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A mis padres 

“Destiny guides our fortunes more favorably than we could have expected. Look there, Sancho 
Panza, my friend, and see those thirty or so wild giants, with whom I intend to do battle and kill 
each and all of them, so with their stolen booty we can begin to enrich ourselves. This is nobel, 
righteous warfare, for it is wonderfully useful to God to have such an evil race wiped from the 

face of the earth." 

"What giants?" Asked Sancho Panza. 

"The ones you can see over there," answered his master, "with the huge arms, some of which 
are very nearly two leagues long." 

"Look, your worship," said Sancho; "what we see are not giants but windmills, and what seem to 
be their arms are the sails that turned by the wind make the millstone go." 

"Obviously," replied Don Quixote, "you don't know much about adventures.” 

Miguel de Cervantes, in Don Quixote (1605) 
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Chapter 1 

General Introduction 



1.1. Biomass, Biorefineries and Transportation Fuels 

The use of renewables to meet the world’s energy needs has gained a lot of interest in 
governmental institutions, academia and industry in the last few decades. Climate 
change, socio-economic considerations and political strategies have motivated the use 
of renewable sources, which are anticipated to limit the massive dependence of our 
society on fossil-derived fuels. The need to partially substitute fossil resources has 
boosted the use of natural energy sources, such as solar, wind, hydroelectric and 
geothermic energies. Yet, in the transportation sector it is anticipated that, for the 
foreseeable future, liquid fuels from non-fossil origin, need to be implemented into 
current technologies. In the short to medium term, biomass is the only carbon based 
feed that can serve as a renewable source for the production of transportation fuels and 
much research has been directed towards the conversion of sugars (e.g. bio-ethanol), 
vegetable oils (e.g. bio-diesel) as well as more recently the conversion of lignocellulosic 
biomass for the production of second generation bio-fuels [1]. 

The lignocellulose part of biomass consists of three main components, namely cellulose 
(35-50%), hemicellulose (20-35%) and lignin (5-30%) [2]. When sustainably grown or 
sourced from forestry or agricultural waste, it in principle does not compete with food 
supply [1], [3-4], in contrast with first generation of bio-fuels (e.g. bio-diesel). The 
potential of lignocellulose for the production of bio-fuels is enormous, but comes with 
considerable technical difficulties given its structural complexity. The structure and 
chemical composition of biomass strongly depends on the source [2], [5], location and 
conditions to which it was exposed to. Therefore, exploitation of this source is only 
possible through an extensive characterisation of its properties; as this forms the basis 
of its chemical conversion to bio-fuels. 

Lignocellulose valorisation focuses on maximising the economic value extracted from 
this feed in sustainable bio-refineries, ideally via the production of a range of value-
added products, including fuels and chemical building blocks [6-7]. To obtain these 
products separating the lignocellulose into its constituents, via thermal [8], physical, 
chemical or biological routes [9], is often a pre-requisite. Alternatively, one can produce 
a bio-oil from whole lignocellulose biomass directly, with no need to fractionate it into its 
constituents and later upgrade it to fuels and chemicals. For that, the most common 
procedures reported in literature are liquefaction and pyrolysis. Liquefaction occurs at 
higher pressures (i.e. 50-200 atm) and milder temperatures (i.e. 250-325 °C) than 
pyrolysis (typically run at 1-5 atm and 375-525 °C) [2]. Pyrolysis, which has the 
advantage over liquefaction of lower associated costs, is usually carried out with short 
residence times (typically few seconds), fast heating rates and moderate temperatures, 
in order to increase the liquid phase yield, i.e. the bio-oil produced. 

The characteristics of the oil obtained from lignocellulose, e.g. upon thermal pyrolysis 
[10], are far from the ones desired for a transportation fuel. It is highly viscous, dense, 
corrosive and low in energy content, given the large content of water and oxygen [11]. 
Therefore, exhaustive upgrading is typically required in which these undesirable 
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characteristics are improved, the O/C ratio is reduced by oxygen removal and the H/C 
ratio increased by hydrogen incorporation [4]. To upgrade bio-oils to advanced fuels with 
characteristics close to fossil-derived fuels (e.g. gasoline, kerosene and diesel), i.e. that 
allow the bio-oil to be used as direct replacement, two main catalytic processes have 
been reported in literature: catalytic pyrolysis and hydrodeoxygenation.  

Catalytic pyrolysis is a variation on thermal pyrolysis, in which a catalyst is added to 
improve (crude) bio-oil yield and quality. It takes place at high temperatures (yet, lower 
than thermal pyrolysis), in inert atmosphere (i.e. in the absence of oxygen) and within 
short residence times to favour liquid bio-oil formation over gasification [12]. Catalytic 
pyrolysis has some drawbacks though: the liquid yield can be reduced due to secondary 
cracking reactions which lead to gas formation; the liquid fraction contains considerable 
amounts of PAHs (i.e. polycyclic aromatic hydrocarbons) [13]; and large amounts of coke 
are formed due to the high C-C coupling activity [14]. Hydrodeoxygenation (HDO) of pre-
treated bio-oils, on the other hand, yields high-quality diesel-like products [4], [6], directly 
applicable in contemporary engines. HDO takes place at milder temperatures (300-400 
°C), but very high (hydrogen) pressures (100-200 bar), which substantially increases the 
costs of the process, in particular when compared to the costs involved in fossil fuels 
production [15]. Alternatively, bio-oil upgrading can also be performed in conventional 
FCC reactors where deoxygenation of bio-oil fractions, typically catalysed by zeolite-
based materials, leads to a reduced oxygen content and improved thermal stability [1-
2], [4], hence ensuring a more durable use as transportation fuel. 

1.2 Thermal and Catalytic Pyrolysis of Biomass 

Catalytic pyrolysis is mainly performed in two different modes, called in-situ and ex-situ. 
In-situ catalytic fast pyrolysis (CFP) involves the mixing of the biomass feedstock with 
the catalyst in the same pyrolysis reactor where the thermocatalytic process takes place. 
Ex-situ CFP occurs in two steps that combine thermal and catalytic pyrolysis, as outlined 
in Figure 1.1a [16]. In the first step the solid biomass feedstock (pre-treated or not) is 
subjected to thermal pyrolysis in a first reactor; right after, in the second step, the 
biomass vapours produced are fed over a second reactor (usually operated at milder 
temperatures) containing a fixed bed of solid catalyst where the thermocatalytic process 
takes place. By in-situ CFP the formation of substituted naphthalenes and poly-
aromatics is favoured, depending on the reaction temperature, while in contrast ex-situ 
CFP produces monocyclic aromatics, such as benzene and toluene, and more olefins 
[16]. Thus, for bio-fuels production the operation of CFP via an ex-situ approach is more 
suitable. To better preserve the catalyst’s structural integrity, ex-situ CFP is also 
preferred over the in-situ; the catalyst can work at lower temperature than in the thermal 
furnace, its direct contact with the biomass is avoided as well as with the char (solid 
fraction) produced by biomass pyrolysis, which accumulates in the thermal furnace. 
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Figure 1.1.  a) Schematic representation of the differences between in-situ and ex-situ catalytic fast pyrolysis 
(CFP), adapted from ref. [16]. Note that biomass and catalyst are not at scale. (b-c) Framework structure of 
zeolite ZSM-5 (MFI), as viewed along the [010] (b) and [100] (c) directions [20]. 

The reaction network of the entire pyrolytic process is rather complex, as summarised in 
Figure 1.2. During the thermal pyrolysis step (indicated by (1) in the Figure), 
lignocellulose is heated at atmospheric pressure and high temperature (e.g. 550 ºC) in 
the absence of oxygen, for short residence times [4], [17]. As a result, liquid (organic and 
aqueous phases), solid (char) and gas fractions are obtained [18], with the yield towards 
the organic liquid fraction, i.e. the bio-oil fraction, being maximised. This bio-oil fraction, 
formed by heavy and light hydrocarbons, is the result of several processes that operate 
simultaneously, indicated by steps (2)-(7). Maximisation of step (5) favours the formation 
of deoxygenated oligomers, the type of fraction desired for diesel-like products. Contrary, 
for the production of gasoline-like products there is an interest in favouring (6), given that 
branched hydrocarbons are preferred [2]. 
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Figure 1.2.  Reaction network during catalytic bio-oil conversion and consecutive upgrading of the obtained 
pyrolysis oil. Adapted from ref. [3], [53-55]. 

Deoxygenation during the pyrolysis process involves oxygen removal via 
decarboxylation, i.e. loss of CO2, decarbonylation (-CO) and dehydration (-H2O). From 
an energy point of view decarboxylation is preferred over decarbonylation given that 
more oxygen is released per carbon atom. Analogously, decarbonylation is preferred 
over dehydration, given the hydrogen loss associated with water release [13]. A higher 
deoxygenation degree is obtained when catalyst acidity is high, which leads to 
concomitant promotion of cracking reactions. However, excess cracking should be 
avoided, as this could reduce the bio-oil fraction (4). For that, a catalyst with milder 
(Brønsted) acidity is preferred over a strong, very active solid acid. Besides, by mitigating 
catalyst acidity coke formation (7), which preferentially occurs on Brønsted acid sites 
[19], will be also minimised. 

The catalyst that has been most extensively used for catalytic pyrolysis is zeolite ZSM-
5. This MFI-type zeolite, its framework structure schematically depicted in Figure 1.1b,c,
has a 3-D micropore system with sizes of ~ 5.5 Å consisting of straight 10-membered
ring channels intersected by sinusoidal 10-membered ring channels [20]. This framework
structure endows zeolite ZSM-5 with excellent shape selectivity, while its excellent
catalytic properties are related to its tuneable Brønsted acidity, which varies with
aluminium content, together with its good thermal stability [4]. The main precedent for
the application of zeolite ZSM-5 in pyrolysis is its wide use in FCC units [21-22], where
it promotes alkylation, thus increasing gasoline octane number, and cracking, which
enhances light olefins production, propylene in particular [23]. Other important
applications of zeolite ZSM-5 include the methanol-to-hydrocarbons (MTH) process [22],
[24]. In such reactions organic species trapped within the ZSM-5 catalyst pores act as
intermediates with which methanol consecutively reacts, according to the so-called
hydrocarbon pool (HCP) reaction mechanism.

For biomass catalytic fast pyrolysis zeolite ZSM-5 has been frequently used either alone 
[4], [13], [25] or in combination with promoters, such as Ni or Ga [26-27], given its 
efficiency for producing high aromatic hydrocarbons yield and converting oxygenate 
fractions. A common drawback of the use of zeolite ZSM-5 as catalyst is the ease by 
which the narrow pores are blocked by intermediates, larger molecular weight fractions 
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of the biomass and coke (precursor) species formed as a result of C-C coupling 
reactions. A common solution is to create mesopores by subjecting zeolite ZSM-5 to 
post-treatment procedures. This can be done by e.g. desilication (by base leaching) [28-
29] or dealumination by steaming [30-31], resulting not only in improved accessibility,
but also in improved stability of the zeolite framework [32-33].

1.3. Catalytic Upgrading of Biomass-derived Pyrolysis Oil 

The vapours formed upon biomass (thermal) pyrolysis do require further upgrading, by 
subsequent deoxygenation and/or hydrodeoxygenation reactions [4], [12] to remove 
oxygen and reactive groups and thus improve the bio-oil properties and facilitate the 
separation of organic and aqueous phase. Figure 1.2 illustrates the classes of chemical 
reactions involved in a network of pyrolysis and subsequent catalytic upgrading.  

Given the complex chemical composition of bio-oil, several deoxygenation reactions can 
simultaneously take place, including ketonisation, esterification and aldol condensation 
reactions. Indeed, these reactions are among the most widely studied to model bio-oil 
deoxygenation processes (Figure 1.3). Any of these C-C coupling reactions serve to 
elongate the carbon chain, hence, increasing the energy content, while deoxygenating 
by means of CO2 or H2O generation [4]. In ketonisation, commonly catalysed by oxides 
such as TiO2 and ZrO2 [34-35], carboxylic acids (extensively present in bio-oil) react to 
give a ketone with the corresponding release of CO2 and H2O. This lowers the acidity 
and increase the stability of the oil, in addition making it more energy-dense by chain 
length elongation and oxygen removal. In the esterification reaction a carboxylic acid 
reacts with an alcohol (either already present or externally added) to lower the overall 
acidity of the crude bio-oil, while removing H2O. This reaction can be catalysed by solid 
acids, such as the mesoporous silica SBA-15 [36] and silica-based sulfonic acids [37]. 
This reaction is limitedly studied in the vapour phase, however, and conversion and 
yields are typically poor. Furthermore, the typical temperature of operating esterification 
reactions (~150 °C) [38-40] differs considerably from the temperature of the pyrolysis 
outlet stream (~450 °C), which is undesirable.  

Aldol condensation reaction also increases carbon chain length with concomitant 
reduction in oxygen content. Here, an enolisable aldehyde (or ketone), which are 
abundantly present in bio-oil, reacts with a second carbonyl compound to yield the β-
hydroxycarbonyl addition product, which after dehydration forms an α,β-unsaturated 
carbonyl compound, which can undergo consecutive reactions. Given the high aldehyde 
and ketone content of pyrolytic bio-oils (up to 20 wt.%), aldol condensation is particularly 
interesting as key intermediate deoxygenation reaction in bio-oil upgrading [4], [41]. 
Temperatures at which aldol condensations are carried out in the gas-phase are typically 
between 400-450 °C, i.e. in the range of the pyrolysis outlet stream. Aldol condensation 
reactions can be acid- or base-catalysed [42-44] using either homogeneous [45] or 
heterogeneous catalysts. For the latter systems, solid (mild) base materials are 
preferred, given the higher selectivity and better stability (i.e. lower coke formation) [46]. 
Some examples of catalysts are materials with both basic and (weak) acid sites, 
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including alkali metal X and Y zeolites [47] (see below), mixed oxides, such as SiO2-
MgO, which are extensively used in the Lebedev ethanol-to-butadiene process that also 
includes an aldol condensation step [48], hydrotalcites (Mg6Al2(OH)6CO3·4H2O), which 
are explored for the production of methyl vinyl ketone (MVK) through aldol condensation 
between acetone and formaldehyde at 673 K [49] and hydroxyapatites 
(Ca10−Z(HPO4)Z(PO4)6−Z(OH)2 −Z·n(H2O); 0<Z≤1), which are used in the Guerbet reaction 
of ethanol [50-52].  

Figure 1.3. a) Representative intermediate oxygenation reactions, ketonisation, esterification and aldol 
condensation [63]. (b-c) The FAU framework of zeolite Y viewed along the [111] (b) and [110] (c) directions 
[58]. 

Zeolite H-Y (with a typical Si/Al ratio of 3-5) is used extensively in crude oil refineries for 
the catalytic conversion of petroleum fractions into gasoline and base chemicals, such 
as propylene [56-57]. This zeolite with the faujasite (FAU) framework structure has a 3-
D micropore system containing two types of cages, namely supercages with an inner 
diameter of ~ 13 Å with an entrance of ~ 7.4 Å defined by 12-membered rings; and 
sodalite cages with an inner diameter of ~ 6 Å and 6-membered rings with an entrance 
of ~ 3 Å [58]. The structure of zeolite H-Y is illustrated in Figure 1.3b-c. Dealuminated, 
high-silica or hierarchical zeolite USY (ultrastable Y) was initially obtained via acid 
leaching to introduce auxiliary mesoporosity at the expense of Brønsted acidity, given 
that part of Al is fully removed from the zeolite, and part of the framework Al is moved 
towards extra-framework positions [59]. USY with Si/Al ratios between 7 and 400 [58] 
shows superior stability against coking and collapse, given the mesoporosity which 
prevents pore occlusion during catalytic reaction, making it one of the catalyst 
components of choice for fluid catalytic cracking (FCC) applications, for example, 
volume-wise one of the major applications of zeolites in chemical industries [60]. The 
basic USY catalysts mentioned above can be obtained by post-treating a dealuminated 
USY by mild alkaline treatment [61]. These post-treatments, which inevitably affect the 
zeolite lattice, are milder to the zeolite structure and textural properties when done in 
alcoholic rather than aqueous medium [62], with treatment in alcohol also resulting in 
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superior base strength. As a result, USY presents the shape selectivity of the FAU 
topology, the gained hydrothermal stability -as easily leachable sites have already been 
removed-, as well as stability against coke formation, auxiliary mesoporosity, high 
surface area, and multiple possibilities for exchange, via e.g. grafting to acquire alkaline 
character. With such properties, its application in a number of base-catalysed C-C 
coupling reactions, such as Knöevenagel and aldol condensation, has indeed proved 
very promising [61]. 

1.4. Advanced Bio-Fuels Scenario 

The general motivation for the research described in this PhD Thesis comes from the 
necessity of partially substituting the massive use of fossil-based fuels with more 
renewable alternatives, such as those derived from biomass. There is a common aim to 
take steps towards accomplishing this goal, as mandated by the European Union and 
explored in the Horizon 2020 programme. The aim is to reduce the European Union's 
dependency on fossil fuels by means of targeting that 20% of energy consumption must 
come from renewable sources by 2020 (to be raised to 27% by 2030); analogously, 
greenhouse gas (GHG) emissions should be reduced by 20% [64]. With respect to the 
transportation field, 10% of fuels is proposed to be produced from sustainably resourced 
biomass. 

Driven by the legally binding target of 10% renewable energy in the transport sector, bio-
fuels are considered essential for the energy mix of the EU28, as can be seen in Figure 
1.4. Therefore, it is expected to have its production and use increased in both absolute 
and relative terms. Note that the data in Figure 1.4 do not consider some unforeseen 
legislations, such as the recent diesel car bans in city centres of major Dutch or German 
cities [65-66] (which other EU member state cities, such as Brussels in Belgium, are 
planning to join [67], together with some expected increases in taxations; that might 
provoke a decrease in the number of diesel vehicles, hence diesel consumption, to the 
benefit of bio-fuels. 

Figure 1.4. Expectations of EU on energy demand in transport by fuel-type in absolute (left) and relative (right) 
terms. Source: EU Reference Scenario 2016- Energy, transport and GHG emissions. Redrawn from ref. [68-
69]. 
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Table 1.1. Advanced bio-fuels target reported in the RED I and RED II directive draft. Adapted from ref. [73-
74]. 

Year Advanced bio-fuels 
targeta 

Bio-fuels from organic 
wastes and residuesb 

2021 0.5% 1.0% 
2022 0.7% 1.0% 
2023 0.9% 1.0% 
2024 1.1% 1.05% 
2025 1.3% 1.05% 
2026 1.75% 1.05% 
2027 2.2% 1.05% 
2028 2.65% 1.1% 
2029 3.1% 1.1% 
2030 3.6% 1.1% 
a Annex IX, part A; b (missing requirements 2 or 3) Annex IX, part B. 

From the percentages indicated in Figure 1.4 only a small portion corresponds to 
advanced bio-fuels, which must [70]:  

1) be produced from lignocellulosic feedstocks (i.e., agricultural and forestry residues,
such as wheat straw/corn stover/bagasse, wood-based biomass), non-food crops (such
as grasses, miscanthus and algae) or industrial waste and residue streams;

2) emit low CO2 doses and carry high GHG reduction; and

3) reach zero or low iLUC [71-72] impact.

Based on what is reported in the RED I (2020 targets) and RED II (2030 targets) 
directives [73] the percentages presented in Table 1.1 correspond to expectations of 
advanced bio-fuel presence in the total transportation fuel market. 

1.5. General Outline of the CASCATBEL Research Project 

The EU-funded CASCATBEL research programme, of which part of the work is 
described in this PhD Thesis, aims to contribute to the Europe 2020 Strategy and the 
derived SET (Strategic Energy Technology) Plan [75]. The principal idea of the research 
programme is the development of a technology for advanced lignocellulosic bio-fuels 
production, fuels that can serve as direct-replacements and be used in current (engine) 
technologies and infrastructures by mixing them with petroleum-derived transportation 
fuels [76].  

The CASCATBEL efforts aimed at a three-pronged catalytic process, as outlined in 
Figure 1.5, in which different upgrading routes, namely pyrolysis, deoxygenation and 
HDO, are integrated for producing advanced transportation bio-fuels. An intermediate 
deoxygenation step is included between pyrolysis and HDO to help and progressively 
improve the bio-oil characteristics, while substantially decreasing the hydrogen input 
required in the last HDO step. As a result of the three catalytic process steps the oxygen 
content is progressively diminished, while the carbon chain length, hence energy [77], is 
increased. At the end of this cascade process, the production of an advanced bio-fuel is 
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anticipated with excellent energy properties, similar to diesel, but now produced from 
sustainably resourced biomass.  

The final advanced bio-fuel produced should fulfil a number of performance indicators 
[76], i.e.:  

1) oxygen content may not exceed 5 wt.%;

2) liquid bio-fuel yield should be at least 25 wt.% with respect to the dry raw biomass
weight;

3) energy content of the final bio-fuel should be higher than 65% of the total energy
contained in the raw biomass;

4) external energy consumed in the process must be less than 20% of the total energy
contained in the raw biomass;

5) the hydrogen consumption in the cascade HDO step should be half of the hydrogen
consumption in full HDO processes; and

6) CO2 emissions should be 60% lower than those generated during production of
petroleum-derived transportation fuels.

Figure 1.5.  Schematic depiction of the three catalytic steps cascade process, namely catalytic pyrolysis, 
intermediate deoxygenation and hydrodeoxygenation, for bio-oil production and upgrading from lignocellulose. 
Adapted from ref. [76]. 

Next to the cascading of the catalytic bio-oil upgrading, the research programme also 
aimed at stepwise upscaling of the overall catalytic process, by bringing the cascade to 
increasingly higher technology readiness levels (TRL), i.e. from lab, to bench, and 
ultimately to pilot plant scale. The project furthermore aimed to include the entire value 
chain, from the core question of biomass selection to assessment of the final commercial 
applicability of the bio-oil as naphtha, diesel-like and gasoline-like products with the 
minimum requirements and performance indicators above cited.  

In each of the TRL stages (Figure 1.6) the catalytic cascade steps, as indicated in Figure 
1.5, are investigated, i.e. catalytic pyrolysis and subsequent upgrading. At the laboratory 
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scale, model reactions are investigated individually, while at the bench and pilot plant 
scales, the different catalytic steps are studied in an integrated manner within one 
continuous process. Note that one of the main differences between the bench and pilot 
plant scale operations are the volumes of biomass treated and the mode in which this 
biomass is fed into the system. At the bench scale, a certain biomass volume in inserted 
at once in the process, while at the pilot plant scale biomass is fed in a continuous 
operation mode (Figure 1.6). Finally, going from lab to pilot scale requires upscaling of 
the catalyst material itself, the effect of which has also been integrally studied in the 
research project.  

Figure 1.6. Stages for process upscaling in the CASCATBEL project occurring linearly with time [76], 
illustrating the different length scales and type of catalyst materials used. 

1.5.2. Biomass and Catalyst Bodies Explored in the Research Project 

Two types of biomass served as feedstock in this research project, wheat straw from 
agriculture waste, and oak wood from forestry residues. It has been reported [2], [18] 
that these types of biomass can contain large amounts of alkaline metals, such as 
potassium and sodium, which act as “indigenous” catalysts. They can occasionally lead 
to uncontrolled reactions, such as char formation or excessive cracking, with the 
common consequence of decreasing bio-oil production. Thus, by pre-treating biomass 
before pyrolysis more control over undesired side reaction can be exerted. The wheat 
straw, used at the bench scale catalytic tests, was therefore subjected to a pre-acid 
washing to remove these indigenous catalysts naturally present. In contrast, the oak 
wood used in the pilot scale plant catalytic tests, i.e. in continuous operation mode, was 
not subjected to any pre-treatment, given its considerably lower mineral content 
compared to wheat straw [18]. 
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The scaling-up process requires the powdered catalyst materials typically used in lab 
scale operations to be adapted into millimetre-sized catalyst bodies [78], so that they are 
compatible with industrial reactor applications. Such industrially compatible, technical 
catalyst bodies are composed of multiple compounds that ideally should perform as well 
as their research parent material, while providing at the same time mechanical strength 
and chemical stability required for their application in industrial reactors [79]. The size 
and shape of these catalyst bodies are known to influence the catalytic activity, internal 
and external mass transport, mechanical particle resistance, as well as pressure drop in 
large scale reactors [80]. For shaping powder catalysts into technical catalyst bodies 
several methods can be used. These methods include pelletisation, granulation and 
extrusion -shown in Figure 1.7a [81]- with the latter being the most economical and 
commonly applied technique.  

Not only the shape of the technical catalyst, but especially the selection of the (amount 
of) binder material is of crucial importance for catalytic performance [82]. Indeed, the 
addition of binder material likely has an influence on the catalytic performance through 
modification of porosity, morphology and chemical properties [83]. For zeolite materials, 
which have poor self-binding properties, the inclusion of binders is essential for attaining 
durable catalyst bodies with the required strength and attrition resistance for use in 
chemical reactors [78]. Alumina, silica or clays have typically been chosen as binders 
for shaping catalyst bodies [60], [84].   

Within the research programme, we focused on the use of the aluminium phylosillicate 
clays attapulgite or bentonite, which are natural clays commonly employed as binder to 
increase the mechanical strength of a technical catalyst upon hardening [78], [83]. The 
structure of Attapulgite, ((Mg2Al2)Si8O20(OH)2·4H2O) consists of silicate amphibole-like 
chains, where oxygen atoms reside at the corners linking to four neighbours (see the 
view along [001] in Figure 1.7b) [85-86]. There are parallel water chains filling the 
interstices between amphibole chains, coordinated to magnesium and other 
exchangeable cations. The TEM image of attapulgite (Figure 1.7c) shows its fibrous 
needle-like morphology, as a result of the described crystal lattice.  

Bentonite (Al2O34SiO2H2O) has a similar composition, with a crystal lattice (Figure 1.7d 
[87-89] consisting of layers consisting of fused triple sheets of silica tetrahedra, alumina 
octahedra and silica tetrahedra, respectively, integrated with interlayers of adsorbed 
cations (e.g. Na+, Ca2+, K+) and water. Depending on the dominant element the different 
types of bentonite are denoted as sodium- (Al2H2Na2O13Si4), calcium-, potassium-, 
aluminium-bentonite, etc. The morphology of bentonite, as illustrated by the TEM image 
(Figure 1.7e), is that of non-uniform cubes and flakes. The clays thus contain a 
considerable amount of mobile alkali and alkali earth cations, depending on the source, 
which can in principle easily exchange with Brønsted and Lewis acid sites in a zeolite 
framework upon (wet) mixing, and hence have the potential to modify the activity of the 
embedded zeolite catalyst in a shaped particle. One example was reported by Michels 
et al. when testing zeolite ZSM-5 extruded with attapulgite in the methanol-to-
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hydrocarbons (MTH) reaction [90]. It was found that the incorporation of attapulgite as 
binder material significantly decreased the concentration of Brønsted acid sites due to 
ion exchange, attenuating the intrinsic activity of the catalyst but positively affecting the 
stability and light-olefin selectivity. This improvement was linked to the partial ion 
exchange with mobile Mg2+ species of attapulgite. The effect of binder addition on 
catalytic fast pyrolysis performance, or intermediate upgrading of the bio-oil, had not yet 
been established though.   

Figure 1.7. a) Schematic procedure for extrusion [80]. Structures (b,c) and TEM images (c,e) of Attapulgite 
(b-c) and Bentonite (d-e) clays. Note that the legend for atoms is the same for b and d. b adapted from Bradley 
(1954, Figure 3) [85]; d adapted from Clem and Doehler (1961, Figure 3) [87]. Reproduced with kind permission 
of The Clay Minerals Society, publisher of Clays and Clay Minerals.  

19



1.6. Aim and Scope of the PhD Thesis 

As part of the overall research programme on cascaded bio-oil generation and process 
upscaling, the work described in this PhD Thesis had the following objectives:  

1) to acquire fundamental insights in the catalytic phenomena taking place in model
reactions simulating bio-oil upgrading by deoxygenation;

2) to determine the main causes of catalyst deactivation during catalytic fast pyrolysis
and intermediate deoxygenation;

3) to adapt the catalyst powders used for the model laboratory reactions into shaped
catalyst bodies for bio-oil production at the bench and at the pilot plant scale; and

4) to study the extent of deactivation and the possibilities for regeneration of the catalyst
bodies employed for catalytic fast pyrolysis at the pilot plant scale.

The analytical toolbox used for answering these research questions is mainly based on 
(micro)spectroscopic methods. At the lab scale, model reactions carried out under 
operando as well as in-situ conditions provided more insight into the mechanism and 
substrate-catalyst interactions under relevant reaction conditions [91]. Extensive 
characterisation in combination with activity data, thus allowed for structure-performance 
relationships to be established. In addition, in-situ and ex- situ studies of catalyst stability 
provided insight into the modes of deactivation in the various reactions targeted. The 
main operando/in-situ techniques used for monitoring the model reactions were (a) 
Fourier-Transform Infrared (FT-IR) spectroscopy, to monitor dynamic adsorption of 
reagents, products, intermediates and potential deactivating species via registration of 
the vibrations of the main functional groups [92-93]; (b) Ultraviolet-Visible (UV-Vis) 
diffuse reflectance spectroscopy (DRS), to study electronic transitions by  tracing 
catalyst colour changes, as result of formation of coke and the adsorption of precursor 
coke molecules, such as aromatics [93]; coupled with mass spectrometry (MS), for the 
(semi-quantitative) identification of intermediates, products and by-products [93] and, in 
selected cases, online Gas Chromatography-Flame Ion Detection (GC-FID) for 
quantification. These results were complemented with extensive bulk characterisation, 
to probe morphology, acidity/basicity and structural integrity.  

At the bench and pilot plant scale both ex-situ and in-situ characterisation methods were 
applied to shed light on variations of and changes in the catalytic properties and 
performance before and after reaction, as well as also upon regeneration. The materials 
were also characterised post-mortem, e.g. to get insight into structural integrity, coke 
deposition, etc. The combination of bulk, surface and spatially resolved characterisation 
techniques synergistically cover the different length scales of importance of the catalyst 
materials explored. Examples of bulk characterization techniques include X-ray 
diffraction (XRD) and nuclear magnetic resonance (NMR), to determine crystallinity and 
aluminium speciation; Ar physisorption to gain information on zeolite porosity and 
surface area; temperature programmed desorption (TPD) of ammonia to measure the 
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amount and strength of acid sites; thermogravimetric analysis (TGA), to quantify coke, 
impurities and/or moisture present in the catalyst materials. FT-IR spectroscopy and UV-
Vis DRS are used to characterise coke (precursor) deposits; and the 
adsorption/desorption of probe molecules, such as pyridine, CO or CO2, followed by FT-
IR spectroscopy to determine the acid-base character of the various solid catalysts under 
study. The spatially resolved techniques comprise the use of (a) electron microscopy, 
namely scanning electron microscopy (SEM) and transmission electron microscopy 
(TEM), to study the morphology, particle sizes and crystal shapes of the catalysts; and 
(b) light microscopy, namely confocal fluorescence microscopy (CFM), for its use for
characterising coke deposits [19], [94-95]. CFM was also used for identifying and
locating acid sites in catalyst bodies via selective staining methods [96-97], and for
visualising catalyst pore architecture and mobility of molecules [98-99].

1.7. Outline of the PhD Thesis 

This PhD Thesis is divided in three main parts.  Part A is concerned with the aldol 
condensation reactions, studied to model this key reaction in bio-oil upgrading by 
deoxygenation. First, laboratory scale studies on propanal, to model aldehyde coupling 
in bio-oils, is studied in Chapter 2. A range of solid base catalysts are studied by 
operando FT-IR and UV-Vis DRS, to get mechanistic insight and relate structure with 
function, all to provide input into the catalyst selection process. The materials 
investigated include alkaline metal-exchanged X and USY zeolites and hydroxyapatite. 
In Chapter 3 the feedstock is adapted to study the reactivity of acetone and furfural in 
and effect of water on aldol (cross) condensation, all compounds found in bio-oils. The 
catalyst materials tested are different versions of the alkali metal-exchanged USY 
zeolite, selected based on the performance shown in Chapter 2. The shaping of the alkali 
metal-exchanged USY catalyst powder into a catalyst body is studied in Chapter 4. For 
that, clays have been used as binder material. The aim is to obtain a good catalyst body 
for upgrading bio-oil at larger reactor scale, mandatory in the transition from lab towards 
bench and pilot plant scales. The performance of the shaped catalysts is assessed for 
the aldol condensation of propanal, as in Chapter 2. 

Part B is concerned with catalytic fast pyrolysis (CFP) and subsequent catalytic 
upgrading at the bench scale. Real biomass, namely wheat straw, is used as feedstock 
in a two-stage bench scale reactor set-up, operating in discontinuous mode. Tailored 
technical catalyst bodies are used as catalyst systems. Chapter 5 presents the 
upscaling of a ZrO2-promoted ZSM-5 based catalyst with attapulgite as clay binder for 
its use in CFP of biomass. The role of each component of the tailored catalyst and the 
effect of extrusion on catalytic performance, are studied in detail. In Chapter 6 the 
performance of the ternary ZrO2/ZSM-5/attapulgite catalyst and alkali-exchanged K-
(USY/binder) catalyst bodies (as developed in Chapter 4), are tested in the two-step, 
cascade process combining CFP and subsequent catalytic upgrading. A detailed 
characterisation study is performed to unravel the main deactivation causes and the 
(ir)reversibility of the deactivation as function of regeneration. 
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Part C presents a detailed structure-performance study of catalyst materials used for the 
production of bio-oil obtained via ex-situ CFP of lignocellulosic (i.e., oak) biomass 
operated at the pilot plant scale, with a continuous biomass feed. Chapter 7 presents 
time-on-stream activity and stability data for a set of ZSM-5-based shaped catalyst 
bodies employed for CFP. The study focuses on determining the most desirable catalyst 
characteristics in terms of acidity, porosity as well as crystal size. A ZrO2-promoted 
nanocrystalline ZSM-5 extrudate for CFP of biomass, which gave the best catalytic 
performance in Chapter 7, is examined in Chapter 8. The different deactivation modes 
and the most suitable regeneration conditions for recovering the properties of the 
deactivated catalyst are studied in more detail. 

Chapter 9 summarises the main findings of this PhD Thesis and conclusions reached, 
including some perspectives for future research. 
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Part A. Bio-Oil Deoxygenation at the Lab Scale 



Chapter 2 



2. Vapour-phase Aldol Condensation of Propanal over Solid Base
Catalysts as Model Reaction for Bio-oil Upgrading

The vapour-phase aldol condensation of propanal, taken as model reaction for the 
aldehyde components in bio-oils, has been studied with a combined in-situ FT-IR and 
UV-Vis diffuse reflectance spectroscopy (DRS) with on-line mass spectrometry (MS). 
The selected solid base catalysts, a caesium-exchanged zeolite X (Cs-X), a calcium 
hydroxyapatite (Ca-HA) and two alkali metal-grafted ultrastable Y (Na- and Rb-USY) 
zeolites, were characterised ex-situ by CO-FT-IR and pyridine-FT-IR adsorption and 
subsequent desorption. The combined operando spectroscopy study shows that alkali 
metal-grafted USY zeolites are the most selective catalysts towards aldol dimer product 
formation, while the hydroxyapatite was more selective for successive aldol 
condensation reactions. For Na-USY and Rb-USY, the C-C coupling step seems to be 
rate-determining during the surface reaction, which is the limiting the overall catalytic 
process. In contrast, for the two more basic catalysts, i.e. Cs-X and Ca-HA, dehydration 
was found to be rate-determining on the surface, while desorption is the limiting the 
overall catalytic process. Furthermore, the combined FT-IR and UV-Vis DRS 
methodology allowed monitoring the formation of carbonaceous deposits as a function 
of reaction time. In particular, for Cs-X and Ca-HA fast formation of carbonaceous 
deposits was observed, consisting of (poly-) aromatics and highly conjugated structures, 
respectively. The strong basic sites and moderate acidity of Ca-HA limit its deactivation 
despite the observed coke formation. On the other hand, both USY catalysts were more 
efficient in suppressing coke formation likely due to the moderate basic strength of their 
active sites. 

This Chapter is based on: “Operando Spectroscopy of the Gas-phase Aldol 
Condensation of Propanal over Solid Base Catalysts”, Ana M. Hernández-Giménez, 
Javier Ruiz-Martínez, Begoña Puértolas, Javier Pérez-Ramírez, Pieter C.A Bruijnincx 
and Bert M. Weckhuysen, Top. Catal. 60 (2017) 1522-1536. 
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2.1 Introduction 

Bio-oils obtained by pyrolysis are chemically complex and do not yet have the desired 
characteristics of a liquid transportation fuel [1]. Indeed, the bio-oil generally has a very 
low heating value due to its high oxygen and water content, and it is strongly corrosive 
(pH = 2–4) and highly viscous. It is also immiscible with conventional crude oil-derived 
transportation fuels due to its poor chemical stability [2]. Consequently, there is a clear 
need for extensive upgrading of such bio-oils.   

Given the high aldehyde content of pyrolytic bio-oils (up to 20 wt.%), aldol condensation 
is particularly attractive as key intermediate deoxygenation reaction in bio-oil upgrading 
[3-4]. It allows one to reduce bio-oil corrosiveness as well as the oxygen content. 
Additionally, this C-C coupling reaction leads to an increase in the average carbon chain 
length [5]. In the aldol condensation reaction, as outlined in Scheme 2.1 for propanal, 
the enolisable aldehyde reacts with a second propanal to yield the β-hydroxyaldehyde 
addition product, which after dehydration forms an α,β-unsaturated aldehyde, which then 
can further react to give, e.g. a trimeric aldol condensation product. This reaction can be 
acid- or base-catalysed [6-8] using either homogeneous [9] or heterogeneous catalysts. 
For the latter systems, solid base materials are preferred, given their higher selectivity 
and better stability (i.e. they suffer less from coke formation) [10]. Solid bases activate 
the substrate by deprotonation at the α-position to give an enolate, while any (Lewis) 
acidic sites of weak strength present on the material can enhance the electrophilicity of 
the carbonyl carbon atoms [11]. Although acidic and basic sites can thus synergistically 
catalyse this reaction [12], ensuring a low concentration in acid sites is important in order 
to avoid any side reactions. Examples of such side reactions include Tishchenko ester 
formation and carboxylic acid ketonisation to give a ketone with the evolution of CO2 and 
water [13].  

Scheme 2.1. Scheme of two possible routes for the self-reaction of propanal. 

Solid basic oxides have been extensively used for the base-catalysed aldol 
condensation of aldehydes both in the vapour [7], [14] and in the liquid-phase [6]. 
Recently, Pérez-Ramírez et al. reported on the vapour-phase aldol condensation 
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reaction using alkali-exchanged X-type zeolites [15] and mesoporous hierarchical USY 
zeolites [16]. Most recently, USY subjected to alkali metal grafting in alcoholic media 
displayed enhanced activity and stability [17]. Other catalysts, such as calcium 
hydroxyapatites (Ca-HA), also proved highly active in aldol condensations [18-19]. The 
hydroxyapatites, represented by the formula Ca10-Z(HPO4)Z(PO4)6-Z(OH)2–Z∙n(H2O); 0 < 
Z ≤ 1, contain both basic and acidic sites [20]. Other notable examples of the use of 
hydroxyapatites as catalyst in other vapour-phase, base-catalysed C-C coupling 
reactions include the Guerbet reaction of ethanol [20-22] and the Lebedev ethanol-to-
butadiene process [20].  

In this Chapter, a detailed operando spectroscopy study on the self-condensation of 
propanal, used to model the reactivity of the aldehydes found in pyrolytic bio-oils, is 
reported over a selection of solid base catalysts. Four distinct catalyst materials were 
selected based on their earlier reported differences in catalytic activity; i.e. Cs-X [15], 
Ca-HA [19] and Na-USY and Rb-USY [17]. More specifically, the two alkali metal-grafted 
USY zeolites were found to be the most selective towards the formation of the aldol 
dimer product, whereas the Ca-HA catalyst showed a high selectivity to the aldol trimer 
product, obtained via consecutive aldol condensation reactions. Indeed, operando 
spectroscopy studies can provide fundamental insight into the origin of the observed 
differences in catalytic performance and stability, as well as into related pathways of 
catalyst deactivation. In heterogeneous vapour-phase catalysis some operando 
spectroscopy studies have been reported on C-C coupling reactions, such as acylations, 
xylene isomerisations and other benzene substitutions. Huber and co-workers used 
DRIFTS with on-line gas chromatography (GC) to investigate the condensation of 
butanal over alkali earth metal oxides [7], from where besides aldol condensation other 
side reactions, such as Tishchenko, ketonisation and cross-condensations, were 
unravelled. Another DRIFTS study with on-line GC reports on the conversion of 
methylbutynol over ZnO [23] with the study of different mechanistic routes as the main 
objective. An example of IR operando aldol condensation of acetone, from propanol 
oxidation, on alumina was reported by Rivallan et al. [24] with a kinetic description of gas 
processes versus surface reactions. 

Here, we demonstrate a combined operando FT-IR and UV-Vis Diffuse Reflectance 
Spectroscopy (DRS) methodology with on-line Mass Spectrometry (MS) as a powerful 
tool to gain new insight into the aldol condensation of propanal and the possible modes 
of deactivation of the four selected solid bases. Time-on-stream analysis of the evolution 
of carbonaceous species clearly shows differences in both rate and composition of these 
carbonaceous deposits over the different catalytic materials. Notably, both alkali metal-
grafted USY zeolites show the highest resistance against coking, which is probably 
related to the moderate strength of the active sites, as further confirmed by FT-IR 
spectroscopy analysis of the catalytic solids with CO and pyridine as probe molecules 
for acid-base characterisation. Finally, the observed differences in coke deposits have 
been corroborated with Thermogravimetric Analysis (TGA) of a series of spent catalyst 
materials.  
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2.2 Experimental Section 

2.2.1 Chemicals and Catalyst Materials 

Propanal (Acros Organics, 99%) and 2-methyl-2-pentenal (Acros Organics, 97%) were 
used as received. The selected catalysts were Cs-X, a X-type zeolite exchanged with 
Cs+ cations and modified under acid washing step [15]; Ca-HA, a calcium hydroxyapatite 
with a molar ratio Ca/P of 1.67 [19]; and alkali metal-grafted USY zeolites prepared by 
the treatment of high-silica USY zeolite in 0.10 M NaOH (Na-USY) and 0.05 M RbOH 
[17]. The properties of the catalyst materials under study are summarised in Table 2.1. 

