst extrudates. The intensities in the ssNMR spectra 

were normalized by weight.  

As expected, the physicochemical properties of the fresh extrudates are a weighted combination 

of the individual components (50:50) and show no major deviations. Figure 6.3c shows the 

Fourier transform-infrared (FT-IR) spectra from the OH-stretching region for HZSM-5, Al2O3 
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and HZSM-5/Al2O3 materials. For clarity, the assignments of the FT-IR bands from the OH 

region are provided in Table 6.2. The FT-IR spectrum of the HZSM-5/Al2O3 catalyst extrudates 

shows similar vibrations as for the HZSM-5 and Al2O3 isolated phases revealing that no new 

sites were formed after extrusion.  

Regarding the FT-IR spectra, we have labelled the three different types of OH groups as 

terminal, bridging or triply bridging and the different possible Al coordination as IV, V and VI 

(i.e., tetra-, penta- and octahedral coordinated aluminum sites). HZSM-5 shows the presence of 

terminal OH (3744 cm-1) and bridged hydroxyl groups or Brønsted acid site (3611 cm-1)87, as 

expected. According to Bordiga et al., the shoulder going to lower frequencies at 3744 cm-1 

corresponds to internal OH groups. A certain degree of dealumination in the HZSM-5 phase is 

revealed by the presence of the 3782 cm-1 and 3665 cm-1 bands which correspond to OH 

stretching of extra-framework Al (EFAl) species88–90. For the Al2O3 component, five different 

OH frequencies are shown. The bands at 3795 cm-1, 3777 cm-1 and 3730 cm-1 are assigned to 

terminal OH groups coordinated to a single octahedral, single tetrahedral and single pentahedral 

Al sites, respectively51,91. Bridging OH groups coordinated to two and three Al cations sites are 

also present as seen in the IR spectrum between 3740 – 3745 cm-1 and 3590 – 3650 cm-1, 

respectively51,92.  

27Al solid-state nuclear magnetic resonance (ssNMR) spectra of the zeolite, alumina and the 

fresh composites are displayed in Figure 6.3d. All NMR signals, which correspond to the 

individual components, are also present in the fresh HZSM-5/Al2O3 extrudates. This indicates 

that no new aluminum sites are formed after extrusion while all NMR peaks shown in the fresh 

extrudates spectrum represent a spectroscopic superposition of the individual components. The 

spectrum of the alumina binder showed two main peaks at 68 and 9 ppm, which correspond to 

calcined and dehydrated boehmite-alumina45,46. The chemical shifts observed for the zeolite 

phase corresponds to extra-framework octa- (0 ppm) and pentahedral (30 ppm) Al sites47 and 

tetra-coordinated framework Brønsted acidic aluminum sites (55 ppm)48,49,50, respectively.  
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Table 6.2. Fourier transform-infrared (FT-IR) bands present in the OH-stretching region of the HZSM-

5 and Al2O3 individual phases. T = Terminal; B = Bridging. 

Sample 
Coordination 

Site 
Type of Site 

Wavenumber  

(cm-1) 
Ref. 

HZSM-5 

Si – OH Silanol (T) 3744 – 3747 87 

Al – OH – Si Brønsted Acid (B) 3611 87 

Al - OH EFAl (T) 
3782 

3665 
88,89,93 

Al2O3 

Al - OH 

Al(VI) (T) 
3760 – 3780 

3722 

92 
94 

Al(IV) (T) 3785 – 3800 92,93 

Al(V) (T) 3730 – 3736 92,93 

Al - OH - Al 
Al(VI)/Al(VI) (B) 3740 – 3745 91,93 

 3675 – 3680 94 

OH (- Al)3 
Al(VI)/Al(VI)/Al(VI)  

(Triply B) 
3590 - 3650 

92,94 

 

Table 6.3 shows a summary of the physicochemical properties of the individual components 

and HZSM-5/Al2O3 catalyst extrudates. HZSM-5/Al2O3 showed a larger external surface area 

value than the HZSM-5 component after the addition of alumina. This might facilitate the 

condensation of larger oligomeric species in pyrolysis vapors on the external surface compared 

with the precursor zeolite HZSM-5 material.  

Acidity in the catalyst extrudates was evaluated by temperature programmed desorption (TPD) 

of NH3 (Figure 6.2b) and pyridine FT-IR spectroscopy. After adsorption of pyridine on the 

HZSM-5/Al2O3 catalyst extrudates, the amount of Brønsted and Lewis acid sites was 

calculated51 (see Table 6.3). The observed acidity of the HZSM-5/Al2O3 catalyst extrudates 

again was found to be a roughly mixed contribution of acid sites from each individual 

component. In short, no dealumination was observed to occur during the synthesis-extrusion 

process of the catalyst extrudates. Expectedly, both individual components contain Lewis acid 

sites (LAS) while only the zeolite has Brønsted acid sites (BAS). Upon mixing and extrusion, 

the amount of both the Lewis and Brønsted acid sites in the HZSM-5/Al2O3 extrudates were 

slightly higher than expected. This may be related to the higher external surface area values 
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enabling an improved accessibility and diffusion of the basic probe molecules. Accordingly, 

there is no evidence indicating extra dealumination taking place or neutralization of BAS by Al 

migration from the binder to the zeolite. This reveals that the intrinsic activity of the zeolite 

HZSM-5 individual component remains intact after extrusion. Therefore, the only effect of 

extrusion appears to be a dilution of the highly active zeolite HZSM-5 phase with the alumina 

binder. However, the contribution of additional LAS, introduced by the Al2O3 binder, to the 

overall catalytic activity of the extrudates cannot be neglected (vide infra, section 6.3.2). 
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Table 6.3. Physicochemical properties of the individual components and the fresh HZSM-5/Al2O3 

catalyst extrudates. Acidity values were calculated from NH3 temperature programmed desorption 

(TPD) and Fourier transform-infrared (FT-IR) after pyridine desorption at 423 K (extinction coefficients 

were 1.67 and 2.22 cm µmol-1 to calculate Brønsted and Lewis acid sites, respectively).  

Materials  HZSM-5 Al2O3 HZSM-5/Al2O3 

SBET 

m2 ·g-1 cat 

Ar 

physisorption 

460 188 273 

Smicro 

m2 ·g-1 cat 
405 - 166 

Sext 

m2 ·g-1 cat 
55 208 107 

Smicro 

m2 ·g-1 cat 
0.14 - 0.06 

Vmicro  

cm3 ·g-1 
cat 

0.05 0.52 0.27 

Acid Properties     

Total amount of 

acid sites a 

µmol·g-1 

NH3-TPD 

862 408 620 (635) 

Desorption 

temperature of 

strong acid sites a 

°C 

380 - 358 

Lewis  

acid sites b 

µmol·g-1 
cat 

Pyridine  

FT-IR 

spectroscopy 

94 237 129 (165) 

Brønsted  

acid sites b 

µmol·g-1 
cat 

144 - 79 (72) 

Between brackets, the theoretical acidity values calculated for an ideal 50:50 wt. % mixing of zeolite 

and alumina are shown. 
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Figure 6.4. Scanning electron microscopy (SEM) and energy-dispersive X-ray (EDX) analysis images 

of (a) center and (b) edge of the cross section of a fresh HZSM-5/Al2O3 catalyst extrudate. 

The morphology and distribution of the zeolite and alumina domains over the composite 

catalysts were analyzed by scanning electron microscopy – energy-dispersive X-ray (SEM-

EDX) (Figure 6.4)38,52. The Si signal could be used as a marker to identify the zeolite domains, 

also taking into account that the amount of aluminum present in the zeolite domains is much 

lower than that of the alumina binder. In both EDX images, either at the center (Figure 6.4a) or 

edge (Figure 6.4b), we can roughly observe a homogeneous distribution of both active phase 

and binder within the cross section of the extrudate.  

Focused ion beam – scanning electron microscopy (FIB-SEM) experiments allowed the 

distribution of each phase within the catalyst extrudate to be visualized in detail (Figure 6.5). 

The SEM electron image (Figure 6.5a) reveals an irregular and dotted pattern which clearly 

corresponds to the zeolite (darker domains as they coincide with the Si-rich yellow parts) and 

alumina phases as indicated in the EDX images (Figure 6.5b).  
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Figure 6.5. (a) Scanning electron microscopy (SEM) and energy-dispersive X-ray (EDX) images of (b) 

Al and Si, (c) Al and (d) Si obtained after the focused ion beam (FIB) milling in the center of the cross 

section of a fresh HZSM-5/Al2O3 catalyst extrudate. 

Moreover, voids can be seen (~ 0.1 µm) thus constituting a macropore interparticle network 

between the zeolite and alumina agglomerations as also suggested by the porosimetry 

experiments44,53,54. However, even these relatively large-sized pore networks may not be 

suitable for the aerosols produced upon pyrolysis of cellulose and lignin biopolymers. Because 

the particle diameter of these aerosols is reported to be between 0.5 – 10 µm, majority of them 

being close to 1.0 µm. Therefore, the reported average particle diameter of aerosols exceeds 

even the largest pore diameters observed for the catalyst extrudate (see Figure 6.3a). 

 

6.3.2  Catalytic Fast Pyrolysis 
Catalytic fast pyrolysis (ex-situ) of pine wood and cellulose using HZSM-5/Al2O3 extrudates 

as catalyst yielded char, non-condensable gas, bio-oil (water and condensable organics) and 

coke as products. The product yields are summarized in Figure 6.6. For comparison, non-

catalytic (NC) pyrolysis product yields are also provided. At high catalyst-to-biomass ratios 

(i.e. low space velocities), the conversion of pyrolysis vapors to catalytic products are typically 
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very high55,56. However, such operating conditions prevent observing the long-term effects of 

reactants (pyrolysis vapors in this case) on the catalyst materials57. Therefore, a rather high 

space velocity (5.0 h-1) was chosen in this work to clearly see the effects of pyrolysis vapors on 

the catalyst as well as on the evolution of catalytic products with increasing TOS. 

Figure 6.6. Product yields of catalytic pyrolysis of (a) pine wood, and (b) cellulose obtained at the 

experimental conditions of Tpyrolysis = 500 °C, Tcatalysis = 500 °C and WHSV = 5.0 h-1. Non-catalytic 

pyrolysis (NC) yields obtained from duplicate experiments (reaction time = 60 min) for each feedstock 

are also provided for comparison. Error bars represent standard deviation from the mean of duplicate 

experiments for all cases.  

The product distribution changed significantly for both feedstocks with the applied ex situ 

catalysis, if compared to the non-catalytic pyrolysis tests. The strong changes in product yields 

are clearly an indication of the substantial catalytic activity of HZSM-5/Al2O3 catalyst 

extrudates. Overall, similar trends in product distribution were observed for pine wood and 

cellulose. The organic fractions produced upon pyrolysis are mostly converted to gas, water and 

coke, especially at the shortest time-on-stream (e. g. highest catalyst/biomass ratio) which is in 

agreement with literature13,37,58. Dehydration reactions are known to be the primary pathway of 

deoxygenation during catalytic pyrolysis of biomass59, particularly when using acidic zeolite 

ZSM-5-based catalysts materials. When the catalyst is at its most active state (10 min TOS), 

very similar water yields of 0.31 kg kg-1 and 0.34 kg kg-1 (on dry feed basis) are obtained for 

pine wood and cellulose, respectively. However, these values also contain the thermally 

produced water during pyrolysis (see Figure 6.6. for the thermal (non-catalytic) water yields). 

Therefore, the catalytically produced water values at 10 min TOS would be 0.16 kg kg-1 and 

0.10 kg kg-1 for pine wood and cellulose, respectively. This observation suggests that 
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hemicellulose and lignin fractions of pine wood contribute to catalytic dehydration reactions 

considerably. However, the relatively strong C-O bond between the benzene ring and the 

phenolic-OH would make lignin-derived phenolic structures less susceptible to acid catalyzed 

dehydration reactions, if compared to aliphatic alcohols for instance. Therefore, it is more likely 

that the hemicellulose-derived vapors are contributing to a larger extent to the dehydration 

reactions. On the other hand, decarbonylation and decarboxylation reactions are the other forms 

of deoxygenation observed during biomass CFP. The formation of non-condensable gases 

(NCG), in particular that of CO and CO2, during the catalytic pyrolysis of pine wood seems to 

primarily originate from the reactions of cellulose-derived vapors over the catalyst. This is 

evidenced by the substantial increase in the catalytic NCG yields of cellulose compared to the 

thermal NCG yields. Wang et al.29 showed that the catalytic COx formation is more prominent 

for cellulose, if compared to lignin and hemicellulose, in accordance with the results obtained 

in this work. In terms of coke formation, a slightly higher fraction of feed intake is converted 

to coke with pine wood compared to cellulose. The slight increase may be attributed to lignin-

derived vapors coking on the external surface of the catalyst30. With increasing TOS, the 

product distribution and the yields of individual product streams converge to the non-catalytic 

case, indicating the (partial) deactivation of the catalyst. 

Figure 6.7. (a) Oxygen content (dry basis) and carbon yield of bio-oil fractions obtained upon ex-situ 

catalytic pyrolysis of pine wood and cellulose. Aqueous fractions at 10 min TOS are not included in the 

plot as they contain mostly water (>0.97 g g-1).  PW-NC (●) and CELL-NC (▲) values in the plot 

represent the non-catalytic pyrolysis yields of pine wood and cellulose, respectively. Conditions; Tpyrolysis 
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= 500 °C, Tcatalytic = 500 °C, WHSV = 5.0 h-1. The composition of catalytic and non-catalytic bio-oils 

produced from (b) pine wood and (c) cellulose. Total aromatics = BTX and polycyclic aromatics 

(naphthalene, indene and their substituted forms). Phenols = phenol and substituted phenols; oxygenates 

= acids, aldehydes, ketones, furans and anhydrosugars, (typically non-catalytic pyrolysis products of 

biomass). 

An important parameter to assess the feasibility of biomass-to-fuels (or chemicals) processes is 

to check the carbon yields on feed basis in the desired product16,60. The oxygen contents (on dry 

basis) versus the carbon yields of the liquid product streams (aqueous and organic fractions) 

obtained via CFP are plotted in Figure 6.7a, which highlights the two shortcomings of the CFP 

process. Firstly, the loss of C in the products of catalytic pyrolysis is obvious, if compared to 

the non-catalytic case. And unfortunately, the deoxygenation levels obtained do not justify the 

loss of C for most cases. Secondly, catalytic water production during CFP leads to phase 

separation in the bio-oil product resulting in aqueous and organic fractions. The aqueous 

fractions obtained were primarily composed of water-soluble oxygenates (products of pyrolysis 

reaction). And the organic fraction produced was composed of aromatic hydrocarbons and 

water-insoluble oxygenates. The phase separation induced upon CFP will likely increase the 

downstream processing costs if both aqueous and organic streams are to be utilized. The 

valorization of the aqueous fractions will be of importance in particular at higher TOS (60 and 

180 min), considering that the C yields of these aqueous fractions are in the same range with 

the corresponding organic fractions. The composition of catalytic and non-catalytic bio-oils, as 

analyzed by GC/MS, is shown in Figures 6.7b and 6.7c for pine wood and cellulose, 

respectively. Lower aromatic hydrocarbon yields were obtained than reported in the literature 

which may be attributed to the high WHSV employed in this work1,56,61. Besides, as a result of 

Lewis acid sites present on Al2O3 (see Table 6.3), the catalytic effect of the binder cannot be 

neglected and were reported to have a pre-cracking effect36,61–63. Indeed, the catalytic effect of 
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the binder on the pyrolysis vapors was also corroborated with py-GC/MS tests using a mixture 

of only the Al2O3 binder and cellulose (see Figure 6.8). 

 
Figure 6.8. Pyrograms obtained upon py-GC/MS of (a) cellulose (200 μg), (b) cellulose (200 μg) mixed 

with HZSM-5 (4000 μg), (c) cellulose (200 μg) mixed with Al2O3 (4000 μg). The most abundant five 

compounds sorted by relative peak areas (%) for each test are as follows; (1a) levoglucosan (74.26%), 

(2a) glycolaldehyde (3.90%), (3a) 1,6-Anhydro-α-d-galactofuranose, (4a) unidentified (2.67%), (5a) 

unidentified (1.23%), (1b) toluene (20.83%), (2b) benzene (15.00%), (3b) naphthalene (13.19%), (4b) 

(p-, m-) xylenes (11.78%), (5b) 2-methyl-naphthalene (9.80%), (1c) furan (8.82%), (2c) toluene 

(6.41%), (3c) furfural (4.99%), (4c) (p-, m-) xylenes (4.91%), (5c) azulene (3.05%). The pyrolysis test 

performed with Al2O3 shows the catalytic effect of the individual alumina component on cellulose 

derived pyrolysis vapors. 