Table 2.1. Overview of the physicochemical and acid-base properties of the catalyst materials under study. 
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Cs-X1 
(FAU, X-type, Si/Al = 1.8, 

Cs/Al = 0.73) 
0.39 95 500 

Weak 
and 

Strong 
LAS Moderate 1613 

Ca-HA2

(Hydroxyapatite 
Ca10(PO4)6(OH)2 
calcined 600 0C 

0.40 63 20 
Weak 
and 

Strong 
LAS Very 

Weak 95 

Na-USY3 
(Si/Al = 405, 

0.1 M NaOH, MeOH) 
0.51 615 50 Weak LAS Weak 26 

Rb-USY4 
(Si/Al = 400, 0.05 M 

RbOH , MeOH) 
0.46 531 40 Weak LAS Very 

Weak 6 

Determined by: a t-plot method; b BET method; c CO2-TPD; d CO-FT-IR (Figure 2.1); e Py-FT-IR, after desorption 
at 150 ºC (Figure 2.2). Original notation of the samples used: 1 X-NH4-AW1-Cs [15]; 2 Ca-HA-1.67 [19]; 3 USY-
0.10 M NaOH-MeOH; 4 USY-0.05 M RbOH-MeOH [17]. LAS = Lewis Acid Sites. The pore volume, surface 
area and concentration of basic sites were obtained from ref. [15], [17], [19]. 

2.2.2 Catalyst Characterisation 

Fourier-Transform Infrared Spectroscopy 

For adsorption of probe molecules followed by FT-IR spectroscopy self-supported 
wafers of ~10 mg and ~12 mm diameter were mounted with a press and a pressure of 
90-260 MN/m2 for 10 s. The wafer was placed in a well-sealed FT-IR cell connected to
an oven. The wafer was dried by heating the samples to 400 ºC with a heating rate of 5
ºC/min for 1 h under vacuum (~10-3 mbar). A Perkin-Elmer System 2000 instrument was
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used to record the FT-IR spectra in transmission mode in the spectral range of 4000-
400 cm-1. For each spectrum 25 scans were collected with a spectral resolution of 4    
cm-1. The spectrum of the empty cell was taken as background.

During CO (10% in He, purity 99.9%) experiment adsorption spectra of each sample 
were taken at low temperature (i.e. -188 °C) going from vacuum conditions (~10-5 mbar) 
to 10 mbar upon small CO dosages. Once reached saturation desorption proceeded, 
also at the same temperature. The FT-IR spectra obtained were normalised to the 
characteristic vibrational features of the catalyst material. 

Similarly, for FT-IR after pyridine (Sigma-Aldrich, 99%) adsorption tests, vapour-phase 
pyridine was adsorbed at room temperature (pPy ∼2 mbar) onto the catalysts. After 30 
min of adsorption, hence saturation, pyridine was evacuated using a high vacuum pump 
system. The FT-IR spectra were continuously collected during desorption and upon 
increasing the temperature from 50-400 °C. All FT-IR spectra were normalised to 
characteristic vibrational features of the catalyst material: i.e., 2940-2885 cm-1 for Cs-X, 
2250-1900 cm-1 for Ca-HA, and 2100-1800 cm-1 for alkali metal-grafted USY zeolites. 

Integration of the relevant bands in the normalised FT-IR spectra was done using the 
BlueprintXAS software [25]. This Matlab-based software uses a holistic model, which 
includes the spectra of the fresh catalyst as baseline. For each spectrum 10 fits were 
attempted to explore the solution space of all parameters (including the peak areas, 
width at half maximum and peak positions) based on the methodology implemented in 
this program to generate the fits from unbiased starting points. As  result a set of good 
fits, based on minimum sum of squared errors in the region of interest, was selected for 
an estimation of the peak areas along with their uncertainties. 

Thermogravimetric Analysis 

TGA-MS analyses were performed with a Perkin Elmer Pyris 1 TGA thermogravimetric 
analyser (TGA) coupled to a Pfeiffer Vacuum Omnistar mass spectrometer (MS). Around 
10 mg of sample was employed for TGA-MS of the fresh and spent catalysts. The spent 
catalysts consisted of ones exposed to a maximum of 10 min of desorption (i.e., flushed 
with N2 at 400 °C) after reaction. An air stream of 60 mL/min was employed during TGA-
MS analysis, which consisted of heating the sample up to 900 ºC with a heating rate of 
5 ºC/min. The MS detector was set to monitor the evolution of H2O and CO2.  

2.2.3 Combined Operando FT-IR and UV-Vis Diffuse Reflectance Spectroscopy 

The experimental set-up used to monitor the reaction under operando conditions by 
combining FT-IR and Ultraviolet-Visible (UV-Vis) Diffuse Reflectance Spectroscopy 
(DRS) with on-line monitoring of the gas outlet by MS is shown in Figure 2.1. Operando 
FT-IR spectra were recorded on a Bruker Tensor 27 instrument equipped with an internal 
room temperature DLaTGS detector. 32 scans were collected per spectrum with a 
spectral resolution of 4 cm-1 and the scanned region was 4000-400 cm-1. As illustrated 
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in Figure 2.1, a UV-Vis probe was positioned at the same spot as the IR beam. Operando 
UV-Vis DRS spectra were collected of the 230-900 nm spectral region by an AvaSpec-
2048L using an AvaLight DH-S-BAL probe with optical fibres for illumination and another 
fibre for the collection of the reflected light. Prior to the recording of the UV–Vis DRS 
spectra with time-on-stream, a reference measurement was recorded on a fresh sample 
placed inside the reaction cell, once activated. Such a background adjustment allows for 
correction of both the KBr window and catalyst features, minimising experimental error 
as a result of possible altering of the position of the sample inside the reaction cell. On-
line MS data have been collected with an Omnistar Pfeiffer Vacuum mass spectrometer 
with quadrupole detector. Ion currents, i.e. fragment m/z data, were recorded for the 
main compounds of interest using the program Quadstar 32-Bit: the propanal reactant 
(58), the aldol reaction intermediate (116), as well as the products water (18) and the 
aldol condensation dimer (41) and trimer (109) products and the by-products 3-
pentanone (86) and propyl propionate (75). Selection of these m/z values was based on 
the database [26], if available. For species not present in the database (e.g. the aldol 
intermediate product and the aldol trimer) fragmentation patterns were predicted, based 
on a methodology described elsewhere [27] to determine the most reliable ion current 
(see below). Original ion current values obtained for each species were normalised by 
the corresponding initial fragmentation of each species directly bypassed to the MS, by 
the value of the signal of the carrier gas (N2, m/z = 28) and by the catalyst weight.  

Proposed fragmentations for propanal: 

[CH3CH2COH] (m/z = 58) 

[CH3CH2CO]-   (m/z = 57)      

[COH]  (m/z = 29) +  [CH3-CH2]  (m/z =29) 

Proposed fragmentations for the aldol dimer molecule: 

[CH3CH2CH=C(CH3)COH] (m/z = 98) 

[CH3CH2CH=C-CH3]-   (m/z = 69)     +    [COH]  (m/z = 29) 

[CH3CH2-] (m/z = 29)  +  [CH=CH-CH3]  (m/z =41) 

Proposed fragmentations for the aldol intermediate product:  

[CH3CH2CH(OH)CH(CH3)COH] (m/z = 116) 

[CH3CH2CH(OH)CH(CH3)]   (m/z = 87)     +    [COH]  (m/z = 29) 

[CH3CH2-] (m/z = 29)  +  [CH(OH)CH(CH3)]  (m/z =58) 

[CH3CH2CH(OH)] (m/z = 59)  +  [CH(CH3)COH]  (m/z =58) 

The aldol condensation reactions with propanal were carried out in the vapour-phase for 
1 h at atmospheric pressure and a reaction temperature of 400 ºC, which is a typical 
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temperature for the outlet of a pyrolytic stream [1]. Each of the catalyst materials were 
shaped as self-supported wafers (~10 mg, 12 mm in diameter) by applying a pressure 
of 90-260 MN/m2 for 10 s before being placed inside the reaction cell and measured by 
a combination of operando FT-IR and UV-Vis DRS spectroscopy with on-line MS. Prior 
to the reaction, the catalyst materials were firstly activated at 150 ºC for 30 min and 
heated to 400 ºC (5 ºC/min) for another 30 min under a 10 mL/min of O2 flow (99.999%, 
Linde). The carrier gas used during reaction was N2 (99.999%, Linde), with a flow rate 
of 5 mL/min. The propanal-containing saturator was introduced into an ice bath to keep 
a constant temperature of 0 ºC, resulting in a partial pressure of 0.13 atm. This stream 
is diluted by a second stream of 5 mL/min N2, giving a final concentration of 6.1 vol.% of 
propanal. Over the course of the reaction a total amount of 39 mL of propanal vapour 
was introduced into the spectroscopic reaction cell, corresponding to a Weight Hourly 
Space Velocity (WHSV) of 4.2 g propanal/(h∙g catalyst). After 1 h of reaction the propanal 
feedstock was stopped, after which the catalyst material was flushed with nitrogen (10 
mL/min) at a reaction temperature of 400 °C for a fixed time to study desorption. 

Figure 2.1. Schematic (a) and picture (b) of the combined operando FT-IR and UV-Vis Diffuse Reflectance 
Spectroscopy (DRS) set-up for catalytic solids with on-line Mass Spectrometry (MS) analysis of the reactant 
and reaction products formed during the aldol condensation of propanal; including a zoom-in of the operando 
spectroscopy-reaction cell, including the mounting of the UV-Vis probe (c). 
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2.3 Results and Discussion 

2.3.1 Catalyst Characterisation 

Complementary to the characterisation data previously reported for these samples 
(Table 2.1), the intrinsic acid strength of the Brønsted (BAS) and Lewis acid sites (LAS) 
was probed by FT-IR spectroscopy after the adsorption and desorption of CO and 
pyridine as probe molecules. The amphoteric nature of CO in addition provides further 
insight into the basicity of the samples [28]. Figure 2.2 shows the FT-IR spectra of the 
OH (a-c-e-g) and CO (b-d-f-h) stretching region collected for the four catalyst materials 
under study during CO adsorption.  

For Cs-X (Figure 2.2a), the weak interactions of silanol groups [29-30] with CO, at ~3716 
cm-1, demonstrates its lack of BAS. This absence of Brønsted acidity is a result of the
efficiency of cation exchange during the synthesis of the materials. Expectedly, the CO
stretching region revealed the presence of strong LAS for this sample (b). The Cs+ Lewis
acid sites are characterised by spectral features in the region 2264-2240 cm-1. Also, the
absorption band at 2121 cm-1 might be caused by the coordination of CO to the
electrophilic Cs+ centres via its C atom (O=C…Cs+) [31]. At high CO pressure,
absorption bands at 2141 and 2132 cm-1 could be observed, attributed to physisorbed
CO, while the shoulder at 2149 cm-1 can be associated to CO on coordinatively
unsaturated Al3+ Lewis acid sites [32].

For Ca-HA (Figure 2.2c) the OH stretching area is virtually unperturbed by the CO 
adsorbed, in line with the non-acidic character of the OH groups present [19]. The sharp 
absorption band at 3573 cm-1 is due to contributions from surface and bulk OH groups 
[33-34]. Some minor perturbations were observed in the 3600-3700 cm-1 spectral range 
and these features can be attributed to P-OH groups acting as weak basic sites. Other 
evidence for basicity are absorption bands formed at 1447 and 1409 cm-1 (inset c), which 
correspond to carbonate species formed by strongly basic OH groups [34]. These 
carbonates, present already at the start of the experiment, originate from the reaction of 
HA with atmospheric CO2 when synthesised or stored in air [34]. Meanwhile the more 
intense absorption bands at 1579 and 1547 cm-1 can be related to surface (POx)s-
carbonates formed by weak PO34- sites of the hydroxyapatite material [33]. In addition, 
the absorption bands detected at 2179 and 2169 cm-1 in the CO stretching region (d) 
might indicate the presence of some weak LAS [35].  

For Na-USY (Figure 2.2e), the free silanol groups observed at 3747 cm-1 before CO 
exposure, partially disappeared upon CO adsorption and shifted to 3654 cm-1. These 
hydroxyl species are known to be located in the supercages of zeolite Y and can be 
considered as isolated and very weak BAS, as the small shift Δν = 94 cm-1 indicates [36-
37]. The Δν is proportional to the acid strength of the OH group [38]. The absorption 
band at 2172 cm-1 (f) can be attributed to CO adsorbed on Na+ Lewis acid sites [32]. 
More intense absorption bands at 2166 and 2159 cm-1 are associated with CO adsorbed 
on silanol groups, meanwhile the weak absorption band at 2179 cm-1 is thought to derive 
36



from the small amount of remaining, non-exchanged BAS in USY zeolite. Physisorbed 
CO was also observed at 2142 and 2134 cm-1 [37]. 

For the Rb-USY sample (Figure 2.2g) the free external silanol groups, centred at 3751 
cm-1, showed almost no acidic character [36], [39]. Only weak absorption bands, at high
coverages of CO (pCO > 3 mbar), appeared in the CO spectral region (h). The absorption
band at 2157 cm-1 appeared as a consequence of weak CO interactions with external
silanol groups, with the absorption band at 2140 cm-1 corresponding to physisorbed CO.
Note that for neither of the two USY samples under study an absorption band at ~2260
cm-1 was detected, which is known to be associated with strong LAS. Consequently, in
these samples (and in contrast to the Cs-X sample) the cations must be located in more
inaccessible positions, e.g. the sodalite cages [40].

Figure 2.3 shows the FT-IR spectra collected for the four catalyst materials under study 
during pyridine adsorption at room temperature and subsequent desorption. The FT-IR 
spectra after pyridine adsorption and subsequent desorption further corroborate the 
findings obtained with CO as probe molecule. Indeed, the lack of an absorption band at 
~ 1545 cm-1 [41-42] confirms that there are practically no strong BAS on any of the 
catalyst materials. Along these lines, the weak perturbations at ~ 1555 cm-1 and 1595 
cm-1, associated to the ring vibration 8a mode of pyridine (according to the nomenclature
introduced by Kline et al. [43]) were seen for the alkali metal-grafted USY zeolites and
might be due to hydrogen-bonded pyridine with weakly acidic silanol groups [29], [44].
On the contrary, LAS could be observed in every catalyst material. In the case of Cs-X
(Figure 2.3a) bands at 1597 cm−1 and 1440 cm−1 are thought to correspond to pyridine
adsorbed on Lewis acidic Cs+ cations [29]. By progressive outgassing the materials,
these absorption bands decreased in intensity and were no longer detected after
outgassing at 150 °C, in the case of Na- and Rb-USY catalysts, and 300 °C (not
displayed) in the case of Cs-X and Ca-HA, suggesting that these acid sites are not strong
[41]. For Ca-HA (b) bands emerged at 1600, 1573, 1488 and 1445 cm-1 [35], and
decreased with increasing outgassing temperature indicating the weakness of the LAS.
Very weak LAS were detected for the Na-USY zeolite material (c) as characterised by
the absorption band at 1443 cm-1 [30], [41] which desorbed at low temperature (<150
°C). Even weaker were the LAS in the Rb-USY zeolite material (Figure 2.3d), as
evidenced by the absorption band at 1441 cm-1, which practically disappeared upon
increasing outgassing temperature.

The amount of LAS for each catalyst material under study was calculated based on eq. 
2.1, derived from Beer´s law applied to dδ (cm-1) [41].  

[𝐿𝐿𝐿𝐿𝐿𝐿] = 𝐴𝐴∙103

𝜀𝜀∙𝜌𝜌
(eq. 2.1) 

In eq. 2.1 A (cm-1) represents the integral under the curve delimited by dδ (cm-1) (band 
at 1440-1445 cm-1), ε is the extinction coefficient at 150 °C, previously determined as 
2.22 cm·μmol-1 and reported by Emeis [41], and ρ is the mass (mg) of the wafer per cm2 
through which the beam is sent (effective cross-section). Py:LAS stoichiometry was 
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assumed to be 1:1, i.e. only one Py molecule is adsorbed per accessible Lewis acid site. 
The results of this quantification procedure are included in Table 2.1, providing clear 
differences in the amount of acid sites; i.e., Cs-X >>> Ca-HA > Na-USY > Rb-USY. 

Figure 2.2. FT-IR spectra of the catalyst materials under study during CO adsorption at -188 °C in the OH 
stretching region (a-c-e-g) and in the CO stretching region (b-d-f-h): (a-b) Cs-X, (c-d) Ca-HA, (e-f) Na-USY, (g-
h) and Rb-USY. The initial spectrum is marked in black; the red spectrum was taken at the maximum CO 
coverage. 
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Figure 2.3. FT-IR spectra of the catalyst materials during pyridine desorption from room temperature (blue) to 
150 °C (red): (a) Cs-X, (b) Ca-HA, (c) Na-USY and (d) Rb-USY. The spectrum before pyridine exposure is 
marked in black. 

2.3.2 Operando FT-IR and UV-Vis Diffuse Reflectance Spectroscopy 

a) Operando FT-IR Spectroscopy. The time-resolved operando FT-IR spectra
obtained for the four catalyst materials under and as described in Table 2.1, are shown
in Figure 2.4. The peak assignments are listed in Table 2.2.

The time-resolved FT-IR spectra obtained for the Cs-X zeolite (Figure 2.4a) showed 
negative intensities at 3732 and 3572 cm-1 suggesting interactions of reactants/products 
with the few silanol groups of the sample (Figure 2.2a). Within the first minutes of 
reaction, absorption bands in the range 2963-2718 cm-1 emerged, ascribed to aliphatic 
C-H stretching (νC-H) vibrations. Although the assignment of these bands is not
straightforward, the absorption band at 2718 cm-1 can be unambiguously assigned to a
Fermi resonance structure of the CH stretching vibrations from aldehydes [27], [45]. After
two minutes of reaction, a νC-H band arose at 3047 cm-1, most likely originating from
aromatic species [42]. This absorption band correlates with the increase in absorption of
a strong band centred at ~1590 cm-1 attributed to C=C stretching (νC=C) of carbonaceous
species (coke) [46-50]. In the carbonyl stretching (νC=O) region, the propanal absorption
at 1759 cm-1 was almost unnoticed compared to the other νC=O band at 1700 cm-1,
assigned to an α,β-unsaturated compound, i.e. the aldol dimer product, 2-methyl-2-
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pentenal, as the experimental bands derived from its adsorption onto the catalyst 
indicate (Figure A2.1a [26], [51]). The νC=C band of the enol group of the aldol dimer 
quickly developed at 1687 cm-1. Another νC=O band arose at 1714 cm-1, assigned to the 
side product 3-pentanone (Scheme 2.1). Other absorption bands appearing in the 
fingerprint region (ν<1500 cm-1) correspond to C-H bending vibrations (σC-H) of ethyl 
(1467 cm-1) and methyl (1384 cm-1) groups. After 40 min of desorption, the spectral 
profile still showed FT-IR features at 3047, 1590 and 1366 cm-1, providing evidence for 
the presence of remaining carbonaceous deposits. 

Figure 2.4. Background-corrected FT-IR spectra over the first 20 min of vapour-phase conversion of propanal 
at 400 ºC over: (a) Cs-X; (b) Ca-HA; (c) Na-USY; (d) Rb-USY. Highlighted in red are the selected spectra 
during the desorption process, recorded 20 and 40 min after switching off the propanal feed after 1 h of 
reaction, at 400 ºC. 
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Table 2.2. Assignment of the main FT-IR absorption bands for the reference compounds of interest adsorbed 
over the catalyst materials used [53]. 

Position (cm-1) Assignment Mode Species References 
~3050-3080 νC-H Stretching Aromatics/Olefins [45] 

2963-2986 νC-H νas (-CH3) 
(asymmetric) 

Propanal/Aldol 
dimer 

[26], [45], [52] 
Fig. A2.1-5(a) 

2923-26 νC-H νas (-CH2-) Propanal [26], [45], [52] 
Fig. A2.1-5(a) 

2940 νC-H νas (-CH2-) Aldol 
dimer/Propanal 

[26], [45], [52] 
Fig. A2.1-5(a) 

2915 νC-H νs (-CH2-) Propanal [26], [45], [52] 
2905 νC-H νs (-CH3) Propanal [26], [45], [52] 

2810-2855; 
2718-2726 νC-H 

ν (CO-H); doublet 
(Fermi 

resonance) 
Propanal/dimer [26], [45], [52] 

Fig. A2.1-5(a) 

1759-1763; 
1735 νC=O 

Stretching, 
overtone 
(doublet) 

Propanal [44] 

1709-1717 νC=O Stretching 3-Pentanone [26], [45] 

1687-1706 νC=O Stretching Aldol dimer/trimer 
[26-27], [45], 

[51] 
Fig. A2.1-5(a) 

1670-1690 νC=C Stretching, 
shoulder Aldol dimer 

[26-27], [45], 
[51] 

Fig. A2.1-5(a) 

1640 νC=C / 
σO-H 

Stretching, 
shoulder/Bending 

Aldol trimer/ 
Water 

[27], [51] 
Fig. A2.2a 

1573-1590 νC=C Stretching “Coke” [46-50] 

1465 σC-H Scissors, CH2-
CH3 

Propanal/Aldol 
dimer 

[26-27], [45], 
[51-52] 

1395/1410 σC-H Bending 
 (-CH2-CO) 

Propanal/Aldol 
dimer 

[26-27], [45], 
[51-52] 

1362/1381 σC-H Bending (CH3-) 
sym 

Propanal/Aldol 
dimer 

[26-27], [45], 
[51-52] 

The time-resolved operando FT-IR spectra for Ca-HA (Figure 2.4b) show surface P-OH 
and lattice OH- groups (3670 and 3566 cm-1) involved in the adsorption of species and/or 
catalysis, in a similar way to the interactions of CO with OH stretching bands indicated 
for the Cs-X zeolite. After two minutes of reaction, absorption bands in the C-H stretching 
region ascribed to aliphatic aldehyde (i.e. propanal) (2972-2720 cm-1) and to 
aromatic/olefinic species (3058 cm-1) were observed. In the carbonyl stretching region 
and immediately after starting reaction, the νC=O of propanal emerged with a doublet at 
1760 and 1734 cm-1, indicating the coexistence of both vapour- and liquid-phase (i.e. 
adsorbed on the surface) [52]. With increasing time-on-stream both absorption bands 
increased in intensity till saturation levels [52], being the 1734 cm-1 band associated to 
adsorbed propanal increasing more pronounced than the 1760 cm-1 band. The νC=O and 
νC=C bands, ascribed to the aldol dimer, arose within the first two minutes of reaction at 
1705 and 1670 cm-1 accompanied by its σC-H bands at 1404 and 1379 cm-1. Absorption 
bands at 1544 and 1441 cm-1 are identified as carbonate species, initially present. The 
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carbonation of the catalyst is a consequence of the adsorption of species on strong basic 
sites, leading to a rearrangement between Ca2+ cations of the Ca-HA and lattice OH- 

groups [33]. Nevertheless, poisoning of the basic sites by CO2 only affected the active 
sites working at the beginning of the reaction, those still working at steady state not being 
impacted. With increasing time-on-stream another νC=C band arose at 1640 cm-1, likely 
due to the formation of the aldol trimer [27], [51]. As for the Cs-X catalyst material, most 
absorption bands disappeared upon desorption, except for the νC=C band associated with 
carbonaceous deposits. The νC-H band assigned to carbonaceous species (3058 cm-1) 
was significantly weaker in intensity than for Cs-X, though. It could mean that coke 
formed more extensively on the Ca-HA catalyst relative to the Cs-X material.  

The negative intensity seen for the unconstrained hydroxyls [54] at 3732 cm-1 indicates 
its involvement in the adsorption and/or catalysis. Within the first moments of the 
catalytic reaction, propanal spectral features emerged at 2976, 2940, 2812 and 2720 
cm-1, for the νC-H vibrations, as well as 1763 and 1735 cm-1 for the νC=O vibrations. After
5 min of reaction the νC=O stretching bands of the aldol dimer weakly appeared at 1706
cm-1, accompanied by the conjugated νC=C vibration at 1690 cm-1 (Figure A2.4a). The
absorption band emerging at 1717 cm-1 is again associated with the formation of 3-
pentanone. Coke formation was noted by the appearance of a weak stretching band at
3063 cm-1 and the stronger νC=C signal at 1575 cm-1. These spectral features were
retained after 40 min of desorption, and consequently the absorption band associated
with external silanol groups did not fully recover, indicating that carbonaceous species
remained anchored.

Within the first moments of the catalytic reaction, the FT-IR features of the Rb-USY 
sample (Figure 2.4d) were very similar to those of the Na-USY sample (c). Nevertheless, 
the early appearance of the absorption bands at 1709 and 1698 cm-1 of the νC=O and νC=C 
vibrations of the aldol dimer, suggest a higher activity of the Rb-based catalyst, which is 
in line with previously reported catalytic activity tests [17]. In addition to the absorption 
bands corresponding to the formation of the aldol dimer, a weaker absorption band at 
1688 cm-1 could be ascribed to the νC=C vibration of the aldol trimer. The νC-H and νC=C 
bands emerging at 3078 and 1573 cm-1 reveal that this catalyst is also prone to the 
formation of aromatics and coke. After catalytic reaction, the Rb-USY catalyst material 
recovered faster than any other catalyst material under study. After 20 min of desorption 
signs of any remaining organics were less evident than for the three other discussed 
catalyst materials. However, compared to Na-USY, more aromatics were observed for 
the Rb-USY (as measured by the ratio νC=C coke/νC=O product). Nevertheless, the Rb-
USY catalyst presents better recoverability, which might be related to the more moderate 
acid character of the free silanol groups.  

It is important to note that the FT-IR spectra of the alkali metal-grafted USY zeolites 
looked very different compared to Cs-X and Ca-HA. For both the Na- and Rb-USY 
catalysts (c-d) the FT-IR features of the reagent dominated over those of the product, 
which underlines that the surface reaction is the limiting stage [55] of the reaction 
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controlled by an Eley-Rideal type mechanism, as previously reported for another alkali-
exchanged USY catalyst [56]. Furthermore, the spectral features of propanal adsorbed 
could suggest that the C-C coupling step is rate-determining. The opposite trend was 
noted for the Cs-X and Ca-HA materials (a-b) for which desorption is believed to be the 
reaction rate-limiting step [56]. Also, for both alkali metal-grafted USY zeolites the 
formation of coke and aromatics (as estimated by the ratio νC=C coke/ νC=O product) was 
less pronounced than for the Cs-X and Ca-HA catalyst materials. Focusing on the 
surface reaction, it is meaningful that for every catalyst material under study, except for 
the Cs-X material, the νas (CH3-) and σCH3 bands dominated over the νas(-CH2-) and σCH2 
bands. For Cs-X instead, the higher intensity of the bands νas(-CH2-) at 2923 cm-1 and 
σCH2 at 1465 cm-1 indicated a higher presence of more linear products, i.e. 3-pentanone 
over the aimed aldol dimer product. 

b) Operando UV-Vis Diffuse Reflectance Spectroscopy. During the catalytic reaction,
the initially white catalyst wafers darkened as a result of the formation of conjugated
(aromatic) species, ones that might be involved in deactivation that is observed for the
different catalyst materials. The operando UV-Vis DRS data on this process are shown
in Figure 2.4, while the absorption band assignments are summarised in Table 2.3.

For all catalyst samples under study an absorption band centred at ~ 260-270 nm 
emerged soon after exposing the solids to propanal, associated with the weak n  π* 
electronic transition of the carbonyl group in the aliphatic aldehyde substrate (Table 2.3). 
Correlating with the changes seen in the time-resolved FT-IR analyses, after 1 min of 
reaction, for Cs-X (Figure 2.4a) and Ca-HA (b), and 2 min in the case of alkali metal-
grafted USY zeolites (c-d), two more absorption bands emerged at ~240 and ~300 nm 
respectively, which are associated with π  π * and n  π* transitions of the C=C and 
C=O groups of the aldol dimer [27], [57] (Fig. A2.2b). The shift from the theoretical 
position of the C=C band of the dimer (at ca. 220 nm [27]) to the experimental one (ca. 
240 nm) might be due to the detection limit of the equipment, where absorption bands 
at λ < 250 nm are not well-defined and thus can suffer from a small shift to longer 
wavelengths. After 2 min the absorption band at ~300 nm, ascribed to the dimer, quickly 
increased in intensity at the expense of the propanal absorption band centred at ~270 
nm. This absorption band then progressively redshifted with increasing time-on-stream, 
which might be due to an increase in the alkyl substituents, in line with the C-C coupling 
reaction and subsequent formation of the aldol trimer. According to estimations based 
on the Woodward-Fieser rules for predicting λmax positions for π  π* transitions of α,β-
unsaturated aldehydes [27], the position of the C=O absorption for the aldol trimer should 
be placed at ~376 nm. For the Cs-X (a) and Ca-HA (b) catalyst materials, after 2 min of 
reaction the UV-Vis DRS spectra broadened and absorbed light in the entire wavelength 
range. This broad absorption feature developed later for the Na-USY zeolite (c) and its 
Rb-counterpart (d). These electronic transitions are ascribed to the fast development of 
aromatic ring structures and carbonaceous species that could cause catalyst 
deactivation [50]. For the Cs-X catalyst material though, the absorption bands in the 
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visible region tailed less towards longer wavelengths compared to the other three 
catalyst materials. This observation could be related to a softer/less condensed 
composition of the coke developed over the Cs-X material, which correlates well with the 
rich-in-hydrogen carbonaceous deposits observed for Cs-X as measured by FT-IR 
spectroscopy (Figure 2.4a). The noted signal saturation, which relates to the rate of 
coking, was more pronounced for Cs-X and Ca-HA (after 10 min of reaction) than for the 
two other samples; i.e. 15 min for Rb-USY and 40 min for Na-USY.  

After extensive desorption by N2 flushing the intensities of the absorption bands at longer 
wavelengths considerably decreased, which indicates a certain release of volatile 
aromatic species. After 40 min of outgassing, all the catalyst surfaces were considerably 
released from large aromatics (i.e. species absorbing at the highest wavelengths), yet 
more condensed carbonaceous species still remained at the catalyst surface. Additional 
carbonyl containing species and mono-olefinic species, which absorb light at ~300 nm 
and < 250 nm respectively, still lingered. In line with the FT-IR spectroscopy results 
(Figure 2.4d), the decrease in overall absorption intensity upon desorption was slower 
and less complete for Na-USY as compared to Rb-USY (Figure 2.5d).  

Figure 2.5. Operando UV-Vis diffuse reflectance spectra during the vapour-phase conversion of propanal at 
400 ºC over: (a) Cs-X; (b) Ca-HA; (c) Na-USY; (d) Rb-USY. Highlighted in red are selected spectra recorded 
during desorption, after 1 h reaction, at 400 °C. The references were taken of fresh catalyst materials. Artifacts 
at ~ 420 and 650 nm are caused by the violet light of the UV-Vis probe and the red NIR beam light, respectively.  
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Table 2.3. Assignments of the characteristic UV-Vis absorption bands observed during the vapour-phase self-
condensation of propanal conducted at 400 ºC [53]. 

Range, 
λ (nm) 

Electronic 
Transition Association Absorptivity, 

ε Assignment Reference 

230-250 π  π* C=C Strong Dimer/Trimer/ 
Aromatics 

[27], [57] 
Fig. A2.1-5(b) 

260-290 n  π* C=O Weak Propanal 
300-330 n  π* C=O Weak Dimer 
350-380 n  π* C=O Weak Trimer 
> 400,
overall

π  π* C=C Strong Coke, poly-
aromatics 

c) On-line Mass Spectrometry. The differences seen in the operando FT-IR and UV-
Vis DRS spectroscopy data of the various catalyst materials under study are also
reflected in their catalytic performances, as monitored by on-line mass spectrometry
(MS). The catalytic performance data of the different catalysts are summarised in Figure
2.6.

Figure 2.6. On-line mass spectrometry data during the 1 h vapour-phase conversion of propanal at 400 ºC 
over: (a) Cs-X; (b) Ca-HA; (c) Na-USY; and (d) Rb-USY. The original ion current values obtained for each 
species were normalised by the corresponding initial fragmentation of each species directly bypassed to the 
mass spectrometer, by the value of the signal of the carrier gas (N2, m/z=28) and by the catalyst weight. 
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Figure 2.6 shows that shortly after commencing the reaction propanal conversion 
reached a quasi-steady state with increasing time-on-stream. As expected, the aldol 
dimer (m/z = 41) was observed to be the dominant product for all the samples. Beyond 
the high selectivity towards the aldol dimer, the presence of side products, such as 3-
pentanone (m/z = 86) and its precursor propyl propionate (m/z = 75), was higher for 
zeolite Cs-X than for the other three solid catalysts (a), as previously indicated during 
the catalytic tests [16] and confirming the validity of the combined operando 
spectroscopy set-up used. The aldol trimer was seen most with Ca-HA, increasing at the 
expense of the dimer (b), with its high activity for consecutive aldol condensation again 
being in line with reported catalytic tests performed in a standard micro-reactor [19]. 

The high sensitivity of the MS instrument, also allowed for the detection of various other 
species, including the possible aldol intermediate, 3-hydroxy-2-methylpentanal (m/z = 
116). The latter compound was hardly detected for the alkali-grafted USY zeolites (c-d), 
but was seen for the Cs-X and Ca-HA materials (a-b). The detection of the aldol 
intermediate for Cs-X and Ca-HA led us to think that dehydration is the rate-determining 
step of the surface reaction, which is further supported by the low intensity of water signal 
during the whole catalytic reaction. In contrast for Na- and Rb-USY, for which -besides 
the absence of 3-hydroxy-2-methylpentanal signal- the water signal was released at 
substantially larger scale during reaction, the C-C coupling is considered as the rate-
limiting step of the surface reaction. Alcohol dehydrations, i.e. 3-hydroxy-2-
methylpentanal converting into the aldol dimer product in the case at hand, are more 
favourable performed over acidic than over basic catalyst materials because of the 
preference for abstracting the H+ of the C attached to the OH substituent (over the H+ 
abstraction at C-1) [13]. Therefore, the dehydration step over the more basic catalyst 
materials, i.e. Cs-X and Ca-HA, might become more suppressed than over the two alkali 
metal-grafted USY zeolites. 

2.3.3 Coke Amount and Composition of Spent Catalyst Materials 

After reaction, the spent catalyst materials were analysed by TGA-MS under air over a 
temperature range of 50-900 ºC to burn off all the remaining carbonaceous species. The 
TGA-MS measurements were performed on samples exposed to a maximum of 10 min 
of N2 flushing after reaction. The operando UV-Vis DRS spectroscopy results (Figure 
2.5) showed that after 10 min of desorption a substantial amount of species remained 
adsorbed on the catalyst. Weight loss as well as the evolution of H2O and CO2, released 
upon combustion of the organics, were monitored as a function of reaction temperature 
and time (Figure 2.7). The results are summarised in Table 2.4. 

The TGA-MS results show that more coke was formed on the Cs-X and Ca-HA samples 
than on the Na-USY and Rb-USY zeolites. Based on the observed combustion 
temperature the weight loss has been presented as soft and hard coke as well as 
graphitic-like coke [48], according to the classification proposed by Pradhan et al. [58]. 
The analysis of the coke composition indicates that the coke deposits on the Ca-HA 
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sample correspond to a great extent to hard coke burning between 330-700 ºC [44], [47]. 
The other catalyst samples showed a more even distribution between hard and soft 
coke. Hard coke is related to strongly hydrogen-deficient poly-aromatic deposits [59]. In 
this experiment, the temperature of maximum combustion of hard coke was similar for 
every catalyst material, at ~400 ºC (Figure 2.7). The higher hydrogen content of the 
carbonaceous species (soft coke) for the Cs-X material is consistent with the operando 
UV-Vis DRS and FT-IR results. The UV-Vis DRS data (Figure 2.5) already showed that 
absorption bands of coke (and related aromatics) absorbed light in a wider range of 
wavelengths in the case of the Ca-HA, and the alkali metal-grafted USY zeolites, 
consistent with increased sp2 character, as compared to Cs-X. Indeed, for this catalyst 
sample much stronger C-H stretching vibrations of aromatics were observed by 
operando FT-IR spectroscopy, which is in line with a higher H/C ratio of the composition 
of the (poly-)aromatic species. More details about the type of coke species formed can 
be obtained from the FT-IR spectroscopy data. The spectra of the region of interest, as 
shown in Figure 2.8, are of the catalyst samples after 20 min of reaction, as well as after 
20 min of desorption, for comparison.  

Figure 2.7. a) Weight-normalised (%) TGA-MS analyses of Cs-X (black), Ca-Ha (green), Na-USY (red) and 
Rb-USY (blue) catalysts in the range 50-800 °C. b) MS signals (logarithmic scale) of H2O (rhombs, m/z = 18) 
and CO2 (circles, m/z =44) as function of temperature for the four catalysts under study after 1 h of reaction 
for the vapour-phase aldol condensation of propanal at 400 ºC. 

Table 2.4. Spent catalyst mass loss (%) as recorded by thermogravimetric analysis (TGA) determined after 1 
h reaction at 400 ºC for every catalyst material under study.  

Catalyst 

Water 
weight loss 

(wt.%) 
Coke content (wt.%) 

(50-180 ºC) Soft coke 
(180-330 ºC) 

Hard coke 
(330-700 ºC) 

Graphite-like 
(700-900 ºC) Total coke 

Cs-X 4.0 2.0 4.5 0 6.5 

Ca-HA 0.5 0.6 5.4 0.4 6.4 

Na-USY 0.2 1.0 2.3 0 3.3 

Rb-USY 0.1 0.7 1.9 0.3 3.0 
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In the case of Cs-X (Figure 2.8a) the coke band at ~1590 cm-1 [59], was sharper and 
better defined than for Ca-HA and Na- and Rb-USY catalysts (Figure 2.8b-d). For the 
latter, other contributing νC=C vibrations at 1560 cm-1, assigned to the C=C stretching in 
aromatic and highly conjugated structures (e.g. alkylnaphthalenes and polyethylenes) 
[46], shifted the coke band to lower energies (~1570 cm-1). The location of the band at 
lower energies is thus an indication of more condensed coke formed at higher reaction 
temperatures (i.e. hard coke) [59]. In contrast, the higher energy of the coke band for 
Cs-X is in line with its proposed softer nature, as suggested by the TGA-MS (Table 2.4) 
and UV-Vis DRS results. After reaction, when reactant and reaction products were 
desorbed, the identification of the absorption bands corresponding to coke was less 
ambiguous. The νC=C vibration assigned to coke blueshifted thus to ~1600 cm-1 for Cs-X 
and Na- and Rb-USY zeolites, and to 1590 cm-1 in the case of the Ca-HA material, 
according to its higher amount of hard coke. 

The absorption bands located in the region 1490-1510 cm-1 are normally assigned to 
bending vibrations of carbocations [59] whose weak contributions for every catalyst may 
suggest then little presence of linear or branched saturated hydrocarbons, as expected 
for poly-aromatic carbonaceous species. The limited intensity after desorption of the     
C-H stretching modes between 2800-2900 cm-1 also suggests that little short
carbocation species (and vast domain of hard coke instead) were present. In any case,
the ratio of the bands νC-H (CH2)/ νC-H (CH3) (~2930/2970 cm-1) increased in the order:
Ca-HA < Rb-USY < Na-USY < Cs-X, aligning with an increase in linearity and therefore
a lower branching degree of aliphatic coke [59].

Figure 2.8. Zoom-in of the FT-IR spectra of: (a) Cs-X, (b) Ca-HA, (c) Na-USY and (d) Rb-USY after 20 min of 
reaction (continuous line) and 20 min after switching off propanal and flushing with N2 (dashed line). 
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2.4 Conclusions 

The activity, selectivity and stability of the solid base catalyst materials under study, 
namely Cs-X, Ca-HA, Na-USY and Rb-USY, were tested for the vapour-phase aldol 
condensation of propanal using a combination of operando FT-IR and UV-Vis diffuse 
reflectance spectroscopy (DRS) measurements with on-line mass spectrometry (MS). 
The activity and selectivity results corroborate the catalytic tests carried out in a standard 
micro-reactor, demonstrating the true operando nature of the experimental approach 
used. With FT-IR spectroscopy coupled with the on-line MS measurements it has been 
confirmed that the alkali metal-grafted USY zeolites are the most active towards the aldol 
dimer formation whereas, in terms of overall activity towards consecutive aldol 
condensation reactions, Ca-HA presents the highest selectivity towards the aldol trimer. 
The use of Cs-X zeolite instead leads to the formation of more by-products, such as 
propyl propionate and 3-pentanone.  

FT-IR spectroscopy allowed for recognising that product desorption is limiting the overall 
reaction process over both Cs-X and Ca-HA catalysts. In contrast, for the alkali metal-
grafted USY zeolites the surface reaction was found to be the slowest step with C-C 
coupling being rate-limiting. Contrary to this observation, for both Cs-X and Ca-HA the 
absence of propanal reveals a fast conversion over the catalyst surface into the reaction 
intermediates/products, which suggest that product desorption is rate-limiting. This 
observation is further supported by the on-line MS measurements, which allowed of the 
formation of the aldol coupling intermediate, i.e. 3-hydroxy-2-methylpentanal, to be 
tracked. This product is only formed on Cs-X and Ca-HA, in line with dehydration being 
the rate-determining step of the surface reaction for both catalysts.  

Furthermore, a combination of the operando FT-IR/UV-Vis DRS and TGA-MS analyses 
provided new insight into the development of carbonaceous deposits. The resistance 
towards coking increases in the order: Ca-HA < Cs-X < Na-USY < Rb-USY. The alkali 
metal-grafted USY zeolites were more efficient in suppressing the formation of coke 
species, probably related to the moderate strength of the active sites and the 
combination of micro- and mesoporosity. The nature of the coke was also found to differ, 
being strongly deficient in hydrogen (so-called hard coke) in the case of the Ca-HA 
catalyst. Despite noticeable coke formation on Ca-HA, the operando spectroscopy 
results do not suggest a significant deactivation at the investigated time scales. The 
small effect of coke build-up on catalyst activity might indicate that the large porosity, 
together with the mild strength of the active sites help to avoid active site poisoning or 
physical blocking of the catalyst pores. 

Comparison of the catalytic and physicochemical properties of the catalyst materials 
suggests that absence of acidity and mild basicity are the most desired characteristics 
for good catalytic performance. From the perspective of applicability, and sustaining a 
good catalytic activity and stability, the results suggest that Ca-HA and the alkali metal-
grafted USY zeolites are the best catalysts for the vapour-phase aldol condensation of 
propanal, and by extrapolation, for bio-oil upgrading. 
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Appendix 

Figure A2.1. Adsorption of propanal onto zeolite Cs-X for the temperature range 50-400 ºC: (a) FT-IR spectra 
and (b) UV-Vis diffuse reflectance spectra. 

Figure A2.2. Adsorption of 2-methyl-2-pentenal onto zeolite Cs-X for the temperature range 120-400 ºC: (a) 
FT-IR spectra and (b) UV-Vis diffuse reflectance spectra. 

Figure A2.3 Adsorption of propanal onto Ca-HA for the temperature range 50-400 ºC: (a) FT-IR spectra and 
(b) UV-Vis diffuse reflectance spectra.

53



Figure A2.4. Adsorption of propanal onto zeolite Na-USY for the temperature range 50-400 ºC: (a) FT-IR 
spectra and (b) UV-Vis diffuse reflectance spectra. 