While the aromatic hydrocarbons (monoaromatics and polycyclic aromatics) dominate the 

liquid product spectrum at short time-on-stream, the composition of organics produced starts to 

resemble the non-catalytic cases with increasing TOS as a result of (partial) deactivation of the 

catalyst. An increased selectivity towards aromatics production was observed for cellulose-

derived vapors, if compared to that of derived from pine wood. Compared to the non-catalytic 

results, a higher quality liquid product (i.e., lower oxygen content, more hydrocarbons) is 

obtained but with inferior carbon yields; obviously a significant fraction of carbon in the feed 

is converted into coke and COx. The formation of COx is inevitable for the CFP process when 

the objective is to deoxygenate the pyrolysis vapors. Therefore, the formation of coke on the 
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catalyst appears to be the primary obstacle for the CFP process. Because it leads not only to the 

loss of C but also deactivates the catalyst at the same time. 

Figure 6.9. Product yields of catalytic fast pyrolysis (CFP) of (a) pine wood and (b) cellulose obtained 

with the regenerated catalysts at the experimental conditions of Tpyrolysis = 500 °C, Tcatalysis = 500 °C and 

WHSV = 5.0 h-1. Non-catalytic pyrolysis yields are also provided for comparison. 

The catalyst activity after regeneration was examined as well, and the catalytic pyrolysis 

product yields are shown in Figure 6.9. Although the organic product yields seem to be lower 

with regenerated catalysts (specifically at the shortest TOS), it should be noted that the mass 

balance closures are not as good as those obtained with the fresh catalysts (see Figure 6.6). 

From experiments with pine wood, a clear decrease in dehydration reactions is observed by 

increasing TOS, possibly due to the loss in acid sites following regeneration (see Figure 6.9a). 
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Additionally, lower coke yields were obtained, which may be directly attributed to the decrease 

in Brønsted acid sites.  

 

Figure 6.10. (a) Oxygen content (dry basis) and carbon yield of bio-oil fractions obtained upon ex-situ 

catalytic fast pyrolysis (CFP) of pine wood and cellulose with regenerated catalysts. Aqueous fractions 

at 10 min TOS are not included in the plot as they contain mostly water (>0.97 g g-1). PW-NC (●) and 

CELL-NC (▲) values in the plot represent the non-catalytic pyrolysis yields of pine wood and cellulose, 

respectively. Conditions; Tpyrolysis = 500 °C, Tcatalytic = 500 °C, WHSV = 5.0 h-1. The composition of 

catalytic and non-catalytic bio-oils produced from (b) pine wood and (c) cellulose. Total aromatics 

include benzene, toluene, xylene and polycyclic aromatics such as naphthalene, indene and their 

substituted forms. Phenols include phenol and substituted phenols and the oxygenates include acids, 

aldehydes, ketones, furans and anhydrosugars which are typical non-catalytic pyrolysis products of 

biomass. 

Carbon yield and oxygen content of the liquid products shown in Figure 6.10a, suggest that the 

loss of acid sites observed after one reaction/regeneration cycle do not affect the overall product 

composition drastically. In short, the trends observed with the fresh catalysts seem to prevail 

with the regenerated catalysts. The organic fractions obtained with the regenerated catalysts 

materials (shown in Figure 6.10b and 6.10c) reveal that the aromatic hydrocarbons were 

produced at 5 – 15% lower concentrations relative to the values produced with fresh catalysts. 

Small decreases in the production of the aromatic hydrocarbons following catalyst regeneration 

have been reported previously in the literature as well41,64. The reduced catalyst performance 

observed even after one reaction / regeneration cycle suggests that a frequent addition of fresh 
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make-up catalyst to the reactor would be required during long-term operation. However, such 

operating conditions would make the CFP process unsustainable. 

 

6.3.3 Characterization of Spent Catalysts  
As shown in the previous section, formation of carbon deposits on catalysts during CFP is 

directly correlated with the reaction conditions and feedstock used65, leading to a temporary 

deactivation of the catalyst materials. And even after regeneration, the deactivation by coke 

formation still affects catalyst performance to a certain extent64,65. Here, the differences between 

the pine wood-derived and cellulose-derived vapors should be highlighted to facilitate the 

interpretation of the catalyst characterization results. Obviously, the pine wood vapors would 

be comprised of molecules derived from the carbohydrate (cellulose and hemicellulose) and the 

lignin fractions of the whole biomass whereas cellulose-derived vapors would contain only the 

molecules from the decomposition of cellulose. The fast pyrolysis of cellulose primarily 

produces levoglucosan and other small oxygenates (e.g. glycolaldehyde) in the bench-scale set-

up employed. The kinetic diameter of levoglucosan (0.67 nm) is reported to be slightly larger 

than the pore diameter of ZSM-5 (0.63 nm). But levoglucosan may undergo dehydration 

reactions on the surface of the catalyst to produce smaller furan compounds which could easily 

diffuse into the pores of the catalyst29. In the case of pine wood vapors, the hemicellulose-

derived vapors would be composed of monomeric sugars and their defragmentation products 

which can also diffuse easily to the pore network of the catalyst. However, the lignin-derived 

fraction of the vapors, which could correspond up to 15 % of pine wood vapors, would also 

contain oligomeric species next to the phenolic monomers. It is these relatively small fraction 

of oligomeric lignin species that could cause differences between the behavior of pine wood 

and cellulose vapors upon contact with the catalyst. Because these molecules, likely ejected as 

aerosols from the biomass particle during pyrolysis, are larger than the pore diameters of the 

catalyst. And they could be condensed and/or cracked on the external surface of the catalyst.  

In addition, previous studies have demonstrated that increase in coke contents correlates 

linearly with a decrease of acidity and porosity68,69. In Figure 6.11, the coke content, the acidity 

and the porosity of the spent extrudates are plotted as a function of TOS. 
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Figure 6.11. (a) coke content, (b) total number of acid sites and (c) micropore area from spent catalyst 

obtained at different time-on-stream (TOS) after catalytic fast pyrolysis (CFP) of pine wood (PW) and 

cellulose (CELL). 

The spent catalyst extrudates obtained after pine wood CFP show a larger quantity of coke 

deposits formed over time (12 wt. %, 19 wt. % and 24 wt. %) than the spent catalyst extrudates 

obtained after using cellulose as feed (8 wt. %, 16 wt. % and 22 wt. %), values which are in 

accordance with the quantity of coke produced as depicted in Figure 6.6. Independently of the 

quantity of coke formed for each feedstock, decrease in the amount of acid sites occurs at a 

similar pace (Figure 6.11b). However, the micropores (Figure 6.11c) seem to be blocked faster 

for the CFP of cellulose, in particular at the shortest TOS. The coke content of the sample 

CELL-10 is ca. 30 % lower than that of PW-10. In contrast, a higher percentage of original 

micropore area is retained with the sample PW-10 (61 %) when compared to the sample CELL-

10 (52 %). Additionally, the final values for the remaining micropore area and acid sites are 

lower in the CELL-180 than in PW-180. Therefore, it seems that lignin-derived oligomers 

present in the pine wood vapors block the external surface of the catalyst, restricting the access 

of small-sized cellulose vapors to the micropores. And during the CFP of cellulose, coke 

deposits appear to predominantly form in the zeolite micropores due to the unrestricted access 

of the small-sized cellulose-derived monomers to the micropores. predominantly coke the 

external surface area of the catalyst. Similar results have also been reported in another study30 

recently. Together, these results support the hypothesis that the primary cause of deactivation 

with cellulose vapors is due to the coke growth reactions occurring on the acid sites inside the 

micropores of the catalyst. Therefore, suppressing coke formation by cellulose-derived vapors, 

if possible, should be a priority of future catalyst designs. Because that would accelerate the 

development of CFP technology for the actual lignocellulosic biomass67,69–71.  
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All spent catalysts were subjected to Temperature Programmed Oxidation (TPO) analysis to 

reveal information about the nature and location of the carbonaceous deposits on and in the 

catalyst extrudates, and are summarized in Figure 6.12. As shown in previous studies, CO2 

formation profiles may be used to determine either the composition17,71–76 or the location73–75,77 

of the coke in the catalyst. By monitoring the desorption of H2O over time by mass spectrometry 

(MS), a more accurate estimation about the nature of the carbon deposits can be obtained1,72. 