Figure A2.5. Adsorption of propanal onto zeolite Rb-USY for the temperature range 50-400 ºC: (a) FT-IR 
spectra and (b) UV-Vis diffuse reflectance spectra. 
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Chapter 3 

Ch. 1

Ch.3



3. Cross-Condensation of Acetone and Furfural vs. Self-
condensation of Acetone in Vapour-Phase Bio-oil Upgrading
The reaction of acetone and furfural, studied to model cross aldol condensation in bio-
oil upgrading, was carried out in the vapour-phase and monitored using a combined 
operando set-up allowing Fourier-Transform Infrared (FT-IR) and UV–Vis diffuse 
reflectance spectroscopy (DRS) to be combined with either on-line mass spectrometry 
(MS) or on-line gas chromatography (GC). Different acetone to furfural ratios were used 
to model different bio-oil compositions obtained from biomass sources that yield low 
molecular weight (MW) bio-oils (15-30 wt.% water, < 5 wt.% ketones, < 2.5 wt.% 
aldehydes, < 2 wt.% furans) or high MW ones (< 7 wt.% ketones, < 18 wt.% aldehydes, 
< 12 wt.% furans). The solid base (predominantly) catalyst materials used consisted of 
alkali metal-grafted USY catalysts of varying acidity/basicity: 0.10 Na-USY, containing 
weak acid-base pairs, and more basic counterparts, such as 0.15 Na-USY and 0.10 K-
USY, with the latter showing only very weak Lewis acidity. Acidity/basicity has been 
determined by CO-, Py- and CO2-FT-IR spectroscopy. Regardless if the reaction was 
run with excess of furfural, of acetone or at stoichiometric conditions, acetone self-
condensation was found to dominate at 400 ºC. Indeed, vapour-phase cross-
condensation only occurred to a minor extent and furfural remained largely unreacted, 
this in contrast to what has been observed in the liquid-phase. Only for the low MW bio-
oil composition, acceptable conversions and yields towards condensation products, 
mainly via acetone self-condensation, were obtained with these catalysts. For the 
stoichiometric furfural/acetone ratio, different temperatures (300/400 °C) were studied to 
see if activity for (cross-)aldol reaction and subsequent condensation could be 
enhanced. All catalysts showed better catalytic results, i.e. higher elimination and cross-
aldol coupling yields at 400 ºC than at 300 °C, with the weakly acidic/basic 0.10 Na-USY 
catalyst showing the best performance. The effect of water addition, to more realistically 
mimic the bio-oil feedstock, was tested at 400 ºC with 0.15 Na-USY, resulting in a 
decrease in (cross-)condensation activity, given the reversibility of the self-condensation 
of acetone. It is observed that bio-oil upgrading by cross-condensation between 
aldehydes/ketones and furanics is very unlikely to occur in the vapour-phase; however, 
in case of low MW bio-oil some upgrading can be expected via ketones self-
condensation. 
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3.1. Introduction 

Lignocellulosic bio-oils obtained by thermal pyrolysis have a complex composition, 
containing many different carbonyl-containing (i.e. aromatic and aliphatic ketones and 
aldehydes) and sugar-derived compounds (i.e. furans) [1-2]. Depending on the biomass 
source used, the ratio between ketones, aldehydes, furans and water, among other 
compounds, will differ [3] and low molecular weight (MW) bio-oils (15-30 wt.% water, 
< 5 wt.% ketones, < 2.5 wt.% aldehydes, < 2 wt.% furans) [3]; and high MW bio-oils 
(< 7 wt.% ketones, < 18 wt.% aldehydes, < 12 wt.% furans) can be distinguished [4]. To 
be able to use a bio-oil as a transportation fuel, it needs to be upgraded to improve its 
energy, stability, miscibility, density, viscosity [5] and ignition temperature [6] 
characteristics, among others.  

The most common methods to obtain upgraded bio-oils are to generate them by catalytic 
rather than thermal pyrolysis, or by subsequent hydrodeoxygenation and deoxygenation 
treatments [1]. Deoxygenation involves the removal of oxygen, preferably with 
elongation of the carbon chain length, hence increasing the energy yield of bio-oil [7]. A 
commonly studied deoxygenation reaction is aldol condensation in which aldehydes and 
ketones are coupled to give an α,β-unsaturated carbonyl compound upon elimination of 
water. In Chapter 2 of this PhD Thesis propanal condensation was studied to model aldol 
condensation reactions in bio-oil deoxygenation processes. Propanal was chosen to 
mimic the high aldehyde content of bio-oil [2], [8]. Here, the extent of vapour-phase 
reaction between acetone and furfural is studied, two model compounds representing 
two classes of carbonyl compounds also commonly found in bio-oils [9].  

From a bio-oil upgrading perspective, cross-condensation reaction between these two 
model compounds would be desirable. In general, two main aims would be achieved by 
(cross-)condensation: C-C coupling, to increase the average carbon length; and C-O 
cleavage, leading to higher energetic values. To allow cross-condensation to happen 
two conditions need to be met: first, preferably only one partner is enolisable, acetone in 
this case; in addition, the non-enolisable partner (furfural) should be more electrophilic 
than the enolisable one (acetone) to allow nucleophilic attack to happen on furfural rather 
than another acetone molecule [10-11]. This requirement is not so readily fulfilled and 
poses serious difficulties for the cross-condensation reaction. Yet, by careful control over 
process parameters such as temperature, pressure and catalyst basicity/acidity, 
furfural/acetone cross coupling can be favoured over, for instance, self-condensation of 
acetone. Indeed, many examples of the liquid-phase cross-condensation between 
furfural and acetone can be found in literature including: homogeneously catalysed 
reactions, carried out by mineral bases (i.e. NaOH, CaOH) at room temperature and 
ambient pressure [12-13], as well as heterogeneously catalysed reactions, carried out 
by solid base catalysts (e.g. MgO-ZrO2, NaY, hydrotalcites) in aqueous medium, at mild 
temperatures, ~120 ºC, and high He pressures, ~55 bar [14-15]. The reaction is usually 
performed in batch reactors under stoichiometric conditions with the aim of maximising 
the yield of the cross-condensation product, 4-(2-furyl)-3-buten-2-one, here also referred 
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to as the C8 product (Scheme 3.1). This high-value product is used in large amounts in 
the sugar industry, typically as aroma in drinks and sweets [12]. Furfural conversions of 
60% and C8 selectivities higher than 90% were obtained in heterogeneously catalysed 
reactions [15], while in homogeneous medium C8 yields were around 30% at 90% 
furfural conversion [12]. Some recent examples on furfural/acetone cross-condensation 
include the work by Ordóñez and co-workers who used mild base mixed-oxide catalysts 
(Mg-Al, Mg-Zr and Ca-Zr oxides and hydroxides [16-17] and Mg-Zr oxide supported on 
mesoporous carbons [18]) at mild to more severe temperatures of 50-150 ºC, and inert 
gas pressures sufficient to keep acetone (and furfural) in the liquid- phase, according to 
their phase diagrams [19]. Furfural conversions of 65% and selectivities of 20% and 14 
% towards the C8 and C13 products (C13 from consecutive cross-condensation, 
Scheme 3.1) were achieved with non-supported mixed oxides; deposition of the mixed 
oxide on mesoporous carbon supports increased conversion up to 85%, and C8 and 
C13 selectivities up to 25 and 65%, respectively.   

Studies on the vapour-phase cross-condensation of acetone and furfural, as it could 
occur under catalytic pyrolysis and bio-oil upgrading conditions, have, to the best of our 
knowledge, not been reported. A challenge for this vapour-phase cross-coupling reaction 
is the instability of furfural, which cannot self-condense [20], but is known to thermally 
decarbonylate at high temperatures, at ca. 1000 °C [21], and catalytically over Pd-, Pd-
Cu-, Ni-Fe/SiO2, for example, at 200-250 °C [22-23]. This in combination with the 
readiness with which acetone enolises leads to a situation in which acetone self-
condensation is more likely than its cross-condensation with furfural. Many examples of 
acetone self-condensation can be found in the literature: in the liquid-phase Patel et al. 
used synthetic talc as catalyst, obtaining 70% of acetone conversion (autogenous 
pressure, 100 °C, 10 h) and a selectivity towards the α,β-unsaturated condensation 
product, mesityl oxide (MO, Scheme 3.3a), higher than 57% [24]; in the vapour-phase 
Ordóñez et al. used a hydrotalcite-derived catalyst for acetone self-condensation at 450 
°C, reaching acetone conversions higher than 30%, with selectivities to MO of over 80% 
[25]. Panov and Fripiat previously reported a FT-IR study of acetone vapour-phase aldol 
condensation, using different zeolites and alumina as catalysts [26]. They reported that 
alumina performed much better than any zeolite, also promoting consecutive aldol 
condensation reactions. For alumina, the reaction was suggested to occur between 
acetone molecules in the gas phase and adsorbed on a OH group, i.e. through an Eley-
Rideal type of mechanism; while for zeolite USY acetone was thought to be activated on 
a Lewis acid site, while a second acetone molecule was enolised by adsorption on a 
bridging OH group. In line with this was the lower reactivity of zeolite H-ZSM-5, which 
mainly contained Brønsted, but not Lewis acid sites.  

In Chapter 3 of this PhD Thesis, we study to what extent the vapour-phase reaction 
between acetone and furfural can be promoted at 400 °C (and 300 °C) to assess if any 
cross-condensation activity can be expected during catalytic deoxygenation after 
pyrolysis [5]. As solid catalysts different alkali metal-grafted USY zeolites are tested, 
chosen for their good performance in aldol condensation [27], as also reported for the 
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self-condensation of propanal (Chapter 2) [9]: 0.10 Na-USY, and its more basic 
counterparts, 0.15 Na-USY, and 0.10 K-USY.  The differences in acidity/basicity of these 
catalysts are determined to see which conditions could favour cross-condensation. 
Process parameters thought critical for cross-condensation were varied, including 
reaction temperature, in an attempt for improving furfural stability, and the ratio of 
reagent compounds, -to force equilibrium towards the products formation and impeding 
side reactions. Different ratios of reagents also serve to mimic the upgrading of low and 
high MW bio-oils [1-4].  

Scheme 3.1. Stoichiometric cross aldol condensation reaction between furfural and acetone to give C8 and 
further condensation to the C13 compound [12]. 

The reactions are carried out in an operando spectroscopy reaction cell equipped with 
Fourier-Transform Infrared (FT-IR) and Ultraviolet-Visible Diffuse Reflectance 
Spectroscopy (UV-Vis DRS) coupled with on-line Mass Spectrometry (MS) or Gas 
Chromatography with Flame Ionisation Detector (GC-FID) for effluent analysis and 
quantification. The high chemical sensitivity of FT-IR allows monitoring the dynamic 
adsorption of reagents (acetone and furfural), products (water, C8) and byproducts 
(diacetone alcohol -DAA-, mesityl oxide -MO-, isophorone, furan, furfuryl alcohol), 
reaction intermediates (enol) and potential deactivating species (coke) during reaction. 
Simultaneous collection of the UV-Vis DRS spectra allows for the evolution of absorption 
bands associated with decomposition products, coke build-up and catalyst deactivation 
to be monitored.   

3.2. Experimental Section 

3.2.1. Chemicals and Catalyst Materials 

The chemicals used for the catalytic and spectroscopic tests were furfural (Sigma-
Aldrich, 99%), acetone (Acros, 99.8%), diacetone alcohol (Acros, 99%, denoted as 
DAA), mesityl oxide (Acros, 91%, MO) and 4-(2-furyl)-3-buten-2-one (Sigma-Aldrich, 
predominantly cis, 95%, denoted here as C8).  

The catalysts used in this work were 0.10 Na-USY, 0.15 Na-USY, 0.10 K-USY, obtained 
from ETH Zurich, and the details of these materials are listed in Table 3.1. As described 
in literature [27], to obtain these metal alkali-grafted USY catalysts, the bare USY zeolite 
was immersed into an alcoholic solution with a concentration of 0.10 or 0.15 M in NaOH 
or KOH. 
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Table 3.1. Overview of the physicochemical and acid-base properties of the catalyst materials under study. 
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0.10 Na-USY1 
(Si/Al = 405, 

0.10 M NaOH, 
MeOH) 

0.51 
(0.29 
micro) 

615 125 Weak 
(144 °C) 

SiOH 

LAS Weak 26 

0.15 Na-USY2 
(Si/Al = 405, 

0.15 M NaOH, 

MeOH) 

0.51 
(0.28 
micro) 

615 93 Weak 
(170 °C) 

SiOH 
LAS Weak 14 

0.10 K-USY3 
(Si/Al = 400, 0.10 M 

KOH, MeOH) 

0.51 
(0.27 
micro) 

590 439 Weak 
(153 °C) 

LAS Very 
Weak 20 

Determined by: a t-plot method; b BET method; c CO2-TPD; d CO2-FT-IR; e CO-FT-IR (Figure 3.1); f Py-FT-IR, 
after desorption at 150 °C (Figure 3.2). Original notation of the samples used: 1 USY-0.1 M NaOH-MeOH; 2 
USY-0.15 M NaOH-MeOH; 3 USY-0.1 M KOH-MeOH. LAS = Lewis Acid Sites. The pore volume and surface 
area values were obtained from ref. [27]. 

3.2.2. Catalyst Characterisation 

Fourier-Transform Infrared Spectroscopy 

For the adsorption of probe molecules namely CO and pyridine, followed by Fourier-
Transform Infrared (FT-IR) Spectroscopy, approx. 10 mg of catalyst powder were 
pressed with a pressure of 260 MN/m2 for 10 s and shaped into self-supported wafers of 
12 mm of diameter. The wafer was placed in a sealed FT-IR cell connected to an oven. 
The sample was dried by heating the samples to 550 ºC with a heating rate of 5 ºC/min 
for 1 h under vacuum (~10-5 mbar) to remove humidity and impurities. A Perkin-Elmer 
System 2000 instrument with a DTGS detector was used to record the FT-IR spectra in 
transmission mode in the spectral range of 4000-400 cm-1. For each spectrum 25 scans 
were collected with a spectral resolution of 4 cm-1. The spectrum of the empty cell was 
taken as background. 

CO adsorption (10% in He, purity 99.9 %) was allowed onto the catalyst samples at 
constant low temperature (i.e. -196 °C) in small doses till reaching saturation at ca. 10 
mbar. During the CO adsorption process FT-IR spectra were continuously recorded. 
Subsequently CO was desorbed from the saturated sample, at -196 °C, till reaching 
vacuum, also recording desorption FT-IR spectra.  

Similarly, for FT-IR spectroscopy after pyridine (Sigma-Aldrich, 99%) adsorption tests, 
gaseous pyridine was adsorbed at room temperature (pPy ∼ 2 mbar) onto the catalyst. 
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After 30 min of adsorption, pyridine was evacuated using a high vacuum pump system. 
The FT-IR spectra were continuously collected during desorption and upon increasing 
the temperature from 50-400 °C. The concentration in Lewis acid sites at 150 ºC has 
been determined by integration of the band at 1440–1445 cm−1, according to the 
methodology implemented by Emeis [28]. Integration of the FT-IR band was done using 
the Peak Analyser tool of Origin 9.1 software. For the calculation of the acid sites it was 
assumed that one molecule of pyridine adsorbs onto one acid site. 

For CO2-FT-IR experiments, once cooled down to room temperature, CO2 (g) (Linde, 
99.99%) was flushed onto the catalyst till saturation was reached (partial pressure of ca. 
10 mbar). The interaction of CO2 with the catalyst was monitored by taking FT-IR spectra 
between the doses of CO2. Subsequently, desorption was started by decreasing the 
pressure gradually until vacuum was reached. The desorption was monitored by taking 
FT-IR spectra every desorption step. 

Temperature Programmed Desorption 

Adsorbed Carbon Dioxide Temperature Programmed Desorption (CO2-TPD) 
measurements were performed on a Micromeritics ASAP2920 apparatus. Approximately 
100 mg of sample were dried in-situ by flowing He (50 mL/min) while a temperature ramp 
of 10 ºC/min up to 550 ºC was applied. After this temperature was held for 2 h, the 
sample was cooled down to 50 ºC. Once cooled down, 10% CO2/He (Linde) was flown 
through the bed of catalyst, by pulsing CO2 until saturation. Desorption was started by 
flushing with He flow (50 ml/min) for 1 h and subsequently heating the sample to 550 ºC 
(10 ºC/min) to induce the CO2 to desorb. For the calculation of the number of basic sites, 
it was assumed that only one molecule of CO2 can adsorb on a single site. 

3.2.3. Catalytic Testing 

Operando FT-IR and UV-Vis Diffuse Reflectance Spectroscopy 

The reaction was measured under operando conditions combining FT-IR and Ultraviolet-
Visible (UV-Vis) DRS spectroscopy with on-line monitoring of the gas outlet by either 
mass spectrometry (MS) or gas chromatography (GC, exclusively for self-condensation 
of acetone). The experimental set-up used is schematically depicted in Scheme 3.2. 

Operando FT-IR spectra were recorded on a Bruker Tensor 27 instrument equipped with 
an internal room temperature DLaTGS detector. 32 scans were collected per spectrum 
with a spectral resolution of 4 cm-1 and the scanned region was 4000-400 cm-1. Before 
recording spectra were background-corrected for the KBr windows. As illustrated in 
Scheme 3.2, a UV-Vis probe was positioned at the same spot as the IR beam. Operando 
UV-Vis DRS spectra were collected of the 230-900 nm spectral region by an AvaSpec-
2048L using an optical fibre AvaLight DH-S-BAL. Prior to the collection of UV-Vis DRS 
spectra during reaction (ρTOS) reference measurement was taken on a fresh sample 
placed inside the reaction cell, once activated (ρact). On-line MS data have been collected 
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with an Omnistar Pfeiffer Vacuum mass spectrometer with quadrupole detector. The ion 
current data were recorded using the program Quadstar 32-Bit.  

Scheme 3.2. Scheme of the FT-IR and UV-Vis diffuse reflectance operando spectroscopy set-up with either 
on-line mass spectrometry (MS) (for any catalytic tests) or gas-chromatography (GC) (exclusively for self-
condensation of acetone) measurements. 

For the on-line MS measurements ion currents were recorded for the species of interest 
[m/z=43 acetone; 59 DAA; 55 MO, 82 isophorone; 39 allene as decomposition product 
of furfural; 95 furfural; 65 C8; 18 H2O; 68 furan; 97 furfuryl alcohol] based on the NIST 
database and literature [21], [29-30], as well as on experimental verification with pure 
substances. Raw MS signals were normalised by catalyst weight, by the ion current of 
the carrier gas, N2 (m/z = 28) and by the initial value of each species directly bypassed 
to the mass spectrometer to give MS plots that better take into account differences in 
response of different reagents and products. When determining qualitative product 
distributions, the m/z values selected for each substrate/product needed to be corrected 
for the contributions of other species, given that the various products have many 
fragmentation products in common and ions attributed solely to one product/substrate 
could not be found. To estimate these relative contributions, injections in the MS of pure 
compounds or mixtures were performed. For instance, the expressions of DAA and MO 
are as follows: 

DAA = 0.007∙(m/z = 43) + 0.8125∙(m/z = 59) + 0.0402∙(m/z = 55) 

MO = 0.005∙(m/z = 43) + 0.0312∙(m/z = 59) + 0.7663∙(m/z = 55) 

On-line GC-FID measurements were performed for the acetone self-condensation runs 
on a CompactGC4.0 Chromatograph (Interscience) with three gas analyser channels: 
one with Thermal Conductivity Detector (TCD) detector for measuring permanent gases, 
e.g. oxygen, nitrogen, argon; and two with FID detectors, for light hydrocarbons (C1-C3)
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and heavier hydrocarbons (C4-C8), respectively. The latter, equipped with a MXT-5 
column (15 m, 0.28 mm, 1 µm), is the main FID channel used, with the detector set at 
150 ºC. The temperature of the column was kept constant at 55 ºC, while the injections 
(1 µL) were performed at 100 ºC and 125 kPa. Lines were heat traced to avoid product 
condensation. From the chromatograms obtained during reaction conversion, XAc,i, was 
calculated as XAc,i = 1–nout,i/nin,i; where, nout,i is the moles of acetone leaving the reaction 
cell and nin,i is the moles of acetone inserted in the reaction cell, at a given time. The 
product selectivities were calculated as Sj = nj/(nreac,i·νi), where nj is the moles of the 
product, nreac,i the moles of acetone reacted and νj the stoichiometric ratio between the 
product and the reagent. The main products (DAA and MO) yields were calculated based 
on calibration curves, referencing to nitrogen as internal standard (quantified by the TCD 
detector channel).  

The aldol condensation reactions were carried out in the vapour-phase for 20 min at 
atmospheric pressure and 400 ºC (or 300 ºC). The bulk catalyst, shaped as self-
supported wafer (~10 mg, 12 mm in diameter) by applying a pressure of 260 MN/m2 for 
10 s, was placed inside the reaction cell and measured by the combined operando FT-
IR and UV-Vis DRS with on-line MS. Prior to the reaction the catalyst material was 
activated at 150 ºC for 30 min and heated to reaction temperature (5 ºC/min) for another 
30 min, under a 15 mL/min of O2 flow (99.999 %, Linde). The carrier gas used during 
reaction was N2 (99.999 %, Linde), with a variable flow rate depending on the conditions 
but keeping a total sum of 15 mL/min. The acetone-containing saturator was introduced 
into an ice bath to keep a constant temperature of 0 ºC, resulting in a partial pressure of 
0.093 atm. The furfural-containing saturator was kept at 100 ºC, resulting in a partial 
pressure of 0.137 atm. 

Over the course of the reaction the total amount of vapour-phase reagent introduced into 
the reaction cell varied depending on the conditions: 37.4 mL for 1:4 %v/v, 33 mL for 1:1 
%v/v, and 29.5 mL for 4:1 %v/v acetone/furfural. These volumes correspond to a Weight 
Hourly Space Velocity (WHSV) of 18 g reagent/(h∙g catalyst) for 1:4 %v/v, 13.8 g 
reagent/(h∙g catalyst) for 1:1 %v/v, and 10.5 g reagent/(h∙g catalyst) for 4:1 %v/v 
acetone/furfural. For the self-condensation of acetone test 27.5 mL of acetone were 
introduced into the reaction cell, giving a WHSV of 8.7 g acetone/(h∙g catalyst). 

In the test run in the presence of water (2:1:7 %v/v/v acetone/furfural/water) the acetone 
bubbler was kept at 0 ºC; the furfural-containing saturator was diluted with water by 50% 
and kept at 100 ºC, resulting in a total pressure of 1.156 atm. After 20 min of reaction a 
total of 86.7 mL of vapour-phase reagent had been inserted into the reaction cell, with a 
WSHV of 36.3 g reagent/(h·g catalyst). After reaction, acetone and furfural feedstocks 
were stopped. Yet, flushing with nitrogen at reaction temperature was maintained to 
study desorption for over 15 min. In the comparative reaction in the absence of water 
(2:1 %v/v acetone/furfural) 31.0 mL of vapourised reagent were inserted, with a WSHV 
of 14.9 g reagent/(h·g catalyst). 
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3.3. Results and Discussion 

3.3.1. Catalyst Characterisation 

Acidity 

The intrinsic acid strength of the acid sites was probed by FT-IR spectroscopy after the 
adsorption and desorption of CO and pyridine as probe molecules. Figure 3.1 shows the 
FT-IR spectra of the OH (a,c,e) and CO (b,d,f) stretching region collected for the three 
catalysts during CO adsorption. For the 0.10 Na-USY catalyst (a), as discussed in 
Chapter 2, free silanol groups located at 3747 cm-1 were partially consumed as indicated 
by the decrease in intensity upon CO dosage. At certain pCO, the interaction of CO with 
OH species become visible by the emergence of absorption bands at ca. 3720 cm-1. 
Upon further increase of pCO the 3720 cm-1 band goes through a maximum, eventually 
decreasing in intensity with a concomitant increase of the absorption band at 3654     
cm -1, attributed to CO interacting with external hydroxyl species in the supercages of 
the FAU zeolite [31]. The small shift of the free (external) silanols upon CO exposure 
from of Δν = (3747 – 3654) = 93 cm-1 is proportional to the acid strength of the OH 
group [32-34], indicating that these isolated hydroxyl species behave like very weak 
Brønsted acid sites (BAS) [31], [35]. For the 0.15 Na-USY catalyst (c), the shift is 
practically the same, namely 95 cm-1. For the 0.10 K-USY catalyst, only a minor 
consumption of the free silanols is observed, but no shift of the 3748 cm-1 absorption 
band was found, indicating its lack of acidity [32], [36]. 

The absorption bands at 2159 and 2166 cm-1 (Figure 3.1b) are associated with CO 
adsorbed on silanol groups. The absorption band at 2172 cm-1 might be attributed to CO 
adsorbed on Na+ Lewis acid sites [37], meanwhile the 2178 cm-1 absorption band is 
thought to derive from the extinguished BAS (after exchange with Na+) of the parent USY 
zeolite. As expected, all these absorption bands are also present on the 0.15 Na-USY 
catalyst (d), being of slightly higher intensity given the higher Na+ loading, with the 
cations presumably located in the sodalite cages [38]. However, compared to the 
absorption bands at 2143 and 2133 cm-1, attributed to physisorbed CO [34], the 
absorption bands at 2178-2159 cm-1 show a relatively low intensity, due to the higher 
degree of saturation on the 0.15 Na-USY catalyst. For the 0.10 K-USY catalyst only weak 
absorption bands at high coverages of CO (pCO > 3 mbar), appear in the CO spectral 
region (Figure 3.1f). The band at 2171 cm-1 might be assigned to CO adsorbed on K+ 
Lewis acid sites, slightly red-shifted compared to its Na-counterparts, as expected [31]. 
The band at 2159 cm-1 appears as a consequence of weak CO interactions with external 
silanol groups, while the band at 2140 cm-1 corresponds to physisorbed CO.  
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Figure 3.1. FT-IR spectra of the catalyst materials during CO adsorption at -196 ºC in the OH stretching region 
(a,c,e) and in the CO stretching region (b,d,f): (a-b) 0.10 Na-USY, (c-d) 0.15 Na-USY, (e-f) 0.10 K-USY. The 
initial spectrum is marked in black; the red spectrum was taken at the maximum CO coverage (pCO~10 mbar).  

Figure 3.2 shows the Py-FT-IR plots of the three solid catalysts under study upon 
pyridine desorption. No absorption bands at ca. 1545 cm-1 and 1640 cm-1 are formed 
upon interaction with pyridine, evidencing the lack of strong BAS [28], [38] on any of the 
materials. For the Na-bound USY catalysts (a,b) the absorption bands at 1595 cm-1 (ν8a) 
and 1443 cm-1 (ν19b) are ascribed to pyridine coordinated to Na+ Lewis acid sites (PyL) 
[39]. These sites are weak given that the corresponding absorption bands desorb at 200 
ºC. The absorption band located at 1611 cm-1 (b), ascribed to another PyL site, is very 
weak and is lost at very low temperatures (<150 ºC). Also the hydrogen-bonded pyridine 
(H-bonded Py) absorption bands, at 1490 cm-1 (ν19a) and 1577 cm-1 (ν8b) [40] are 
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practically extinguished at 150 ºC. In the case of the 0.10 K-USY catalyst (c) the 
absorption bands at 1608 and 1590 cm-1 (ν8a), and 1442 cm-1 (ν19b) are attributed to PyL 
coordinated to K+ sites, also of weak strength. Very weakly H-bonded Py absorption 
bands are also seen at 1598 (ν8a), 1576 (ν8b) and 1487 (ν19a) cm-1.  

The amount of LAS at 150 ºC (spectra in red) for each catalyst was calculated based on 
eq. 2.1 [28] by integration of the absorption band at 1442/1443 cm-1. The results, 
expressed in Table 3.1, reflect that 0.10 Na-USY shows slightly higher acidity than the 
0.15 Na-USY and 0.10 K-USY catalysts. 

Figure 3.2. FT-IR spectra of the catalyst materials during Py desorption from room temperature (blue) to 150 
ºC (red): (a) 0.10 Na-USY, (b) 0.15 Na-USY, (c) 0.10 K-USY. The spectrum before pyridine exposure is marked 
in black. The off-set spectrum in red corresponds to the background-corrected desorption spectrum taken at 
150 °C, used for quantification. 

Basicity 

The basicity of the different catalysts was studied by adsorption of CO2 followed by FT-
IR spectroscopy, shown in Figure 3.3, and –TPD (Figure A3.1, Table 3.1). The 0.10 Na-
USY catalyst (Figure 3.3a) showed several bidentate carbonate species emerged upon 
interaction of CO2 with surface basic sites, presumably due to oxygen (or OH) 
coordinated to sodium species. The splitting increment (Δν3) is 255-264 cm-1, confirming 
its bidentate coordination mode (>250 cm-1) [41]. The bands at 1714-1693 cm-1 
correspond to surface bicarbonate species formed by reaction of CO2 with OH groups 
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[42-44], as confirmed by the perturbed hydroxyl bands at 3660 and 3590 cm-1 (see i inset 
in a). The absorption band at 2345 cm-1 (ii) corresponds to linearly adsorbed CO2 (g) 
and indicates that the sample was exposed to CO2 till saturation was reached. The same 
bands were observed for the 0.15 Na-USY catalyst (Figure 3.3b), with the main 
difference being the lower intensity of the carbonate and bicarbonate bands compared 
to the 0.10 M-counterpart. This decrease in intensity of the CO32-/HCO3- bands was also 
reflected in the CO2-TPD results, where a lower amount of basic sites was determined 
for the 0.15 M Na-USY catalyst (Table 3.1, Figure A3.1).  However, the TPD curve 
showed the peak maximum of the 0.15 M sample to be at a higher temperature than the 
0.10 counterpart (143  170 °C), illustrating its higher base strength. Keller et al. [27] 
demonstrated that a higher Na loading does not necessarily lead to an increase in 
amount of weak basic sites, given the deterioration in crystallinity suffered as a 
consequence of the higher loading via grafting. 

Figure 3.3. Background-corrected FT-IR spectra of the catalyst materials during CO2 adsorption at room 
temperature: (a) 0.10 Na-USY, (b) 0.15 Na-USY and c) 0.10 K-USY.  

Similar CO2-FT-IR bands were observed for the 0.10 K-USY catalyst (c) for which 
bidentate carbonate bands at 1633 and 1349 cm-1 showed a splitting of 284 cm-1. With 
the splitting being proportional to the basic strength, this is in line with the K-bound 
catalyst being more basic than its Na-counterpart. The bands seen at 1682-1656 cm-1 
are associated to bicarbonate species, accompanied by clearly formed hydroxyl bands 
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at ca. 3670 cm-1 (see i inset). The amount of basic sites was also found to be significantly 
higher than for the other catalysts, as determined by CO2-TPD and indicated in Table 
3.1.  

3.3.2. Catalytic Testing 

Cross-condensation of furfural and acetone has been investigated on 0.10 Na-USY at 
400 ºC at different substrate ratios: stoichiometric (Figure 3.4), excess of furfural (Figure 
3.6) excess of acetone (Figure A3.6), and for comparison, acetone only (Figure 3.5). The 
catalytic results demonstrate that regardless of furfural concentration in the feedstock, 
cross-condensation of furfural and acetone only occurred to a very minor extent. In 
contrast, under these conditions acetone is prone to react via self-condensation 
(Scheme 3.3a). Furfural, instead, largely stayed non-converted with some 
decarbonylation into furan (Scheme 3.3b) or disproportionation into furfuryl alcohol being 
observed (c).  

Scheme 3.3. Proposed mechanisms for: a) self-condensation of acetone [25]; b) decarbonylation of furfural 
[21] and c) disproportionation of furfural [12].

a) Stoichiometric Conditions. In Figure 3.4 the operando spectroscopy results are
shown for a stoichiometric acetone to furfural ratio. Assignments of the most
representative absorption bands are listed in Tables 3.2 (FT-IR) and 3.3 (UV-Vis DRS).
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Figure 3.4. Evolution of 20 min of vapour-phase cross-condensation of furfural and acetone over 0.10 Na-
USY catalyst at 400 ºC under 1:1 %v/v acetone/furfural conditions. a) Background corrected FT-IR 
spectroscopy during reaction (green) and during desorption (red). b) UV-Vis diffuse reflectance spectra 
during (in-situ) and after reaction (red, ex-situ). (ρact-ρTOS) is “apparent absorbance” and refers to the 
difference of reflectance of the surface species at a certain time-on-stream (ρTOS) and the reflectance of the 
activated catalyst (ρact).  c) Normalised on-line MS data (see exp. section). d) Estimated product distribution 
based on on-line MS data (c).  

In the time-resolved operando FT-IR spectra (Figure 3.4a) acetone features are 
observed after 1 min of reaction, with the vibration at 1737 cm-1 being assigned to 
carbonyl stretching (νC=O), signals at 2998, 2970 and 2920 cm-1 to C-H stretching 
modes 
(νC-H) and the absorption band at 1372 cm-1 to the bending vibration δC-H. In contrast 
furfural, which does not seem to adsorb onto the catalyst surface but just remains in the 
gas phase, only shows its carbonyl stretching band as a weak signal at 1702 cm-1. This 
indicates that, at this temperature, any cross-condensation reaction could only occur via 
an Eley-Rideal type mechanism, i.e. through acetone adsorption onto the catalyst 
surface and subsequent reaction with gas phase furfural. The presence of adsorbed 
acetone and, less clearly, gas phase furfural, were confirmed by UV-Vis DRS (Figure 
3.4b) with the absorption bands growing in intensity at 259 nm and ~ 273 nm being 
associated with the n  π* electronic transitions of the respective carbonyl groups 
(Figure A3.3, [1], [9]).  
70



The behaviour of the reactant concentrations can be discerned from the on-line MS 
traces (Figure 3.4c). Shortly after insertion of the reagents, mainly the acetone-derived 
products DAA and MO are detected (Figure 3.4d). Nonetheless, a small contribution of 
the C8 cross-condensation product was seen to form during reaction (c-d). The UV-Vis 
DRS spectra also suggest C8 formation since, according to the Woodward-Fieser rules 
for predicting the λmax of n  π* transitions [29], and based on experimental data 
recorded on the pure component (Figure A3.4b) it will absorb UV light at 377 nm. The n 
 π* band is accompanied by another absorption band at shorter wavelength (~240 nm) 
associated to the π  π* electronic transitions of C=C. It might be assigned to either the
unsaturation of MO (Figure A3.4b) or the furan ring (Figure A3.3c, A3.4b). FT-IR signs 
of MO were evident by the increase of the bending band at 1372 cm-1 and the νC=O band 
at 1649 cm-1 assigned to the enone double bond. Yet, the less energetic conjugated 
C=C/C=O band at 1657 cm-1 could be ascribed to either MO or even to longer/cyclic 
unsaturated oligomers derived from the self-condensation of acetone (i.e. isophorone 
[25]), as also seen by MS, or, alternatively, to C8 (m/z = 65). As displayed in Figure 
3.4c-d, emergence and evolution of C8 is accompanied with the formation of other 
furanic producs, such furan and furfuryl alcohol. 

The intense νC=C coke band at 1585 cm-1 [50-52] quickly grew in intensity within the first 
minute of reaction, accompanied by the formation of νC-H of aromatics at 3068 cm-1 [52]. 
Coke formation was also noted by the π  π* transition bands broadening over the 
entire wavelength range (λ > 400 nm) (Figure 3.4b).  

After admission of the reactants, silanol groups (3732 cm-1) of the solid catalyst were 
consumed by acetone adsorption, as indicated by its gradually increasing negative 
intensity with increasing time-on-stream. Little consumption was noted by adsorption of 
furfural, which is thought to remain in the gas phase. Likewise, after reaction and during 
desorption, hydroxyl signals were partially recovered, showing certain reversibility of 
chemisorption. After 15 min of desorption some products still lingered though, as 
indicated by the νC=O band at ca. 1700 cm-1, and νC-H and νC=C coke bands at 3068 and 
1585 cm-1 remaining adsorbed onto the catalyst surface (Figure 3.4a). UV-Vis DRS 
results confirmed a partial release of species from the catalyst surface 15 min after 
reaction (red spectrum in Figure 3.4b). The spectrum taken after reaction showed n  
π* bands at 300, 388 and 486 nm, corresponding to remaining products and coke, with 
little presence of poly-aromatics though (λ > 550 nm). 
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Table 3.2. Assignment of the main FT-IR absorption bands for the reference compounds of interest adsorbed 
onto 0.10 Na-USY during the vapour-phase aldol condensation of furfural and acetone conducted at 400 ºC.  

Position (ν) Assignment Mode, strength Species Reference 
3735 cm-1 νOH Stretching, medium Free silanols [45] 

3460 cm-1 νOH Stretching, medium DAA Figure 
A3.2b 

~3060 cm-1 νCH Stretching, weak Aromatics/ Unsaturat. [46] 

3000 cm-1 νCH νas (-CH3) 
(asymmetric) Acetone Figure 

A3.2a 

2970 cm-1 νCH νas (-CH2-) Acetone / DAA Figure 
A3.3a 

2958 cm-1 νCH νas (-CH2-) C8 Figure 
A3.5a 

2920/2940 
cm-1 νCH νs (-CH2-) 

(symmetric) Ac. / DAA / MO Figure 
A3.2a-c 

2855 cm-1 νCH νs (-CH2-) furanics Figure A3.3 

1737, 1745 
cm-1 νC=O Stretching, 

overtone; strong Acetone 
Figure 
A3.2a 
[47-48] 

1715 cm-1 νC=O Stretching, strong DAA Figure 
A3.2b 

1680, 1702 
cm-1 νC=O Stretching, 

overtone strong MO/Furfural 

Figure 
A3.2.c,d, 

A3.3 
[47-48] 

1671 cm-1 νC=O Stretching C8 Figure 
A3.5a 

1657 cm-1 νC=C Stretching, 
shoulder, weak MO / C8 

Figure 
A3.2c 

[30], [48] 

1620 cm-1 νC=C Stretching, 
shoulder, weak Furfural / MO Figure 

A3.2c [47] 
1588 cm-1 νC=C Stretching, mild Coke [46], [49] 

1546 cm-1 νC=C Stretching C8 Figure 
A3.5a 

1460 cm-1 σCH Scissors (CH2-CH3) Furfural 
Figure 
A3.2d 

A3.3 [29] 

1450 cm-1 σCH Scissors MO Figure 
A3.2c 

1417 cm-1 σCH Bending (-CH2-CO) Acetone / DAA 
Figure 

A3.2a,b 
[46] 

1360, 1380 
cm-1 σCH Bending (CH3-) DAA / Ac 

Figure 
A3.2a,b 

[47] 
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Table 3.3. Assignment of the main UV-Vis absorption bands for the reference compounds of interest adsorbed 
onto 0.10 Na-USY during the vapour-phase aldol condensation of furfural and acetone conducted at 400 ºC.  

Position (λ) Assignment Mode, strength Species Reference 

240-260 nm π  π* 
C=C 

Strong 
absorptivity (ε) Furanics / MO Figure 

A3.4b,c 

260-270 nm n  π* 
C=O Weak Acetone Figure 

A3.4a,c [12] 

275-280 nm n  π* 
C=O Weak Furfural Figure 

A3.4a,c [12] 

285-290 nm n  π* 
C=O Weak C8 Figure 

A3.5b 

310-330 nm n  π* 
C=O Weak DAA 

Figure 
A3.4b, 
A3.5b   

[12], [29] 

340-350 nm
n  π* C=O, 
conjugated 

C=C 
Weak MO 

Figure 
A3.4b/ 

[12], [29] 

350-380 nm n  π* C=O, 
conjugated Weak Trimer / isophorone 

Figure 
A3.4b/ 

[12], [29] 

375-380 nm π  π* 
C=C Strong C8 Figure 

A3.5b 
> 400 nm
Overall

absorption 
π  π* 
C=C Strong Polyaromatics / coke [49] 

b) Self-condensation of acetone. For comparison, the self-condensation of acetone 
results are displayed in Figure 3.5. FT-IR bands of the DAA emerged at 3448 cm-1, 1719 
cm-1 and 1419 cm-1 corresponding to the stretching OH band (νO-H), the weak νC=O 

stretching, and the σC-H, respectively (Figure A3.2b, [25]). Simultaneously, a nπ* band 
developed in the UV-Vis DRS spectra within the range 300-330 nm (Figure 3.5b) 
corresponding to conjugated carbonyl-containing species likely associated with self-
condensed products of acetone, located at ~ 300 nm for DAA and ~ 320 nm for MO 
(Figure A3.3b, [29]). On-line MS (Figure 3.5c) and GC (d) results confirmed a high 
product selectivity towards DAA followed by MO, with isophorone [53] being obtained to 
a lower extent. Another product of self-condensation, mesitylene, was practically not 
detected. The operando experiment with GC quantification showed a fairly stable 
activity, with acetone conversion ranging from 26-30%; the selectivity towards MO 
dropped from 40 to 25% after 45 min of reaction, though.
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Figure 3.5. Evolution of vapour-phase self-condensation of acetone over 0.10 Na-USY catalyst at 400 ºC. (a) 
Background corrected FT-IR during reaction (green) and during desorption (red). (b) UV-Vis DRS during and 
after reaction (red). The spike at 650 nm is an artefact caused by the (red) IR beam which interferences with 
the area irradiated by UV-Vis DRS. (c) Normalised MS spectra, see exp. section. Inset: product distribution at 
t = 10 min (d) Acetone conversion (left axis) and product selectivities (right axis) during 45 min of reaction, as 
estimated by on-line GC-FID. 

c) Cross-condensation with Excess Furfural. To favour cross-condensation, a high
furfural/acetone molar ratio was tested (1:4 %v/v acetone/furfural) [11], which did
minimise self-condensation of acetone but at the expense of, unexpectedly, an overall
conversion drop. After 1 min of reaction MS signals of both acetone (m/z = 43) and
furfural (m/z = 39) evolved (Figure 3.6). Despite the excess of furfural, again the spectra
are dominated by features of acetone, at 3000 and 2970 cm-1 (νC-H) and 1745 cm-1 (νC=O),
compared to only a weak furfural νC=O band at 1697 cm-1 (a). This observation reflects
the difficulty of furfural adsorption, something already observed for the stoichiometric
solution [21]. UV-Vis DRS bands of acetone and furfural were observed at ~ 260 and ~
273 nm (b). Another absorption band appeared at shorter wavelength (~250 nm)
attributed to the π  π* *electronic transitions of the unsaturation of either MO or furfural.
Quickly after the n  π* bands of DAA/MO/C8, seen from 325-380 nm, grew till
saturation due to the darkening of the catalyst surface. At t = 5 min the FT-IR signs of
products were well-noticed in the carbonyl stretching region, with bands at 1729, 1714
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and 1652 cm-1 associated with DAA, MO, and the cross-condensation C8 product, 
respectively. Weak νC=C bands at ~1620 cm-1 were due to both furanic ring unsaturations 
and the conjugated unsaturation of MO. After few minutes of reaction (c-d) the cross-
condensation C8 product was detected by MS, giving a relatively stable signal, 
compared to acetone-derived species which dropped, in particular MO and isophorone, 
due to the low acetone concentration. While acetone self-condensation thus was less 
efficient, cross-condensation was not enhanced. Indeed, the overall low activity was 
poor, with very low signals detected for product. The strong decrease in water formation 
after ca. 8 min of reaction coincided with a decrease in the MO signal, thus confirming 
that the aldol condensation reaction had practically stopped. 

Figure 3.6. Evolution of 20 min vapour-phase cross-condensation of furfural and acetone over 0.10 Na-USY 
catalyst at 400 ºC under 1:4 %v/v acetone/furfural conditions. a) Background corrected FT-IR during reaction 
(green) and during desorption (red). b) UV-Vis DRS during and after reaction (red). c) Normalised MS data 
(see exp. section). d) Product Distribution based on on-line MS (c).  

Coke build-up is faster when furfural was present in excess, as indicated by the larger 
relative intensity of νC=C of coke (1588 cm-1) compared to the νC=O vibration of the product 
(Figure 3.6a), what which may be related to polymerisation-prone furfuryl alcohol. This 
is confirmed by UV-Vis DRS where π  π* bands quickly developed in the visible spectral 
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range (λ > 400 nm; b). Also, in terms of nature, the higher ratio of the νC=C/νC-H 
(1588/3060 cm-1) bands for the run in the presence of furfural suggests that the 
carbonaceous deposits are more condensed (i.e. hydrogen poorer) than in the run with 
acetone only (Figure 3.5).  

d) Effect of Reaction Temperature and Basicity/Acidity. In an attempt to suppress
undesired furfural side reactions, such as thermal decarbonylation, and to promote
instead furfural adsorption on the catalyst surface, a lower reaction temperature of 300
ºC (lower temperatures did not give sufficient conversion) was tested with catalysts of
varying basicity-acidity.

For that, reactions run at 300 and 400 ºC were performed under stoichiometric conditions 
with different solid catalysts: 0.15 Na-USY (mild acid-base pair, Table 3.1) and 0.10 K-
USY (higher basicity, very low Lewis acidity). It is expected that by increasing the 
concentration in Na+ species (i.e. 0.15 Na-USY catalyst), or by replacing the cation by a 
larger one, K+ (0.10 K-USY catalyst), the electrophilicity of furfural could be enhanced, 
facilitating furfural activation. Combined FT-IR and UV-Vis DRS results are plotted in 
Figure 3.7; estimated product distributions derived from the MS results are displayed in 
Figure 3.8. At first glance any catalyst at 400 ºC (Figure 3.7a,c) showed more 
condensation (DAA) and elimination products (MO, isophorone and C8). Stronger 
signals for the aldol coupling and condensation products can be seen on the solid 
catalysts tested at 400 ºC, as evidenced by the FT-IR and UV-Vis DRS features of C8 
(1675 cm-1, 288 nm, 375 nm), MO (1705 and 1682 cm-1, 345 nm) and further condensed 
products (presumably isophorone at 375 nm) compared to acetone, at 1738 cm-1 and 
270 nm. The estimated products distribution presented in Figure 3.8 shows that the 
relative presences of isophorone and C8 in the products mixture are higher for any 
catalyst at 400 °C, but especially for the 0.10 Na-USY catalyst. Operando FT-IR and on-
line MS results suggest that the 0.10 Na-USY catalyst is the most selective (to C8, but 
also to MO and isophorone) of the series at 400 ºC. It might be attributed to its (mild) 
basic strength with the auxiliary role of Lewis acid sites on soft enolisation and hence 
elimination reactions [54].  

At 300 °C the catalyst most selective towards elimination products was the 0.15 Na-USY 
catalyst (Figure 3.8). The MS results are confirmed by FT-IR, showing MO and C8 bands 
at 1705 and 1675 cm-1 (Figure 3.7b) and by UV-Vis DRS, with bands at 340 and 290 
nm, respectively. While not resulting in an overall increase in aldol condensation 
performance, the lower reaction temperature does improve furfural stability, as expected. 
Indeed, the product distribution plot shows a lower furan and furfuryl alcohol fraction at 
300 °C than at 400 °C. In particular furan formation seems higher at 400 ºC, 
thermodynamically favoured over furfuryl alcohol, as concluded in DFT studies of 
Vorotnikov et al. [55].  

Coke formation, as estimated from the relative intensity of coke band at 1588 cm-1, 
compared to e.g. the DAA product band, at 1714 cm-1 was also more extensive at 
elevated reaction temperature. Indeed, the higher temperature catalyst materials were 
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also more darkly coloured, in line with the higher intensity of the UV-Vis DRS bands 
(Figure 3.7c) absorbing light in the visible range (>400 nm) of the spectrum, with especial 
contribution of poly-aromatics at the longest wavelengths (>550 nm). The 0.10 K-USY 
catalyst produced the largest coke amount.  

Figure 3.7. FT-IR (a-b) and UV-Vis DRS (c-d) spectra after 15 min reaction during the vapour-phase cross-
condensation of furfural and acetone under stoichiometric conditions, over 0.10 Na-USY (green), 0.15 Na-
USY (red) and 0.10 K-USY (blue) at (a,c) 400 ºC and (b,d) 300 ºC.  

Figure 3.8. Estimated product distribution derived from MS plots in Figure A3.7 for different catalysts at 300 
and 400 ºC, after 15 min of vapour-phase cross-condensation of furfural and acetone under stoichiometric 
conditions. 
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e) Effect of Water on Catalytic Performances. Water in the vapour phase was inserted 
into the feedstock to better mimic the real composition of a low molecular weight bio-oil, 
with expected ca. 5 wt.% ketones, 2 wt.% furans, and 15-30 wt%. water. The 2:1:7 
%v/v/v acetone/furfural/water reaction was carried out at 400 ºC over the 0.15 Na-USY 
catalyst. For sake of comparison, a 2:1 %v/v acetone/furfural reaction was also carried 
out to directly compare the effect of water, as displayed in Figure 3.9.

The reaction carried out in the presence of water showed more intense FT-IR features 
of DAA, at 1715 cm-1, and furfural at 1620 cm-1 as compared to acetone, at 1737 cm-1 
and MO, at 1702 cm-1 (red series, Figure 3.9a). UV-Vis DRS (b) also showed more 
furanics, clearly indicated by the absorption band at 260 nm, acetone and DAA 
presence, indicated by the more defined 285 and 330 nm absorption bands, in the 
reaction including water as reagent. For the reaction run in the absence of water a more 
intense 382 nm absorption band was noticed, possibly due to more cross-condensation 
products, i.e. C8, and to more conjugated species derived from acetone, i.e. isophorone. 
MS results (c) confirmed that the addition of water into the feedstock led to an increase 
in DAA formation. This implicates that the reaction, presented in Scheme 3.3a, is 
equilibrium limited.  

For the 0.15 Na-USY catalyst, selectivity towards acetone self-condensation improved 
upon water addition, with cross- and consecutive condensation reactions, as well as 
furfural by-products dropping in relative abundance.  

Overall, the catalytic reactions run with variations in catalyst, substrate ratio, change of 
temperature and water addition demonstrated that cross-condensation is not favoured 
in the vapour-phase, contrary to the cases reported in the liquid-phase. The essentially 
higher concentrations in the liquid-phase and the lack of appreciable surface 
concentration as a result of poor adsorption, could be the cause of this. Therefore, 
regardless of the type of bio-oil, no cross-condensation between ketones/aldehydes and 
furanics is expected to happen, if run with vapours. Yet, for the upgrading of a bio-oil 
characterised by an excess of ketones to furans and large amount of water (low 
molecular weight [1], [3], [56]), a high yield towards condensed, but non-dehydrated 
products would be expected.  
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Figure 3.9. Operando FT-IR spectra (a), UV-Vis DRS spectra (b) and on-line MS product distribution 
percentages, expressed as acetone-derived and furfural-derived, (c) after 15 min reaction during the vapour-
phase cross-condensation of furfural and acetone under 2:1 %v/v acetone/furfural (red) and 2:1:7 %v/v/v 
acetone/furfural/water (blue), over 0.15 Na-USY at 400 ºC. 

3.4. Conclusions 

The catalytic performances of alkali metal-grafted USY zeolites were tested at different 
concentrations of acetone and furfural in the vapour-phase. Different scenarios were 
explored mimicking low molecular weight bio-oil (excess in acetone), high molecular 
weight bio-oil (excess in furfural) and stoichiometric mixtures. The methodology used for 
the reactions consisted of a combination of operando FT-IR and UV–Vis DRS 
measurements with on-line MS. The results conclusively showed that that regardless of 
furfural concentration in the feedstock, acetone tends towards self-condensation, giving 
mainly the aldol reaction (DAA) and condensation (MO) products, making up to ca. 61% 
and 39% of the product distribution after 15 min of reaction. Furfural, on the contrary, 
remains largely unreacted except for a small fraction that decarbonylates into furan 
and/or disproportionates into furfuryl alcohol/furoic acid.  

A stoichiometric furfural/acetone feed was also tested at different temperatures, 300 and 
400 °C, over various alkali metal-grafted USY catalysts. Every material showed more 
elimination and cross-condensation products, i.e. MO and isophorone and C8, at 400 
ºC. In particular the 0.10 Na-USY catalyst, with weak Lewis acidity and weak basicity, 
performed best. To better mimic a low molecular weight bio-oil, water was added as a 
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third component in a reaction performed at 400 °C over the 0.15 Na-USY catalyst, 
resulting in a decrease in cross-condensation and elimination activity, given that acetone 
self-condensation is equilibrium limited. Consequently, upon real bio-oil (of low MW) 
upgrading, mostly the self-aldol product DAA may be expected.  
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Appendix 

Figure A3.1. CO2-TPD curves of the catalysts of study. 

Figure A3.2. FT-IR spectra corresponding to adsorption of: (a) acetone, (b) diacetone alcohol, (c) mesityl 
oxide, (d) furfural over 0.10 Na-USY catalyst from 50-400 oC. 
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Figure A3.3. FT-IR spectra of furfural in vapour phase over the empty cell at different temperatures. 

Figure A3.4. UV-Vis DRS spectra corresponding to adsorption of: (a) acetone, (b) mesityl oxide/DAA, (c) 
furfural over 0.10 Na-USY catalyst from 50-400 °C. Spectrum in red corresponds to desorption, after 10 min 
reaction. 
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Figure A3.5. FT-IR (a) and UV-Vis DRS (b) spectra of C8 (solid) at room temperature.

Figure A3.6. Evolution of 20 min vapour-phase cross-condensation of furfural and acetone over 0.10 Na-USY 
catalyst at 400 ºC under 4:1 %v/v acetone/furfural conditions. a) Background corrected FT-IR during reaction 
(green) and during desorption (red). b) UV-Vis DRS data during and after reaction (red). c) On-line MS data, 
where ion current signals are normalised by the corresponding initial fragmentation of each species directly 
bypassed to the mass spectrometer, by the carrier gas signal (N2, m/z = 28) and by the catalyst weight. d) 
Product distribution based on on-line MS (c). 

85



Figure A3.7. On-line MS evolution during vapour-phase cross-condensation of furfural and acetone under 
stoichiometric conditions over 0.10 Na-USY (a-b), 0.15 Na-USY (c-d) and 0.10 K-USY (e-f) at 400 ºC (a,c,e) 
and 300 °C (b,d,f). 
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Chapter 4 

Ch. 1

Ch.4



4. Binder Effects in Shaped Alkali Metal-Grafted USY Catalyst Bodies
Used for Bio-Oil Upgrading
The effect of upscaling alkali metal (K)-grafted USY catalysts has been studied in 
vapour-phase propanal self-condensation, chosen as model reaction for bio-oil 
upgrading. Technical extrudate catalysts were obtained via extrusion of a mixture of 
zeolite USY with a clay binder, either attapulgite or bentonite, followed (and not 
preceded) by a grafting procedure introducing K+ species to the extrudate. Post-grafting 
of the already extruded catalyst proved essential to preserve the catalyst’s structural 
integrity. Catalyst performance of the extrudates was studied with an operando set-up 
combining Fourier-Transform Infrared (FT-IR) with either on-line mass spectrometry 
(MS) or gas chromatography (GC), complemented by off-line GC-MS. The catalyst 
bodies showed decreased catalytic performance compared to the K-USY research 
catalyst, with the attapulgite-bound technical catalyst nevertheless being more active 
than its bentonite counterpart. The modified catalytic performances are in line with the 
observed changes in physicochemical properties of the catalysts. Composition, 
morphology, structural and textural properties of the catalysts changed upon extrusion 
with the clay, and less extensively, upon K-grafting. The K-(USY/Att.) catalyst showed 
new basic oxygen and strong Lewis acidic sites as a result of clay incorporation, in 
addition to the Lewis acid (K+) and basic sites (K-OH) created upon grafting. For the K-
(USY/Bent.) catalyst, bentonite incorporation generated moderate Brønsted and strong 
Lewis acid sites, but hardly any basicity, desired for catalysing the aldol condensation 
reaction. Post K-grafting in alcoholic medium resulted in cation exchange between 
inserted K+ and Na+, naturally present in the bentonite clay. The grafting procedure 
proved less efficient than for the attapulgite-counterpart, likely due to pore blockage 
caused by bentonite. Consequently, the bentonite-derived catalyst was very poorly 
active in the aldol condensation reaction. These results demonstrate the importance of 
the choice of binder material and the related synthesis protocol adopted for upscaling 
the solid base catalysts.  

Based on: “Upscaling Effects on Alkali Metal-Grafted USY Extruded Catalysts used for 
Bio-oil Deoxygenation”, Ana M. Hernández-Giménez, Laura M. de Kort, Gareth T. 
Whiting, Héctor Hernando, Begoña Puértolas, Javier Pérez-Ramírez, David P. Serrano, 
Pieter C.A. Bruijnincx and Bert M. Weckhuysen, to be submitted. 

89



4.1. Introduction 

Catalyst performance in real bio-oil upgrading can be mimicked using the individual 
reactions that are thought to occur upon bio-oil upgrading, such as aldol condensation 
of ketones or aldehydes, to reduce complexity and improve mechanistic insight. C-C 
coupling by aldol condensation results in carbon chain increase and concomitant 
deoxygenation, thus improving the bio-oil quality in terms of energy efficiency. In 
Chapters 2 and 3 of this PhD thesis vapour-phase condensation reactions, of propanal 
and acetone/furfural respectively, have been studied as model reactions for bio-oil 
upgrading with operando spectroscopy approaches. This reaction is typically catalysed 
by acid-base pairs [1-2] or by solid bases [3]. As seen in Chapter 2 and the literature, 
catalysts with mild basic strength, such as hydroxyapatites [4] and alkali metal-grafted 
zeolites [5-7], are preferred for this reaction. The latter, mildly basic zeolites show 
excellent activity in the vapour-phase conversion of propanal, with a 90% selectivity to 
the desired pathway, i.e, the aldol condensation route [6], and limited activity in the 
competitive Tishchenko reaction [8] which is favoured by stronger bases. In addition, it 
was reported that alkali metal-grafted zeolites show higher stability against coke 
formation than other mildly basic materials, such as the mentioned hydroxyapatites [7].  

The alkali exchanged-materials are obtained from USY zeolites with very high Si/Al 
ratios, e.g. 400, obtained via dealumination [9]. Silanol groups located at defect sites are 
easily deprotonated, so that metalation occurs very easily in alcoholic solutions of alkali 
metal hydroxides. In this manner the deprotonated groups coordinate alkali cations from 
the solution, hence forming basic sites [6]. The grafted atoms coordinate to at least two 
oxygen atoms, stabilizing the local environment [10]. The introduction of alkali cations 
not only creates Lewis acid sites, but conjugated acid-base pairs with framework 
oxygens [11], which are the source of the excellent catalytic performance shown by 
these materials. From the different formulas attempted with the use of different alkali 
metals -Li, Na, K, Rb and Cs- and different metal hydroxide concentrations, it was found 
that the catalyst obtained with 0.1 M KOH in methanol gave the most active and stable 
catalyst [6]. These promising results encouraged the application of this K-grafted USY 
catalyst in the vapour-phase aldol condensation of propanal using shaped catalyst 
bodies.  

Any scaling-up process requires the adaptation of model to real systems. For example, 
the transition from lab to pilot plant scale normally requires that powdered catalyst 
materials are shaped into millimetre-sized catalyst bodies [12], known to be more 
suitable for large reactor applications. Such industrially compatible, technical catalyst 
bodies are composed of multiple compounds that ideally should perform as well as their 
research parent material, while providing at the same time the mechanical strength and 
chemical stability required for industrial reactors [13]. The size and shape of these 
catalyst bodies are known to influence catalytic activity, internal and external mass 
transport, mechanical particle resistance, as well as pressure drop in large scale reactors 
[14]. For shaping powder catalysts into technical catalyst bodies several methods can 
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be used: pelletisation, granulation and extrusion are the most popular examples, with 
the latter generally being the most economical and commonly applied technique.  

Not only the shape of the technical catalyst but especially the selection of the binder as 
well as the proportions used are of crucial importance [15]. For zeolite materials, which 
have poor self-binding properties, the inclusion of binders is essential to attain durable 
catalyst bodies with the required strength and attrition resistance [12]. Binder addition 
will influence the catalytic performance by modifying the porosity, morphology and 
surface properties, however [16]. Typically, alumina, silica or clays are chosen as 
binders for creating shaped catalyst bodies [17-18]. Many examples of technical catalyst 
bodies with clays as binders are indeed reported in the literature; however, their mobile 
alkali and alkaline earth cations can easily exchange with Brønsted and Lewis acid sites 
in a zeolite framework, thereby modifying the activity and selectivity of the catalyst [16]. 
For example, Jasra et al. reported on the upscaling of zeolites mordenite and Y with 
attapulgite and bentonite, observing migration of cations between zeolites and clays, 
which resulted in decreased acidity of the zeolite [17]. Dorado et al. also reported on 
technical catalysts comprising bentonite as binder and mordenite, β- and ZSM-5 zeolites, 
for its use in n-paraffins hydroisomerisation reactions [19-21]. The strong decrease in 
acidity provoked by ion exchange between the H+ of the zeolite and the Na+ of bentonite 
resulted in a decreased conversion but enhanced selectivity, in the case of mordenite 
and ZSM-5 zeolites. In the case of zeolite β the additional incorporation of 
extraframework aluminium species led to an improvement in both the n-paraffin 
conversion and the selectivity towards branched products thanks to the meso- and 
macroporosity provided by the bentonite.  

In this Chapter it is explored the extrusion of the USY catalyst with attapulgite and 
bentonite as clay binders, and its further exposure to K-grafting in alcoholic medium. The 
manner of K introduction proved important, with only post-grafting allowing the zeolite’s 
structural integrity to be maintained. The aim is to study of the USY-clay interactions, 
before and after alkali grafting, and the effect of shaping and grafting on catalytic 
performance for the vapour-phase aldol condensation of propanal. To unravel the 
interactions between the zeolite, clay, and K-OH components a through bulk and spatial 
characterisation is performed of the shaped materials, always referenced to the powder 
catalyst and to the individual components. The catalytic tests are carried out with an 
operando set-up with Fourier-Transform Infrared (FT-IR) and either on-line mass 
spectrometry (MS) or on-line gar chromatography (GC), to monitor the catalytic 
behaviour of the materials under reaction conditions, complemented by off-line GC-MS. 
Coke content and distribution, an important indication of catalyst stability, are examined 
by thermogravimetric analysis (TGA) and Confocal Fluorescence Microscopy (CFM), for 
the extrudates. Attapulgite is found to be the best choice of binder for upscaling of the 
K-USY catalyst, preserving better the activity and stability of the primary component.
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4.2. Experimental Methods 

4.2.1. Catalyst Materials 

An overview of the catalyst systems under study and their main characteristics are 
presented in Table 4.1.  

The technical extrudate catalysts were prepared by mixing USY zeolite (Tosoh 
Corporation, HSZ390HUA, Si/Al = 405) with the relevant clay, attapulgite (Clay Minerals 
Society, PFl-1 palygorskite) or bentonite (Clay Minerals Society, SWy-3, Na-rich), in a 
70 wt.% USY: 30 wt.% clay ratio using a Caleva Mixer Torque Rheometer 3. Prior to the 
addition of water, dry powders are mixed until an homogeneous mixture is formed. The 
drop-wise addition of water (~12 mL in total) leads to the formation of a thick paste, while 
the mixer torque rheometer constantly measures the level of humidity. Once the paste 
reached the optimum solid-to-liquid ratio, extrusion proceeded by using a Caleva Multi 
Lab equipped with extruder attachment (0.5 mm dieplate). The formed cylinders were 
dried overnight, after which they were cut into 20 mm length extrudates. The extrudates 
were calcined in static air at 550 ºC (5 ºC/min) for 2 h. After extrusion, the catalysts were 
K-grafted by immersion into a 0.1 M solution of KOH in methanol for 30 min, according
to literature protocol [6]. After washing with methanol, the solid catalysts were dried at
65 ºC and calcined at 550 ºC for 2 h.

Inductively Coupled Plasma (ICP)-Optical Emission Spectrometry (OES) was used to 
determine the composition of attapulgite and bentonite, as shown in Table 4.2. Note that 
trace elements present in less than 0.5 wt.% in both clays are not listed. The elements 
detected include Ba, Cr, Ga, Mn, Ti and V for attapulgite; Mn, S, Sr, Ti, V and Zr for 
bentonite. 

Table 4.1. Overview of the solid catalysts under study. 

Catalyst Composition Shape Provider 
USY USY zeolite; 

HSZ390HUA Si/Al=405 powder Tosoh Corporation 

K-USY USY zeolite K-grafted 
(0.1M KOH (MeOH)) powder ETH Zurich 

Attapulgite Attapulgite Clay 
(see Table 4.2) powder Clay Minerals 

Society 

K-(USY/Att.) 70 wt% USY+ 30 wt% 
attapulgite + K-grafting extrudate IMDEA Energy 

Bentonite 
Bentonite Clay 
(see Table 4.2) 

[SWy-3, Na-rich] 
powder Clay Minerals 

Society 

USY/Bent. 70 wt% USY + 30 wt% 
bentonite extrudate Synthesised 

K-(USY/Bent.) 70 wt% USY + 30 wt% 
bentonite + K-grafting extrudate Synthesised 
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Table 4.2. Elemental composition of the two clays under study, as determined by ICP-OES. 

Element Attapulgite Bentonite 
Al 4.96 10.60 
Ca 1.36 - 
Fe 2.73 2.78 
K 0.58 0.45 

Mg 2.62 1.44 
Na 0.06 1.40 
P 2.82 0.02 
Si 34.7 n.a.

4.2.2. Catalyst Characterisation 

Inductively Coupled Plasma Optical Emission Spectrometry 

Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) measurements 
were performed on a Spectro Arcos ICP-OES equipped with a Paschen-Runge 
spectrometer. Emission, corresponding to K, Mg and Al was measured. Prior to analysis 
the catalyst samples were decomposed using HF and diluted using a 1 M HNO3 solution. 

Scanning Electron Microscopy - Energy-Dispersive X-Ray Spectroscopy 

Scanning Electron Microscopy (SEM) was performed on a FEI Helios nanolab 600 
DualBeam microscope. The electron beam operated at 2.00 kV at a current of 0.20 nA. 
The images were obtained from the secondary electrons with a dwell time of 1 µs. 
Energy-Dispersive X-ray spectroscopy (EDX) mapping was performed using an Oxford 
instruments silicon drift detector X-Max energy dispersive spectroscopy with an electron 
beam at 15.00 kV and a current of 0.80 nA. Prior to the SEM measurements, the samples 
were prepared by placing the cross-sectioned extrudates on a sample holder, coated 
with Pt in a Cressington 208 HR sputter coater using a Pt target. Sputtering was operated 
at 0.08 mbar Ar atmosphere with an applied current of 40 mA. The samples were rotated 
at a slight tilt to obtain a homogeneous layer of Pt. The coating was done for 200 s 
resulting in a layer of ca. 10 nm. 

X-Ray Diffraction

X-Ray Diffraction (XRD) patterns were obtained at room temperature from 5 to 90 2θº
with a Bruker-AXS D2 Phaser powder X-ray diffractometer using a cobalt Kα1,2 (λ1,2 =
1.79026 Å) source, operated at 30 kV. A step size of 0.05 (2θ)º and a scan speed of 1 s
were applied.

Argon Physisorption 

Textural properties of the materials were studied by Ar physisorption measurements at 
-196 °C using a Micromeritics Tristar 3000 equipment. The Brunauer-Emmett-Teller
(BET) method was applied to calculate the surface area. The t-plot method was applied
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to obtain the micropore volume and external surface area. The Barret-Joyner-Halenda 
(BJH) model was used to determine the mesopore volume. 

Fourier-Transform Infrared Spectroscopy 

For adsorption/desorption of probe molecules, such as CO and pyridine, followed by 
Fourier-Transform Infrared (FT-IR) spectroscopy ~15 mg of the extrudates were ground 
and pressed into self-supporting wafers (ø= 12 mm). The obtained sample was placed 
into the measurement cell. For the measurements 16 scans per spectrum were 
performed on a Perkin Elmer System 2000 with a DTGS detector. The spectra were 
recorded in transmission mode in the spectral range of 4000-400 cm-1, with a resolution 
of 4 cm−1. The catalyst was first dried in the cell under vacuum (~10-5 mbar) using a 
temperature ramp of 5 ºC/min to a final temperature of 550 ºC. This temperature was 
then kept constant for 1 h, after which the sample was cooled down to room temperature. 

For pyridine (Sigma-Aldrich, 99%) measurements (Py-FT-IR), once the sample was 
cooled down, pyridine vapors (PPy ∼11 mbar) were allowed into the cell and onto the 
catalyst. After saturation for 30 min, the cell was set under vacuum (∼10−5 mbar) for 5 
min to remove physisorbed pyridine from the sample. Subsequently, desorption was 
carried from room temperature to 550 ºC, at a heating ramp of 5 ºC/min. During the 
temperature desorption program, FT-IR spectra were taken every 25 ºC to study the 
thermal pyridine desorption.  

For CO2 adsorption and subsequent desorption (CO2-FT-IR), doses of CO2 (Linde, 
99.99%) were allowed onto the sample till a maximum pressure of ca. 10 mbar at room 
temperature. The interaction of CO2 with the catalyst was monitored by recording FT-IR 
spectra between the doses of CO2 at room temperature. Subsequently, the desorption 
was also gradually monitored until vacuum was reached.  

Temperature Programmed Desorption 

Adsorbed Carbon Dioxide Temperature Programmed Desorption (CO2-TPD) 
measurements were performed on a Micrometritics ASAP2920 apparatus. 
Approximately 100 mg of sample were dried in-situ by flowing He (50 mL/min) while a 
temperature ramp of 10 ºC/min up to 550 ºC was applied. After this temperature was 
held for 2 h, the sample was then cooled down to 50 ºC. Afterwards, CO2 was flown 
through the catalyst bed, by pulsing 10% CO2/He (Linde) until saturation. Desorption 
was started by flushing with He flow (50 ml/min) for 1 h and subsequently heating the 
sample up to 550 ºC (10 ºC/min) to induce CO2 desorption. For the calculation of the 
number of basic sites, it was assumed that only one molecule of CO2 can adsorb on a 
single site. 

Confocal Fluorescence Microscopy 

Confocal Fluorescence Microscopy (CFM) experiments were performed on a Nikon 
Eclipse 90i confocal microscope with a 100 x 0.73 NA dry objective in reflectance mode. 
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These experiments were performed on extrudate shaped catalysts. During the 
measurements, an extrudate was placed in an open in-situ cell (Linkam Instruments, 
FTIR 600) equipped with a temperature controller (Linkam TMS 93). The microscope 
was equipped with a Nikon A1 scan head. Coke deposits present in spent catalyst 
extrudates were visualised by CFM at room temperature with no further preparation 
except for cross-sectioning it in the middle.  

For analysing the accessibility of the catalyst extrudates (K-(USY/Attapulgite), K-
(USY/Bentonite) and USY/Bentonite), they were stained with carboxylate-modified 
microspheres of 0.02 μm size, FluoSpheres (ThermoFischer, 2% solids), of green-
like/yellow fluorescence. Staining (~15 µL for saturation) was done on the external 
surface of the extrudate, and the analysis was performed at the center of the cross-
section. 

For the analysis of the acidity of fresh catalysts fluorescein (dimensions ca. 4.9-5.8 Å) 
[22], was synthesised in-situ and fluorescence emission was monitored by CFM. Prior 
to the measurements, 0.5 mL of 2 M resorcinol (Sial, 99%) and 1 mL of 0.2 M phthalic 
anhydride (Acros, 99%) solutions were mixed and filled to 5 mL with absolute ethanol 
(Interchema, 99%) to obtain a 5:1 resorcinol-phthalic anhydride molar ratio. This reaction 
is catalysed by either Brønsted or Lewis acid sites [23], meaning that any type of acid 
site can be visualised. After staining the sample with 15 µL of this solution it was heated 
up to 200 °C (10 ºC/min). The stained sample was kept for 1 h at 200 ºC to react. 
Subsequently the reacted sample was submitted to analysis by CFM. In that case, 
sample illumination was performed with the 488 nm laser, while the emission was 
detected by the photomultiplier tube in the 510–550 nm range.  

Scheme 4.1. Synthesis of fluorescein [23]. 

Thermogravimetric Analysis 

Thermogravimetric Analysis (TGA) was performed with a Perkin Elmer Pyris 1 TGA 
thermogravimetric analyser. Approximately 10 mg of spent catalyst was used for this 
analysis. An air flow (60 mL/min) was employed during thermal treatment, which 
consisted of heating the sample from 50 ºC up to 700 ºC with a ramp of 10 ºC/min.  
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4.2.3. Catalytic Testing 

Wafer Samples 

Catalyst samples were prepared by grinding the material and pressing them into self-
supporting wafers (ca. 15 mg, ø= 12 mm) by applying a pressure of 90-260 MN/m2 for 
20 s. The obtained sample was placed in the reaction cell. Before reaction, the sample 
was activated under O2-flow (10 mL/min, Linde, 99.999%) at 150 ºC (10 ºC/min) for 30 
min and subsequently at 400 ºC (10 ºC/min) for additional 30 min. Following the 
activation, the flow was switched to the carrier gas N2 (10 mL/min) for 30 min. The 
reaction was started by flowing part of the N2 gas flow (5 mL/min) through a propanal-
containing saturator kept at constant temperature of 0 ºC. A second stream in parallel of 
N2 gas (5 mL/min) was flushed for dilution of the reactant stream. After 1 h of reaction, 
the propanal flow was stopped.  

Operando FT-IR measurements 

In an operando set-up combining simultaneous Fourier-Transform Infrared (FT-IR) 
spectroscopy with on-line Mass Spectroscopy (MS) or on-line Gas Chromatography with 
Flame Ionisation Detector (GC-FID), the vapour-phase aldol condensation of propanal 
over wafers of the different catalyst materials was monitored. The experimental set-up 
is schematically illustrated in Scheme 4.2a. FT-IR spectra were recorded on a Bruker 
Tensor 27 equipped with an internal DLaTGS detector. The spectra with a spectral 
resolution of 4 cm−1 were obtained by collecting 32 scans over a region from 4000 cm−1 
to 400 cm−1. On-line MS data was obtained with an Omnistar Pfeiffer Vacuum mass 
spectrometer with quadrupole detector. The data were recorded using Quadstar 32-Bit. 
Note that MS measurements do not allow for quantitative analyses, given that response 
is not linear and differs greatly from ion to ion. Every MS signal was normalised by the 
catalyst weight, by the m/z signal of the carrier gas, N2 = 28, and by the initial signal prior 
to reaction (directly bypassed to the MS).  

Complementary on-line GC-FID measurements were performed for quantitative analysis 
of the catalytic performance. GC experiments were performed on a CompactGC4.0 
Chromatograph (Interscience) with three gas analyser channels: one with TCD detector 
for measuring permanent gases, e.g. oxygen, nitrogen, argon; and two with FID 
detectors, for light hydrocarbons (C1-C3) and heavier hydrocarbons (C4-C8), 
respectively. The latter is the main FID channel used, with the detector set at 150 ºC and 
with a MXT-5 column (15 m, 0.28 mm, 1 µm). The temperature of the column was kept 
constant at 55 ºC, while the injections (1 µL) were performed at 80 ºC and 125 kPa. From 
the chromatograms obtained during reaction conversion, X, was calculated as 
X = 1–nout,prop/nin,prop; where, nout,prop is the moles of propanal leaving the reaction cell and 
nin,prop is the moles of propanal inserted in the reaction cell, at a given time. The product 
yields were calculated as Yi = ni/(nin,prop·νi), where ni is the moles of the product and νi 
the stoichiometric ratio between the product and propanal. The main products (dimer, 
aldol product and 3-pentanone) yields were calculated based on calibration curves, 
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referencing to nitrogen as internal standard (quantified by the TCD detector channel). 

The rest of the products were identified with auxiliary GC-MS measurements (vide infra), 
and grouped in families for a rough yield estimation.  

Scheme 4.2. Experimental set-up used for: a) operando FT-IR spectroscopy measurements with on-line MS 
or on-line GC-FID; b) in-situ FT-IR measurements with off-line GC-MS analysis. 

In-situ FT-IR measurements with off-line Gas Chromatography-Mass Spectrometry 

For in-situ FT-IR measurements combined with off-line Gas Chromatography-Mass 
Spectrometry (GC-MS) the experimental set-up used is shown in Scheme 4.2b. Note 
that the only difference with the operando set-up in a is that the line to the MS/GC-FID 
was replaced by a cold trap at -196 ºC where the reaction products were condensed for 
ex-situ GC-MS analyses. 

For both the in-situ and the operando measurements identical procedures for sample 
preparation, activation and reaction were used. The products condensed during 1 h of 
reaction were collected with 0.6 mL 1,4-dioxane as solvent and placed in a GC sampling 
vial for analysis. 

GC-MS experiments were performed on a GCMS-QP2010 Shimadzu apparatus with a 
VF-5MS column (30 m, 0.25 mm, 0.25 µm) equipped with an AOC-20i auto-injector. 
Each injection (1 µL) was performed at 265 ºC with column flow of 2.0 mL/min.  

Extrudate Samples 

Analogous to the runs on wafer-shaped samples, the original extrudate-shaped K-
(USY/Att.), USY/Bent. and K-(USY/Bent.) catalysts were also reacted in the same 
reaction cell used for the wafers. Pre-treatment and reaction conditions for the extrudate 
samples were exactly the same as for the wafers. The reactions were followed by on-
line MS, on-line GC-FID and by off-line GC-MS, by means of a cold trap.  
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4.3. Results and Discussion 

4.3.1. Catalyst Characterisation 

a) Structural and Textural Properties. The effects of the upscaling process on
crystallinity and pore accessibility were studied by XRD (Figure 4.1a,b) and Ar
physisorption (Figure 4.2, Table 4.3), respectively.

Figure 4.1. (a-b) XRD patterns of the catalysts series for attapulgite-bound (a) and bentonite-bound (b) in the 
range 2θ=8-45 °. (c-d) Normalised FT-IR spectra of the activated attapulgite-bound (c) and bentonite-bound 
(d) catalysts series in the region between 3800 and 3400 cm-1.

The diffraction patterns detected for both the technical catalysts are very close to the 
cubic pattern of the USY zeolite (Fd3-m [24], PDF 00-045-0112), with additional new 
features originating from the clay. For the K-(USY/Att.) catalyst (blue series in Figure 
4.1a) the new XRD peak that emerged at 31.1 (2θ)° is attributed to quartz, a common 
impurity in attapulgite. XRD analysis showed it to be essential to perform the K-grafting 
step on the extruded (and calcined) technical catalyst, and not before. As shown in 
Figure 4.1a, the crystallinity of the pre-grafted K-USY catalyst was totally lost after 
extrusion with attapulgite, denoted as (K-USY)/Att. (purple series). Note that exposure 
to the basic solution in which the grafting is performed already leads to some 
unavoidable loss in crystallinity, see e.g. the XRD pattern of K-USY (red series) which is 
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considerably less intense than the pure zeolite USY (black series). The subsequent 
exposure to water upon the extrusion process (see experimental section 4.2.1) 
apparently then led to complete structural collapse of the zeolite component. Therefore, 
grafting needs to be done post- rather than pre-extrusion. This way zeolite crystallinity 
is better preserved, provided that the pH of the solution during grafting is controlled. A 
downside of the necessary post-grafting, though, is that with the binder already present, 
the potassium can also graft to/exchange at other sites of the material than exclusively 
at the zeolite.  

For the K-(USY/Bent.) catalyst (b), besides the quartz phase, two small bentonite peaks 
at 23.2 and 25.6 (2θ)° were also detected. No signs of amorphisation were observed for 
the post-grafted technical catalyst materials, with any broad features being exclusively 
due to the clays (e.g. small XRD hump for attapulgite-bound at ca. 10 (2θ)°; for bentonite-
bound, at 8.3 (2θ)°). 

Table 4.3. Overview of the properties of the solid catalysts under study, including the two clay minerals. 

aTextural properties derived from Ar physisorption results (Figure 4.2); bcalculated by CO2-TPD; c calculated 
by Py-FT-IR at 150 ºC. dBAS = Brønsted acid sites (below 1 µmol/g for USY/Bent. and K-(USY/Bent.) 
catalysts); non-existent for USY, K-USY, Attapulgite nor K-(USY/Att.) catalysts; e Determined by TGA; f second 
value corresponds to measurements on extrudates. 
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USY 756 639 117 0.16 0.26 34 - 0.3 0.3 

K-USY 590 516 70 0.09 0.27 439 20 1.1 2.2 

K-(USY/Att.) 471 388 84 0.15 0.18 244 15 0.2; 
0.2f 

2.7; 
2.7f 

Attapulgite 58 2 58 0.14 - 294 55 0.6 5.6 

USY/Bent. 490 375 114 0.18 0.17 54 11 0; 0.2 e 2.1; 
2.1 e 

K-
(USY/Bent.) 526 440 86 0.14 0.18 15 6 0.1; 0 e 1.9; 

1.3 e 

Bentonite 27 10 16 0.05 0.004 91 8; 
(BASd=3) 0.3 3.4 
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Figure 4.2. Ar isotherms and pore-size distribution (insets) for: a) USY, b) K-(USY/Att.), c) Attapulgite, 
d) Bentonite, e) USY/Bent. and f) K-(USY/Bent.) catalysts.

The textural properties of the technical catalysts were determined by Ar physisorption at 
-196 ºC (Figure 4.2, Table 4.3). The isotherms show that K-(USY/Att.) (b) and K-
(USY/Bent.) (f), to a large extent, preserved the characteristics of the parent zeolite USY,
with its characteristic type IV isotherm, typical of mesoporous materials [25],
accompanied by a steep H3 hysteresis loop [14] (Figure 4.2a,b,e,f). By contrast,
attapulgite and bentonite themselves (c,d) showed type II isotherms, typically attributed
to meso/macroporous materials, accompanied also by a H3 hysteresis loop. Yet,
bentonite (d) showed considerably lower surface area and pore volume than attapulgite,
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with also much narrower pore-size distribution which may suggest a more impeded 
diffusivity. Isotherms of USY/Bent. (e) and K-(USY/Bent.) (f) looked the same, however 
the pore-size distribution showed reduced pore volume after K-grafting. Also, the K-
(USY/Bent.) catalyst showed some increase in surface area (Table 4.3), due to 
additional porosity/voids created by the grafting method. Experimental textural values 
obtained for the extrudates -K-(USY/Att.), K-(USY/Bent.) and USY/Bent.- closely fit to 
the USY:clay mass ratios.  

b) Composition, Accessibility and Morphology. The content in K of the technical
catalysts was 2.48 wt.%, for K-(USY/Att.) and 0.85 wt.% for K-(USY/Bent.). Given that
attapulgite contains 0.58 wt.% in K, and bentonite 0.45 wt.% (Table 4.2), this means that
for the K-(USY/Att.) catalyst 0.17 wt.% in K resulted from clay incorporation, while 2.31
wt.% was incorporated by the K-grafting process. For the K-(USY/Bent.) catalyst 0.13
wt.% in K was incorporated upon bentonite addition, and only 0.72 wt.% was
incorporated in the technical catalyst as a result of the K-grafting procedure [6]. The
differences in K loading may be likely related to either pore blockage upon bentonite
incorporation, or to differences in hydrophobicity/hydrophilicity between the USY and the
bentonite phases, attributed to their differences in composition.

How K+ is grafted to the technical catalyst was examined by FT-IR analysis of the OH 
stretching region, as plotted in Figure 4.1c,d. For the powder materials, it is known the 
potassium cations are grafted to deprotonated silanol groups of zeolite USY [10]. This is 
also at least partly the case for the technical catalyst, as confirmed by changes in the 
intensity of the νOH band of the USY catalyst, at 3738 cm-1; in addition, the νOH bands of 
attapulgite, at 3738, 3661 and 3585 cm-1 (c), also decreased upon K-grafting. The same 
was observed for the bentonite-bound catalyst (d), which showed a significant decrease 
of the 3640 cm-1 band upon K-grafting; this suggests that K+ cations coordinate to both 
deprotonated silanol groups present in the USY active phase, as well as to surface-OH 
groups present in the clay.  

The considerably lower amount of K on the bentonite-extrudate, was confirmed by SEM-
EDX (Figure 4.3). The distribution of K over a cross-section of K-(USY/Att.) (c) and K-
(USY/Bent.) catalysts (g) showed a certain gradient, starting on the edges and 
progressively moving in a radial direction inwards, suggesting diffusion limitations, with 
the distribution over K-(USY/Att.) being more homogeneous. The presence of rich-in-K 
areas coincided with rich-in-clay areas, indicated by the Al aggregates -note that Al can 
be used as a marker for the clay (b,f), given the very low Al content in the zeolite USY 
of Si/Al~400-. However, K was also found in areas with little Al, confirming that K locates 
on both the zeolite and the clay, in line with the FT-IR results. Yet, upon grafting process 
a possible exchange between K+ and other similar cations naturally present in the clays 
cannot be discarded. Particularly in the case of the bentonite-bound extrudate, Na+ is 
abundantly present and could have been exchanged, as illustrated by the Na elemental 
map (h), showing the element to be distributed over the whole extrudate section (i.e. in 
regions rich- and poor in clay). The Mg elemental map for the attapulgite-derived 
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extrudate (d) can be used as counterexample showing that Mg, which is largely present 
in attapulgite (Table 4.2), mainly remains on the clay aggregates. 

Figure 4.3. (a,e) SEM images of K-(USY/Attapulgite) (a) and K-(USY/Bentonite) (e) extrudates. (b-d,c-h) EDX 
maps of Al (red, b,f), K (blue, c,g), Mg (green, d) and Na (orange, h) in the extrudates. Al indicates the clay 
presence. The marked areas correspond to regions containing mainly clay; the arrow indicates the K-gradient. 