Such information is useful, especially during the scale-up of the process because it would help 

to determine the regeneration conditions (e.g. temperature, time) of the catalysts. For example, 

soft (thermal) coke species are more easily removed (i.e. at lower regeneration temperatures) 

compared to hard (catalytic) coke species. While the soft coke species were observed in all 

spent samples, their share in overall coke species seemed to increase with increasing TOS which 

is consistent with the literature32. At first, the MS profiles of all the samples display a similar 

pattern, revealing that the coke desorbed does not depend on the feedstock used, but on time on 

stream. The main water desorption corresponds to excess of water produced during the 

pyrolysis, which was absorbed by the catalyst, since the samples have not been pre-dried before 

the TPO experiments. The H2O profiles revealed two main regions; H2O desorption at low 

temperatures (<200 °C) and at higher temperatures (400 °C to 650 °C, roughly) which match 

with the CO2 desorption profiles. H2O desorption occurring at higher temperatures gives 

information on how aromatic or aliphatic are the coke deposits (i.e. the H-content), allowing us 

to distinguish between thermal coke (whether there is H2O desorption), and catalytic coke. CO2 

desorption around 400 °C indicates a mainly aliphatic character of the coke because of a large 

desorption of H2O takes place as well. This sort of carbon deposits are known as soft or thermal 

and are formed from condensation of oxygenated compounds71,74. Additionally, after curve 

fitting of the CO2 desorption profiles, we could clearly distinguish three desorption regions 

revealing information about the location of the coke species on and in the catalyst extrudates. 

The primary CO2 desorption peak (above 400°C) can be divided into two secondary desorption 

peaks that indicate different coke locations inside the catalyst extrudates (green and light blue 

curves). The former desorption is assigned to coke located either on the alumina binder or on 

the external surface area of the zeolite crystals75, while the second sharp CO2 desorption at ~ 

500 °C is assigned to the carbon deposits formed at the pore mouth of the zeolite micropores77. 

The last CO2 desorption peak (red curve in Figure 6.12) has predominantly an aromatic 

character due to the lower intensity or absence of H2O detected by mass spectrometry. This 

region is assigned to coke deposits retained on the catalytic sites of the micropores of the zeolite, 

which is also known as hard or catalytic coke (graphite-like coke)69,74,77. It is noteworthy that 
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at higher TOS, the ratio between thermal coke and catalytic coke seems to increase. When 

catalysts remain for longer time-on-stream, the amount of catalytic coke formed is limited since 

it depends on the active sites being available. 

  

 

Figure 6.12. The mass spectra (MS) profiles of CO2 (black line) and H2O (dark blue line) of pine wood 

(top) and cellulose (bottom) spent extrudates after 10 min, 60 min and 180 min time-on-stream (TOS). 

Deconvolution from CO2 desorption resulted in three secondary desorption peaks (curves) which 

correspond to soft or thermal coke located in the external surface area (green line), in the pore mouth of 

the zeolite crystals (light blue line), and hard or catalytic coke located on the catalytic sites (red line).  

In Figures 6.13a and 6.13b, the ssNMR spectra of the spent samples after CFP of pine wood 

and cellulose are displayed, respectively. In all acquired spectra, a general decrease in intensity 

and a slight shift towards lower chemical shifts is observed for the 68 ppm and 55 ppm 

resonances with increasing TOS. In particular, the signal at 55 ppm, which corresponds to 

Brønsted acid sites (BAS), shows a significant decrease in intensity as a function of increasing 

TOS. Furthermore, a small shift of the 68 ppm peak towards lower chemical shifts is Visible. 

This signal originates from the Al (IV) sites of the alumina binder. The shift and overall 

broadening of both peaks may be attributed to a structural change in the environment of Al sites 

caused by the formation of the coke species in the proximity, especially species with an 
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aromatic character78. In short, the decrease in intensity and the shift to lower values demonstrate 

the partial poisoning and dealumination of the Al (IV) sites occurring over increasing TOS and 

caused by the carbon deposits. 

 

Figure 6.13. 27Al solid-state nuclear magnetic resonance (ssNMR) spectra of (a) spent extrudates 

obtained after catalytic fast pyrolysis (CFP) of pine wood and (b) spent extrudates obtained after CFP 

of cellulose. 

Figure 6.14a shows a schematic representation of the confocal fluorescence microscopy (CFM) 

approach used within this work to visualize the coke formation processes within catalyst 

extrudates. Clearly, the PW-10 catalyst extrudate displayed larger amount of highly condensed 

coke species in the outer phase than the CELL-10 extrudates, as was confirmed by 

thermogravimetric analysis (TGA). Before choosing these CFM images, several catalyst 

extrudates were analyzed to ensure that the CFM images shown are representative for the larger 

group of the spent catalyst extrudates. 
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Figure 6.14. (a) Schematic of confocal fluorescence microscopy (CFM) approach used to analyze the 

cross section of the spent catalyst extrudates. The carbocationic species excited upon illumination with 

488 and 642 nm lasers correspond to benzylic (green fluorescence) and naphthalene (red fluorescence) 

species and their corresponding methylated versions, respectively. Optical images of the cross section 

of (b) PW-10 and (c) CELL-10 spent extrudates. 

 

 

Figure 6.15. Confocal fluorescence microscopy (CFM) images obtained after irradiating the cross 

section of spent catalyst after 10 min time-on-stream (TOS) with 488 nm and 642 nm lasers after 

catalytic fast pyrolysis (CFP) of (a) pine wood and (b) cellulose.  
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The confocal fluorescence microscopy (CFM) approach (Figure 6.14a) enables the 

visualization of the location of different carbon deposits on the extrudate’s cross section79–81. 

Fluorescence microscopy images of the cross section of PW-10 and CELL-10 spent catalysts 

materials and the corresponding magnifications are shown in Figure 6.15a and 6.15b. Almost 

no fluorescence was emitted from the cross-section of spent extrudates obtained at higher TOS 

(i.e., 60 or 180 min), because of the higher concentration of condensed graphite-like coke 

species throughout the extrudate. For emission spectra see Figure 6.16. The carbon deposits are 

distinguished according to their size and nature82,83 when illuminated with 488 nm and 642 nm 

lasers, simultaneously in the cross section of PW-10 and CELL-10 (Figures 6.14b and 6.14c). 

According to previous works54,84, the 488 nm laser only excites small aromatic species emitting 

green fluorescence (simple conjugated systems/rings; e. g. single aromatic carbocationic rings), 

while the 642 nm laser excites larger aromatic species emitting red fluorescence (≥2 aromatic 

carbocationic rings). Larger conjugated species (e.g. >3 aromatic carbocationic rings) cannot 

be detected in the range of emissions above 700 nm because the size of these species is much 

larger than the zeolite internal structure85,86.  

For both spent extrudates an external layer of coke which does not emit fluorescence can be 

observed. It corresponds to a graphite-like coke type. In Figure 6.15a (PW-10), smaller species 

are predominantly more abundant all along the cross-section of the catalyst body than in the 

case of CELL-10 (Figure 6.15b). The picture of CELL-10 also indicates a larger intensity of 

bigger aromatic carbon species in the core of the extrudate particle. 

Regarding Figure 6.15a, when going from the edge to the center of the extrudate, a first thin 

green layer followed by a pale orange domain located in the center are observed which 

corresponds to small conjugated species (benzene and/or naphthalene carbocations) and larger 

conjugated species (naphthalene and/or pyrene carbocations), respectively. The pale orange 

fluorescence region corresponds to a mixture of small and large conjugated species in which 

the small ones are more abundant54. For the CELL-10 (Figure 6.15b), a similar pattern of green 

fluorescence in the edge and a more intense orange/red fluorescence in the center of the 

extrudate compared to the PW-10 was observed, indicating a higher presence of larger 

carbocations Apparently, cellulose vapors diffuse easier through the extrudate pores due to their 

smaller size. They react and form larger aromatics, which later on constitute the larger coke 

deposits. As a consequence, the fluorescence of the extrudate’s interior becomes deep orange. 

In the case of pine wood, the presence of an external layer of condensed coke indicates that the 

pine wood vapors, being larger in molecular size, condensate and oligomerize already at 
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external surface of the extrudates. They are unable to further enter into the extrudate/zeolite 

pores. These observations suggest a close relation between the types of biopolymers present in 

the biomass vapors and the size and location of the coke deposits formed30.  

 

 

Figure 6.16. Emission spectra at different location of the cross-section from (a) PW-10 and (b) CELL-

10 spent samples. The intensity valleys observed in all the spectra at 488, 562 and 642 nm correspond 

to the dichroic mirrors used for each of the laser wavelengths that were selected. 

The emission spectra collected from the edge and center for PW-10 and CELL-10 spent 

extrudates (Figure 6.14b and 6.14c) are shown in Figure 6.16a and Figure 6.16b, respectively. 

A larger fluoresce intensity within the 600-700 nm range (i.e. obtained from larger 

carbocationic species) is observed, which is in accordance with both CFM images (Figure 

6.15a.2 and Figure 6.15b.2). For the CFM image of CELL-10 material (Figure 6.15b.1 and 

Figure 6.15b.3), a much larger fluorescence intensity for the small carbocationic species (500-

600 nm) is shown, which is in accordance with the emission spectra of CELL-10 material. The 

CFM images of PW-10 (Figure 6.15a.1 and Figure 6.15a.3) show overall a lower fluorescence 

intensity, which is also in accordance to with the emission spectra.  

According to the observations made by Whiting et al.54, molecules enter the catalyst pores and 

as they diffuse through the catalyst extrudate, they undergo cracking and oligomerization 

reactions over time to form poly-aromatic or conjugated species. If a transport barrier is present 

at a certain location inside the extrudate (e.g. pore narrowing), these enlarged species will be 

unable to diffuse out of the interior again. Instead, they will accumulate in the central part of 

the catalyst body. As shown in SEM-EDX images (Figure 6.4 and 6.5), both zeolite and alumina 

domains are distributed evenly over the entire volume of the catalyst particle, suggesting that 

the intrinsic catalytic activity must be the same and comparable all along the catalyst extrudates. 
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Diffusion limitations of the various pyrolysis vapors (size-dependent barrier) are therefore most 

likely the main reason for the observed circular fluorescent microscopy patterns.  

6.3.4 Characterization of Regenerated Catalysts 

Table 6.4 shows a summary of the physisorption values of the regenerated catalysts. After 

regeneration, the textural properties of the catalyst used after the CFP of pine wood were 

restored completely. The surface area of the catalyst after the CFP of cellulose was not, however 

completely restored. After regeneration, the textural properties of the catalyst used during the 

CFP of pine wood were restored completely. However, the surface area of the catalyst used 

during the CFP of cellulose was not completely restored.  

Table 6.4. Physisorption values of the regenerated samples. 

 Ar physisorption 

Materials SBET  

m2·g-1 
Sext  

m2 g-1 
Vmicro  

cm3 ·g-1 

HZSM-5/Al2O3 273 107 0.06 

PW-10-r 270 104 0.06 

PW-60-r 273 106 0.06 

PW-180-r 269 105 0.06 

CELL-10-r 257 115 0.06 

CELL-60-r 251 115 0.05 

CELL-180-r 270 117 0.05 
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Figure 6.17. The total number of acid sites of (a) the regenerated extrudates was obtained by temperature 

programmed desorption of NH3 (NH3-TPD). (b) The total number of Lewis acid sites and (c) Brønsted 

acid sites available after regeneration were calculated after pyridine adsorption and FT-IR spectroscopy. 
27Al ssNMR spectra of the regenerated catalyst after one cycle for d) the CFP of pine wood and e) the 

CFP of cellulose. 

NH3-TPD and pyridine FT-IR analyses show that the total acidity could not be completely 

restored by the applied regeneration process, showing a slight drop in acidity for all samples 

(Figure 6.17a, 6.17b and 6.17c). A more pronounced loss of Lewis acid sites (LAS) is seen for 

the regenerated CELL extrudates, as also evidenced by a decrease in intensity shown in the ss-

NMR spectra for the Al (VI) sites at 0 ppm (Figure 6.17e). In contrast, for Brønsted acidity, a 

larger drop is observed for the CELL batch than for the PW batch at short TOS, likely as a 

result of partial dealumination of the zeolite. The NMR spectra of the regenerated extrudates 

still shows a lower intensity for the peak at 55 ppm compared to the fresh extrudates. In this 

case, dealumination is most likely taking place and can be both the result of the CFP process 

(500 ºC) and of the regeneration process itself (600 ºC).  All three characterization techniques 

confirm that the loss of catalyst acidity by dealumination is dependent on a) the type of pyrolysis 

feedstock (either being pine wood or cellulose) and b) the time on stream during CFP. 
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6.4 Conclusions 
In this Chapter, the performance of an Al2O3-bound ZSM-5-based technical catalyst has been 

assessed in the ex-situ CFP of pine wood and cellulose. Although after extrusion meso- and 

small macropore domains were observed within the catalyst extrudates, their size might not be 

sufficiently large to accommodate the large aerosols ejected during pyrolysis of biomass. 

Moreover, the physicochemical properties observed in the technical catalyst extrudates such as 

acid density and porosity, were expected to reduce overall catalytic activity. Acidity 

measurements revealed that the acidity of the catalyst extrudates were a dilution of the 

physicochemical properties of the HZSM-5 and Al2O3 individual components. Catalytic 

pyrolysis product yields and composition showed similar trends as observed in the literature, 

converging to non-catalytic pyrolysis yields with increasing time-on-stream (higher biomass-

to-catalyst ratios) as a result of catalyst deactivation. The lower total aromatic yields obtained 

(ca. 2 % on feed basis with cellulose feedstock), consistent with similar and previous works 

reported in literature, was attributed to the rapid catalyst deactivation known to occurs during 

the CFP of biomass. Strikingly, the Lewis acid sites present in the alumina binder also exhibited 

catalytic activity. The low selectivity to aromatics can be attributed to the loss of carbon as COx 

and carbon deposits. However, as identified in previous reports, coking is the primary challenge 

that needs to be overcome since it leads to both loss of carbon and catalyst deactivation. The 

slightly larger amount of coke was produced during the CFP of pine wood, likely because 

lignin-derived fraction of pine wood vapors contribute considerably to the formation of coke 

deposits. Irreversible and reversible structural changes were found to occur on the catalysts 

following the CFP reaction. Two types of carbon deposits were formed; thermal coke (aliphatic 

character) and catalytic coke (aromatic and graphite-like character). The thermal coke was 

located in the pores of the alumina structure (binder) and at the external surface of the zeolite 

domains. Thermal coke is accumulating with time-on-stream due to the progressing 

condensation reactions. The catalytic coke was formed on the Brønsted acid sites of the zeolite 

domains and its formation is limited to the catalytic sites available. CFM experiments revealed 

that larger coke species occur in the spent catalysts obtained from the CFP of cellulose. 

Cellulose-derived vapors consist of smaller molecules (oxygenates) than those of pine wood-

derived vapors, which also include lignin and hemicellulose-derived vapors. While cellulose 

vapors are able to reach the extrudate core forming larger coke species, lignin-derived vapors 

present in the pine wood vapors form coke predominantly on the external surface area of the 

extrudates. Irreversible chemical changes in the catalyst structure (e. g. decrease in the 
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aluminum content) were observed for both feedstocks after catalyst regeneration. Progressing 

dealumination causes an ongoing loss of activity in subsequent cycles of CFP and catalyst 

regeneration. Overall, the structure of the state-of-the-art ZSM-5 based catalysts is unsuitable 

for accommodating the conversion of pyrolysis vapors, either from pine wood or from cellulose, 

to desirable fuel components or chemicals in sufficient quantities.  Although it is not possible 

to decouple the effect of cellulose-derived vapors in the CFP of pine wood, the contribution of 

cellulose (and hemicellulose) derived vapors could be greater than lignin-derived vapors, due 

to the share of the latter being low in biomass pyrolysis vapors. In addition, the presence of 

lignin and/or hemicellulose generates a large buildup of condensed coke in the outer phase of 

the extrudate, not allowing the pyrolysis vapors from cellulose to enter the pores and reach the 

zeolite active phase. Therefore, modification of the catalyst system or the pyrolysis vapors prior 

to contacting with the zeolite-based catalysts is required to improve carbon yields obtained via 

CFP of lignocellulosic biomass. Moreover, if further developments on future catalyst designs 

are pursued to effectively tackle the coking with cellulose-derived vapors, a rigorous approach 

should be taken with respect to the selection of binder materials.  
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I. Summary 
Climate change and the ever-increasing energy and materials demand by a growing world 

population are two of the main challenges faced by society. They motivate the replacement of 

the commonly used fossil resources, by renewable and more sustainable feedstocks, such as 

biomass and municipal waste, for the production of fuels and commodity chemicals. As part of 

these efforts, the development of environmentally friendly routes to produce renewable 

platform compounds, such as Benzene-Toluene-Xylenes (BTX) and light olefins, became the 

subject of broad interest in both industry and academia.  