Figure 4.4. SEM (a,d,g) and TEM (b,c,e,f,h,i) images of: K-USY (a-c), Attapulgite (e), K-(USY/Att.) (d,f), 
Bentonite (h) and K-(USY/Bent.) (g,i).  
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Figure 4.4 includes higher magnifications of the SEM and TEM images of K-USY (a-c), 
showing the cubic morphology; K-(USY/Att.) (d,f), displayed the characteristic needle 
shapes of attapulgite (e) [27] embracing the cubic zeolite crystals and agglomerating 
more on crystal edges and defects; and K-(USY/Bent.) (g,i), showed an homogeneous 
distribution of USY and Bentonite, which has a less defined morphology mainly 
consisting of non-uniform cubes, flakes, rugged-like and amorphous shapes (h) [28].  

Staining of the K-(USY/Att.), K-(USY/Bent.) and USY/Bent. extrudates with a fluorescent 
(polar) beads of 20 nm size allowed the macro- and mesoscale accessibility of the 
catalyst bodies to be studied. The probe was found to diffuse through the entire K-
(USY/Att.) extrudate, as shown by the uniformly intense cross-section (Figure 4.5a,b). 
However in the case of the K-(USY/Bent.) extrudate (c,d) the fluorescent beads could 
only access the edges of the extrudate (~100 µm), with no diffusion seen inwards. 
Interestingly, upon staining of the USY/Bent. extrudate (e,f) it was found that, in a similar 
way as for the K-grafted counterpart, the probe mainly accessed the outer edge. This 
limited accessibility is in line with the low K loading seen for the bentonite extrudate after 
grafting. Although the Ar physisorption measurements did not reveal this, it seems clear 
from the staining studies that, locally, bentonite can provoke pore blockage in the 
bentonite-derived extrudates. 

Figure 4.5. Cross-sectioned stained (yellow FluoSpheres, 20 nm) extrudates, focusing on edges (a,c,e) and 
centers (b,d,f): (a,b) K-(USY/Att.), (c,d) K-(USY/Bent.), (e-f) (USY/Bent.).  

103



c) Basicity Properties. The nature and strength of the basic sites present in the
catalysts before and after K-grafting and extrusion with clay were studied by CO2-FT-IR
spectroscopy (Figure 4.6) and CO2-TPD. Figure 4.6 shows the CO2-FT-IR spectra
collected for all the catalyst materials, including bare USY as reference. Generally, a free
carbonate gives an absorbance band at 1415 cm-1 which splits when a carbonate is
adsorbed bidentately onto a surface, e.g. as the result of the interaction of CO2 with a
surface basic site [11], [29]. For the K-(USY/Att.) catalyst (d) multiple adsorbed bidentate
carbonate species emerged upon interaction of CO2 with surface basic sites; presumably 
due to oxygens anchored to K+ species, causing split vibrations at around 1631 cm-1 and
ca. 1371 cm-1. The splitting of the degenerate asymmetric ν3 vibration of adsorbed CO32-

, Δν3, was thus ca. 260 cm-1, confirming its bidentate coordination mode (>250 cm-1,
[29]). These basic sites are present to a larger degree in K-USY (b), for which the K-
grafting process induced basic oxygen sites. The bands at 1633 cm-1 and 1349 cm-1 (Δν3

284 cm-1) are again ascribed to bidentate carbonates coordinated to oxygen bound to a
K+ site. The absorption bands at 1682-1668 cm-1 and at 1407 cm-1 correspond to surface
bicarbonate species formed by reaction of CO2 with OH groups [30-32], indicating that
basic hydroxyl groups are also preset (see band arising at ~3670 cm-1 in inset). In
contrast, for the K-(USY/Att.) catalyst the lack of any well-defined band at ~3800-3600
cm-1 suggests that such hydroxyl groups are not present.

Both oxygen and hydroxyl basic sites were absent in the USY catalyst (a) for which solely 
linearly adsorbed CO2 (g) at 2345 cm-1 (see inset) was observed [29]. Attapulgite (c), by 
contrast showed one bidentate coordinated carbonate species at 1631 cm-1 and 1422 
cm-1. The small Δν3 splitting of 209 cm-1 is indicative of the intermediate strength of its
basic sites. The K-grafting process thus generates oxygen and hydroxyl basic sites in
the USY zeolite, while the addition of attapulgite provides basic oxygen sites.

Different from the attapulgite-based catalysts, the bentonite-based catalysts hardly 
showed any basicity. It should be noted that the existence of only a basic site is sufficient 
for CO2 to form monodentate carbonates, while both a basic site and a metal cation will 
be involved in bidentate carbonate formation [8]. Bentonite (e) showed only a very weak 
signal for a monodentate carbonate species at 1628 cm-1, which was also seen for the 
USY/Bent. sample (g) and for the K-(USY/Bent.) catalyst (f). 

The concentration of basic sites was quantified by CO2-TPD, as reported in Table 4.3. 
The TPD data confirmed the lower amount of basic sites in the K-(USY/Att.) technical 
catalyst compared to the research catalyst K-USY. This drop in basicity after scaling-up 
is not just the result of zeolite dilution, given that attapulgite itself also showed a high 
amount of basic sites. It is most likely due to some clogging upon extrusion and to the 
lower efficiency of potassium incorporation. The basicity loss seen after K-grafting of the 
USY/Bent. catalyst again showed that K+ interacts poorly with the zeolite, which instead 
seems to interact mostly with the clay. The very small amount of CO2 desorbed from the 
bentonite-bound samples during TPD is in line with the low basicity observed by CO2-
FT-IR.  
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Figure 4.6. Normalised FT-IR spectra of the catalyst materials during CO2 adsorption (from vacuum to PCO2~10 
mbar) at room temperature: (a) USY, (b) K-USY, (c) Attapulgite, (d) K-(USY/Att.), (e) Bentonite, (f) K-
(USY/Bent.) and (g) USY/Bent. 
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d) Acidity Properties. The nature, strength and distribution (on the extrudates) of the
acid sites present in the catalysts before and after K-grafting and extrusion with clay
were determined by Py-FT-IR (Figure 4.7) and in-situ fluorescein synthesis visualised by
CFM (Figure 4.8).

No absorption bands associated with Brønsted acid sites could be observed in the FT-
IR spectra for the attapulgite-bound catalysts (Figure 4.7 c-d) [33-34]. In contrast, 
absorption bands ascribed to hydrogen-bonded pyridine (H-bonded Py) -with 
absorbance bands around 1440-1450 cm-1 (ν19b) and 1580-1600 cm-1 (ν8a)- and pyridine 
coordinated to Lewis acid sites (PyL) -absorbing at 1440-1460 cm-1 and 1600-1635     
cm-1- were seen for every material. H-bonded Py was only seen at low evacuation
temperatures, i.e. below 150 ºC, for the USY catalyst (a) with the main absorption bands
at 1446 (see inset) and 1596 cm-1, illustrating its very weak acid character. After K-
grafting (b) the Lewis acid character of the sample increased, as indicated by the 1590
cm-1 band which is likely attributed to a PyL-complex formed on a K+ site. The PyL-K+

band disappeared at 200 ºC, illustrating its weak strength. In the spectra obtained on the
K-(USY/Att.) catalyst (d) two clear PyL bands could be observed: at 1591 cm-1, created
upon K-grafting as previously observed for the K-USY catalyst (b); and at 1608 cm-1,
arising from strong Lewis acid sites created upon attapulgite incorporation. For
Attapulgite (c) three intense absorption bands at 1622, 1614 and 1609 cm-1 remained
adsorbed till 350 ºC. These bands can be ascribed to PyL species formed on strong
Lewis acid sites of the Attapulgite, associated with its Fe3+, Mg2+|Ca2+ and Al3+ cations
[35-38] (Table 4.2). In contrast to the attapulgite-bound catalysts, the bentonite-bound
catalysts showed some small presence of Brønsted acid sites, extinguished when
grafted in basic media. For Bentonite (e), absorption bands ascribed to pyridine
interacting with both Brønsted (PyH+, 1639 and 1545 cm-1) and Lewis (PyL, 1621 and
1609 cm-1) acid sites were seen at 150 ºC. The 1621 cm-1 and 1609 cm-1 bands are likely
assigned to Py interacting with Fe3+ and Al3+ sites, respectively [35], [37]. The PyH+-band
disappeared at 250 ºC, whereas the PyL-bands remained adsorbed up to 300 ºC,
indicating the intermediate strength of the Brønsted acid sites and the strong nature of
the Lewis acid sites, respectively.

For USY/Bent. (g) the same absorption bands as those observed for bentonite were 
seen at 150 ºC, i.e. 1639, 1621 and 1609 cm-1. Besides, another band at 1596 cm-1 -
previously seen for USY at temperatures below 150 ºC (a) and assigned to H-bonded 
pyridine- was seen adsorbed until 200 ºC, indicating the Brønsted acid character 
acquired upon bentonite inclusion. For the K-(USY/Bent.) catalyst (f) the same bands 
were seen as for non-grafted USY/Bent. However, the PyL band expected at 1590   cm-

1 upon K-grafting procedure, in analogy with K-USY (b) and K-(USY/Att.) (d) catalysts, 
could not be seen; this could be due to the low K loading achieved in the K-(USY/Bent.) 
catalyst. Besides, the bands attributed to PyH+- and PyL-complexes in USY/Bentonite 
catalyst (g) seemed less intense after K-grafting (f). Therefore, for the bentonite-bound 
catalyst an overall drop in Lewis acid site was seen upon K-grafting, likely because of 
the impeded diffusivity, banning the accessibility of pyridine to the acid sites. Indeed, 

106



quantification of the acid sites at 150 °C confirmed that K-(USY/Bent.) had ~ 42% less 
acid sites than USY/Bent. (Table 4.3). 

Figure 4.7. Normalised FT-IR spectra of the catalyst materials during Py desorption from room temperature 
(blue) till maximum desorption temperature (red): (a) USY, (b) K-USY, (c) Attapulgite, (d) K-(USY/Att.), (e) 
Bentonite, (f) K-(USY/Bent.) and (g) USY/Bent. Spectra highlighted in grey correspond to the spectra taken at 
150 °C.  
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The spatial distribution of the Lewis acid sites in the shaped K-(USY/Att.) catalyst was 
visualized by CFM by in-situ fluorescein synthesis from resorcinol and phthalic acid. This 
staining reaction is known to be catalysed by any type of acid site [23]. A cross-section 
of extrudate after 1 h of staining reaction, is shown in Figure 4.8. Acid sites on the K-
(USY/Att.) catalyst (a), seemed to distribute very heterogeneously. Areas with little or no 
fluorescence could be seen (4) attributed to voids in the material, whereas there were 
other areas with intense fluorescence (2) (see emission spectra in b); also, a gradient in 
intensity was seen from the edge of the extrudate inwards ((1) and (3), respectively). 
Areas of higher fluorescence intensity (2) can be correlated with the attapulgite domains 
that contain relatively strong Lewis acid sites, as previously seen by Py-FT-IR. On the 
other hand, the gradient in fluorescence intensity can be attributed to diffusion limitations 
of the reaction. The cross-sections and acid site distributions for USY/Bentonite and K-
(USY/Bent.) extrudates are displayed in Figure 4.8c-d, both showing similar 
fluorescence distributions, with very low intensities. Yet, areas with little (2, 3) and no 
fluorescence (4) were observed that correspond to bentonite-containing areas and 
pores/voids, respectively. In contrast to the CFM image of the K-(USY/Att.) catalyst (a), 
no gradient in fluorescence intensity was observed, illustrating the poor diffusion of the 
reactants/product which, despite their small size (~ 6 Å) cannot diffuse through the 
catalyst extrudate, in line with the pore blockage of the bentonite-extruded sample. 
Alternatively, it could be the case that reactants, resorcinol and phthalic acid, cannot find 
sufficient population of acid sites to carry the reaction, hence hardly forming resorcinol.  

Figure 4.8. Confocal Fluorescence Microscopy (CFM) image (a) and spectral information (b) obtained on the 
cross-section of the K-(USY/Att.) extrudate after staining and synthesis of fluorescein at 200 ºC for 1 h. λex = 
488 nm; detection 500-560 nm. (c-d) CFM images obtained on USY/Bentonite (c) and K-(USY/Bent.) (d).  
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4.3.2. Catalytic Testing 

a) Catalyst Activity and Selectivity. Operando FT-IR (Figure 4.11) experiments with
either on-line GC-FID (Figure 4.9) or on-line MS (Figure 4.10) were performed to test
catalyst activity in the vapour-phase propanal aldol condensation for 1 h. Analysis of the
selectivity was qualitatively complemented by off-line GC-MS.

On-line GC-FID results showed that the research catalyst K-USY (red series, Figure 
4.9a) is the most active, giving the highest values of propanal conversion and yield 
towards the desired product, the aldol condensation dimer, 2-methyl-2-pentenal. The low 
activity shown by the USY catalyst (black series in Figure 4.9a) demonstrated the 
importance of introducing acid/base pairs by K-grafting (Table 4.4). Off-line GC-MS 
measurements showed that the dimer was formed with every sample studied, its 
formation being most pronounced for K-USY. This catalyst proved highly selective, with 
only minor amounts of light C1-C3 by-products, such as acetaldehyde and ethanol [39-
40] (Figure 4.9c-d, Table 4.4) and by-products derived from the dimer such as
methacrolein, 2-methylene-4-pentenal and other C6 isoalkenes [40]. In contrast, little
dimer was detected with the USY catalyst, rather showing 3-pentanone and other
additional oxygenated by-products such as propyl propionate derived from the
Tishchenko reaction and ketonisation (Scheme 2.1) [7], [41].

The technical catalyst K-(USY/Att.) (blue series Figure 4.9a) showed a lower dimer yield 
than the parent material, almost constant at ca. 5.7 wt.%. By-products identified by GC-
MS included trimers (C9) such as 3-hydroxy-2-methylpentylpropionate, likely formed via 
either consecutive Tishchenko reactions [42] or via aldol condensation and subsequent 
Tishchenko reaction [8], in addition to the dimer, propyl propionate and 3-pentanone. A 
relatively high propanal conversion but poor selectivity towards the dimer was shown by 
attapulgite (orange series, Figure 4.9a), being more evident with increasing time-on-
stream. Instead, attapulgite was very selective towards 3-pentanone (c), with additional 
by-products, such as monoformate-1,2-ethanediol as well as cyclic compounds such as 
3-hydroxycyclohexanone [43] being detected by GC-MS. Indeed, also the MS results
(Figure 4.10) suggested that attapulgite (d) produced propyl propionate and 3-pentanone
more extensively than K-(USY/Att.) (c) which, in turn showed a lower activity and
selectivity than the K-USY catalyst (b). The increasing m/z signal of the intermediate
aldol product for attapulgite, 3-hydroxy-2-methylpentanal, suggests that dehydration
might be the slowest stage in the surface reaction step, in line with considersations
presented in Chapter 2 of this PhD Thesis [7]. In contrast, for the K-USY and K-
(USY/Att.) catalysts C-C coupling might be the rate determining step, given the absence
of a signal for the intermediate aldol product [7].

K-(USY/Bent.) (green series, Figure 4.9b) was less selective towards aldol condensation 
than K-(USY/Att.) catalyst (a). It was also apparent by MS, showing that K-(USY/Bent.) 
(e) has much more intense m/z signals for 3-pentanone and other by-products than K-
(USY/Att.) catalyst (c). Grafting of USY/Bent. with potassium again improved dimer
selectivity though. Off-line GC-MS confirmed the low selectivity of the non-grafted
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USY/Bent. catalyst, showing mainly carboxylic acid and esters in addition to the dimer 
and 3-pentanone. The K-(USY/Bent.) catalyst also showed Tishchenko- and aldol 
condensed-derived linear oxygenated by-products. Bentonite only, with its high 
adsorbance and swelling capacity [44], gave a high propanal conversion but low yields 
(Figure 4.10f), indicating that propanal remained adsorbed onto the catalyst.  

When comparing catalytic for wafer-shaped and extruded-shaped catalysts, in the case 
of K-(USY/Att.), K-(USY/Bent.) and USY/Bent., some differences could be observed, as 
reflected in Table 4.4. In general, higher conversion values were observed for the 
extrudates, likely not due to real propanal conversion but to the diffusion constrains for 
the extrudates which detain reactants/products in the inside of the body. In a similar 
fashion, product yields (although only determined for the aldol dimer) were 
correspondingly lower for the extrudates. 

Figure 4.9. (a-b) Propanal conversion (left axis) and dimer yield (right axis) on wafer-shaped catalysts during 
1 h reaction, obtained by on-line GC-FID. (c-d) Product distribution at t = 20 min (e) and t = 60 min (f), as 
estimated from the on-line GC-FID and off-line GC-MS data.  

Figure 4.11 shows the evolution of the operando FT-IR spectra with increasing time-on-
stream. In line with the catalytic data (Table 4.4), K-(USY/Att.) (c) showed a selectivity 
between K-USY (b) and attapulgite (d). Less aldol dimer and aldol trimer products were 
detected than with K-USY, as indicated by the lower intensity of the 1700 (νC=O) and 
1685 cm-1 (νC=C) stretching bands for the dimer, and 1636 cm-1 (νC=C) band for the trimer 
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(Table 2.2, [7]). While product features can be clearly seen for K-USY, the FT-IR features 
detected with USY (a), exclusively show gas phase propanal, with product features 
lacking. For both the K-USY and K-(USY/Att.) catalysts the FT-IR features of adsorbed 
propanal (as indicated by the negative intensity of the SiOH band at ca. 3740 cm-1) 
dominate over those of the products, suggesting that the surface reaction is the limiting 
step of an Eley-Rideal type reaction, as suggested in Chapter 2. The FT-IR spectra of 
the bentonite-bound catalysts (Figure 4.11f-g) also support its poorer activity compared 
to the attapulgite-bound catalysts (c). Besides features of adsorped propanal at 2992-
2696 cm-1 (C-H stretch), 1761 and 1733 cm-1 (C=O stretch), only very weak aldol dimer 
features were detected at 1700 (νC=O) and 1685 cm-1 (νC=C). No meaningful differences 
could be found by FT-IR spectroscopy among the bentonite-bound catalysts.  

Figure 4.10. On-line mass spectrometry (MS) data obtained during the 1 h vapour-phase aldol condensation 
of propanal at 400 ºC for: a) USY, b) K-USY, c) K-(USY/Att.), d) Attapulgite, e) K-(USY/Bent.) and f) Bentonite 
wafer-shaped catalysts. Experimental data have been normalised by the m/z signal of the carrier gas, i.e. N2, 
28, by the catalyst weight and by the initial signal intensity. The dashed line indicates where the propanal flow 
is stopped. 
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Table 4.4. Conversions and yields at selected times-on-stream for the different wafer-shaped catalysts under 
study. For K-(USY/Att.), K-(USY/Bent.) and USY/Bent. catalysts conversion and dimer yield results obtained 
for the extruded-shaped materials are indicated into brackets. 

TOS 
(min) 

Xprop. 
(%) 

Ydimer 
(%) 

Yaldol 
(%) 

Y3-pent.
(%) 

YC1-C3 
(%) 

YMethacr.

+ isoalken.
(%)

YC6-C9 
(%) 

Blank 

20 67.4 0.5 - 0.3 2.3 0.2 0.2 

32 72.4 3.4 0.1 0.6 1.9 0.2 0.2 

52 84.3 5.6 0.1 0.6 1.1 0.1 0.2 

USY 

20 28.3 4.9 0.8 4.1 8.0 2.5 3.7 

35 41.8 2.8 0.6 3.5 7.5 2.0 1.6 

60 45.4 2.9 0.4 3.2 6.3 1.7 1.3 

K-USY

20 51.2 5.4 1.2 3.8 3.7 4.1 2.0 

35 50.8 7.9 0.9 2.8 3.5 2.2 1.7 

60 51.7 8.4 0.6 2.8 3.6 3.5 1.3 

K-(USY/Att.) 

20 37.7 
(56.0) 

5.7 
(3.9) 2.0 4.8 4.2 2.6 2.4 

35 35.8 
(55.1) 

5.8 
(4.2) 2.2 4.7 4.3 2.6 2.2 

60 35.2 
(55.7) 

5.6 
(5.2) 2.0 4.4 4.4 2.4 2.0 

Attapulgite 

20 44.1 8.0 1.7 20.5 5.2 4.9 8.9 

35 39.6 5.3 1.4 13.4 4.8 3.5 5.1 

60 36 4.7 1.0 7.7 4.9 2.5 3.3 

Bentonite 

20 41.6 4.1 1.0 4.1 5.2 1.9 1.7 

35 41.9 3.3 0.6 2.8 5.3 2.2 1.8 

60 41.9 2.3 0.4 2.1 5.3 1.4 0.8 

USY/Bent. 

20 49.9 
(62.8) 

4.7 
(3.1) 0.8 6.4 5.5 2.6 3.8 

30 49.9 
(62.5) 

4.3 
(4.0) 0.6 4.7 5.6 2.2 2.6 

60 49.3 
(57.1) 

3.7 
(3.3) 0.4 3.9 5.4 1.9 2.0 

K-(USY/Bent.) 

20 36.6 
(44.9) 

4.9 
(5.5) 1.4 5.9 4.9 2.5 2.6 

35 37.1 
(36.6) 

4.8 
(4.9) 0.9 4.1 5.2 2.2 1.8 

60 38.2 
(37.5) 

4.7 
(4.3) 0.7 3.7 5.2 2.0 1.6 
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Figure 4.11. Selected operando FT-IR spectra with time-on-stream during the 1 h vapour-phase aldol 
condensation of propanal at 400 °C, for the wafer-shaped catalyst series: a) USY, b) K-USY, c) K-(USY/Att.), 
d) Attapulgite, e) Bentonite, f) USY/Bent. and g) K-(USY/Bent.).

b) Catalyst Stability. Coke formation is considered the main cause for catalyst
deactivation in this reaction. Hence, coke formation was monitored for 1 h of reaction by
FT-IR spectroscopy (Figure 4.11) and afterwards quantified by TGA (Figure 4.12, Table
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4.3). Likewise, the distribution of coke over the extrudates was examined by CFM (Figure 
4.13).  

FT-IR spectra showed the coke band at ca. 1582 cm-1 [45] to be less intense for K-
(USY/Att.) (Figure 4.11c) than for K-USY (b), probably due to the lower C-C coupling 
activity. On the other hand, attapulgite (d), poorly selective but very active, produced 
much more coke. Expectedly, coke formation was less intense for the bentonite-derived 
catalysts (e-g), given their lower activity. In line with the FT-IR observations, the amount 
of coke formed on K-(USY/Att.) (Figure 4.12a, blue series), with maximum combustion 
temperature at ~441 ⁰C, was slightly lower than for the K-USY catalyst (red series); the 
nature of coke seemed softer on the latter however, having a maximum combustion 
temperature at ~361 ⁰C. Extrudate-shaped K-(USY/Att.) showed exactly the same 
amounts and type of coke than the wafer, evidencing the good diffusivity through the 
body, showing that the results from the wafer studies are relevant for the whole 
extrudates. Note that the apparent differences in weight loss (dashed and continuous 
blue series) are not due to coke, but to the water content of the extrudates, which are 
less efficiently pre-activated (to remove moisture and impurities) before reaction. The 
coke formed on the K-grafted (Figure 4.12b green) and non-grafted USY/Bent. (grey) 
catalysts was very similar in amount (both roughly 2 wt.%, Table 4.3) and nature 
(Tmax,comb ~ 475 ºC and 510 ºC for grafted- and non-grated catalysts, respectively). Coke 
in USY/Bent. and K-(USY/Bent.) catalysts presented heterogeneities in poly-aromaticity, 
evidenced by the shapes of the TGA curves from 450 to 700 °C, in a similar fashion as 
Bentonite. Differences between wafer (continuous line) and extrudate (dashed) shapes 
were evident for the K-(USY/Bent.) sample, which will be further examined by CFM 
(Figure 4.13).  

Figure 4.12. Thermogravimetric Analysis (TGA) plots for the catalyst series, attapulgite-bound (a) and 
bentonite-bound (b). For technical catalysts are shown TGA curves for both wafer-shaped (continuous line) 
and extruded-shape (scattered lines).  

The CFM image of a cross-sectioned, spent K-(USY/Att.) extrudate (Figure 4.13a) 
showed areas of higher intensity (labelled as 1), whose emission spectra (d) indicate 
that there is twice as much fluorescence than average (shown as 2). Both areas showed 
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similar profiles, though, with a λmax at ~580 nm indicating the hard nature of the 
carbonaceous species [46]. The regions of high fluorescence intensity correspond to 
rich-in-attapulgite domains, which apparently produce more and harder coke than the 
USY domains, as also evidenced by the large amounts of coke detected by TGA for 
attapulgite, likely as a result of its strong Lewis acid sites. While in K-(USY/Att.) the clay 
and zeolite seemed to be fairly evenly distributed over the cross-section (Figure 4.13a), 
for the bentonite sample (c) a shell could clearly be distinguished at the edge of the 
cross-section. This shell, which contains more potassium (Figure 4.5c,e), showed less 
and softer coke (i.e. H-richer) (see 4 in Figure 4.13c,e) than the centre of the cross 
section (see 3). Note that in the shell (4) the emission profile was very close to the one 
of the K-(USY/Att.) extrudate, with λmax~580 nm. In line with the limited grafting, the 
nature of the the coke formed in the middle of the cross-section of K-(USY/Bent.) was 
the same as the coke over USY/Bent. (see 1 and 2 in b,e), showing a large poly-
aromaticity with λmax~640 nm. This again suggests that K-grafting reduces catalyst 
deactivation by coke formation, as a result of Brønsted acid sites removal. Both catalyst 
extrudates, namely USY/Bent. and K-(USY/Bent.), showed areas of yellowish 
fluorescence associated to bentonite clay domains, which, upon detailed examination 
show an outer yellow ring (5) and a greenish inside (6), where coke might be of a softer 
nature. These eggshell clay domains were not observed for the attapulgite domains in 
the K-(USY/Att.) extrudate, which looked more uniform (1, Figure 4.13a,d).  

Figure 4.13. (a-c) Confocal Fluorescence Microscopy (CFM) images on the cross-section of spent K-
(USY/Att.) (a), USY/Bent. (b) and K-(USY/Bent.) (c) extrudate catalysts. (d-e) Corresponding spectral 
information of the regions of interest of K-(USY/Att.) (d), and USY/Bent. and K-(USY/Bent.) (e). λex = 404, 488, 
561 and 642 nm. 
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4.4. Conclusions 

Two alkali-grafted USY/clay extrudate catalysts were synthesised, extensively 
characterised, and catalytically tested in the vapour-phase aldol condensation of 
propanal by using operando and in-situ approaches. The addition of either attapulgite or 
bentonite clays led to compositional, morphological, textural and structural changes in 
the catalyst. A more intimate interaction was seen between USY and the attapulgite 
phase compared to bentonite. Staining of attapulgite- and bentonite-bound extrudate 
catalysts with a non-reactive fluorescent probe demonstrated that the accessibility of the 
extrudate was impeded only for the bentonite-based material. Inclusion of both the clays 
did strongly modify the acid/base properties of the catalyst: extrusion with attapulgite 
incorporates strong Lewis acid sites, and mild oxygen basic sites, while bentonite 
creates weak Brønsted and strong Lewis acid sites, incorporating however hardly any 
basicity. 

K-grafting on the already synthesised extrudates rather than the powders better
preserves the zeolite’s structural integrity. Less potassium was found to be incorporated
in the bentonite-based sample, due to the impeded accessibility of the USY/Bent.
Extrudate, with the post alkali metal grafting gave a shell-like distribution of potassium.
The necessity to expose the zeolite post rather than pre-extrusion, complicates catalyst
synthesis as the binder present is not innocent during the alkaline grafting procedure.
Indeed, ion exchange can occur, for example between the Na+ cations in bentonite and
the K+ in solution happened.

The two upscaling steps, i.e. the clay addition and extrusion and the post-grafting, led to 
a decrease in activity compared to powdered K-USY. Nevertheless, K-(USY/Att.) 
performed significantly better than K-(USY/Bent.), showing a higher selectivity towards 
the aldol condensation products. While K-(USY/Att.) produced more coke than its 
bentonite-counterpart, the coke was of softer nature, which may facilitate its removal and 
thus catalyst regeneration. Attapulgite is thus clearly preferred over bentonite as binder 
for synthesising the extrudates.  
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5. Shaped Catalyst Bodies for Catalytic Fast Pyrolysis: Effects of
ZrO2 Incorporation into a ZSM-5 Catalyst and Granulation with
Attapulgite
A tailored zeolite ZSM-5-based catalyst has been developed for bio-oil production by ex-
situ Catalytic Fast Pyrolysis (CFP) of wheat straw lignocellulosic biomass. Using a 
desilicated ZSM-5 catalyst as primary component, the effect of promotion with ZrO2 
(ZrO2/s-ZSM-5(DS)), and subsequent granulation with attapulgite as binder ((ZrO2/s-
ZSM-5(DS))/Att.) on catalyst performance, has been assessed. ZrO2 promotion in 
particular, but also granulation with attapulgite, lowered the cracking activity of the 
catalyst, maximising the liquid bio-oil yield. The catalytic results could be connected to 
changes in the material’s physicochemical properties. Extensive characterisation of the 
ternary catalysts by bulk and spatially resolved analytical techniques provided insight 
into the role of the individual components within the tailored catalyst body. ZrO2 is 
partially deposited inside the zeolites’ micropores and partially on the external surface 
of the zeolite, in the form of non-crystalline nanoparticles. The textural, morphological 
and structural properties of the zeolite ZSM-5 were nevertheless largely preserved, as 
shown by Ar physisorption, electron microscopy and XRD and solid-state NMR, 
respectively. NH3- and pyridine TPD measurements and UV-Vis microspectroscopy after 
4-fluorostyrene staining showed some attenuation in the Brønsted, but also Lewis, type
of acidity upon ZrO2-promotion. Attapulgite addition modified the textural catalyst
properties to a larger extent, resulting in a general drop in surface area and volume, and
acidity. The Brønsted sites significantly decreased, while new Lewis acid sites were
created as a consequence of ion exchange between zeolite protons and Mg2+ from
attapulgite. For both ZrO2-promoted and granulated with attapulgite catalysts, this
mitigation of acid strength and density decreased excessive cracking activity, positively
impacting catalyst stability by means of limiting coke formation, eventually resulting in
improved catalyst stability. While the zeolite’s crystallinity is well preserved overall, some
structural changes were observed, including a partial shift of framework Al species to the
extraframework (AlNF), and also certain dislocation of AlNF species. The ternary catalyst
positively combined the effects of ZrO2 and attapulgite addition: it performs well in CFP,
yielding a high liquid bio-oil fraction with reduced oxygen content. The insights gained in
the effects of shaping the CFP catalyst, which have so far only been limitedly studied in
the open literature, will aid further upscaling efforts for CFP.

This chapter was, in part, published as: “Engineering the Acidity and Accessibility of the 
Zeolite ZSM-5 for Efficient Bio-oil Upgrading in Catalytic Pyrolysis of Lignocellulose”, 
Héctor Hernando, Ana M. Hernández-Giménez, Cristina Ochoa-Hernández, Pieter C.A. 
Bruijnincx, Klaartje Houben, Marc Baldus, Patricia Pizarro, Juan M. Coronado, Javier 
Fermoso, Jiri Čejka, Bert M. Weckhuysen and David P. Serrano, Green Chem. 20 (2018) 
3499-3511; and also in part, based on: “Performance of the ZrO2/ZSM-5-Attapulgite 
Catalyst for Bio-oil Upgrading during Biomass Pyrolysis”, Héctor Hernando, Ana M. 
Hernández-Giménez, Eleni Heracleous, Pieter C.A. Bruijnincx, Patricia Pizarro, Angelos 
A. Lappas, Bert M. Weckhuysen and David P. Serrano, to be submitted.
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5.1. Introduction 

Biomass catalytic fast pyrolysis (CFP) is an attractive pathway for liquid bio-oil 
production from lignocellulosic biomass, given the simplicity of the process, which takes 
place at atmospheric pressure, moderate temperatures and with short residence times 
[1-2]. Zeolite ZSM-5 has been frequently used as catalyst for the fast pyrolysis of 
biomass, either alone [1], [3] or in combination with promoters, such as Ni or Ga [4-5]. 
Its particular shape selectivity, acidity and thermal stability, results in the production of a 
potentially high-quality bio-oil (after additional upgrading by deoxygenation). A common 
limitation of zeolite ZSM-5 in this process is its propensity to deactivation, as the 
micropores of zeolite ZSM-5 get easily blocked by coke formation during pyrolysis [3]. 
One way to address this issue is to incorporate mesopores in the zeolite ZSM-5, e.g. by 
desilication [6], which has shown to significantly improve its stability with time-on-stream 
[7-8].  

A significant challenge for any catalytic process involves the issues associated with 
upscaling the chemical process from lab to bench and ultimately pilot plant scale 
application, which requires shaping of the powdered catalysts into millimeter-sized 
catalyst bodies [9-12]. Such technical catalyst bodies provide higher mechanical 
resistance and lower pressure drops, making them more convenient for use in large 
chemical reactors [12], yet should also ideallypreserve the catalytic performance shown 
by the parent powder materials. Some examples of extrusion of zeolite ZSM-5 with clays 
as binder material can be found in the literature, for instance as catalyst for the 
transformation of dimethyl ether into light olefins [13]; in this case long term catalyst 
stability improved when boehmite was used as binder, which also resulted in improved 
selectivity towards light olefins compared to the parent zeolite ZSM-5 catalyst.  

Binder effects on zeolite ZSM-5 performance in CFP have not yet been reported though, 
to the best of our knowledge, and are the subject of this Chapter. Here, CFP is envisaged 
as the first step of a three-stage catalytic cascading strategy, as outlined in Chapter 1, 
in which the bio-oil obtained by CFP is further upgraded by additional deoxygenation 
and hydrodeoxygenation steps to give a bio-oil with better fuel properties, i.e. a lower 
content in water and oxygen, higher energy density and limited corrosiveness and 
viscosity [14]. The final bio-oil product might thus be suitable for its use together with 
fossil-derived fuels, directly implementable in current technologies [15]. The ex-situ CFP 
process studied here (the first step of the cascade outlined in Chapter 1), involves the 
thermal treatment of wheat straw at atmospheric pressure and 550 ºC, after which the 
biomass vapours are flown over a fixed bed of solid catalyst for catalytic pyrolysis.  

The main objective of this Chapter is to study the role and location of the individual 
components in the shaped catalyst material (ZrO2/s-ZSM-5(DS))/Att. and the effect of 
their addition on catalyst performance. ZrO2/s-ZSM-5(DS), used in powdered form, 
recently proved to be an outstanding catalyst for lab scale pyrolysis (denoted as ZrO2/h-
ZSM-5 in [16]). The catalysts were shaped as granulates of diameters varying between 
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2-3 mm, consisting of 70 wt% of a desilicated ZSM-5 zeolite wet-impregnated with ZrO2

(10 wt%), and 30 wt% of attapulgite clay as binder. ZrO2 was used to promote the activity
of the catalyst in oxygen removal, given its reported activity for different biomass
transformations, including deoxygenation reactions such as ketonisation [17] and aldol
condensation [18]. For instance, Sani et al. reported on the enhanced performance of
sulphated Zr-promoted zeolite ZSM-5 for the transformation of used frying oil into
biodiesel, [19] while Li et al. modified zeolite ZSM-5 with ZrO2, among other dopants, for
its use in cellulose catalytic pyrolysis, demonstrating an improved product distribution
[20]. Attapulgite was chosen as binder material, typically required in a technical catalyst
to increase mechanical strength upon hardening [21-22]. This natural clay is a
magnesium aluminium phylosillicate, containing some (mobile) cations such as Mg2+,
Fe2+/3+ and Ca2+; these clays contain strong Lewis acid sites, as a result of these cations,
and also mildy basic oxygen sites, as already shown in Chapter 4 of this PhD thesis.
This bifunctionality of the clay, in combination with its macroporosity, can positively
modify the catalyst properties [22-23], in some cases leading to improvements in
selectivity and stability. For example, Michels et al.  demonstrated the benefits of using
zeolite ZSM-5 extruded with attapulgite in the methanol-to-hydrocarbons (MTH)
reaction, which enhanced light olefins selectivity [11].

Here, we report on catalyst performance combined with extensive analysis of the 
materials using bulk and spatially resolved characterisation techniques, to understand 
the relation between structure and catalyst performance. In particular, the effect of ZrO2 
and attapulgite on the morphology, acidity, textural and structural properties of the ZSM-
5 zeolite, as well as the effect of shaping on the location of the zeolite, ZrO2 and clay 
components is researched. Both ZrO2 addition as well as granulation with the attapulgite 
binder is shown to be beneficial for CFP performance, with these positive effects mainly 
being attributed to the modulated acidity of the system.  

5.2. Experimental Section 

5.2.1. Catalyst Materials 

The catalyst materials under study are shown in Figure 5.1 and their chemical 
composition and shape is given in Table 5.1. 

The desilicated ZSM-5 catalyst was synthesised by Silkem. The original ZSM-5 catalyst 
(Si/Al~18) was subjected to desilication by treatment with a 1.4 M NaOH solution at 65 
°C for 30 min (solution/zeolite mass ratio = 5) to generate mesopores, being denoted as 
s-ZSM-5(DS) (h-ZSM-5 in [16]). After desilication, the sample was ion-exchanged with
an ammonium sulphate solution and calcined in air at 550 °C to obtain the acid form.

ZrO2 addition (10 wt.%) to the s-ZSM-5(DS) zeolite was done by wet impregnation.   The 
impregnation was carried out by diluting half of the required amount of Zr-precursor in 
ethanol, ~10 mL/gzeolite, at 40 ºC under continuous stirring (6 h), while removing the 
solvent with the rotary evaporator. Directly after, the sample was dried in an oven 
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overnight. Using the same procedure, the second half of the Zr precursor was 
impregnated on the support. Eventually calcination was carried out at 450 ºC for 6 h in 
static air. 

Addition of attapulgite and granulation was carried out by Silkem. The desilicated zeolite 
ZSM-5, promoted with ZrO2, and attapulgite, both in their powdered form, were mixed in 
the vessel of a Eirich mixer (as the one described in [24]), in a relative proportion zeolite-
clay of 70-30 wt.%. The catalyst powders were pre-mixed and homogenized before drop-
wise addition of water, upon constant stirring at 50 ˚C, to evaporate the excess of water. 
The rotator speed was adjusted to exert optimum control of the particle size of 
granulates. After completion of granulation the catalyst granulates were sieved on a 
vibrating sieve, then dried in a fluid bed dryer and sieved again. Calcination took place 
at 550 ºC for 3 h in air. The final granulates presented sizes of 2-3 mm. 

Figure 5.1. Picture of the catalyst materials under study. 

Table 5.1. Description of the solid catalyst materials. 

Sample Shape Composition 
s-ZSM-5(DS)* Powder 100 wt.% s-ZSM-5(DS) 

Si/Al ~ 12 
ZrO2/s-ZSM-5(DS)* Powder 10 wt.% ZrO2 (nominal value)/90 wt.% s-

ZSM-5(DS) 
ICP-OES: ZrO2 ~7.8 wt.% 

Attapulgite Extrudates 
(ø = 2 mm 

(L = 3-4 mm) 

ICP-OES 
Si (35 wt.%), Al (5 wt.%), Fe (2.7 wt.%), 

Mg (2.6 wt.%), Ca (1.4 wt%.), K (0.6 
wt.%), Ti (0.3 wt.%), Na (0.06 wt.%) 

(ZrO2/s-ZSM-5(DS))/Att. Granulates 
(2 < ø < 3 mm) 

7 wt.% ZrO2/ 
63 wt.% s-ZSM-5(DS)/ 

30 wt.% attapulgite 
* These catalysts are denoted as h-ZSM-5 and ZrO2/h-ZSM-5 in [16].
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5.2.2. Catalytic Testing 

The catalytic tests were carried out at the IMDEA Energy Institute facilities (Madrid, 
Spain). The s-ZSM-5(DS) and ZrO2/s-ZSM-5(DS) catalysts, pressed and pelletised into 
grain sizes of 180-250 µm, and the ternary granulate catalyst (ZrO2/s-ZSM-5(DS))/Att. 
were all subjected to catalytic pyrolysis at the bench scale. As shown in Scheme 5.1, the 
catalytic set-up consisted of a fixed bed of solid catalyst exposed to pyrolytic vapours 
coming from the thermal pyrolysis of de-ashed wheat straw (4 g) at 550 ºC, and diluted 
in 100 NmL/min N2. The catalytic pyrolysis conditions were set at 450 ºC for 10 min. The 
ratio between catalyst and biomass varied from 0.4 to 0.7. Note that the binder material 
was not considered for the catalyst-to-biomass weight ratio.  

Scheme 5.1. Schematic depiction (a) and picture (b) of the ex-situ catalytic pyrolysis operation at bench scale 
at the IMDEA Energy Institute facilities, indicating the experimental conditions and location of the catalyst bed. 

5.2.2. Catalyst Characterisation 

Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) images and Energy Dispersive X-ray spectra 
(EDX) were recorded for the individual components of (ZrO2/s-ZSM-5(DS))/Attapulgite 
using a FEI XL30SFEG microscope. The samples were sprinkled on an aluminium stub 
with a carbon sticker. Afterwards, SEM images were recorded in secondary electron 
(SE) mode. 
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Transmission Electron Microscopy 

Transmission Electron Microscopy (TEM) images were performed of the individual 
components of (ZrO2/s-ZSM-5(DS))/Attapulgite catalyst on a Tecnai 12 (FEI, 120 kV) 
transmission electron microscope.  

Argon Physisorption 

Ar adsorption and desorption isotherms of the samples were measured with an 
automated gas sorption system Micromeritics TriStar 3000. Prior to the measurements 
at -196 °C, all samples were dried at 120 ºC for 20 h. The surface areas were calculated 
using the Brunauer–Emmett–Teller (BET) model, micropore volume was calculated with 
the t-plot method whereas the mesoropore volume was estimated by Barrett–Joyner–
Halenda (BJH) method. 

Temperature Programmed Desorption 

NH3-TPD measurements were performed using a Micrometrics AutoChem 2920 
apparatus to study the acidity of the catalysts. The sample, 0.10 g in all cases, was first 
pre-treated in He (25 cm3/min) for 30 min at 500 ºC, then cooled down to 100 ºC and 
saturated with ammonia to the equilibrium state. Prior to desorption, samples were 
flushed in He for 30 min. Subsequently, the ammonia desorption was performed in the 
range of 100 ºC to 500 ºC at a heating rate of 5 ºC/min. For the calculation of the number 
of acid sites it was integrated the area under the TPD curves, previously deconvoluted 
into two gaussians -corresponding to weak and strong acid sites- with the Multiple Peak 
Fit tool of Origin 9.1 software, based on the Levenberg-Marquardt least-squares 
algorithm. It was assumed that only one molecule of NH3 can adsorb on a single site. 

Fourier-Transform Infrared Spectroscopy 

For FT-IR pyridine adsorption/desorption, a self-supported wafer was placed in the FT-
IR cell and adsorbed water was removed by heating the sample to 550 ºC with a heating 
rate of 10 ºC /min for 1 h under vacuum (~10-5 mbar). A Nicolet iS5 instrument was used 
to record the FT-IR spectra in transmission mode in the spectral range of 4000-400 
cm-1. For each spectrum 16 scans were collected with a spectral resolution of 4 cm-1.
The spectrum of the empty cell was taken as background. Pyridine vapour was adsorbed
at room temperature (PPy~10 mbar). After 30 min of adsorption, pyridine was evacuated
using a high vacuum pump system. The FT-IR spectra were continuously collected
during desorption and upon increasing the temperature from 50-400 ºC with increments
of 50 ºC. For the quantification of the acid sites, the corresponding extinction coefficients
proposed by Emeis [25] (Brønsted: 1.67 cm/µmol; Lewis: 2.22 cm/µmol) were used.

UV-Vis Diffuse Reflectance Micro-Spectroscopy 

UV-Vis DRS micro-spectroscopy was performed in an in-situ cell (FTIR600, Linkam 
Scientific Instruments) equipped with a temperature controller (Linkam TMS 93). The 
microscopy set-up used is based on an Olympus BX41 upright microscope with a 50 x 
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0.5 NA-high (NA: numerical aperture) working distance microscope objective. A 75W 
tungsten lamp was used for illumination. The microscope was equipped with a 50/50 
double-viewport tube, which accommodated a Charge-Coupled Device (CCD) video 
camera (ColorView IIIu, Soft Imaging System GmbH) and an optical fibre mount. A 200 
mm-core fibre connected the microscope to a CCD UV-Vis spectrometer (AvaSpec-
2048TEC, Avantes). Experiments were performed on ca. 10 mg of sample preheated at
100 ºC for 10 min, subsequently adding 15 µl of 4-fluorostyrene. After a waiting time of
5 min, UV-Vis spectra were recorded in-situ for 15 min on the catalyst surface.

Confocal Fluorescence Microscopy 

Confocal Fluorescence Microscopy (CFM) images of the stained materials were 
acquired with a Nikon Eclipse 90i confocal microscope with a 100 x 0.73 NA dry objective 
was used for the fluorescence microscopy investigations. Excitation light was provided 
by focusing three (or four) specific laser lines, (404), 488, 561 and 642 nm, 
simultaneously on the desired sample, located in an open cell (Linkam Instruments, FTIR 
600). The microscope was equipped with a Nikon A1 scan head, accommodating the 
optics, which couple fibre optics for excitation and emission light microscope. A spectral 
analyser in the Nikon A1 system was equipped with 32 photomultiplier tubes (PMTs) set 
to collect emission light in the region of ca. 450–700 nm, with a resolution of 6 nm. After 
the 4-fluorostyrene oligomerisation reaction monitored in-situ by UV-Vis DRS, samples 
were analysed ex-situ by CFM on the catalyst surface and, in the case of catalyst bodies, 
also for cross-sections. 

X-Ray Diffraction

XRD patterns were obtained using a Bruker AXS D2 phaser diffractometer, in Bragg-
Brentano mode, equipped a Lynxeye detector. The radiation source used is cobalt Kα1,2

(λ1,2 = 1.79026 Å), operating at 30 kV and 10 mA. Samples were measured at room 
temperature in the 5-70º 2θ with a scan step of 0.01º 2θ and 0.25 s/scan. The lattice 
parameters were determined using Le Bail full-profile fit [26] provided by the software 
Topas5 [27]. Peak shapes were fit using fundamental parameters while the background 
was fit with a 5-term Chebyshev polynomial. 

Raman Spectroscopy 

Raman spectroscopy was performed with a Renishaw InVia microscope, using 785 nm 
laser excitation, through a 20x long working distance objective. Spectra were acquired 
using a 100% laser excitation power, for 5 accumulations at a 20 s exposure. In the case 
of the monoclinic ZrO2 powder used as reference (Aldrich, nanopowder, <100 nm), the 
parameters were the same as for the catalyst powders except for 50% laser excitation 
power. 
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Magic Angle Spinning Solid-State Nuclear Magnetic Resonance 

27Al magic angle spinning solid-state nuclear magnetic resonance (MAS ssNMR) 
experiments were performed at 11.7 T (500 MHz 1H Larmor frequency) on a Bruker 
Avance III spectrometer equipped with a 3.2 mm MAS probe. Spectra were recorded at 
ambient temperature using 18 kHz MAS. An RF field of 50 kHz was used for the 27Al 
π/12 pulse followed by 26 ms acquisition. 10240 scans were accumulated using an inter-
scan delay of 1 s. The 27Al chemical shift was externally referenced to an aluminium 
nitrate solution (Al(NO3)3(aq)). The 1D NMR spectra were processed using a line-
broadening of 100 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). The excitation and conversion pulses were applied with an 
RF field of 62 kHz. For the selective pulse following the Z-filter delay an RF field of 6.5 
kHz was used. The incrementation time for the indirect dimension was set to one rotation 
period and 36 increments were recorded. The direct acquisition time was set to 2.5 ms 
and 696 scans were accumulated using an inter-scan delay of 2 s. MQ-MAS data were 
Fourier-Transform and sheared using the software of Bruker Topspin3.5 and 250 Hz 
line-broadening was applied in both dimensions. 

The 1D NMR spectra were deconvoluted using a Gaussian multipeak fitting function in 
the Origin 9.1 software. The areas under the curves were fitted based on the Levenberg-
Marquardt least-squares algorithm to generate fits from starting peak positions observed 
in the corresponding MQ MAS NMR spectra. The areas under the peaks were used to 
estimate the ratio between framework and extra-framework Al species. 

5.3. Results and Discussion 

5.3.1. Catalytic Testing 

The mass and energy yields after pyrolysis are given in Figures 5.2 and 5.3 for s-ZSM-
5(DS), ZrO2/s-ZSM-5(DS) and (ZrO2/s-ZSM-5(DS))/Att. at catalyst/biomass ratios of 0.4 
and 0.7, as well as the non-catalytic thermal pyrolysis results. 

The higher catalyst-to-biomass ratio showed a decrease in bio-oil yield, as a result of 
higher cracking activity and hence gas formation (Figure 5.2a), together with an increase 
in coke formation. This is observed for all samples, i.e. the pure s-ZSM-5(DS) zeolite, 
the ZrO2-promoted ZrO2/s-ZSM-5(DS) zeolite and the one shaped with attapulgite, 
(ZrO2/s-ZSM-5(DS))/Att. Regardless of the catalyst-to-biomass ratio, both ZrO2-
promotion and binder addition to the zeolite led to an increase in bio-oil yield and 
decrease in coke formation. For non-catalytic, thermal pyrolysis, the bio-oil yield was 
considerably higher, but of significantly lower energy content (Figure 5.3). 

Indeed, the low CO and CO2 yields (Figure 5.2b) are illustrative for the low 
deoxygenation activity shown by the non-catalytic process. In the cracking processes 
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involved in pyrolysis the oxygen removal can occur via decarboxylation, i.e. loss of CO2, 
decarbonylation (-CO) and dehydration (-H2O). From an energy point of view 
decarboxylation is favoured over decarbonylation given that more oxygen is released 
per carbon atom. Analogously, decarbonylation is preferred over dehydration (Figure 
5.2a), given the H loss associated with water release [28]. Zeolite s-ZSM-5(DS) showed 
the highest deoxygenation activity, producing more CO/CO2 than ZrO2/s-ZSM-5(DS) 
and, in particular, than (ZrO2/s-ZSM-5(DS))/Att. The CO/CO2 yields obtained are in the 
order of other examples found in literature: Rezai et al., for example, reported a ~11 
wt.% yield for both CO2 and CO after 4 min of CFP of lignocellulose biomass (beech 
wood) over a commercial zeolite ZSM-5 [29]. 

The other gases detected, i.e. H2, light (C<4) paraffins (LP) and light olefins (LO), are 
the result of cracking reactions and are formed in relatively low yields (below 2 wt.% for 
H2, between 1-4 wt.% for LP and LO) compared to the literature. Vitolo et al. reported an 
estimated yield of 16 wt.% of H2 and 11 wt.% of C1-C3 hydrocarbons [30].  The drop in 
olefin yield seen upon both promotion and subsequent shaping suggests that the final 
oil product obtained is more stable. Likewise hydrogen formation, either a consequence 
of aromatisation [29], or of the water gas shift (WGS) reaction between CO and H2O [31], 
decreased progressively upon ZrO2 and attapulgite inclusion.  

Figure 5.2. Mass yields (a) and gas product distributions for s-ZSM-5(DS), ZrO2/s-ZSM-5(DS) and (ZrO2/s-
ZSM-5(DS))/Att. catalyst samples after catalytic pyrolysis operating at ratios catalyst/biomass of 0.4 and 0.7. 
LP = light (C<4) paraffins, LO = light olefins. Results provided by IMDEA Energy Institute.  
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A comparison of the bio-oil mass (Figure 5.3a) and energy (b) yields shows that, 
regardless of the catalyst-to-biomass ratio, ZrO2 incorporation leads to higher bio-oil 
yields (both in mass and energy) and lower oxygen contents. Likewise, attapulgite 
incorporation further increased the bio-oil mass and energy yield, at the same or lower 
oxygen content. Note that the non-catalytic reaction led to a remarkably higher bio-oil 
yield (67 wt.%), but the oil is of a considerably worse quality, as indicated by its high 
oxygen content (39 wt.%) close to the value of the raw biomass (43 wt.%) [16].  

Both promotion of the zeolite s-ZSM-5(DS) with ZrO2 and its further shaping with 
attapulgite are thus beneficial for CFP bio-oil production, substantially reducing oxygen 
content without extensively affecting the yield.  

Figure 5.3. Mass (a) and energy (b) yields for s-ZSM-5(DS), ZrO2/s-ZSM-5(DS) and (ZrO2/s-ZSM-5(DS))/Att. 
catalyst samples at catalyst/biomass ratio 0.4 and 0.7. Results provided by IMDEA Energy Institute. 

5.3.2. Catalyst Characterisation 

a) Morphology. SEM was used to evaluate the morphology of the different components
of the tailored catalyst (ZrO2/s-ZSM-5(DS))/Att. The SEM images of the s-ZSM-5(DS)
zeolite (Figure 5.4a) showed catalyst particles with dimensions between 4-10 µm that
consist of agglomerated crystallites ranging from approximately 0.5 to 2 µm, as further
confirmed by TEM (Figure 5.5a). After zirconia impregnation, the zeolite crystals
appeared to be uniformly coated by smaller ZrO2 particles with round morphology giving
the zeolite crystals a rough appearance, as can be seen in the SEM image of ZrO2/s-
ZSM-5(DS) (Figure 5.4b). SEM-EDX dot-mapping on ZrO2/s-ZSM-5(DS) (d, d1-d3)
showed homogeneously dispersed Zr (d3) on the sample aggregates’ surface with an
atomic ratio Si/Zr of ca. 12.

The attapulgite needles (Figure 5.5d) in (ZrO2/s-ZSM-5(DS))/Att. are around 0.5 µm long 
and 30 nm wide and are found heterogeneously distributed over the zeolite crystals 
agglomerating more on crystal edges and defects (Figure 5.4). SEM-EDX dot-mapping 
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(e, e1-e3) again showed a homogeneous distribution of Zr over the sample’s surface, 
with a surface concentration of ca. 1.96 wt%. (including Si, Al, O, Mg, Fe, Ca, Na, Ti and 
Zr). SEM-EDX mapping also shows the attapulgite domains to be distributed uniformly 
over the sample, as indicated by the Mg elemental map (e2), a cation unique to the binder 
(Table 5.1).  

Figure 5.4. SEM images of: (a) s-ZSM-5(DS), (b) ZrO2/s-ZSM-5(DS) and (c) (ZrO2/s-ZSM-5(DS))/Att. (d,e) 
SEM-EDX images and corresponding elemental maps for ZrO2/s-ZSM-5(DS) (d) and (ZrO2/s-ZSM-5(DS))/Att. 
(e).  

TEM images of the separate components of the (ZrO2/s-ZSM-5(DS))/Att. catalyst are 
shown in Figure 5.5. The s-ZSM-5(DS) zeolite showed full orthorhombic crystals (a) with 
voids within the crystals being easily noticed (highlighted in b), confirming that the 
desilication treatment indeed generated mesopores. After ZrO2 impregnation the TEM 
images showed the zirconia nanoparticles (ca. 3 nm) to be concentrated on the edges 
and defects of the microcrystalline zeolite (c). Attapulgite (d) showed the expected 
needle-like morphology [32-33], as well as some impurities, mainly associated with 
quartz, as highlighted in the image. The ternary sample (ZrO2/s-ZSM-5(DS))/Att. (e) 
showed a well-integrated mixture of the different phases, Zr-promoted zeolite ZSM-5 
crystals and attapulgite, the latter being preferentially localized on the edges of zeolite 
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crystals. For the sake of comparison, a TEM image of a physical mixture consisting of 
63 wt.% s-ZSM-5(DS) + 30 wt.% Attapulgite + 7 wt.% ZrO2 was prepared and examined 
(f) which looked more heterogeneous than the granulated sample, with the physical
mixture showing well separated regions with zeolite, ZrO2 and attapulgite phases.

Figure 5.5. TEM images of: (a-b) s-ZSM-5(DS), (c) ZrO2/s-ZSM-5(DS), (d) Attapulgite, (e) (ZrO2/s-ZSM-
5(DS))/Att., and f) Physical mixture: 63 wt.% sZSM-5(DS) + 30 wt.% Attapulgite + 7 wt.% ZrO2. 

b) Textural Properties. The argon isotherms of the catalyst materials are shown in
Figure 5.6 and the resulting textural properties are listed in Table 5.2.

Figure 5.6. (a) Ar porosimetry isotherms and (b) Pore-volume distributions of: s-ZSM-5(DS) (black), ZrO2/s-
ZSM-5(DS) (green), (ZrO2/s-ZSM-5(DS))/Att. (red) and Attapulgite (orange). 
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Table 5.2. Overview of textural properties of components of (ZrO2/s-ZSM-5(DS))/Att. catalyst The expected 
values, based on wt. ratio of the components and the values of the pure components, of the ternary catalyst 
are given in brackets.  

Sample BET 
(m2/g) 

Smicro 
(m2/g) 

Sext 
(m2/g) 

Vmicro
(cm3/g) Vmeso (cm3/g) 

s-ZSM-5(DS) 354 248 106 0.097 0.197 
ZrO2/s-ZSM-5(DS) 305 205 99 0.081 0.183 

Attapulgite 60 2 58 - 0.143 

(ZrO2/s-ZSM-5(DS))/Att. 263 
(231) 

177 
(143) 

86 
(87) 

0.068 
(0.067) 0.164 (0.171) 

The Ar physisorption data of the parent s-ZSM-5(DS) catalyst (black series, Figure 5.6a) 
showed a type I to type IIb isotherm, attributed to a microporous material with additional 
mesoporosity, whose micropores and mesopores are filled at low relative and 
intermediate pressures, respectively. The isotherm was accompanied by a steep H3 
hysteresis loop [34-35]. The high surface areas and mesopore volumes demonstrate the 
effectiveness of the desilication treatment for mesopore formation. In the pore-size 
distributions plot, illustrated in Figure 5.6b, BJH analysis showed a predominant 
mesopore size.  

ZrO2 addition to the zeolite led to a slight decrease in BET surface area and total pore 
volume. Microporosity significantly decreased, which could indicate that part of the ZrO2 
nanoparticles were located within the zeolite ZSM-5 micropores. BJH analysis also 
showed a small decrease in Ar uptake for the ZrO2/s-ZSM-5(DS), likely due to a partial 
covering of the external surface upon impregnation. Attapulgite clay showed a type II 
isotherm, typically attributed to meso/macroporous materials, accompanied by a H3 
hysteresis loop. Addition to the promoted zeolite resulted in only very small deviations 
from the expected values, showing that binder addition does not change the textural 
properties of the catalytic component much.  

c) Acidity. Bulk acidity was probed by NH3-TPD (Figure 5.7), and the acid site
concentration and type are given in Table 5.3 [36-37] where data are expressed as the
amount of NH3 desorbed per weight of catalyst and per weight of zeolite.

The incorporation of non-acidic zirconia to the zeolite s-ZSM-5(DS) decreased the 
amount of strong acid sites (~29%), and resulted in an overall drop in acid strength, 
indicated by the shift of the peak maximum towards lower temperature [37] (Figure 5.7a-
c), affecting both weak and strong acid sites. Addition of attapulgite to ZrO2/s-ZSM-5(DS) 
led to a further drop in acidity, affecting the amount (~14% and 30% drop in weak and 
strong acid sites, respectively, with respect to the ZrO2-promoted catalyst) and their 
strength. When normalised by the zeolite weight the ternary catalyst shows an increase 
in the amount of weak sites, related to Lewis-type and H-bonded  species [38], with a 
concomitant decrease of strong acid sites, associated with Brønsted acid sites [39]. This 
might indicate that quenching by ion exchange occurred during ZrO2-promotion and 
subsequent granulation.  
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Figure 5.7. a) NH3-TPD profiles of s-ZSM-5(DS) (black), ZrO2/s-ZSM-5(DS) (green), (ZrO2/s-ZSM-5(DS))/Att. 
(red), Attapulgite (orange) and monoclinic ZrO2 (purple), used as reference. (b-d) Deconvoluted NH3-TPD 
profiles of: s-ZSM-5(DS) (b), ZrO2/s-ZSM-5(DS) (c) and (ZrO2/s-ZSM-5(DS))/Att. (d) catalysts. Labels indicate 
the peak temperatures of maximum desorption, for weak (T < 250 °C) and strong (T > 250 °C) sites. 

Acidity was also measured by pyridine FT-IR (Figure 5.8) spectroscopy to discriminate 
different types. Prior to adsorption in the hydroxyl stretching region (a) can be seen the 
3742 cm-1 band, assigned to terminal silanol groups, and 3663 and 3611 cm-1 bands, 
ascribed to acidic bridging OH groups (Si-OH-Al), for the three ZSM-5-derived catalysts, 
s-ZSM-5(DS), ZrO2/s-ZSM-5(DS) and (ZrO2/s-ZSM-5(DS))/Att. These bands
progressively disappear upon pyridine adsorption to give rise to the absorption bands
appearing in the 1700-1400 cm-1 region (b-d). The s-ZSM-5(DS) catalyst (b) showed
absorption bands at 1545 and 1636 cm-1, which correspond to pyridine adsorbed on
Brønsted acid sites (PyH+) [7], [40-41]. Upon ZrO2 impregnation (c) and, in a more
pronounced way after attapulgite addition (d), these bands slightly decreased in
intensity, in line with the drop in (strong) acidity seen by NH3-TPD. The amount of
Brønsted acid sites obtained by integration of the absorption band at 1545 cm-1 [25] at a
desorption temperature of 150 °C is given in Table 5.3. As expected, the amount of BAS
decreases in the order: [BAS]|s-ZSM-5(DS) > [BAS]|ZrO2/s-ZSM-5(DS) > [BAS]|ZrO2/s-ZSM-5(DS)/Att. The
absorption band at ca. 1597 cm-1, attributed to pyridine interacting with silanols (H-
bonded species) [42], was already seen for the pure s-ZSM-5(DS) zeolite and remained
after modification of the solid catalyst.
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Table 5.3. Acidity values obtained by NH3-TPD and Py-FT-IR for components of (ZrO2/s-ZSM-5(DS))/Att. 
catalyst. 

NH3-TPD Py-FT-IR 

Sample 
Aciditya 

(mmol/gcat) 
Aciditya 

(mmol/gzeo) Acidity (mmol/gcat) c 

Weakb Strongb Weakb Strongb LAS BAS 

s-ZSM-5(DS) 0.29 0.62 0.29 0.62 0.18 0.19 

ZrO2/s-ZSM-5(DS) 0.29 0.44 0.32 0.49 0.08 0.08 

(ZrO2/s-ZSM-5(DS))/Att. 0.25 0.31 0.40 0.49 0.09 0.03 

Attapulgite 0.24 - - - 0.06d - 

ZrO2 0.15 - - - n.a. - 
a Determined by integration of the NH3-TPD profiles; b deconvoluted as shown in Figure 5.7b-d; c determined 
by Py-FT-IR desorption at 150 °C; d determined in PhD Chapter 4. Note that the total sum of acid sites 
estimated upon NH3-TPD and Py-FT-IR tests deviate considerably. Yet, it should be noted the higher 
accessibility to acid sites of NH3, of smaller size than pyridine which besides include hydrogen-bonded species 
within the quantification of weak acid sites. 

The absorption bands at 1455 and ca. 1620 cm-1 correspond to pyridine adsorbed on 
Lewis acid sites, attributed to coordinatively unsaturated Al3+ ions (cus) [7], [40], [43] 
(Figure 5.8a). They were maintained after ZrO2 (c) and attapulgite (d) inclusion. For 
ZrO2/s-ZSM-5(DS), new absorption bands assigned to pyridine interacting with cus and 
Lewis acidic Zr species (PyL) emerged at 1610 cm-1, accompanied by an enhancement 
of the absorption band at 1444 cm-1, ascribed to H-bonded pyridine [42], [44]. After 
attapulgite inclusion the 1610 cm-1 absorption band shifted towards 1612 cm-1 and 
increased in intensity, influenced by the presence of other cations present within the clay 
(tentatively Mg2+ or Fe2+/3+ [31], [45-46]) which act as LAS. The absorption band at 1448 
cm-1 is also associated with these interactions of pyridine on new LAS. The amount of
LAS for the series of catalysts was determined by integration of the band at ca. 1455
cm-1 at 150 °C, shown in Table 5.3. Upon ZrO2-impregnation a small drop in Brønsted
acidity and an enhancement of Lewis acidity might be expected. However, a drop in
concentration in LAS was noted for the ZrO2/s-ZSM-5(DS) compared to the pure s-ZSM-
5(DS) zeolite catalyst. The significant decrease in Brønsted and Lewis acidity observed
might be the result of partial incorporation of the ZrO2 nanoparticles into the
voids/cavities of the desilicated zeolite, hence obtruding pores and hindering the
accessibility to acid sites, in line with the textural properties measured (Table 5.2). The
ternary catalyst showed an increase in its concentration in LAS with respect to the ZrO2-
promoted zeolite ZSM-5, possibly pointing at acid site quenching by ion exchange during
the granulation procedure (likely exchange of Mg2+ from the clay for H+ from the zeolite).
This quenching by ion exchange might be the main reason for the large drop in BAS
upon attapulgite addition, together with some structural changes. The reduced acidity of
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the ZrO2-impregnated catalyst, and especially for the attapulgite-containing catalyst, are 
thought to be key to their sufficient, but not excessive cracking activity. 

Figure 5.8. a) FT-IR spectra of the OH stretching vibration for s-ZSM-5(DS) (black), ZrO2/s-ZSM-5(DS) 
(green) and (ZrO2/s-ZSM-5(DS))/Att. (red) at room temperature, before exposure to pyridine. (b-d) Weight-
normalised FT-IR spectra of the catalyst materials during pyridine desorption from room temperature (blue) to 
400 ºC (red), with progressive temperature increments of 50 °C: (b) s-ZSM-5(DS), (c) ZrO2/s-ZSM-5(DS) and 
(d) (ZrO2/s-ZSM-5(DS))/Att. The spectrum before pyridine exposure is marked in black. The off-set spectrum
in grey corresponds to the background-corrected desorption spectrum taken at 150 ºC, used for quantification.

Spatial characterisation of Brønsted acidity and accessibility of the individual 
components within the (ZrO2/s-ZSM-5(DS))/Att. catalyst was performed by selective 
staining with 4-fluorostyrene and subsequent monitoring of its oligomerisation reaction 
by UV-Vis DRS and CFM.  

On Brønsted sites of sufficient acidity, 4-fluorostyrene reacts to give (cyclic) dimers (3-
5), or further oligomerises to give trimers, such as (6), or even longer conjugated species. 
The formation of cyclic species (7) over the linear oligomers (5, 6) is favoured over 
stronger Brønsted acid sites (BAS) (Scheme 5.2) [47-49]. 

Figure 5.9 shows the in-situ UV-Vis spectra recorded for 4-fluorostyrene oligomerisation 
reactions (left axis), as well as the ex-situ CFM spectra taken after the reaction (right 
axis). For the ternary catalyst body, ex-situ CFM spectra on both the external surface 
and an inner layer are shown (see scheme on Figure 5.9a for details on impregnation 
procedure). Complementary CFM images are displayed in Figure 5.10.  
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Scheme 5.2. Reaction pathways in the Brønsted acid-catalysed oligomerisation of 4-fluorostyrene on H-ZSM-
5 zeolites [47-49]. 4-fluorostyrene is protonated in the presence of Brønsted acid sites (BAS) giving the benzylic 
carbocation (2). It dimerizes with another 4-fluorostyrene monomer (1) to the linear dimeric 1,3-bis(4-
fluorophenyl)-1-butylium cation (3). By deprotonation this carbocation can be transformed either into a 
conjugated linear dimeric 1,3-bis(4-fluoro-phenyl)-2-buten-1-ylium carbocation (5), or by cyclization, into 3-
methyl-1,4-fluorophenylindanyl (7). The conjugate linear dimeric carbocation (5) formed by hydride transfer 
can continue to oligomerise to trimeric and longer oligomer species (6). The wavelengths in bracket indicate 
the literature [47] assignment to the carbocationic species shown. 

Based on the band profiles seen in Figure 5.9, an order of amount of BAS can be 
established for the catalyst materials. As expected, the pure zeolite s-ZSM-5(DS) (b) 
showed the highest concentration of strong BAS, indicated by the highest intensity ratio 
of the absorption bands associated with the cyclic (515 nm, 7) and linear species (555 
nm, 5) species [48]. In line with the bulk acidity methods, the impregnation with ZrO2 
seemed to diminish the zeolite´s Brønsted acidity, indicated by the lower intensity of the 
cyclic (7) and linear (5) bands (c). However, the strength of these acid sites seemed 
relatively well preserved, as indicated by the similar absorption bands profile, i.e. 
intensity ratio (7)/(5) species. On the contrary the incorporation of attapulgite, which is 
not sufficiently Brønsted acidic to oligomerise 4-fluorostyrene (vide infra, Figure 5.10j), 
led to a decrease in the amount of BAS and strength, as the spectra of (ZrO2/s-ZSM-
5(DS))/Att. are characterised by a lower 515/555 nm intensity ratio (Figure 5.9d). These 
observations correlate with the results obtained by NH3-TPD and Py-FT-IR: an important 
decrease in BAS occurred upon ZrO2 impregnation, and upon attapulgite addition the 
decrease was more significant. 
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Figure 5.9. a) Schematic representation of 4-fluorostyrene staining of the (ZrO2/s-ZSM-5(DS))/Att. granulate 
sample at its external surface and in-situ examination by optical microscopy, followed by ex-situ examination 
at the surface and centre of the cross section by CFM. (b-d) Comparison of the in-situ UV-Vis (continuous line) 
and ex-situ fluorescence spectra (scattered line) of the 4-fluorostyrene oligomerisation reaction products 
recorded at 100 °C for: s-ZSM-5(DS) (b); ZrO2/s-ZSM-5(DS) (c); and (ZrO2/s-ZSM-5(DS))/Att. (d). Excitation 
lasers fixed at λ = 488, 561, 642 nm.

Ex-situ emission fluorescence spectra were recorded on the surface of the reacted 
catalyst powders and, in the case of the ternary (ZrO2/s-ZSM-5(DS))/Att. catalyst, at the 
surface and at the centre of the cross-section, revealing details about the accessibility 
of the technical catalyst made. As can be seen in Figure 5.9d (right axis) both spectra 
show similar profiles, however the spectrum at the surface was more intense than at the 
cross-section, implying that accessibility was impeded. 

The complementary optical and CFM images, shown in Figure 5.10, visually corroborate 
the spectral results presented. The colours of the stained reacted samples varied from 
pink -in the case of s-ZSM-5(DS) (a-c)- towards violet/purple scale- upon successive 
ZrO2 impregnation (d-f) and granulation with attapulgite (g-i), corresponding to 
fluorescence emission from green to yellow/orange scale, respectively. Pink/green is 
dominant over violet/orange in the presence of higher amount of stronger BAS, i.e. cyclic 
species (7) evolving at 515 nm. The pure ZrO2 and attapulgite components, which are 
not sufficiently acidic for 4-fluorostyrene oligomerisation by themselves, indeed showed 
no colour change or emission before and after reaction (Figure 5.10j,k,l) . 
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Figure 5.10. Optical (a,d,g,j,k) and CFM images (b,c,e,f,h,i,l) after 15 min of 4-fluorostyrene oligomerisation at 
100 ºC for: (a-c) s-ZSM-5(DS); (d-f) ZrO2/s-ZSM-5(DS); (g-i) (ZrO2/s-ZSM-5(DS))/Att.; (j) Attapulgite; (k-l) ZrO2. 
λ = 488, 561, 642 nm. Note that Attapulgite and ZrO2, whose colour absorbed and emitted are the same, show 
no fluorescence. 

d) Structural Properties. XRD was employed to measure the catalysts’ structural
integrity. In Figure 5.10 the XRD patterns of the individual components are presented.
The XRD pattern of the s-ZSM-5 zeolite showed the typical MFI orthorhombic phase
(Pnma, PDF 00-044-0003) [50], which was preserved after ZrO2 impregnation. The
absence of any clear ZrO2 phase in ZrO2/s-ZSM-5(DS) -expected at 2θ = 36.6 and 59.1°
if monoclinic (PDF 00-005-0543) or at 2θ = 35.2 and 59.0° if tetragonal (PDF 01-079-
1769) or orthorhombic (04-015-0098)-, suggest that either ZrO2 is not crystalline, or that
any crystalline ZrO2 phase is very small and too well-dispersed to be detected by XRD
[16]. The lack of any shift in the diffraction pattern and the lower unit cell values (Table
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5.4) for the ZrO2-containing sample, indicate that Zr was not inserted into the zeolite 
framework [51-52]. Otherwise, expansion of the unit cell might be expected given the 
large size of Zr4+ (0.73 Å) compared to Al3+ [53]. On the contrary, contraction of the unit 
cell was observed which could be explained by the second calcination step to which the 
ZrO2/s-ZSM-5 sample was subjected [54-55]. Interestingly, the crystallinity of the 
samples increased upon ZrO2 introduction, indicated by the LVOL-IB values shown in Table 
5.4 as a likely re-crystallisation occurred after the impregnation procedure and second 
calcination [43].  

In the attapulgite-containing samples, quartz (SiO2) is detected at 31.0 (2θ)º, a common 
impurity in this clay [32-33] seen also in the TEM images. After inclusion of attapulgite 
into the catalyst the (ZrO2/s-ZSM-5(DS))/Att. sample also showed contraction of the cell 
compared to the zeolite s-ZSM-5(DS), likely as a consequence of the three calcination 
steps to which the ternary catalyst is subjected. Less expectedly, an increase in 
crystallite size was observed after attapulgite incorporation, as indicated by the larger 
LVOL-IB value. This effect could be related to re-crystallisation processes involved during 
the successive wet processing and calcination steps [54-55]. 

Figure 5.11. XRD patterns of s-ZSM-5(DS) (black), ZrO2/s-ZSM5(DS) (green), (ZrO2/s-ZSM-5(DS))/Att. (red) 
and Attapulgite (orange). (a) 2θ = 8-55°; (b) 2θ = 26-32°. 

Table 5.4. Lattice parameters and crystallite size (LVOL-IB) for the (ZrO2/s-ZSM-5(DS))/Att. series of catalyst. 

Sample Space 
Group a (Å) b (Å) c (Å) Vcell (Å)3 LVOL-IB 

(nm) 
s-ZSM-5(DS) Pnma 20.1302(7) 19.9450(6) 13.4159(5) 5386.5(3) 60.8(4) 

ZrO2/s-ZSM-5(DS) Pnma 20.1138(7) 19.9243(7) 13.3918(6) 5366.8(4) 64.2(5) 
(ZrO2/s-ZSM-

5(DS))/Att. Pnma 20.1278(6) 19.9364(5) 13.4038(5) 5378.6(3) 76.8(6) 

In line with the XRD data, Raman spectroscopy also did not show any evidence for the 
presence of a crystalline ZrO2 component in the ZrO2/s-ZSM-5-derived samples (green 
series, Figure 5.12). The weak Raman band at 445 cm-1 is associated with the T-O-T 
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rocking mode of the ZSM-5 zeolite [56], while the strong band at 381 cm-1 coincides with 
a vibration of monoclinic ZrO2; but other Raman bands expected for this phase, e.g. at 
475 cm-1, 615 and 637 cm-1 are hardly or not detected [51], [57]. Orthorhombic and 
tetragonal ZrO2 phases are also discarded [58-59].  

Figure 5.12. Raman spectra on ZrO2/s-ZSM-5(DS) (green), ZSM-5 (black) and monoclinic ZrO2 (purple), 
used as references. Excitation source λ = 785 nm. 

Any changes in the coordination of aluminium species in s-ZSM-5(DS) upon promotion 
or granulation was examined by solid-state 27Al (MQ) ssMAS NMR (Figure 5.13) 
analyses. In addition to the framework tetrahedral (AlIV, 53 ppm, A) and extraframework 
octahedral (AlVI, 0 ppm, E) framework Al in s-ZSM-5(DS) [39], [60-61], some 
extraframework pentacoordinated Al (AlV; C) was also detected at ca. 30 ppm [62] (a). 
Other minor resonances at ca. 40 ppm (B) and -10 ppm (F) correspond to distorted tetra- 
and octahedral-coordinated Al, respectively, as deduced from the 2D multiquantum NMR 
spectra. ZrO2 impregnation (a,b) led to a slight distortion of the extraframework AlV and 
AlVI, giving rise to a small shoulder at 3 ppm as a consequence of the peak shift (D). 
These changes suggest some interaction between the Zr and some of the Al species of 
the zeolite, in line with ZrO2 being located in the zeolite’s micropores. However, any Zr4+ 
incorporation into the zeolite framework is excluded, as it would have led to more evident 
structural distortions and defects – a notion also previously discarded by XRD. 
Attapulgite (d, inset), which contains ~5 wt% in Al (Table 5.1), presented different Al 
species: tetrahedral at ~62 [63] and 58 ppm, pentacoordinated at 25 ppm, and 
octahedral at 3 ppm. As a result, upon attapulgite addition to the zeolite the proportion 
between tetrahedral and AlV + AlVI, decreased (Table 5.5). In addition, signal E distorted 
shifting from 0 to ca. 3 ppm and a new shoulder at 10 ppm emerged (D) (Figure 5.13a,c). 
On the contrary signal A did not suffer a shift towards lower field for (ZrO2/s-ZSM-
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5(DS))/Att. sample (c), as indeed the amount of tetrahedral species of attapulgite are 
rather small compared to the tetrahedral AlF in s-ZSM-5(DS) (see inset in d). 

The NMR peaks were integrated by Gaussian fitting of the areas under the curves 
(Figure 5.14, Table 5.5) using fixed locations of the resolved deconvoluted peaks based 
on the peak maxima seen in the 27Al (MQ) MAS ssNMR results, to estimate the ratio 
between framework and extraframework Al species. A small drop in framework Al sites 
is seen after ZrO2 addition, as expected [60-61]. The larger decrease of framework Al 
seen after attapulgite inclusion coincides with the strong decrease in BAS previously 
seen by Py-FT-IR and 4-fluorostyrene oligomerisation, in addition to the quenching 
previously concluded from these acidity tests. The errors associated with the fit preclude 
more detailed conclusions.  

Figure 5.13. a) Normalised 27Al MAS ssNMR spectra for the s-ZSM-5-derived catalyst series. Black dashed 
lines indicate the main resonance peaks. (b-d) Overlaid 27Al MQ MAS ssNMR spectra of s-ZSM-5(DS) (black), 
ZrO2/s-ZSM-5(DS) (green, b), (ZrO2/s-ZSM-5(DS))/Att. (red, c) and Attapulgite (orange, d). Inset: raw 27Al 
MAS ssNMR spectra for s-ZSM-5 and Attapulgite; black and orange dashed lines indicate the respective 
resonance peaks. RF field of 50 kHz used for π/12 27Al pulse excitation source (0.87 µs), MAS 18 kHz, Tset 298 
K. 
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Figure 5.14. Deconvoluted resonance peaks of 27Al MAS ssNMR spectra of: a) s-ZSM-5(DS), b) ZrO2/s-ZSM-
5(DS), c) (ZrO2/s-ZSM-5(DS))/Att. and d) Attapulgite. 
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Table 5.5. Ratio of Al species after deconvolution and integration of the 27Al MAS ssNMR spectra for the entire 
catalyst series.  

Sample AlIV / AlVI AlIV / AlV AlIV/(AlVI + AlV) 

s-ZSM-5(DS) 3.00±1.77 3.83±3.33 1.68±0.88 

ZrO2/s-ZSM-5(DS) 2.21±1.10 2.91±0.66 1.26±0.38 

(ZrO2/s-ZSM-5(DS))/Att. 1.27±0.30 2.92±0.48 0.89±0.02 

Attapulgite 1.69±0.02 1.10±0.04 0.67±0.03 

Sample s-ZSM-5(DS) ZrO2/s-ZSM-5(DS) ZrO2/s-ZSM-5(DS)/Att Attapulgite 

Peak Param Value 
Stand. 

Value 
Stand. 

Value 
Stand. 

Value 
Stand. 

Error Error  Error Error 

A center 
(ppm) 54.96 0.44 53. 84 0.99 54.67 0.38 61.45 1 

A area 2.79E+06 3.24E+04 7.93E+06 1.02E+06 7.90E+06 2.89E+05 1.98E+06 1.12E+06 

A width 17.96 0.75 26.5 0.62 25.57 0.39 14.01 1.37 

B center 
(ppm) 54.05 0.02 52.2 0.66 53.91 0.01 58.6 0.06 

B area 2.42E+06 5.72E+04 5.32E+06 47432 4.27E+06 4.38E+04 3.62E+06 3.76E+04 

B width 7.14 0.07 8.33 0.03 7.13 0.04 12.71 0.12 

C center 
(ppm) 31.24 0.48 30.56 0.75 29.58 0.74 19.93 0.42 

C area 3.16E+06 6.52E+05 6.09E+06 2.33E+06 4.16E+06 6.74E+05 3.28E+06 1.27E+04 

C width 25.27 2.37 29.64 5.48 24.54 1.79 33.3 0.92 

D center 
(ppm) -0.4 0.08 1.03 0.08 3.78 0.59 2.79 0.04 

D area 1.10E+06 7.58E+04 1.58E+06 174783 3.79E+06 1.20E+06 2.14E+06 4.22E+04 

D width 10.04 0.28 9.66 0.3 21.37 2.15 8.04 0.12 

E center 
(ppm) -3.99 2.13 -3.72 1.49 1.99 0.11 - - 

E area 2.03E+06 5.35E+04 1.67E+06 815078 4.73E+05 7.88E+04 - - 

E width 28 2.18 18.19 2.3 6.89 0.5 - - 

F center 
(ppm) - - - - -6.06 6.32 - - 

F area - - - - 5.29E+06 1.84E+06 - - 

F width - - - - 44.55 5.13 - - 

Statistics 
R2 Reduced 

chi-sqr R2 Reduced 
chi-sqr R2 Reduc. 

chi-sqr  R2  Reduced 
chi-sqr  

0.93168 9.53E+08 0.99822 2.84E+07 0.994613 9.24E+05 0.96864 1.17E+08 
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5.4. Conclusions 
A ZrO2-promoted, desilicated zeolite ZSM-5 catalyst granulated using attapulgite as 
binder material was developed for its use in ex-situ CFP. Impregnation with zirconia 
resulted in the incorporation of non-crystalline nanoparticles distributing uniformly on the 
external zeolite’s surface, but also partially located in voids and within the zeolite’s 
micropores. ZrO2 impregnation affected the zeolite’s properties, in particular acidity: a 
decrease in Brønsted acidity and more unexpectedly, a decrease in Lewis acidity, 
possibly as a result of partial micropore coverage, was seen. Yet, despite the observed 
small decrease in framework Al species, the Al speciation of the parent zeolite did not 
show important changes, as shown by 27Al (MQ) MAS ssNMR. Likewise, the structure 
of the zeolite remained well preserved, as shown by XRD. The resulting changes in 
physicochemical properties upon ZrO2 impregnation are reflected in reduced secondary 
cracking reactions during CFP, minimising formation of gases and coke and increasing 
bio-oil yield with concomitant improved deoxygenation. 

The effect of catalyst shaping by addition of attapulgite as binder, required for upscaling 
of CFP catalysts, was found to be significant in terms of structure and performance.  With 
respect to structure, the needle-like morphology of attapulgite caused it to be 
heterogeneously distributed over the catalyst granulate, with the differences in 
morphology with the zeolite crystal hampering perfect integration of the phases. 
Confocal fluorescence microscopy staining studies showed that the granules suffer from 
some diffusional limitations. Attapulgite incorporation also attenuated the textural and 
acid properties of the parent powder catalyst. The reduction in Brønsted acidity is 
significant, while new Lewis acid sites are created as a consequence of ion exchange 
between zeolite protons and Mg2+ from attapulgite. This change in acidity is again 
reflected in an additional decrease in cracking activity during CFP, with concomitant 
increase in stability against coke proliferation. Overall, binder addition positively 
impacted bio-oil formation, given the increase in oil yield without extensively penalizing 
the quality, for which oxygen content is a good indicator. Although the crystallinity of the 
catalyst does not get significantly affected upon granulation, as confirmed by XRD, some 
structural changes do occur, as part of the framework Al species are converted to 
extraframework Al species. This represents an additional cause of the change from 
Brønsted to Lewis acid sites.  