The upgrading of biomass into building blocks can be performed by means of catalytic fast 

pyrolysis (CFP) technology, as outlined in more detail in Chapter 1. Despite its promise as an 

upgrading technology, CFP of biomass often suffers from low carbon yields due to COx and 

coke formation, which hampers commercialization efforts1. For the CFP of bio-derived 

oxygenates, such as furan derivatives, acidic zeolites with the MFI topology, e.g. ZSM-5, are 

the solid catalysts of choice to produce BTX. The superior performance of zeolite ZSM-5-based 

catalysts is attributed to their shape-selective topology2 as well as the presence of the right 

amount and strength of Brønsted acid sites (BAS)3,4. In this PhD Thesis, the aromatization of 

diverse furan derivatives over a series of zeolite ZSM-5 catalysts (i.e., hierarchical and (metal-

promoted catalysts) was investigated, with particular emphasis on their performance in terms 

of activity, selectivity and stability as well as their related reaction and deactivation 

mechanisms. 

In Chapter 2, the conversion of alkylated and non-alkylated furan derivatives, such as furan, 

2-methylfuran and 2,5-dimethylfuran, into BTX over highly acidic and hierarchical zeolite 

ZSM-5 catalysts was studied. During the aromatization of these bio-derived oxygenates, closely 

monitored by operando UV-Vis diffuse reflectance (DR) spectroscopy, the formation of diverse 

enyl and arenium ions were detected within the zeolite pores, which rapidly evolved to form 

light olefins and BTX. Inspired by the dual-cycle reaction mechanism operative during the 

Methanol-to-Aromatics (MTH) process as well as the occurrence of specific reaction 

intermediates and related coke precursor molecules, a similar mechanism was proposed for 

furan derivatives aromatization. The combination of several analytical techniques allowed us 

to identify some of the tentative intermediates and/or coke species, i.e., benzofuran, trapped 

within the zeolite micropores during the aromatization of furan derivatives. Our findings 

revealed that the Si/Al ratio and porosity of the zeolite catalyst are key parameters that 
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determine both the type and size of active species formed and thus, the final product 

distribution.  

Detailed investigations in the catalytic performance of ZSM-5 catalysts modified with different 

promotors are described in Chapters 3-5. By combining catalytic testing with a large array of 

characterization tools, insights in their aromatization capabilities and deactivation rates were 

obtained. In Chapter 3, the effect of phosphorus as promotor was investigated on the 

aromatization of MF and DMF. Upon the introduction of new phosphorus sites, the amount of 

BAS and acidity strength were altered, with a new type of acid sites being formed within zeolite 

ZSM-5. As function of the synthesis method employed, the phosphor speciation was 

determined, revealing that extra washing and calcination steps improved the overall acidity and 

accessibility. Such additional washing led to the removal and hydrolysis of several extra-

framework phosphate species, such as condensed polyphosphates, resulting in an upgraded 

PHZSM-5 catalyst material that performed better than the non-washed PHZSM-5 catalyst 

materials in MF and DMF aromatization. An improved selectivity towards (di)alkylated 

aromatics was seen compared to the pristine HZSM-5 zeolite. A study of the effect of co-

feeding ethylene on phosphorus-modified HZSM-5 zeolites demonstrated that a larger amount 

of non-condensable gases was produced over the washed PHZSM-5 zeolite catalysts when 

compared to the pristine HZSM-5 zeolite during DMF aromatization. It was also found that 

BTX selectivity was lower over PHZSM-5 zeolites during the aromatization of DMF and MF 

in the presence of ethylene when compared to the pristine HZSM-5 zeolites. The results 

obtained showed that the positive effect seen for P-promotion in the liquid phase did not 

translate to the gas phase. Second, the boost in BTX formation, that is typically seen upon 

ethylene co-feeding, is the result of a complex combination of mechanisms and not solely from 

improved Diels-Alder cycloaddition activity.  

Chapter 4 focuses on Ga-promoted HZSM-5 zeolites as DMF aromatization catalysts. The 

introduction of the dehydrogenation character of Ga favored aromatization considerably, 

boosting the Benzene-Toluene-Ethylbenzene-Xylenes (BTEX) yields. The sequential reduction 

and re-oxidation approach applied for the synthesis of a series of Ga/HZSM-5 zeolite catalysts, 

favored a high dispersion of Ga into the zeolite micropores, reaching nearly quantitatively 

exchange of the BAS with (GaO)x
x+ ions, thus substituting BAS for Lewis acid sites (LAS). 

The BAS/LAS ratio was indeed found to be dependent on the amount of Ga introduced. The 

addition of ethylene to the aromatization of DMF resulted in enhanced BTEX yields, which we 



Aromatization of Oxygenates over Zeolite Catalysts 

256 
 

speculate is again the result not (only) of Diels-Alder cycloaddition, but rather of increased 

alkylation and cyclization activity via the hydrocarbon pool mechanism.  

Chapter 5 also emphasized the importance of metal promotors, specifically, of Zn-promoted 

HZSM-5 zeolite-based catalysts, to enhance the selectivity to BTX in DMF aromatization with 

ethylene co-feeding. The impregnation approach employed resulted in a homogeneous 

dispersion of Zn over the zeolite crystals, as well as in the formation of small ZnO clusters at 

higher loadings. It was found that Zn addition to zeolite ZSM-5 via incipient wetness 

impregnation (IWI) decreased the number of BAS, implying a high degree of ion exchange due 

to the incorporation of Zn2+ ions. The amount of LAS slightly increased, but not linearly with 

increasing Zn loading, with the newly introduced Zn sites generating a new type of weak-

medium acid sites. In addition, a hierarchical Zn/ZSM-5 zeolite catalyst was also synthesized 

to further investigate the effect of mesoporosity and Zn. The use of a zeolite catalyst with a high 

dispersion of divalent Zn cations together with ethylene co-feeding gave outstanding BTX 

selectivities when compared with the pristine HZSM-5 catalyst. BTX yields could be further 

improved by combining mesoporosity and Zn addition. The higher BTX yields came at the 

expense of faster catalyst deactivation, though, and fairly rapid coking was observed for all 

Zn/ZSM-5 catalysts under study, including the hierarchical Zn/ZSM-5. The results clearly 

suggested that coke species are formed from condensation of aromatics, as shown in previous 

investigations. Mechanistic investigations on Zn/ZSM-5 again suggested the process to be 

dominated by a dual-cycle mechanism in which both olefins and aromatics are formed. Upon 

co-feeding of ethylene, the arene cycle is further promoted, resulting in a higher aromatization 

rates to alkylated aromatics. However, to further evaluate the performance of these catalyst 

materials for the production of BTX aromatics at a larger scale, catalyst shaping, and up-scaling 

studies will be needed.  

Previous studies5,6 showed that the bulk zeolite is often far too active for the oxygenates-to-

hydrocarbon conversion reactions and that different catalyst configurations need to be explored. 

In Chapter 6, the performance of Al2O3-bound zeolite ZSM-5-based catalyst bodies was 

assessed in the ex-situ CFP of pine wood and cellulose using a bench scale reactor. The product 

yields and distribution as well as the catalyst deactivation rates depended on the biomass 

feedstock and the time-on-stream (TOS) chosen. The large amount of coke deposits produced 

led to reversible and irreversible structural changes in the catalyst extrudates. In addition to the 

difference in nature between the thermal and catalytic coke formed, each type of coke was also 
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found in different locations of the catalyst extrudates, as revealed by micro-spectroscopic 

methods. 

 

Figure 7.1. Cross-section of diverse spent catalyst extrudates at different times-on-stream (TOS) 

obtained during the catalytic fast pyrolysis (CFP) of pine wood (i.e., the three cross-sections on the left) 

and cellulose (i.e., the three cross-sections on the right). 

For example, thermal coke was found to be preferentially located in the pores of the alumina 

structure (binder) and at the external surface of the zeolite domains, while catalytic coke, whose 

formation was dictated by the active catalytic sites, was indeed found on the BAS of the zeolite 

domains. Larger coke species were produced in the spent catalyst materials obtained after CFP 

of cellulose (Figure 7.1), revealing that the smaller sized cellulose-derived fragments in the  

vapors more easily enter the pores compared to the pine wood vapors, which predominantly 

condensed on the external surface of the extrudates. Irreversible chemical changes in the 

catalyst structure, such as a decrease in aluminum content, were observed for both feedstocks 

after regeneration. Overall, more extensive dealumination was observed for the spent catalyst 

materials after CFP of pine wood, as more (hot) water is produced with this feed than with 

cellulose.  

 

Concluding Remarks and Future Perspectives 
In this PhD Thesis different approaches to improve BTX selectivity from bio-derived feedstock 

were investigated making use of catalyst formulations based on zeolite ZSM-5. Modifications 

in the catalyst composition (i.e., with non-metals, metals promotors and binders) along with 

different reactor setup configurations were carried out to achieve such purpose. Zeolite ZSM-5 

was selected for aromatics production based on its proven high shape-selectivity towards BTX 

and its tunable properties. The addition of metal promotors, such as Ga or Zn, provided the 
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zeolite ZSM-5-based catalysts with bifunctional characteristics that clearly boosted BTX 

formation. In particular, a right balance between BAS and LAS, or weak-medium acid sites in 

the case of Zn/ZSM-5 catalysts, is required to enhance the selectivity towards BTX formation. 

At a larger scale, such as in the performed bench scale experiments, the use of Al2O3 as binder 

for ZSM-5-based catalyst extrudates also revealed that the presence of LAS was responsible 

for some pre-cracking allowing a better diffusion of pyrolysis vapors into the zeolite 

micropores.  

While catalytic performance of the synthesized catalyst materials improved in terms of, for 

example, BTX selectivity, other aspects of performance such, catalyst deactivation by coking 

was not sufficiently improved. Our efforts together with the large amount of literature on 

catalytic coke7–9, suggest that coking may be an intrinsic property of the particular feed-zeolite-

hydrocarbon pool combination and unfortunately, cannot be fully suppressed without 

simultaneously affecting other aspects of catalyst performance. Nevertheless, we have 

thoroughly characterized the different types of deactivated catalyst materials obtained, thus 

gaining further insight in the composition, nature and location of the different carbon deposits 

formed at diverse locations of the zeolite ZSM-5 crystals. Although comparable percentages of 

carbon deposits were obtained with the different catalysts tested (~ 10 wt.%), ex-situ 

spectroscopic techniques revealed that the composition and nature of these coke species vary 

and depend on the feedstock and reaction conditions used.  

Mechanistic insights into the formation of aromatics within the micropores and channels of 

zeolite ZSM-5 during the aromatization of furan derivates were also presented and discussed, 

as provided by the use of microscopic and spectroscopic techniques under a combination of in-

situ, ex-situ and operando conditions. Our different catalytic investigations (i.e., with and 

without ethylene co-feeding) are in line with the proposed dual-cycle mechanism, similar to the 

MTA process, for the aromatization of furan derivatives over ZSM-5 as catalyst. While the dual 

cycle mechanism is considered to dominate the reaction, Diels-Alder cycloaddition reactions, 

are also expected to contribute, as indicated, e.g., by the detection and conversion of 

benzofurans.  

The investigations performed in this PhD Thesis demonstrated the potential of bio-derived 

oxygenated feedstocks to produce renewable aromatics in a more sustainable manner than the 

commonly applied fossil-based route without the use of complex catalytic processes or catalyst 

synthesis methods. Although this synthetic route (i.e., Furan-to-Aromatics, FTA) will not reach 
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commercialization for now, this PhD Thesis demonstrated the potential of different bio-derived 

feedstocks, such as furan derivatives or cellulose, to be converted into important platform 

compounds for the chemical industry. The results obtained thus highlight the general potential 

of ZSM-5 based materials for renewable oxygenates-to-aromatics processes. 

 

II. Nederlandse Samenvatting 
Grote maatschappelijke uitdagingen, zoals klimaatverandering en de steeds toenemende vraag 

van een groeiende wereldbevolking naar energie en materialen, vragen om de geleidelijke 

vervanging van veelgebruikte fossiele bronnen, zoals aardolie en aardgas, door hernieuwbare 

en duurzamere grondstoffen, zoals biomassa en huishoudelijk afval, voor de productie van 

brandstoffen en basischemicaliën. Om de huidige milieuproblemen te verzachten, wordt 

constant gezocht naar de ontwikkeling van meer milieuvriendelijke routes om hernieuwbare 

platformverbindingen te produceren. Een voorbeeld hiervan is het productie van aromaten (bv. 

benzeen, tolueen en xylenen, BTX) en korte alkenen (bv. etheen en propeen). Dit 

onderzoeksonderwerp heeft de afgelopen decennia heel wat aandacht gekregen.  

De verwaardering van biomassa tot chemische bouwstenen kan worden uitgevoerd door middel 

van een techniek, die bekend staat als katalytische snelle pyrolyse (CFP). Ondanks de 

veelbelovende aspecten van deze technologie heeft CFP van biomassa nog vaak te lijden onder 

lage koolstofopbrengsten. De hoofdreden hiervan, zoals beschreven in Hoofdstuk 1, is de 

vorming van COx en koolstofafzettingen (ook wel cokes), wat de commercialisering van de 

CFP technologie sterk belemmert1. Een mogelijke manier om dit op te lossen is door verdere 

verbetering van de gebruikte katalysatoren, vaak zure zeolieten, voor de conversie van de 

biomassa zelf of van biomassa-afgeleide oxygenaten, zoals furaanderivaten. Meer specifiek 

wordt hiervoor vaak zeoliet ZSM-5 met de MFI-topologie gebruikt omdat dit 

katalysatormateriaal bij uitstek BTX produceert. De superieure katalytische prestaties van op 

zeoliet ZSM-5 gebaseerde katalysatoren worden toegeschreven aan hun vormselectieve 

topologie2 en de aanwezigheid van voldoende sterke Brønsted zure plaatsen (BAS)3,4. In dit 

proefschrift werd de aromatisering van diverse furaan-derivaten over een reeks van zeoliet 

ZSM-5-gebaseerde katalysatoren (met en zonder het gebruik van promotoren en metalen) 

onderzocht. Hierbij lag de nadruk op het onderzoeken van het reactie- en deactiverings-

mechanisme van het Furan-naar-Aromaten (FTA) proces.   
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In Hoofdstuk 2 werd de conversie van gealkyleerde en niet-gealkyleerde furaan-derivaten, 

zoals furan, 2-methylfuran en 2,5-dimethylfuran, in BTX over zeer zure en hiërarchisch 

gestructureerde ZSM-5 zeolieten bestudeerd. Tijdens de aromatisering van deze uit biomassa 

verkregen oxygenaten, nauwlettend gevolgd door middel van operando UV-Vis diffuse 

reflectie (DR) spectroscopie, werd de vorming van diverse enyl- en areniumionen in de 

zeolietporiën geïdentificeerd, die snel evolueerden tot olefinen en BTX via het zogenaamde 

“hydrocarbon pool” mechanisme met twee in elkaar grijpende reactiecycli. Evenzo stelden we, 

net als bij het Methanol-tot-Aromaten (MTA) proces, door de evolutie en vorming van reactie-

intermediairen en de gerelateerde cokes-voorlopers te volgen, een reactiemechanisme voor het 

FTA-proces. Bovendien stelde de combinatie van verschillende analytische technieken ons in 

staat om enkele van de intermediairen en/of cokes-soorten (d.w.z. benzofuran) te identificeren 

die vastzaten in de zeolietporiën na de aromatisering van furaan-derivaten. Onze bevindingen 

lieten zien dat zowel de Si/Al verhouding als de porositeit van het zeolietmateriaal 

sleutelparameters zijn die zowel het type als de grootte van de gevormde intermediairen en dus 

de uiteindelijke productverdeling bepalen. 