The selection of attapulgite as binder material and the subsequent granulation seems a 
good choice for upscaling the powdered ZrO2/s-ZSM-5(DS) catalyst, yielding a ternary, 
technical catalyst -(ZrO2/s-ZSM-5(DS))/Att.- showing outstanding performance in ex-situ 
CFP. High yields of bio-oil (28-38 wt.%) of low oxygen content (44-30 wt.%), depending 
on the catalyst-to-biomass ratio, could be obtained with this ternary catalyst. 
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6. Deactivation and Regeneration of Shaped Catalyst Bodies used in
Cascade Catalytic Bio-Oil Production

The mode of deactivation and the regeneration capability of shaped solid acid (ZrO2/s-
ZSM-5(DS))/Attapulgite and solid base K-(USY/Attapulgite) catalyst materials have been 
assessed. The spent catalyst materials were obtained from a three-step (one thermal 
and two thermocatalytic), bench scale operation for the conversion of wheat straw into 
bio-oil, via ex-situ catalytic fast pyrolysis (CFP) over (ZrO2/s-ZSM-5(DS))/Attapulgite and 
subsequent catalytic upgrading over K-(USY/Attapulgite). This catalytic cascade 
process resulted in a high bio-oil yield (22 wt.%) with substantially reduced oxygen 
content (20 wt.%). Fresh, spent and regenerated catalyst bodies were studied with a 
range of characterisation techniques. Ar physisorption, Py-FT-IR and NH3-TPD analyses 
demonstrated the main cause of deactivation to be pore blockage by coke build-up for 
the (ZrO2/s-ZSM-5(DS))/Attapulgite catalyst. For the K-(USY/Att.) catalyst blockage by 
coke was also observed, but in this case structural collapse is considered the main 
reason for deactivation, causing drop in crystallinity and basicity and loss of textural 
properties. Examination of both spent catalyst materials revealed the highly poly-
aromatic coke to be distributed in an eggshell-type manner over the catalyst bodies. The 
coke was found to be of harder nature, i.e. more deficient in H, on the (ZrO2/s-ZSM-
5(DS))/Att. catalyst used for pyrolysis than on the K-(USY/Att.) catalyst used for 
deoxygenation. In addition to coke deposition, mild dealumination and minor structural 
changes were observed for the (ZrO2/s-ZSM-5(DS))/Att. material after reaction. The 
regeneration procedure of heating in static air up to 550 oC proved to be efficient in 
reversing to a large extent the detrimental effect of coke deposition. Catalyst acidity (ca. 
80%) and textural properties (ca. 90%), for instance, were largely recovered. However, 
some structural changes became more apparent after regeneration as a consequence 
of the gases/steam formed upon coke burning, leading, for example, to some re-
dispersion of the different components in the catalyst. The structural collapse seen for 
K-(USY/Att.) after reaction, was exacerbated by regeneration and should be considered 
as largely irreversible. 

Based on: “Deactivation and Regeneration of Shaped Catalyst Particles Used in 
Cascade Catalytic Bio-Oil Production: a Bulk and Spatial Characterization Study”, Ana 
M. Hernández-Giménez, Héctor Hernando, Rosa M. Danisi, Klaartje Houben, Marc 
Baldus, David P. Serrano, Pieter C.A. Bruijnincx, and Bert M. Weckhuysen, to be 
submitted.
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6.1. Introduction 

The work described in this Chapter focuses on the thermal pyrolysis of lignocellulose 
biomass and the subsequent catalytic upgrading of the vapours via a two-step catalytic 
cascade process run at the bench scale. This combined process, allows the the thermal 
pyrolysis oil, which would otherwise have bad transportation fuel properties in terms of 
energy content, miscibility, corrosiveness and viscosity, [1] to be upgraded to an 
advanced bio-fuel. In particular, wheat straw, de-ashed by an acid pre-wash, is subjected 
to ex-situ fast catalytic cascade pyrolysis (CFP): thermal pyrolysis occurs first on real 
biomass, and the resulting biomass vapours are passed subsequently over two fixed 
beds of solid catalyst bodies, the first containing a ZSM-5-based solid acid and the 
second a K-USY-based solid acid for further upgrading by catalytic deoxygenation .  

The solid acid catalyst used in the first catalytic pyrolysis step consists of a H-ZSM-5 
catalyst endowed with mesoporosity by desilication, ZSM-5(DS) (Si/Al~11), and 
promoted with ZrO2 (10 wt.%) via wet impregnation, as previously described in Chapter 
5 of this PhD Thesis. For bench and pilot scale testing, shaped catalyst bodies are 
required to ensure mechanical strength and avoid pressure drop issues [2]. Thus, 
granulates were made by mixing the ZrO2/ZSM-5(DS) powder with attapulgite clay 
binder, in a zeolite/binder ratio of 70/30 wt.% to yield granulates of 2-3 mm in diameter. 
The characterisation data of the fresh (ZrO2/s-ZSM-5(DS))/Att. catalyst material and its 
application in (single step) CFP are presented and discussed in Chapter 5.  

For the second catalytic upgrading step the catalyst used was prepared by mixing H-
USY (Si/Al~400) with attapulgite, again in a proportion of 70/30 wt.%, followed by 
extrusion as cylinders of 2 mm in diameter and 3-4 mm length. Once shaped into 
extrudates, they were subjected to K-grafting in methanol [3-4], introducing mesoporosity 
and basicity by K+ exchange and OH- leaching. The characteristics of this catalyst 
material and its performance in propanal aldol condensation, were reported in Chapter 
4 of this PhD Thesis. There, the K-(USY/Att.) catalyst system showed better 
performance in propanal aldol condensation, which serves as model for bio-oil 
upgrading, than the other catalyst extrudate synthesised, with bentonite as binder. 

Many examples can be found in the literature of post-mortem characterisation on spent 
zeolite-based powder catalysts. Magnoux et al., for example, studied the coke that had 
developed on zeolite H-Y during n-heptane cracking, demonstrating that coke build-up 
limits diffusivity through the supercages of the zeolite and hence hinders activity [5]. 
Other characterisation studies were performed on Pt-promoted mordenite and USY 
zeolites [6] during catalytic hydrogenation of benzene, where gradual coke build-up was 
thought to lead to deactivation. In the case of mordenite, deactivation mainly occurred 
by active site blockage by coke. Pt, located in the large channels of the zeolite, became 
inaccessible after a certain degree of coking. On the contrary, while the USY catalyst 
showed a higher coking rate than its mordenite-counterpart and the coke formed was of 
a similar nature for both, the accessibility to the Pt sites got limited but not blocked, 
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preventing full deactivation. Fan et al. [7] demonstrated that the physicochemical 
properties of a zeolite H-ZSM-5 catalyst used for CFP were strongly altered by coke 
formation, leading to quick deactivation. By performing atom probe tomography (APT) 
and solid-state NMR studies on fresh and spent H-ZSM-5 used for ethanol conversion 
[8] Devaraj et al. found that coke also led to local structural changes of Al.

While catalyst deactivation has indeed been extensively studied for catalyst powders, 
shaped catalyst bodies have received much less attention. Notable exceptions include 
the work on the deactivation of fluid catalytic cracking (FCC) catalyst particles. These 
complex particles typically consist of a zeolite, e.g. H-USY, promoted or non-promoted 
with active metals, and binder and fillers, such as silica, alumina and clays, e.g. kaolin 
[9-10] to improve the crystallinity and structural composition of the FCC catalysts. In 
theabsence of fillers and binders, the zeolite would suffer from structural damage under 
the hydrothermal conditions in the industrial reactor system [11]. Other common reasons 
for deactivation of FCC particles are poisoning, by coke and other impurities, and fouling, 
mainly by coke deposition and metals, clogging the pores and impeding accessibility [12-
14]. Ibarra et al. studied coke on spent FCC particles after FCC of bio-oil [15], noting 
coke deposition as an important mechanism of deactivation affecting the pore network, 
zeolite size and acidity. 

Catalyst regeneration is typically carried out under oxidative conditions at high 
temperatures [16-17]. As such, oxidative regeneration can totally or partially reverse 
certain causes of deactivation. Indeed, by burning-off coke from the spent catalyst, pore 
or active site blockage can be reversed, restoring to a large extent the physicochemical 
properties of the catalyst, such as surface area, pore volume and acidity. Michels et al. 
demonstrated that upon regeneration in flowing air at 550 °C for 3 h a ZSM-5 catalyst 
extruded with attapulgite showed significant recovery of its textural properties and 
catalytic activity shown prior to deactivation in the methanol-to-hydrocarbons reaction 
[18]. However, other causes of deactivation cannot be reverted by such a regeneration 
process, such as morphological or structural changes. Indeed, because of the high 
temperatures applied and the steam generated upon coke combustion, changes in the 
structural and textural properties of the catalyst usually worsen [12]. 

In this Chapter, we report on the deactivation modes shown by the tailored (ZrO2/s-ZSM-
5(DS))/Attapulgite and K-(USY/Attapulgite) catalysts after application in ex-situ catalytic 
pyrolysis and upgrading. The aim is to understand the origin and cause of deactivation, 
its implications and the extent to which deactivation can be reversed by regeneration. 
Such knowledge will allow for optimisation of catalyst lifetime and implementation of a 
proper regeneration procedure. To this extent, the catalyst materials were extensively 
characterised using bulk and spatially resolved techniques on fresh, spent and 
regenerated shaped catalyst bodies. The extent, nature and location of coke formation, 
any changes in structural integrity and acid/base properties of the shaped catalysts, and 
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the effect of regeneration by coke removal on the recovery of the original properties are 
presented.  

6.2. Experimental Section 

6.2.1. Catalyst Materials 
The catalyst materials under study include fresh, spent and regenerated shaped (ZrO2/s-
ZSM-5(DS))/Att. and K-(USY/Att.) catalyst bodies, as shown in Scheme 6.1a. Their main 
characteristics are compiled in Table 6.1.  

Scheme 6.1. a) Picture of the shaped catalyst materials under study. (ZrO2/s-ZSM-5 (DS))/Att. was used a 
granulate in the bench scale testing, while K-(USY/Attapulgite) was used as the extrudate shown. Cross 
sections are included. b) Schematic depiction of the bench three-step upgrading operation at IMDEA Energy 
Institute, indicating the experimental conditions and location of the catalyst beds. 

The bench scale set-up in which these solid catalysts were tested is schematically 
depicted in Scheme 6.1b. Biomass feedstock consisted of previously de-ashed wheat 
straw (4 g) heated to 550 °C and fluidised in 100 NmL/min N2. After thermal pyrolysis, 
the generated vapours are first exposed to a catalytic bed of (ZrO2/s-ZSM-5(DS))/Att., 
followed by a second fixed bed of K-(USY/Att.) catalyst located in the same reactor for 
further upgrading. Both beds operate at 450 ºC, and are run at the same catalyst-to-
biomass ratio (C/B) of 0.6 (excluding the binder into the catalyst weight). The vapours 
leaving the reactor were condensed to collect the liquid fraction, i.e. bio-oil, for ~10 min; 
non-condensable gases were collected in sampling bags at the end of the line. These 
catalytic tests were carried out by IMDEA Energy Institute.  

Catalysts were characterised before and after reaction, and after regeneration. 
Regeneration of both catalysts was carried out under static air by heating the samples 

154



in an open crucible at a temperature ramp of 1.8 ºC/min up to 550 ºC, holding the 
temperature for 6 h. 

Table 6.1. List of catalyst materials employed for catalytic pyrolysis and deoxygenation experiments. 

Catalytic Stage Catalyst Shape Composition Synthesis 

Pyrolysis (ZrO2/s-ZSM-
5(DS))/Att. 

Granulates 
(2<ø<3 mm) 

7 wt.% ZrO2/ 
63 wt.% s-ZSM-5 

(DS)/ 
30 wt%. 

attapulgite 

ZrO2 added to 
desilicated ZSM-5 
(Si/Al~12) by wet 

impregnation followed 
by drying and calcination 
[19]. Subsequent mixing 
with Att. and granulation. 

Deoxygenation K-(USY/Att.) 
Extrudates 
(ø = 2 mm; 
L=4 mm) 

2.5 wt.% K (ICP)/ 
67.5 wt.% USY/ 

70 wt.% 
attapulgite 

USY (Si/Al ~400) mixed 
with Att. and extruded. 

Followed by post K-
grafting. 

6.2.2. Catalytic Testing 

The CFP experiments were carried out in IMDEA Energy Institute facilities, in Madrid 
(Spain), following the description summarised in 6.2.1. Once the levels of O2 dropped 
down to < 0.1 vol% in the reaction system and the selected temperatures were reached, 
the biomass feeding valve was opened and the biomass was introduced into the reactor 
where pyrolysis occurs, forming char (carbonaceous solid by-product) and pyrolysis 
vapours. The solid fraction was accumulated in the thermal zone, while vapours and 
permanent gases were swept by the N2 flow and passed over the catalyst bed. The 
vapours leaving the reactor were condensed by a series of 125 cm3 flasks refrigerated 
by an ice-water bath kept at 0 °C. The non-condensable gases were passed to a 
sampling bag placed at the end of the line. Analyses of the bio-oil products were 
performed in a Thermo Specific FLASH 2000 CHNS/O micro-elemental analyser. C, H, 
N and S were directly measured while O was determined by difference. Energy yield 
associated with bio-oil product was calculated as the proportion of chemical energy 
(higher heating value, HHV) retained compared to that of the raw biomass. 

6.2.3. Catalyst Characterisation 

Thermogravimetric analysis  

TGA-MS analyses were performed with a Perkin Elmer Pyris 1 TGA thermogravimetric 
analyser coupled to a Pfeiffer Vacuum Omnistar mass spectrometer. Around 10 mg of 
sample was employed for TGA-MS of the spent catalysts. An air stream of 60 mL/min 
was employed during TGA-MS analysis, which consisted of heating the sample up to 
800 ºC with a heating rate of 5 ºC/min. The MS detector was set to monitor the evolution 
of H2O and CO2.  
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Fourier-Transform Infrared Spectroscopy 

FT-IR spectra of the spent catalysts were recorded on a Bruker Tensor 27 instrument 
equipped with an internal room temperature DLaTGS detector. 32 scans were collected 
per spectrum with a spectral resolution of 4 cm-1 and the scanned region was 4000-400 
cm-1. Prior to the measurements, the samples were ground and shaped into self-
supported wafers and pre-treated in nitrogen at 200 °C for 1 h.

For FT-IR after pyridine adsorption, a self-supported wafer of fresh or regenerated 
sample was placed in the FT-IR cell and adsorbed water was removed by heating the 
sample to 550 ºC with a heating rate of 10 ºC/min for 1 h under vacuum (~10-5 mbar). A 
Nicolet iS5 instrument was used to record the FT-IR spectra in transmission mode in the 
spectral range of 4000-400 cm-1. For each spectrum 16 scans were collected with a 
spectral resolution of 4 cm-1. The spectrum of the empty cell was taken as background. 
Pyridine vapour (Sigma-Aldrich, 99%) was adsorbed at room temperature (PPy~10 
mbar). After 30 min of adsorption, pyridine was evacuated using a high vacuum pump 
system. The FT-IR spectra were continuously collected during desorption and upon 
increasing the temperature from 50-400 ºC, with progressive increments of 50 ºC. For 
the quantification of the acid sites, the corresponding extinction coefficients proposed by 
Emeis [20] (Brønsted: 1.67 cm/µmol; Lewis: 2.22 cm/µmol) were used. 

Ultraviolet-Visible Diffuse Reflectance Spectroscopy 

UV-Vis Diffuse Reflectance Spectroscopy (DRS) data were collected over the 230-1000 
nm spectral region by an AvaSpec-2048L using an AvaLight DH-S-BAL probe with 
optical fibres for illumination and another fibre for the collection of the reflected light. 

Raman Spectroscopy 

Raman spectrum of the spent (ZrO2/s-ZSM-5(DS))/Att. catalyst was recorded with a 
Renishaw InVia microscope, using 532 nm laser excitation, through a 20x long working 
distance objective. The spectrum was acquired using a 0.5 mW laser excitation power, 
for 1200 consecutive spectra at a 10 s integration interval. The Raman spectrum was 
treated and deconvoluted with Fityk [21] based on the Levenberg-Marquardt least-
squares algorithm to generate fits from starting peak positions. The areas under the 
bands were used to estimate the coke size diameter formed onto the spent catalyst.  

Confocal Fluorescence Microscopy 

Confocal fluorescence microscopy (CFM) images of fresh and regenerated (only after 
staining, vide infra) and spent catalyst materials were acquired with a Nikon Eclipse 90i 
confocal microscope with a 100 x 0.73 NA dry objective was used for the fluorescence 
microscopy investigations. Excitation light was provided by focusing three (or four) 
specific laser lines, (404), 488, 561 and 642 nm, simultaneously on the desired sample, 
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located in an open cell (Linkam Instruments, FTIR 600). The microscope was equipped 
with a Nikon A1 scan head, accommodating the optics, which couple fibre optics for 
excitation and emission light into the microscope. A spectral analyser in the Nikon A1 
system was equipped with 32 photomultiplier tubes (PMTs) set to collect emission light 
in the region of ca. 450–700 nm, with a resolution of 6 nm.  

Ultraviolet-Visible Diffuse Reflectance Micro-spectroscopy 

UV-Vis DRS micro-spectroscopy was performed in an in-situ cell (FTIR600, Linkam 
Scientific Instruments) equipped with a temperature controller (Linkam TMS 93). The 
microscopy set-up used is based on an Olympus BX41 upright microscope with a 50 x 
0.5 NA-high (NA: numerical aperture) working distance microscope objective. A 75W 
tungsten lamp was used for illumination. The microscope was equipped with a 50/50 
double-viewport tube, which accommodated a CCD video camera (ColorView IIIu, Soft 
Imaging System GmbH) and an optical fibre mount. A 200 mm-core fibre connected the 
micro- scope to a Channel-coupled Device (CCD) UV-Vis spectrometer (AvaSpec-
2048TEC, Avantes). Experiments were performed on ca.10 mg of sample preheated at 
100 ºC for 10 min, subsequently adding 10 µl of 4-fluorostyrene. After a waiting time of 
5 min, UV-Vis DRS spectra were recorded in-situ for 15 min on the catalyst surface. After 
reaction samples were analysed ex-situ by CFM, both on the surface and internally. 

Argon Physisorption 

Ar adsorption and desorption isotherms of the samples were measured with an 
automated gas sorption system Micromeritics TriStar 3000. Prior to the measurements 
at -196 °C, all samples were dried at 120 ºC for 20 h. The surface areas were calculated 
using the Brunauer–Emmett–Teller (BET) model, micropore volume was calculated with 
the t-plot method whereas the mesopore volume was estimated by Barrett–Joyner–
Halenda (BJH) method. 

Temperature Programmed Desorption 

NH3-TPD measurements were performed using a Micromeritics AutoChem 2920 
apparatus to study the acidity of fresh, spent and regenerated catalysts. The sample, 0.1 
g in all cases, was first pre-treated in He (25 cm3/min) for 30 min at 500 ºC, then cooled 
down to 100 ºC and saturated with ammonia (10% NH3/He, Linde) to the equilibrium 
state. Prior to desorption, samples were flushed in He for 30 min. Subsequently, the 
ammonia desorption was performed in the range of 100 ºC to 500 ºC at a heating rate 
of 5 ºC/min. For the calculation of the number of acid sites it was integrated the area 
under the TPD curve. Deconvolution of the TPD curve was done with Fityk [21] based 
on the Levenberg-Marquardt least-squares algorithm to generate fits from the starting 
two peaks of maximum desorption temperature. The areas under the deconvoluted 
bands were used to estimate the concentration of acid sites –weak and strong, 
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corresponding to peaks at lower and higher temperature, respectively-. It was assumed 
that only one molecule of NH3 can adsorb on a single site. 

Adsorbed carbon dioxide measurements (CO2-TPD) were performed on a Micromeritics 
ASAP2920 apparatus. Approximately 0.15 g of sample were dried in-situ by flowing He 
(50 mL/min) while a temperature ramp of 10 ºC/min up to 550 ºC was applied. After this 
temperature was held for 2 h, the sample was cooled down to 50 ºC. Once cooled down, 
10% CO2/He (Linde) was flown through the bed of catalyst, by pulsing CO2 until 
saturation. Desorption was started by flushing with He flow (50 ml/min) for 1 h and 
subsequently heating the sample to 550 ºC (10 ºC/min) to induce the release of CO2. 
The number of basic sites was calculated by integration of the area under the curve. It 
was assumed that only one molecule of CO2 can adsorb on a single site. 

X-ray Fluorescence

X-ray Fluorescence (XRF) measurements on fresh and regenerated (ZrO2/s-ZSM-
5(DS))/Att. catalyst bodies were performed using a Orbis PC micro-XRF analyser.  It
was equipped with a LN-Free X-ray silicon drift detector (SDD), enhanced colour video
camera with 3x digital zoom, and a 30 µm poly-capillary lens resolution of 30 µm.
Compositional maps on zeolite, ZrO2 and clay phases were obtained by elementally
mapping Si, Zr and Mg, respectively on cross-sectioned granulates. Penetration depths
for Si, Zr and Mg were 27, 3840 and 9.6 µm, respectively.

X-ray Diffraction

X-ray diffraction (XRD) patterns were obtained at room temperature from 5-70° 2θ with
a scan step of 0.01° 2θ and 0.25 s/scan using a Bruker D2 phaser with a Coα1,2 source
(λ1,2 = 1.79026 Å). The lattice parameters were determined using the Le Bail full-profile
fit [22] provided by the software Topas5 [23]. Peak shapes were fit using fundamental
parameters while the background was fit with a 5-term Chebyshev polynomial.

Magic Angle Spinning Solid-State Nuclear Magnetic Resonance 

27Al magic angle spinning solid-state nuclear magnetic resonance (MAS ssNMR) 
experiments were performed at 11.7 T on a Bruker Avance III spectrometer equipped 
with a 3.2 mm MAS probe. Spectra were recorded at ambient temperature using 18 kHz 
MAS. An RF field of 50 kHz was used for the 27Al π/12 pulse followed by 26 ms 
acquisition. 10240 scans were accumulated using an inter-scan delay of 1 s. The 27Al 
chemical shift was externally referenced to aluminium nitrate (Al(NO3)3(aq)). The 1D 
spectra were processed using a line-broadening of 100 Hz.  

A zero-quantum (ZQ) filtered multiple-quantum solid-state magic angle spinning (MQ-
MAS) pulse-sequence was used to correlate the 27Al isotropic chemical shift (F1) with 
the quadrupolar line-shape (F2). The excitation and conversion pulses were applied with 
an RF field of 62 kHz. For the selective pulse following the Z-filter delay an RF field of 
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6.5 kHz was used. The incrementation time for the indirect dimension was set to one 
rotation period and 36 increments were recorded. The direct acquisition time was set to 
2.5 ms and 240 scans were accumulated using an inter-scan delay of 2 s. 

MQ-ssMAS data were Fourier-Transform and sheared using the software of Bruker 
Topspin3.5 and 250 Hz line-broadening was applied in both dimensions. 

The 1D NMR spectra were deconvoluted using a Gaussian multipeak fitting function in 
the Origin 9.1 software. The areas under the curves were fitted based on the Levenberg-
Marquardt least-squares algorithm to generate fits from starting peak positions observed 
in the corresponding MQ MAS ssNMR spectra. The areas under the peaks were used 
to estimate the ratio between framework and extraframework Al species. 

Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) images were recorded for fresh catalysts using a 
FEI XL30SFEG microscope. The samples were sprinkled on an aluminium stub with a 
carbon sticker and sputter coated with 10 nm Pt/Pd. Afterwards, SEM images were 
recorded in secondary electron (SE) mode. 

Transmission Electron Microscopy 

Transmission Electron Microscopy (TEM) images of fresh catalysts were taken on a 
Tecnai 12 (FEI, 120 kV) transmission electron microscope. TEM images of regenerated 
and spent catalysts were performed on a Tecnai 20 (FEI, 200 kV). On average, 10-15 
images were taken per sample from random locations. 

6.3. Results  

6.3.1. Catalytic Testing 

Figure 6.1 shows the catalyst performance results of the three-step cascade process, 
consisting of ex-situ CFP -i.e. thermal pyrolysis and catalytic upgrading over the 
(ZrO2/ZSM-5(DS))/Att. and K-(USY/Att.) catalysts. The activity is expressed as the bio-
oil yield as a function of its oxygen content, compared to the activity seen for CFP with 
a single (ZrO2/ZSM-5(DS))/Att bed, as well as with the non-catalytic, thermal pyrolysis 
process.  

After the cascade process (operated at a catalyst/biomass (C/B) ratio of 0.6) the bio-oil 
mass yield obtained was about 22 wt%. with 20 wt.% in O content (see green squares 
in Figure 6.1a). The single-bed ex-situ CFP experiment, operated with the C/B ratio of 
1.2 to run at the same total amount of catalyst, yielded a slightly higher bio-oil yield of 23 
wt.%, albeit at the expense of a considerably higher oxygen content of 25 wt.% (blue 
triangles). As a result, the energy yield obtained (Figure 6.1b) is thus higher when the 
two catalytic processes are coupled (39 wt.%) then when only one catalytic upgrading 
step is employed (36 wt.%).  Note that for the non-catalytic reaction (black circles), the 
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bio-oil yield was considerably higher, ~57 wt.%, but also of significantly higher oxygen 
content, ~41 wt.%, resulting in a final product with very poor processing properties. 

Figure 6.1. Bio-oil oxygen concentration vs. mass (a) and energy (b) yields (%). Results provided by IMDEA 
Energy Institute. 

6.3.2. Characterisation of Fresh, Spent and Regenerated (ZrO2/s-ZSM-5 (DS))/Att. 
Catalysts 

a) Coke Characterisation. The coke content on the spent (ZrO2/s-ZSM-5(DS))/Att.
catalyst was determined by TGA-MS, as displayed in Figure 6.2. Of the 6.8 wt.% coke
formed after catalytic pyrolysis, 0.7 wt.% is considered “soft” coke, i.e. hydrogen-rich,
desorbing at ca. 250 °C, with 6.0 wt.% being considered “hard” coke [24], i.e. highly
hydrogen-deficient, desorbing at ca. 480 °C, and the 0.1 wt.% remaining is even more
condensed, i.e. graphite-like coke, desorbing at ca. 700 °C (Figure 6.2a). A significant
weight loss also occurred at T<220 °C, which does not correspond to coke (see CO2

signal in Figure 6.2b), but to moisture, and the presence of other (organic) impurities.
These impurities were also present in the fresh and regenerated catalysts (a), likely
acquired during transportation given the hydrophilicity and adsorption affinity of zeolites
and clays.

To further characterise the nature of the coke deposited by FT-IR (Figure 6.3a) and UV-
Vis DRS (Figure 6.3b) spectroscopy, the spent catalyst bodies were ground and shaped 
into self-supported wafers. The FT-IR spectrum showed a significant amount of aromatic 
coke (νCH at 3067 cm-1; multiple νC=C in 1560-1600 cm-1) on the spent (ZrO2/s-ZSM-
5(DS))/Att. catalyst [25]. In addition, signatures of aldehydes (νCH at 2745 cm-1, νC=O at 
1714 and 1691 cm-1), olefins (νC=C 1636 cm-1) and acids (νC=O/νO-H 1616 cm-1), among 
other compounds, were detected indicating the presence of oxygenates. The UV-Vis 
DRS spectrum (Figure 6.3b) was in line with the above, showing the presence of “hard” 
or H-deficient coke species, such as pyrenes (250-350 nm) [26], naphthalenes and 
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anthracenes (280-400 nm) and more conjugated poly-aromatic species (with more than 
3 aromatic rings) and/or graphite-like coke, characterised by absorption at wavelengths 
longer than 400 nm [27].  

Figure 6.2. a) TGA-MS analyses of spent (black), regenerated (green), and fresh (red) (ZrO2/s-ZSM-
5(DS))/Att. catalysts. Left: normalised-weight (%); right: derivative in the range 50-800 ºC. b) MS signals 
(logarithmic scale) of H2O (m/z = 18) and CO2 (m/z = 44) as function of temperature for the fresh, spent and 
regenerated catalysts.  

Figure 6.3. FT-IR (a) and UV-Vis DRS (b) spectra of spent (ZrO2/s-ZSM-5(DS))/Att. catalyst. Catalyst features 
have been subtracted.

The size of the coke deposits formed onto spent (ZrO2/s-ZSM-5(DS))/Att. was estimated 
by Raman spectroscopy, based on the expression introduced by Ferrari and Robertson 
for disordered graphitic carbons and graphene (eq. 6.1) [28-29]. This equation uses the 
relationship between intensities of two Raman bands, resulting from well-structured (G, 
in-plane bond of C sp2) and disordered aromatics (D, breathing mode of the ring), found 
at ca. 1580 and 1380 cm-1, respectively, to estimate the size of coke (La). C(λ) is a 
parameter that depends on the wavelength of the excitation laser of the Raman 
equipment, λ=532 nm in this case. 

(La) = ((D/G)/C(λ))1/2  (eq. 6.1) 
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The Raman spectrum of spent (ZrO2/s-ZSM-5(DS))/Att. catalyst is shown in Figure 6.4a. 
Deconvolution of the recorded spectrum was attempted with 5 Gaussians to allow the 
contribution of Raman bands associated with disordered aromatics (D2, 1612 cm-1), well-
structured aromatics (G, 1580 cm-1), structural defects of aromatic clusters (D3, 1513 
cm-1), not-well-structured aromatics (D, 1380 cm-1) and finally aliphatics, (νCH, 1175
cm-1) [28-29].  Based on the D and G integrals the average coke size was estimated to
be between 5 and 10 Å. Substituted pyrenes such as depicted in Figure 6.4b are of this
size and have been proposed by Guisnet and Magnoux as an average component of the
soluble coke formed on H-ZSM-5 zeolite after carrying out for 6 h n-heptane cracking at
450 °C [30].

Figure 6.4. a) Raman spectrum of (ZrO2/s-ZSM-5(DS))/Att. spent catalyst after baseline subtraction and 
deconvolution into 5 Gaussians. The scattered red spectrum is the fitted curve (R2 = 0.87). Excitation source 
λ = 532 nm. b) Pyrenes have the dimensions calculated for the average coke species based on the Raman 
spectra.  

As shaped catalyst bodies might be subject to diffusion limitations, any coke formed 
could be non-homogeneously distributed over the shaped catalyst body. To study any 
spatial distribution of the coke, the spent catalyst bodies were studied by CFM [31], both 
at the external surface and over a cross-section, as schematically depicted and shown 
in Figure 6.5.  

Visual inspection after cross-sectioning of the spent (ZrO2/s-ZSM-5(DS))/Att. granulate 
already clearly showed an eggshell spatial distribution of the deposited coke. When the 
surface/shell (Figure 6.5a) was irradiated with the excitation lasers of the CFM, no 
fluorescence could be detected as a result of the high amount of poly-aromatic or (even) 
graphitic coke, rendering the surface opaque. When moving from the edge to the centre 
(b), where coke was less and of a “softer” nature, fluorescence was seen. Different 
regions could be observed, as highlighted in Figure 6.5b,c, accompanied by the 
corresponding emission bands shown in Figure 6.5d. One can distinguish brighter 
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regions (red, 2) characterised by a large amount of naphthalenes/anthracenes, emitting 
light at wavelengths below 550 nm and especially poly-aromatic species, which emit light 
above 550 nm [31-32]. The ratio between poly-aromatic and anthracene-like 
carbonaceous species was more pronounced in regions located closer to the edge of 
the cross-section, 3 (green), suggesting that the coke species are more conjugated in 
the outer rim of the bodies. 

Figure 6.5. Confocal Fluorescence Microscopy (CFM) images of spent (ZrO2/s-ZSM-5(DS))/Att. Top: 10 times 
magnification of surface (a) and centre of cross-section (b). Bottom: 100 times magnification of centre of the 
cross-section (c) and corresponding spectral information of regions of interest indicated. Dashed vertical lines 
represent the excitation lasers, fixed at λ = 488, 561, 642 nm. Insets in each image show photographs and 
schematic representations of irradiation on surface and cross-section.  

Zooming in at a central position of the cross-section (1, blue, Figure 6.5b,c) revealed 
various bright spots, such as the one labelled as A, which can be assigned to zeolite 
crystals (0.5-2 µm) where coke preferentially forms [33-34] given the high amount of 
Brønsted acid sites offered by the s-ZSM-5(DS) zeolite (see Chapter 5 of this PhD 
Thesis). The less bright spots, indicated by B, are thought to correspond to attapulgite 
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crystals (0.5 µm x 30 nm), given their lack of Brønsted acid sites (see Chapter 4), what 
might lead to lower coke proliferation [35]. This identification of zeolite-rich and clay-rich 
domains is further supported by 4-fluorostyrene oligomerisation reaction and µ-XRF 
results (see below in section d). 

b) Textural Properties. The influence of the deposited coke and subsequent
regeneration on the textural properties of spent and regenerated (ZrO2/s-ZSM-
5(DS))/Att. catalyst were determined by Ar physisorption at -196 ºC (Figure 6.6, Table
6.2).

Figure 6.6. Ar porosimetry isotherms (a) and pore-volume distributions (b) of fresh (red), regenerated (green) 
and spent (black) (ZrO2/s-ZSM-5(DS))/Att. catalysts. 

Table 6.2. Overview of textural and acidity properties of the (ZrO2/s-ZSM-5(DS))/Att. catalyst. 

Sa
m

pl
e 

BE
T 

(m
2 /g

) 

S e
xt
 

(m
2 /g

) 

S m
ic

ro
 

(m
2 /g

) 

V m
ic

ro
 

(c
m

3 /g
) 

V m
es

o 
(c

m
3 /g

) 

C
ok

e 
(w

t.%
) Aciditya 

(mmol/g) 
Acidityb    
(µmol/g) 

Weak Strong LASc BASd 

Fresh 263 86 177 0.068 0.164 - 0.25 0.31 94 38 

Spent 164 50 114 0.044 0.085 6.8 0.12 0.23 n.a. n.a.

Regener. 242 85 157 0.060 0.157 - 0.20 0.29 48 30 
a,bDetermined by NH3-TPDa and Py-FT-IR at 150 ºCb. cLAS = Lewis acid sites, dBAS = Brønsted acid sites. n.a 
= not analysed. 

The fresh catalyst (Figure 6.6a) showed a type I to type IIb isotherm, associated with a 
microporous material with additional mesoporosity, accompanied by a steep H3 
hysteresis loop [36-37]. After reaction, however, a type I isotherm with a flatter H4 
hysteresis loop was observed, as a consequence of the big loss in micropore and, in 
particular, mesopore volume. The surface area was also significantly reduced after 
reaction (~38% in drop, Table 6.2). The pore-size distribution plot (Figure 6.6b) obtained 
by BJH analysis revealed that the micropores, filled at low relative pressures, and 
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mesopores, filled at higher relative pressures, were partially shuttered after reaction due 
to the coke formed. 

Notably, after regeneration, consisting of burning-off the coke at 550 °C for 6 h, the 
original textural properties were recovered to a large extent (up to ~92%) with micro- and 
mesoporosity being restored, as shown and indicated in Figure 6.6 and Table 6.2. 

c) Acidity properties. With acidity being key to activity in catalytic pyrolysis, the bulk
acidity of the fresh, spent and regenerated (ZrO2/s-ZSM-5(DS))/Att. catalysts was
probed by NH3-TPD. The type of acidity was probed by Py-FT-IR spectroscopy.

NH3-TPD profiles, depicted in Figure 6.7a, revealed a large drop in the overall acidity 
after reaction. Upon regeneration, most but not all acidity could be recovered, however. 
The values of total amount of acid sites are given in Table 6.2, expressed as weak 
(T<250 °C)  and strong (T>250 °C) depending on the temperature at which NH3 is 
desorbed, based on deconvolution and integration (see Figure 6.7b for example) [38-
39]. A big loss in acidity was seen for the spent sample, with the weak (52% drop) acid 
sites being more affected than the strong ones (26% drop). This might indicate that the 
drop in acidity is likely due to pore occlusion and not to any acid site poisoning [35]. The 
loss of acidity could be partially recovered by regeneration, as indicated by the TPD trace 
and the concentration values displayed in Table 6.2.  

Figure 6.7. a) Weight-normalised NH3-TPD profiles of (ZrO2/s-ZSM-5(DS))/Att. fresh (red), spent (black) and 
regenerated (green) catalyst. b) Example of deconvoluted TPD curve for the fresh catalyst. 

Figure 6.8 shows the FT-IR spectra collected for the fresh and regenerated (ZrO2/s-
ZSM-5(DS))/Attapulgite catalyst systems after pyridine adsorption at room temperature 
and subsequent desorption as function of temperature. 
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Figure 6.8. Weight-normalised FT-IR spectra of the fresh (a) and regenerated (b) (ZrO2/s-ZSM-5(DS))/Att. 
catalysts materials during pyridine desorption from room temperature (blue) to 400 ºC (red). The spectrum 
before pyridine exposure is marked in black. The off-set spectrum in grey corresponds to the background-
corrected desorption spectrum taken at 150 ºC, used for quantification.

For both fresh and regenerated catalysts absorption bands are observed at 1545 and 
1636 cm-1 corresponding to pyridine adsorbed on Brønsted acid sites (PyH+) of the 
(ZrO2/s-ZSM-5(DS))/Attapulgite catalyst [40-41], coming from the zeolite component, as 
detailed in Chapter 5. Regeneration does not recover all of the Brønsted acid sites 
(BAS). Quantification of the BAS by integrating the absorption band at 1545 cm-1 after 
desorption at 150 °C [20], showed a concentration of 38 µmol/g in BAS for the fresh 
catalyst and 30 µmol/g for the regenerated sample (Table 6.2), indeed indicating some 
irreversible loss in sites upon coke removal. 

Remarkable differences in band intensity are observed for the absorption bands at 1455 
and 1620 cm-1, which correspond to pyridine adsorbed on coordinatively unsaturated, 
Lewis-acidic Al3+ ions [40-42], with lower intensity again being observed for the 
regenerated catalyst. The multiple absorption bands in the range 1443-1455 cm-1 are all 
associated with coordination of pyridine to Zr4+, from the ZrO2 component, and other 
Lewis acid cations, present within the attapulgite (e.g. Fe2+/3+, Mg2+, Ca2+ [42-43]), as 
evidenced in Chapter 4. The multiple absorption bands at ca. 1443-1455 cm-1 remain at 
the same position but are lower in intensity in the case of the regenerated compared to 
the fresh catalyst. Quantification of the absorption band at ca. 1448 cm-1 showed the 
concentration of LAS to be 94 and 48 µmol/g for the fresh catalyst and regenerated 
sample, respectively, at a desorption temperature of 150 °C. The more efficient recovery 
of the strong BAS upon regeneration is in line with ammonia TPD results, which show 
better recovery of strong acid sites (Table 6.2). That might be also connected to a larger 
decrease of LAS upon reaction plus regeneration, pointing at a likely sintering or 
changes in the attapulgite cations and Zr.  

The absorption band located at 1612 cm-1 is attributed to pyridine interacting with 
coordinatively unsaturated Al3+ (cus) and Zr species [44-45] (Lewis acidity, PyL). The 
1612 cm-1 band was of considerably higher intensity for the fresh than for the 
regenerated catalyst. However, compared to the intensity of other cations interacting 
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with pyridine -band at 1620 cm-1- the relative intensity of PyL-Zr was larger for the 
regenerated than for the fresh catalyst. This stronger PyL-Zr interaction could be an 
indication of ZrO2 sintering and/or re-dispersion after reaction and regeneration. 

Spatial information on changes in (accessible) acidity was obtained by selective staining 
of fresh and regenerated (ZrO2/s-ZSM-5(DS))/Att. granulate samples with 4-
fluorostyrene, and subsequent monitoring of its fluorescent oligomerisation products. 
Note that the black colour of the spent catalyst precluded the analysis on this material.  

As discussed in Chapter 5 (Scheme 5.3), on Brønsted acid sites of sufficient acidity, 4-
fluorostyrene reacts to give linear dimers (3-5) which absorb light at λ = 555 nm, or 
further oligomerises to give trimers such as (6) or more conjugated species, absorbing 
light at λ = 605, 640 nm. The formation of cyclic (7) over linear oligomers (5, 6) is 
favoured with a higher strength of BAS, with the cyclic species absorbing light at 515 nm 
[46-47].  

The in-situ UV-Vis absorption spectra recorded for fresh and regenerated stained 
(ZrO2/s-ZSM-5(DS))/Att. catalysts are displayed in Figure 6.9, following the procedure 
schematically illustrated in a. After staining of the external surface, in-situ absorption 
spectra were recorded for 15 min at 100 °C. The reaction was followed in parallel by 
CFM. Insets in Figure 6.9c,d correspond to purple-like optical (bottom) and orange-like 
fluorescence microscopy (top) images obtained with the UV-Vis and CFM microscopes 
after the 4-fluorostyrene oligomerisation reaction. 

The absorption band profiles and peak positions of the maxima seen for the fresh (Figure 
6.9c) and regenerated (d) catalyst samples were very similar, the main difference being 
the lower overall intensity observed for the latter. This indicates that after reaction and 
regeneration overall acidity remained but diminished in amount. The lower ratio of cyclic 
(7) to linear dimeric (5) carbocations for the regenerated compared to the fresh sample,
simplified by the lower intensity ratio of the 515 nm/555 nm bands [48], confirms the drop
in BAS upon reaction and regeneration. The optical and CFM images of the stained fresh
sample appear brighter than the regenerated ones (insets in c and d), visually illustrating
this drop in acidity.

The ex-situ emission fluorescence spectra (right axis in Figure 6.9c,d) recorded on the 
external surface (scattered red line) and the cross-section (scattered green line) 
correlate with the in-situ absorption bands (see b for correlation of UV-Vis DRS 
absorption bands and CFM emission bands). However, the higher styrene oligomers 
(λ = 606, 636 nm) are observed to continue to increase after reaction; on the contrary, 
the shorter oligomers (λ = 515 nm) have a shorter lifetime [47] and considerably diminish 
after 30 min reaction. Individually, fresh and regenerated catalyst granulates show 
similar profiles on the surface and at the centre of the cross-section, being however, less 
intense at the cross-section. All this suggests that although there is a fairly homogeneous 
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distribution of acidity -hence, components- over the catalyst bodies, there are 
accessibility constrains. 

Figure 6.9. (a) Schematic representation of 4-fluorostyrene staining of the (ZrO2/s-ZSM-5(DS))/Att. granulate 
at its external surface and in-situ examination by optical microscopy, followed by ex-situ examination at the 
surface and cross section of the granulate by CFM. b) Example of correlation of UV-Vis DRS absorption bands 
and CFM emission bands. (c-d) In-situ absorption UV-Vis DRS (continuous line) and ex-situ emission CFM 
spectra (scattered lines; red on the surface and green on the cross-section) for fresh (c) and regenerated (d) 
(ZrO2/s-ZSM-5(DS))/Att. catalyst. Pictures in insets are optical (bottom, purple) and CFM images (top, orange 
fluorescence) after 15 min of 4-fluorostyrene oligomerisation at 100 °C for fresh and regenerated samples. 
Excitation lasers fixed at λ = 488, 561, 642 nm. Note that the spent sample could not be analysed due its black 
coloration, fully absorbing all incident and emitted light. e) CFM image of fresh granulate after 5 min of 4-
fluorostyrene oligomerisation reaction, and corresponding emission spectra (f). 

The oligomerisation reaction of 4-fluorostyrene was also followed in-situ by CFM. In 
Figure 6.9e is shown a CFM image of a sectioned, freshly stained (ZrO2/s-ZSM-
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5(DS))/Att. granulate after 5 min of 4-fluorostyrene oligomerisation reaction. Highlighted 
in red is a region with especially high acidity -given the large intensity ratio of cyclic (7) 
to dimeric (5) and trimeric (6) carbocations (see spectra in Figure 6.9f). This suggests a 
higher Brønsted acid concentration than average, highlighted in blue, corresponding to 
a zeolite-rich domain. Note that attapulgite itself is not sufficiently acidic to facilitate this 
reaction, as seen in Chapter 5 of this PhD Thesis. Spots highlighted in green might 
therefore correspond to attapulgite-rich aggregates, as they show lower acidity, indicated 
by the lower intensity ratio of the cyclic (7) to linear carbocations.  

d) Spatial Elemental Composition. Any re-dispersion effects after reaction and
regeneration were studied by correlating the CFM results obtained on 4-fluorostyrene
oligomerisation with µ-XRF (Figure 6.10). That the region, marked in red in Figure 6.9d,
is a zeolite domain was indeed confirmed by µ-XRF by the higher presence of Si -which
is predominant in the zeolite over the clay- and in particular by the absence of a Mg
signal which is unique for the attapulgite clay. The zeolite domains in addition showed a
higher signal for Zr, indicating that Zr mainly remained supported on the zeolite, as meant 
to be upon impregnation. However, for the regenerated granulate (b) some re-dispersion
of Zr was seen, with Zr now also being detected at the attapulgite domains (as indicated
by the Mg map).