In Hoofdstukken 3-5 werden gedetailleerde onderzoeken verricht naar de prestaties van 

verschillende katalytische materialen. Door het combineren van katalytisch testen met een groot 

aantal karakteriseringsmethodes, werden nieuwe inzichten verkregen in hun FTA-activiteit en 

mate van deactivering. In Hoofdstuk 3 is het effect van fosfor als promotor onderzocht tijdens 

methylfuran en dimethylfuran aromatisering. Bij de introductie van nieuwe fosforverbindingen 

veranderden de hoeveelheid BAS alsook de zuurtegraad van het katalytische materiaal, wat 

suggereert dat er een nieuw type zure site werd gevormd. Met behulp van een specifieke 

synthesemethode konden de meest geschikte fosforverbindingen worden geïntroduceerd in de 

zeoliet, waarbij het helder werd dat een extra was- en calcineringsstap het mogelijk maakte om 

de zuurtegraad en toegankelijkheid van het zeolietmateriaal substantieel te verbeteren. Bij dit 

wassen werden via hydrolyse verschillende fosfaatsoorten uit de zeolietporiën verwijderd (bv. 

gecondenseerde polyfosfaten), wat resulteerde in een verbeterde PHZSM-5 katalysator, die 

beter presteerde dan de niet-gewassen PHZSM-5 katalysatoren. Dit uitte zich onder meer in een 

hogere selectiviteit voor (di) gealkyleerde aromaten. Het toevoegen van ethyleen aan de 

aromatisering van DMF met de fosfor-gemodificeerde HZSM-5-zeolieten leidde slechts tot een 

grotere hoeveelheid niet-condenseerbare gassen geproduceerd over gewassen PHZSM-5 

zeolietkatalysatoren en niet tot hogere BTX-opbrengsten. Verder suggereren de resultaten dat 
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het toevoegen van ethyleen niet (uitsluitend) de vorming van BTX via het Diels-Alder 

cycloadditie-mechanisme bevordert. 

De rol van Ga-bevattende zeoliet ZSM-5 katalysatoren werd onderzocht in Hoofdstuk 4 tijdens 

de aromatisering van DMF waarbij ethyleen werd bijgevoegd. Het dehydrogeneringskarakter 

van Ga was gunstig voor de aromatiseringsreactie en leidde tot sterk verhoogde opbrengsten 

van benzeen-tolueen-ethylbenzeen-xylenen (BTEX). De reductie- en re-oxidatiebenadering, 

die werd toegepast voor de synthese van Ga/HZSM-5 katalysatoren, bevorderde een hoge 

dispersie van Ga in de microporiën van het zeoliet en leidde tot bijna volledig kwantitatief 

uitgewisselde (GaO)x
x+. Introductie van de Ga kationen resulteerde in een verlaging van de 

BAS en een toename van de Lewis-zure plaatsen (LAS). De juiste verhouding van deze zure 

plaatsen, belangrijk voor een hoge opbrengst, hangt af van de hoeveelheid aan Ga kationen. 

Hoewel in de aanwezigheid van ethyleen de aromatisering van DMF resulteerde in verbeterde 

BTEX-opbrengsten, is de Diels-Alder cycloadditie weer niet het dominerendedominante 

reactiemechanisme, maar vinden de alkylerings- en cycliseringsreacties eerder plaats via het 

“hydrocarbon pool” mechanisme. 

Hoofdstuk 5 beschrijft het gebruik van Zn-bevattende HZSM-5 katalysatoren voor het FTA 

proces. De Zn-HZSM-5 materialen blijken een verhoogde selectiviteit naar BTX te vertonen 

tijdens de DMF aromatisering in aanwezigheid van ethyleen. De toegepaste 

katalysatorsynthesemethode resulteerde in een homogene dispersie van Zn-ionen in het 

zeolietmateriaal alsook in de vorming van kleine ZnO-clusters. Zn toevoeging aan zeoliet ZSM-

5 door impregnatie verminderde het aantal BAS door ionenuitwisseling met Zn2+ kationen. De 

hoeveelheid LAS nam hierbij lichtjes toe, maar niet lineair met de hoeveelheid toegevoegd Zn. 

Dit suggereerde dat deze nieuwe Zn sites leiden tot de vorming van een nieuw type zwak-

medium zure sites. Daarnaast werd ook een hiërarchische Zn/ZSM-5-zeolietkatalysator 

gesynthetiseerd om het effect van mesoporositeit en Zn verder te onderzoeken. Het gebruik van 

een zeolietmateriaal met hoge dispersie van Zn2+ en met ethyleen-bijvoeding gaf een 

uitstekende BTX selectiviteiten in vergelijking met het niet-gemodificeerde HZSM-5 

katalysatormateriaal. De combinatie van mesoporositeit en Zn2+ zorgde voor nog meer BTX-

vorming. Ondanks de hogere BTX-opbrengsten, werd ook een snellere katalysator-deactivering 

waargenomen voor alle Zn/ZSM-5-katalysatoren, inclusief de hiërarchische Zn/ZSM-5-

katalysator. De oorzaak was cokes-vorming. Inderdaad, deze resultaten geven aan dat cokes-

vorming vrijwel altijd ten koste gaat van de vorming van aromaten. Mechanistisch onderzoek 

van de Zn/ZSM-5-katalysator wees uit dat de reactie wordt gedomineerd door een mechanisme 
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met twee reactiecycli, één waarin olefines en één waarin aromaten worden gevormd. Het 

toevoegen van ethyleen bevordert dan de zogenaamde areencyclus, wat resulteert in de vorming 

van meer gealkyleerde aromaten. Eerdere studies5,6 toonden aan dat het zeolietmateriaal op 

zichzelf veel te actief is voor de omzettingsreacties van oxygenaten naar koolwaterstoffen en 

dat verschillende katalysatorsamenstellingen moeten worden onderzocht. In Hoofdstuk 6 

werden de prestaties van op aluminiumoxide (Al2O3)-gebonden zeoliet ZSM-5-gebaseerde 

katalysator-extrudaten beoordeeld in de ex-situ katalytische snelle pyrolyse (CFP) van 

dennenhout en cellulose.  

Ondanks dat de twee grondstoffen op elkaar lijken (d.w.z. de hoge aanwezigheid van 

zuurstofhoudende moleculen), waren productopbrengsten, productdistributie en 

deactiveringssnelheden van de katalysator sterk afhankelijk van de gekozen voeding en 

reactietijd. De grote hoeveelheid cokes-afzettingen die worden geproduceerd, leidden tot 

omkeerbare en onomkeerbare structurele veranderingen in de katalysator-extrudaten. Naast 

verschillen in aard tussen de gevormde thermische en katalytische koolstofafzettingen, werden 

deze ook gevonden op verschillende plaatsen binnen het katalysator-extrudaat. Zo bevond 

thermische cokes zich bij voorkeur in de poriën van het bindmiddel aluminiumoxide en aan het 

buitenoppervlak van zeolietdeeltjes, terwijl katalytische cokes, waarvan de vorming word 

bepaald door de katalytisch actieve sites, gevonden werd binnen de zeolietdeeltjes. Confocale 

fluorescentie microscopie liet verder zien dat er grotere cokes-verbindingen werden gevormd 

na CFP met cellulose dan met dennenhout. Dit is waarschijnlijk omdat bij gebruik van cellulose 

vluchtige moleculen eenvoudiger de microporiën van het zeoliet binnendringen dan bij gebruik 

van dennenhout; deze laatste grondstof leidde voornamelijk tot condensatie van deze vluchtige 

verbindingen op het buitenoppervlak van de katalysator-extrudaten. Na regeneratie van de 

katalysatoren werden voor beide voedingen onomkeerbare chemische veranderingen in de 

structuur van de katalysator waargenomen, zoals een afname van het aluminiumgehalte. Meer 

specifiek vertoonde een katalysator een sterkere dealuminering na CFP van dennenhout, 

waarschijnlijk als gevolg van een grotere hoeveelheid waterdamp die wordt gevormd met deze 

grondstof.  
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