Figure 6.10. Mounted images of (ZrO2/s-ZSM-5(DS))/Att. fresh (a) and regenerated (b) granulates with the 
corresponding elemental maps obtained by µ-XRF and corresponding scaled thermal maps -the warmer the 
colour, the higher intensity. White rectangles indicate the zone analysed within the same scanned plane; small 
circles and squares indicate regions of interest mentioned in the text. 
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e) Structural Properties. XRD was employed to measure the structural integrity of the
fresh, spent and regenerated catalyst samples.  The zeolite patterns, shown in Figure
6.11, correspond to the orthorhombic phase of the zeolite ZSM-5 framework (PDF 00-
044-0003), which remained well preserved after reaction [49]. Nevertheless, the shape
of some diffraction peaks suffered some small changes upon reaction. Such changes
include the transformation of the initially split peak at 2θ 26.8º and 27.1º into a single
peak, and its increase in intensity compared to the peak at 27.6º, changes that are
typically attributed to the incorporation of organics within the zeolite framework [49-50].
A carbon phase (PDF 00-026-1077) is identified in the diffraction pattern of the spent
sample at 2θ 31.5 º. By contrast, the XRD peak seen at 31.0º (2θ) for the fresh sample
and assigned to the quartz phase of attapulgite -its most common impurity [51]-
disappeared after reaction. The absence of the quartz peak for the spent catalyst sample
is likely due to either a phase change of quartz, or to agglomeration or certain
amorphisation of the attapulgite phases affected by the high reaction temperatures.

Figure 6.11. XRD patterns of fresh (red) and spent (black) and regenerated (green) ZrO2/s-ZSM-5 (DS)/Att. 
catalyst. (a) 2θ=6-60º; (b) 2θ=26-32º.  

Table 6.3. Lattice parameters values of (ZrO2/sZSM-5(DS))/Att. as determined by XRD. 
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Fresh Pnma 20.1278(6) 19.9364(5) 13.4038(5) 5378.6(3) 76.8(6) 

Spent Pnma 20.0794(6) 19.9529(6) 13.4099(5) 5372.5(3) 70.7(6) 

Reg. Pnma 20.1278(6) 19.9405(6) 13.4033(5) 5379.5(3) 75.0(6) 

The coke deposited during catalytic reaction led to an increase in the b and c lattice 
parameters (Table 6.3) [50]. This was counterbalanced by a contraction of the a lattice 
parameter, likely related to slight zeolite dealumination [52] caused by contact with 
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moisture coming from biomass vapours [53]. Notably, the crystallite size of the zeolite, 
indicated by the LVOL-IB value, also decreased after catalytic reaction.  

Upon regeneration, the original diffraction pattern seen for the fresh sample was almost 
totally restored, with the doublet peaks at (2θ) 26.8 and 27.1º and the original shape of 
the peak at 27.6º again being observed, together with the disappearance of the carbon 
phase at 31.5º. Regeneration resulted in lattice parameter changes opposite to those 
observed after reaction: b and c shortened, an indication of coke depletion, and a 
expanded back to the initial value of the fresh sample. The regeneration conditions, 
exposing the sample to high temperature and gas formation during coke burning-off, can 
possibly lead to phase transformations of the attapulgite component. The absence of the 
quartz peak at 31º (2θ) in the regenerated sample indicates that the re-dispersion or 
phase change suffered upon reaction is irreversible. In addition, crystallite size again 
increased in the regenerated sample, although the value of the fresh sample was not 
fully recovered. 

Aluminium speciation in both the (ZrO2/s-ZSM-5(DS))/Att. zeolite and in the binder, have 
been assessed by 27Al MAS (Figure 6.12a) and 27Al MQ MAS ssNMR (b,c). The main 
resonances of the fresh sample were located at 53 ppm (red series, Figure 6.12a), 
assigned to framework tetrahedral coordinated Al species (A, AlIV) [54-55], and at ca. 3 
ppm, assigned to extraframework octahedrally coordinated aluminium species (E, AlVI) 
[56]. Less well-defined extraframework penta-coordinated Al (C, AlV) species were also 
present for the fresh sample at ca. 30 ppm.  

After reaction the signal intensity of A decreased, with a concomitant increase in intensity 
of C and E at 30 ppm and 3 ppm, respectively (black series, Figure 6.12a). Besides, the 
resonance of octahedral AlVI species, E, shifted to a lower chemical shift as better 
observed in the 27Al MQ MAS ssNMR spectra (c), and thought to be related to distortions 
caused by pore coverage by coke [8]. In addition to the shift towards higher field, a 
shoulder emerged at 10 ppm (D, AlVI’) (a), also attributed to broadening/structural 
distortions suffered upon coke build-up at high reaction temperature [8], [55-56] (see 
expansion of D in Figure 6.12c).  

The ssNMR spectra were fitted according to the different resonances identified (A  F) 
(Figure 6.12b) and the areas of the main deconvoluted spectra of the fresh, spent and 
regenerated samples were integrated to estimate the ratio between framework and 
extraframework Al species, as shown in Table 6.4. A large decrease of framework Al 
was seen after reaction, in line with the drop in Brønsted acidity noted above [54], [57]. 

After regeneration of the catalyst material, most of the framework Al lost upon reaction 
seemed to be restored, as indicated by the increase in intensity of A (green spectrum in 
Figure 6.12a). The signal associated with extraframework AlVI species, E, returned to its 
initial position (c) and a large downfield distortion of signal D was noted. The increase in 
distortion of the AlVI species after regeneration compared to the spent sample is likely 
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associated with re-arrangement processes [58-59] of the attapulgite during the thermal 
treatment, as a result of the gases/steam created upon coke burning. However, the 
overall ratio between framework and extraframework Al was notably recovered, as 
shown in Table 6.11. According to Table 6.4, a 21% and 7% loss in framework aluminium 
is seen for the spent and regenerated catalysts, respectively. Note that these changes 
are very close to the drops in strong acidity of ~26 and ~7%, as determined by NH3-TPD 
(Table 6.2), confirming the strong correlation between strong acidity and framework Al 
species [60]. 

Figure 6.12. 27Al MAS ssNMR (a) and 27Al MQ MAS ssNMR (c) spectra of fresh (red), spent (black) and 
regenerated (green) catalyst. b) Example of deconvolution of resonance peaks for the spent sample. RF field 
of 50 kHz used for π/12 27Al pulse excitation source (0.87 µs), MAS 18 kHz, Tset 298 K.  

Table 6.4. Ratio of Al species after deconvolution and integration of the 27Al MAS ssNMR spectra of the 
(ZrO2/s-ZSM-5(DS))/Att. catalyst. 

Sample AlIV / AlVI AlIV / AlV AlIV/(AlVI+AlV) Loss AlF Loss strong 
acid sites 

Fresh 1.72 2.20 0.97 - - 

Spent 1.43 1.68 0.77 21% 26% 

Regenerated 1.66 2.10 0.93 7% 7% 
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The morphology of the (ZrO2/s-ZSM-5(DS))/Att. catalyst was analysed by SEM and 
TEM. Images of the fresh sample are given in Figure 6.13a,b,c,f, consisting of zeolite 
ZSM-5 grains of ca. 0.5-2 µm which agglomerate to form particles of 4 to 10 µm, as 
detailed in Chapter 5. Needle-like agglomerates of attapulgite (0.5 µm x 30 nm) embrace 
the zeolite crystals, agglomerating more on the edges and surface defects of the zeolite 
component. Quartz impurities could also be detected in the attapulgite (e) [51], [61]. 

Figure 6.13. Representative SEM (a-b) and TEM (c-h) images of: (a,b,c,f) fresh, (d,g) spent, and (e,f) 
regenerated (ZrO2/s-ZSM-5(DS))/Attapulgite catalyst. 

TEM examination of fresh, spent and regenerated samples showed no significant 
changes in morphology. Figures 6.13c-h do allow segregated domains of zeolite and 
binder to be distinguished. The zeolite particles, of varied sizes and shapes, looked 
basically unaltered after reaction and regeneration. However, the needle shaped phase 
attapulgite phase seemed to be better defined in the fresh (c,f) and regenerated samples 
(h), compared to spent samples (d,g). Also, for the spent samples the zeolite crystal 
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edges could be seen with higher contrast than average (see inset in g), something which 
could be associated with coke-derived species [7]. 

A high magnification TEM image of the fresh (ZrO2/s-ZSM-5(DS))/Att. catalyst (f) 
revealed the presence of nanosized ZrO2 particles distributed both on the zeolite crystals 
-based on XRD observations- where this component was originally deposited via
impregnation, but also on the attapulgite. This observation indicates that the ZrO2 phase
was re-dispersed during granulation and calcination. Note that this does not contradict
µ-XRF results which had indicated that Zr was preferentially distributed on the zeolite on
the fresh sample and not on the binder, given that the resolution is much higher for TEM
than for µ-XRF. Also, ZrO2 might have re-dispersed after regeneration, as illustrated by
the aggregated clusters formed onto the regenerated (ZrO2/s-ZSM-5(DS))/Att. catalyst
(h).

6.3.3. Characterisation on Fresh, Spent and Regenerated K-(USY/Att.) Catalyst 

a) Coke Characterisation. TGA-MS analysis of the spent K-(USY/Att.) catalyst (Figure
6.14) showed a coke content of 5.6 wt.% after 10 min of catalytic deoxygenation; 4.9
wt.% corresponds to “hard” coke [24] desorbing at ca. 415 ºC, while the remaining 1.1
wt.% is attributed to “soft” coke, i.e. H-rich. The fresh and regenerated samples also
showed some drop in weight, by loss of water and organic impurities.

Figure 6.14. a) TGA-MS analyses of spent (black), regenerated (green) and fresh (red) K-(USY/Att.) catalyst. 
Left: normalised-weight (%); right: derivative in the range 50-800 ºC. b) MS signals (logarithmic scale) of H2O 
(m/z = 18) and CO2 (m/z = 44) as function of temperature for the fresh, spent and regenerated catalysts. 

The nature of the coke formed was further characterised by FT-IR (Figure 6.15a) and 
UV-Vis DRS (b) spectroscopy. FT-IR of the spent K-(USY/Att.) catalyst (Figure 6.15a) 
showed the presence of aromatics (νCH at 3067 cm-1) and coke (νC=C at 1574, 1600      
cm-1). The intense νCH features at 2977-2853 cm-1 reveal that the coke was rich in
hydrogen. The FT-IR bands at 2745 cm-1 (νCH) and 1714 cm-1 (νC=O) are indicative of
aldehydes, indicating that also oxygenates were present. The UV-Vis DRS spectrum of
spent K-(USY/Att.) (Figure 6.14b) indicates the presence of “soft” or H-rich coke types,
such as alkylated benzenes, absorbing light in the range of 250-270 nm; “hard” or H-
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deficient coke, like naphthalenes and anthracenes, which absorb at 280-400 nm [27]; 
and polyaromatic carbonaceous species, above 400 nm. 

Figure 6.15. FT-IR (a) and UV-Vis DRS (b) spectra of spent K-(USY/Att.). Catalyst features have been 
subtracted. 

Figure 6.16. CFM images of surface (a) and cross-section focused on the edge (c) and in the centre (d) of 
spent K-(USY/Att.). (b) Spectral information of regions of interest. Dashed vertical lines represent the excitation 
lasers, fixed at λ = 488, 561, 642 nm. Insets in each image are schematic representations of the surface and 
the edge and centre of the cross-section of the K-(USY/Att.) extrudate, indicating how irradiation is performed 
at the surface and the centre of the cross-section.
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The spent K-(USY/Att.) extrudate was examined by CFM, as illustrated in Figure 6.16, 
to study the distribution of carbonaceous species over the catalyst body after catalytic 
deoxygenation. Different carbonaceous species were detected over the extrudate, 
including naphthalenes/anthracenes -emitting light between 400-500 nm- and poly-
aromatics -emitting at λ< 550 nm- [31-32], [62]. The proportion of the latter was found to 
be higher on the external surface, while the inner spots of the extrudate contained more 
coke rich in hydrogen. A gradient in colour was furthermore observed over the cross-
section of the extrudate, as shown in Figure 6.16c, pointing at an egg/shell distribution 
of coke. The shell, with an approximate thickness of ½ mm, was better distinguished 
when recording spectra on selected spots/regions due to the lower fluorescence intensity 
(1,4) compared to the core of the section (2, d). The extrudate’s surface (a) also 
contained regions of higher fluorescence intensity (2) presenting a similar concentration 
profile as seen in the core of the cross-section, possibly associated with local attapulgite 
agglomeration. Note that for this catalyst the only source of BAS is the clay -as 
demonstrated in Chapter 4 of this PhD Thesis- given that the USY zeolite is highly 
dealuminated (Si/Al~400). 

b) Textural Properties. The Ar physisorption isotherms obtained at -196 ºC for the fresh,
spent and regenerated K-(USY/Attapulgite) catalyst are shown in Figure 6.17 and
summarised in Table 6.5. The Ar physisorption data of the fresh catalyst (red series,
Figure 6.17a) shows a type IV isotherm, characteristic for mesoporous materials [36],
accompanied by a steep H3 hysteresis loop [14]. The BET value is rather high for this
catalyst, typical for hierarchical materials (Table 6.5).

Figure 6.17. (a) Ar porosimetry isotherms and (b) pore-volume distributions for K-(USY/Attapulgite) on fresh 
(red), spent (black) and regenerated (green) catalysts.  

After reaction the isotherm was maintained as type IV with substantial loss in micro- and 
mesopore volume, though (black series, a). BJH analysis, derived from pore-size 
distribution plot (b), indeed revealed that the mesopores were partially shuttered after 
reaction. Besides, an important loss in surface area after reaction was noted (Table 6.5). 
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The affected textural properties were partially restored upon regeneration, as the 
improved values of micro- and mesopore volume, and BET surface area indicate, but to 
a much lesser extent than with the ZSM-5-based catalyst. This poor recovery could point 
at structural collapse upon reaction. 

Table 6.5. Overview of properties of the K-(USY/Attapulgite) catalyst. 
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Fresh 471 388 84 0.177 0.146 -  15 244 
Spent 406 337 69 0.134 0.096 5.6 n.a. 71 

Regenerated 455 382 73 0.152 0.127 - 14 42 
a,b,Determined by Py-FT-IRa at 150 ºC and CO2-TPDb. 

c) Basic Properties. Bulk basicity of fresh, spent and regenerated K-(USY/Att.) catalyst
was determined by CO2-TPD, as expressed in Table 6.5. After reaction a decrease of
70% in basic sites was noticed, likely as a consequence of the consumption of basic OH
groups during reaction as well as of structural collapse. Rather than being recovered
after regeneration basicity dropped further, suggesting further structural damage
suffered from the gases/steam generated by coke burning. Loss in basicity had already
been associated with crystallinity loss in alkali-metal grafted USY powder catalysts [3],
a direct consequence of structural collapse that affected the basicity of the catalyst by
either: 1) hindering the accessibility to the K-OH sites (see Chapter 3 of this PhD Thesis);
2) by changes in attapulgite phase, which also provides basicity via its alkaline cations
present as seen in Chapter 4 by CO2-FT-IR. The suggested structural collapse by loss
of crystallinity is further supported by the XRD results shown below.

d) Acidic Properties. In Chapter 4 it is shown that the K-(USY/Att.) catalyst contains
weak K+- Lewis acid sites, originating from the grafting procedure, as well as several
other weak Lewis sites provided by attapulgite, presumably Al3+, Fe3+ and Mg2+. Bulk
acidity measurements of fresh, spent and regenerated K-(USY/Att.) catalyst by NH3-TPD
(not shown), revealed acidity to be very limited given its high ratio Si/Al (~400), with an
overall acid site concentration of only 0.13 mmol/gcat. Therefore, although loss in acidity
might be expected after reaction by coke formation, any changes will be negligible.

More insight into the acidity of the samples was gained from the Py-FT-IR spectra of the 
fresh and regenerated K-(USY/Att.) catalysts after adsorption at room temperature and 
subsequent desorption. The results are shown in Figure 6.18. Practically identical results 
were obtained for both fresh and regenerated catalysts. The K-(USY/Att.) catalyst, which 
lacks Brønsted acidity, only shows weak perturbations at ~1595 cm-1, associated to the 
ring vibration 8a mode of pyridine [63] -due to hydrogen-bonded pyridine interacting with 
weakly acidic silanol groups [64-65]- and weak Lewis acid sites, indicated by absorption 
bands located at 1597 cm−1, 1447 and 1443 cm−1. Indeed, the band at 1443 cm-1 can be 
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attributed to Py adsorbed on Lewis acidic K+ cations [20], [66] meanwhile the absorption 
band at 1447 cm-1 might be associated to a smaller cation present in the attapulgite (e.g. 
Al3+, Fe3+, Mg2+, Ca2+). These absorption bands disappeared at 150 oC upon 
outgasssing, indicating their weak nature [20]. Focusing on the spectrum at 150 oC, the 
regenerated catalyst showed similarly intense absorption bands at 1443 and 1447 cm-1, 
while for the fresh the band at 1443 cm-1, attributed to K+, is the most intense. That Py-
K is more intense on the fresh than on the regenerated sample could indicate that K was 
relocated/partially lost after reaction and regeneration. Note that K+-sites located in the 
sodalite cages of the FAU structure would be significantly hindered/blocked in case 
structural collapse occurs. Quantification of the LAS by integration of the 1447 and 1443 
cm-1 bands in any case revealed that the total amount was very low for the fresh and
regenerated samples (Table 6.5).

Figure 6.18. FT-IR spectroscopy of the fresh (a) and regenerated (b) K-(USY/Att. catalyst materials during 
pyridine desorption from room temperature (blue) to 150 ºC (red). The spectrum before pyridine exposure is 
marked in black. The off-set spectrum in red corresponds to the background-corrected desorption spectrum 
taken at 150 ºC, used for quantification. 

e) Structural Properties. XRD patterns of K-(USY/Att.) catalyst, shown in Figure 6.19,
showed the typical cubic pattern of the USY zeolite (PDF 00-045-0112), which, for sake
of comparison, was also recorded and included in Table 6.6.The main difference found
between the XRD patterns of the different samples is related to the split diffraction peaks
at ca. 2θ = 31.0º and 31.1º, which correspond to the hexagonal quartz phase of
attapulgite (PDF 01-089-1961) and graphitic coke (PDF 01-075-2078) [53], respectively
[67]. Fresh and spent samples showed an intense quartz peak attributed to attapulgite.
In the case of the spent sample a graphite peak was seen in addition to quartz, attributed
to the coke formed during reaction. In contrast, the regenerated sample did not show a
well-defined XRD peak neither for quartz nor graphite. The XRD pattern of the
regenerated catalyst does show the distinct features of the FAU phase. However, the
absence of quartz XRD peak, together with the drop in intensity, the significant cell
shrinkage and drop in crystallinity -see Vcell and LVOL-IB values in Table 6.6, and the hump
at 20-40 (2θ) º (Fig. 6.19a) indicating some amorphisation- do point at structural
changes. Such structural changes are presumably a result of the high temperatures used
during reaction and regeneration and the steam produced during the regeneration
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process. The absence of graphite XRD peak indicates coke combustion upon 
regeneration. 

Figure 6.19. XRD patterns of fresh (red), spent (black) and regenerated (green) K-(USY/Att.) catalyst. (a) 
2θ=6-75º; (b) 2θ=30-33º. 

Table 6.6. Lattice parameters values of K-(USY/Att.) determined by XRD. 

Catalyst Space 
group a=b=c (Å) Vcell (Å)3 LVOL-IB (nm) 

USY Fd-3m 24.2548(4) 14269.0(7) 65.0(3) 
K-(USY/Att.) 

Fresh Fd-3m 24.2671(5) 14290.8(9) 61.7(3) 

K-(USY/Att.) 
Spent Fd-3m 24.2559(5) 14271.0(9) 62.7(3) 

K-(USY/Att.) Reg. Fd-3m 24.2406(8) 14243(1) 29.3(1) 

SEM and TEM images of fresh K-(USY/Attapulgite) catalyst showed crystal particles of 
300-500 nm (Figure 6.20a,b,c,f). Attapulgite aggregates, identified by its characteristic
needle-like morphology, were found on the zeolite’s crystal edges.

A comparison of the low magnification images of fresh (c), spent (d) and regenerated (e) 
K-(USY/Att.) catalyst shows that the zeolite crystals seem irreversibly broken and 
clustered after reaction and, in particular, after regeneration. These changes point again 
at structural collapse. 

In the high magnification image of the fresh catalyst (f) mesopores with dimensions of 
ca. 20 nm, generated via dealumination and grafting, can be easily seen. However, 
mesopores could not be clearly detected in the spent catalyst (g), presumably due to 
coverage by coke. In the case of the regenerated sample (h), it can be seen that cavities 
were created by interconnection of mesopores [68]. In addition, the attapulgite binder 
seemed changed after reaction and regeneration, having lost its needle-like morphology. 
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Figure 6.20. Representative SEM (a-b) and TEM (c-h) images of: (a,b,c,f) fresh, (d,g) spent, and (e,h) 
regenerated K-(USY/Attapulgite) catalyst. 

6.4. Discussion on Deactivation and Regeneration. Given the results above, the 
deactivation of the (ZrO2/s-ZSM-5(DS))/Att. granulate after catalytic pyrolysis was found 
to be mainly due to coke formation, resulting in subsequent pore blockage. The coke 
formed was highly poly-aromatic in nature, as indicated by the TGA-MS, FT-IR and UV-
Vis DRS analyses. CFM mapping showed coke to be distributed heterogeneously, i.e. 
with an eggshell pattern, over the catalyst granulate: being more poly-aromatic and 
abundant on the surface, and its concentration diminishing progressively towards the 
inside. Based on Raman spectroscopy, coke size was estimated to be between 5 and 
10 Å, explaining why pore blockage by coke formation is the main reason for 
deactivation, affecting both the textural and acidity properties. This was further 
corroborated by the Ar physisorption, NH3-TPD and Py-FT-IR results, which showed 
drops in both surface area, pore volume and acidity, affecting both the weak and strong 
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(and Lewis and Brønsted) acid sites. Coke deposition also led to structural changes, as 
evidenced by the expansion of some lattice parameters, as seen by XRD. In addition to 
coke formation, the XRD data also showed a certain contraction of the unit-cell and a re-
distribution/phase change of the attapulgite component, pointing at structural changes. 
Al speciation was also modified showing an enhancement of the EFAl species at the 
expense of the tetracoordinated framework Al species. The signals for penta- and, in 
particular, octahedral Al species increased in intensity and broadened, suggesting some 
relocation upon reaction. Yet, these slight structural distortions can be classified as mild 
dealumination. No significant morphological changes were observed on spent regarding 
the fresh samples, discarded by TEM examination. Regeneration, carried out in static 
air for 6 h at 550 °C to burn-off the coke deposits, was efficient for restoring the textural 
and acid properties previously affected by coke during reaction, ruling-out any serious 
structural collapse. NH3-TPD, Py-FT-IR and 4-fluorostyrene followed by UV-Vis DRS 
and CFM analyses confirmed some irreversible loss in acidity for the regenerated 
catalyst. Py-FT-IR spectroscopy also showed a relative larger intensity of the PyL-Zr 
band for the regenerated regarding the fresh catalyst, which suggests ZrO2 re-dispersion 
as confirmed by µ-XRF. Finally, the 27Al (MQ) MAS ssNMR measurements indicate that 
the distortions suffered after regeneration are more accentuated than after reaction, 
likely due to re-arrangement processes of the attapulgite as a result of the gas/steam 
created during the regeneration treatment. Structural changes after regeneration were 
also observed by XRD, indicated by the absence of the main diffraction peak of 
attapulgite. Despite some distortion of the EFAl species, part of the tetrahedral-
coordinated species lost after reaction were restored after regeneration, which indicates 
that the dealumination that the catalyst suffered upon pyrolysis is mild and reversible. 

In contrast, the deactivation and structural changes seen for the extrudates consisting 
of alkali (K)-metal grafted USY mixed with attapulgite as binder were found to be largely 
irreversible. Indeed, the main factors for deactivation are thought to be structural 
collapse and pore blockage by coke formation. Together, TGA-MS, FT-IR, UV-Vis DRS 
and CFM showed that the deposited coke consisted of a large proportion of 
naphthalenes/anthracenes and poly-aromatics. Coke was again distributed in an 
eggshell manner alongside the spent extrudate; it was, however, of a softer nature than 
the coke formed on the (ZrO2/s-ZSM-5(DS))/Att. granulates. This is consistent with the 
process set-up, with the zeolite ZSM-5-based catalyst being exposed first to the thermal 
pyrolysis vapours, while the K-USY-based catalyst to already treated vapours. The 
textural properties of the spent catalyst nevertheless were much affected by the 
deposited coke formation and the structural collapse, as determined by Ar physisorption. 
Structural collapse, by loss of crystallinity as suggested by XRD, had detrimental 
consequences for basicity, as determined by CO2-TPD. XRD furthermore showed that 
coke removal worsened this structural collapse, as indicated by the decrease in unit cell 
volume and crystallinity.  As for the textural properties previously affected by coke, 
regeneration only partially allowed for their recovery, less so than with the ZSM-5 based 
catalyst, again suggesting irreversible deactivation. Py-FT-IR studies show essentially 

181



the same PyL on both fresh and regenerated catalysts, which might discard any cation 
migration upon regeneration. However, the slight decrease in intensity of the PyL-K band 
seen for the regenerated catalyst could suggest some loss in K-loading after reaction 
and/or regeneration. The changes in physicochemical properties correlated with the 
morphological changes observed by TEM, corroborating the structural collapse of the 
zeolite after regeneration.  

6.5. Conclusions 

A cascade catalytic system consisting of ex-situ catalytic fast pyrolysis (CFP) -catalysed 
by a combination of (ZrO2/s-ZSM-5(DS))/Att. and K-(USY/Att.) catalysts was studied at 
the bench scale for advanced bio-oil production from of lignocellulosic biomass. The 
cascade process produced bio-oil in high yield (22 wt.%) with reduced oxygen content 
(20 wt.%). Systematic examination with a combination of bulk and micro-spectroscopic 
techniques of the shaped (ZrO2/s-ZSM-5(DS))/Att. and K-(USY/Att.) materials allowed 
for the main deactivation mechanisms upon the catalytic biomass conversion to be 
determined. The (ZrO2/s-ZSM-5(DS))/Att. catalyst suffered from severe pore blockage 
by vast coke build-up, and hence impeded accessibility to acid sites. In addition, mild 
dealumination and minor structural changes were observed after reaction. For K-
(USY/Att.), the main deactivation causes found were pore blockage by coke formation, 
and especially loss of structural integrity, influencing the basicity of the sample.  

Deactivated samples were subjected to regeneration, consisting of burning-off the coke 
formed upon reaction. The applied regeneration procedure proved to be very efficient in 
reversing the changes detected in the spent (ZrO2/s-ZSM-5(DS))/Att. catalyst. Yet, it 
seems that the small losses suffered by the catalyst upon reaction plus regeneration, will 
progressively attenuate its activity till its replacement by fresh catalysts is necessitated. 
The original properties of the K-(USY/Att.) catalyst could be restored to a far lesser extent 
by regeneration. Instead, the burn-off procedure seemed to lead to re-distribution of 
phases and irreversible structural changes that might impede future use of the catalyst. 
The main reason for its instability may be the grafting procedure to which the catalyst 
was subjected, weakening the structure and preventing long term use. 
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7. The Effects of Zeolite ZSM-5 Mesoporosity, Acidity and Crystal
Size on Catalyst Performance in Ex-situ Catalytic Fast Pyrolysis

The activity and deactivation of shaped zeolite ZSM-5-based catalysts employed in ex-
situ catalytic fast pyrolysis (CFP) are studied to maximise catalyst lifetime and guide 
regeneration. The set of zeolite ZSM-5-based catalysts consists of micro- and 
mesoporous (desilicated) materials, with and without ZrO2-promotion, with different Si/Al 
ratios and with micro- and nanocrystalline crystal sizes. These intrinsic properties of the 
catalysts were directly reflected in catalytic performance, i.e. their ability to produce a 
high bio-oil yield with a low oxygen content. During the course of the reaction, the 
catalysts deactivated, resulting in an increase in the oxygen content of the bio-oil 
fraction. Catalyst deactivation was mainly caused by coke deposition, leading to 
significant pore blockage, a drop in acidity and changes in crystallinity (the latter just for 
the microcrystalline sample). The generated coke deposits were analysed by post-
mortem examination with bulk and micro-spectroscopic techniques to assess their 
location and nature. It was seen that catalysts endowed with mesoporosity suffered less 
from the detrimental effects of coke build-up on the textural and acid properties, resulting 
in an improved catalyst activity and stability with increasing time-on-stream. Likewise, it 
was demonstrated that tuning of the acid properties by ZrO2-incorporation -Brønsted 
acidity was lowered as new Lewis acid type species emerged- may enhance the longer-
term stability, given the decreased in coke formation. Crystal size of the zeolite 
component was found to be crucial to achieve a proper interaction with the ZrO2 
promoter and attapulgite binder, with the nanocrystalline (ZrO2/n-ZSM-5)/Att. catalyst 
showing the best performance. 

Based on: “The Effects of Zeolite ZSM-5 Mesoporosity, Acidity and Crystal Size on 
Catalyst Performance in Ex-situ Catalytic Fast Pyrolysis”, Ana M. Hernández-Giménez, 
Eleni Heracleous, Angelos A. Lappas, Pieter C.A. Bruijnincx, Bert M. Weckhuysen, to 
be submitted.

189



7.1. Introduction 

Zeolite ZSM-5 is the most extensively used catalyst for catalytic fast pyrolysis (CFP) [1-
2], because of its excellent shape selectivity and catalytic properties. These properties 
are related to its tuneable acidity, together with its good thermal stability [2]. These 
intrinsic characteristics endow ZSM-5-based catalysts with excellent activity in the 
different reactions involved in pyrolysis, such as cracking, deoxygenation, 
oligomerisation, alkylation, and aromatization [1-3]. The use of promoters, such as Ni or 
Ga [4-5], can further enhance the deoxygenation capacity, thus improving the bio-oil 
quality. A common limitation of zeolite ZSM-5 (promoted or not) is its rapid deactivation 
during CFP by blockage of the micropores by coke deposits [1]. It has been shown that 
the incorporation of mesopores, via e.g. desilication [6], can notably improve catalyst 
stability with time-on-stream [7] for its application in biomass conversion processes [8]. 

Only few examples of technical zeolite ZSM-5-based catalysts used for catalytic steam 
pyrolysis of lignocellulosic biomass (pine and spruce) have been reported in literature 
[9]. Kantarelis et al. used bentonite as binder, showing that the catalyst was more 
resistant against coke formation and establishing the optimum ratio of zeolite to binder 
to maximise the liquid product yield and decrease the oxygen content. In Chapters 5 and 
6 of this PhD Thesis, a ZrO2-promoted ZSM-5 catalyst shaped with attapulgite as binder 
was developed, which was tested in ex-situ CFP at the bench scale (in discontinuous 
feed operation mode). These shaped catalysts preserved to a large degree the intrinsic 
properties of the ZrO2-ZSM-5 powdered catalyst. ZrO2 impregnation modified the acid 
properties of the zeolite in a positive way, which resulted in minimisation of excessive 
cracking activity resulting in a concomitant improved bio-oil yield and deoxygenation 
degree [10]. Indeed, a high bio-oil yield (35 wt.%) with low oxygen content (30 wt.%) 
were achieved with this catalyst when working in discontinuous mode.  

In this Chapter, the performance of a set of technical ZSM-5/Attapulgite catalysts are 
tested with time-on-stream in ex-situ CFP carried out at the pilot plant scale, i.e. with 
continuous feed operation. The series allowed several parameters to be studied in 
parallel: 1) the effect of auxiliary mesoporosity introduced via desilication -expected to 
retard deactivation [8], [11] but at the expense of strong acidity [6]-; 2) promotion with 
ZrO2, anticipated to provide bifunctionality to positively influence cracking activity [10]; 
and 3) the (inter)dependence of catalyst performance on Si/Al ratio and crystal and 
particle size - lower Si/Al ratios typically lead to stronger catalyst deactivation [12], and 
acidity not only depends on the Si/Al ratio but also on the crystal size [13]. To this extent, 
we studied a micron-sized standard ZSM-5 (Si/Al~18, denoted as s-ZSM-5); a 
desilicated version of the former (Si/Al~9), s-ZSM-5(DS), promoted or not with 10 wt.% 
ZrO2; and a nanocrystalline ZSM-5 (Si/Al 42, n-ZSM-5), also ZrO2-promoted. All four 
samples were dispersed within 30 wt.% attapulgite as binder. 

Catalytic activity studies are conducted in a continuous biomass pyrolysis pilot scale unit, 
consisting of a fluidised bed reactor for the first stage thermal pyrolysis of oak biomass 
directly coupled with a catalytic reactor for catalytic vapour upgrading. Technical 
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catalysts are ground to avoid any preferential diffusion pathways within the catalytic bed 
in the plug-flow reactor, focusing the study on the zeolite-binder interactions, isolating 
these from any interference and other influences that the use of the catalysts in shaped 
form would bring. Catalyst performance of the solid catalysts is evaluated according to 
the ability to maximise the liquid bio-oil yield and deoxygenation degree [2], [14-16], as 
the heating value of the bio-oil, i.e. the energy yield [15] positively correlates with the 
carbon and hydrogen content, and negatively with oxygen and ash content [17]. In the 
cracking processes involved in pyrolysis the oxygen removal can occur via 
decarboxylation, i.e. loss of CO2, decarbonylation (-CO) and dehydration (-H2O). The 
selectivity towards these processes is a good indicator of the catalytic activity of the 
samples studied. In terms of energy efficiency, decarboxylation is preferred over 
decarbonylation given the higher release of oxygen per carbon atom. Analogously, 
decarbonylation is preferred over dehydration, given the H loss associated with the water 
release [16].  

To evaluate catalyst stability, coke formation, the main cause of deactivation [18], is 
determined with time-on-stream by post-mortem examination of the spent catalysts, e.g. 
by Thermogravimetric Analysis (TGA). Local examination of the spent catalysts by 
Confocal Fluorescence Microscopy (CFM) aided by UV-Vis Diffuse Reflectance and FT-
IR micro-spectroscopies, allowed the nature and location of coke formed to be 
determined. The effects of coke deposits on textural, acid and structural properties were 
also determined, establishing that the microporous catalyst suffered more from pore 
occlusion while the mesoporous deactivated by active site poisoning. The most acidic 
catalyst was found to be most active only in the beginning of the reaction, but deactivated 
very rapidly, as expected [12]. On the contrary, the catalyst with the lowest acidity but 
the largest surface area, the ZrO2-promoted ZSM-5 nanocrystalline extrudate, showed 
the highest activity over prolonged reaction times.  

7.2. Experimental Section 

7.2.1. Catalyst Materials 

The technical catalysts under study, listed in Table 7.1 consist of a micron-sized 
standard zeolite ZSM-5 with Si/Al of 18 extruded with attapulgite (s-ZSM-5/Att.), 
synthesised by Silkem d.o.o. (Kidričevo, Slovenia); its extruded desilicated version (s-
ZSM-5(DS)/Att., Si/Al of 9); the ZrO2-promoted desilicated ZSM-5 extrudate  withZrO2/s-
ZSM-5(DS))/Att. and a ZrO2-promoted and extruded nanocrystalline n-ZSM-5 (Clariant, 
Si/Al of 42) material ZrO2/n-ZSM-5)/Att., also synthesised by Silkem. The catalysts, 
initially shaped as extrudates, were all ground into grain sizes of 100-500 µm to avoid 
preferential diffusion pathways within the catalytic bed in the plug-flow reactor. 
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Table 7.1. List of the catalyst materials under study, including their basic characteristics. 

Catalyst Composition Characteristics 

s-ZSM-5/Att. 70 wt.% s-ZSM-5/ 
30 wt.% attapulgite 

Si/Al ~ 18 
Crystal Size: 1-4 µm 

Particle Size Distribution (d50): 
10 µm 

s-ZSM-5(DS)/Att.
70 wt.% s-ZSM-5 

(desilicated)/ 
30 wt.% attapulgite 

Si/Al ~ 9 
Crystal Size: 1-4 µm 

d50: 10 µm 

(ZrO2/s-ZSM-5(DS))/Att. 
7 wt.% ZrO2/ 

63 wt.% s-ZSM-5 (DS)/ 
30 wt.% attapulgite 

Si/Al ~ 11 
Crystal Size: 1-4 µm 

d50: 10 µm 

(ZrO2/n-ZSM-5)/Att. 
7 wt.% ZrO2/ 

63 wt.% n-ZSM-5/ 
30 wt.% attapulgite 

Si/Al ~ 42 
Crystal Size: 30-100 nm 

d50: 40 µm 

Standard zeolite ZSM-5 was synthesised according to the protocol described in [19]. For 
the synthesis of the desilicated catalyst s-ZSM-5(DS) (labelled h-ZSM-5 in [20]) the 
original zeolite ZSM-5 catalyst (Si/Al~18) was subjected to desilication by treatment with 
a 1.4 M NaOH solution at 65 °C for 30 min (solution/zeolite mass ratio = 5) to generate 
mesopores. After desilication, the sample was ion-exchanged with an ammonium 
sulphate solution and calcined in air at 550 °C to obtain the acid form.  

ZrO2 addition (10 wt.%) to the s-ZSM-5(DS) zeolite was done by wet impregnation.   The 
impregnation was carried out by gradually diluting the Zr-precursor zirconyl (IV) 
oxynitrate hydrate (Sigma-Aldrich, 99 %), in distilled ~40 mL water at 40 ºC under 
continuous stirring, ~300 rpm for 6 h. The excess of water was evaporated under mixing 
and heating (50 ºC) and the formed viscous paste was subsequently transferred to a 
drying plate inside an oven, at 100 ºC. Once dry it was crushed, milled, homogenized 
and calcined at 450 ºC for 6 h in static air. 

Addition of attapulgite and shaping was carried out by Silkem. The ZrO2/s-ZSM-5(DS) 
and attapulgite, both in powder form, were mixed in a relative zeolite-clay proportion of 
70-30 wt.%. The dry powders were pre-mixed and homogenized before drop-wise
addition of water, upon constant stirring at 50 ºC, to evaporate the excess of water. The
obtained paste was loaded into an extruder, where a piston was pushed
straightforwardly to let the paste passing through a circular die of 3 mm diameter. The
“green” extrudates were cut in 2 mm pieces and dried overnight at 100 ºC. Finally, the
extrudates were calcined at 550 ºC for 3 h in air.

7.2.2. Catalytic Testing 

All catalysts were subjected to catalytic pyrolysis in the set-up depicted in Scheme 7.1, 
consisting of two reactors connected in series. In the first reactor, loaded with powdered 
inert material, biomass oak is fed at a velocity of 5 g/min. This feedstock is fluidised in 
N2 and subjected to thermal pyrolysis at 550 ºC. Immediately after, pyrolytic vapours go 
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through a fixed bed of 25 g ground catalyst, placed in reactor 2 together with the proper 
amount of inert material to keep the total bed volume constant. The ratio of 
catalyst/biomass weight is kept constant at 0.25. In reactor 2, catalytic pyrolysis takes 
place at 450 ºC for different reaction times: 10, 15, 20 and 25 min.  

Scheme 7.1. Flowchart and operating conditions of the fast pyrolysis set-up, using the catalysts presented in 
Table 7.1, as operated at CPERI (Thessaloniki, Greece): scheme (a) and picture (b). 

7.2.3. Catalyst Characterisation 

Argon Physisorption 

Ar adsorption and desorption isotherms of the samples were measured with an 
automated gas sorption system Micromeritics TriStar 3000. Prior to the measurements 
carried at -196 ºC, all the samples were dried at 200 ºC for 20 h under vacuum 
conditions. The surface areas were calculated using the Brunauer–Emmett–Teller (BET) 
model. The micropore volume was calculated with the t-plot method whereas the 
mesoropore volume was estimated by Barrett–Joyner–Halenda (BJH) method. 

Temperature Programmed Desorption 

NH3-Temperature Programmed Desorption (TPD) measurements were performed using 
a Micrometrics AutoChem 2920 apparatus to study the acidity of the catalysts. The 
sample, 0.1 g in all cases, was first pre-treated in He (25 cm3/min) for 30 min at 500 ºC, 
then cooled down to 100 ºC and saturated with ammonia to the equilibrium state. Prior 
to desorption, samples were flushed in He for 30 min. Subsequently, the ammonia 
desorption was performed in the range of 100 ºC to 500 ºC at a heating rate of 5 ºC/min. 
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TPD curves of the fresh samples were deconvoluted into two Gaussians -corresponding 
to low and high temperature peaks- with the Multiple Peak Fit tool of Origin 9.1 software. 
For the quantification of the acid sites it was assumed that one molecule of NH3 adsorbs 
onto a single site. 

X-ray Diffraction

X-ray Diffraction (XRD) patterns were obtained using a Bruker AXS D2 phaser
diffractometer, in Bragg-Brentano mode, equipped a Lynxeye detector. The radiation
source used is cobalt Kα1,2 (λ1,2 = 1.79026 Å), operating at 30 kV and 10 mA. Samples
were measured at room temperature in the 5-70º 2θ with a scan step of 0.01º 2θ and
0.25 s/scan.

Thermogravimetric Analysis 

TGA analyses were performed with a Perkin Elmer Pyris 1 TGA thermogravimetric 
analyser coupled to a Pfeiffer Vacuum Omnistar mass spectrometer. Around 10 mg of 
sample was employed for TGA of the spent catalysts. An air stream of 60 mL/min was 
employed during TGA analysis, which consisted of heating the sample up to 800 °C with 
a heating rate of 5 ºC/min.  

Confocal Fluorescence Microscopy 

Confocal Fluorescence Microscopy (CFM) images of the spent ground catalysts were 
acquired with a Nikon Eclipse 90i confocal microscope with a 100 x 0.73 NA dry objective 
was used for the CFM investigations. Excitation light was provided by focusing three 
specific laser lines, 488, 561 and 642 nm, simultaneously on the desired sample, located 
in an open cell (Linkam Instruments, FTIR 600). The microscope was equipped with a 
Nikon A1 scan head, accommodating the optics, which couple fibre optics for excitation 
and emission light microscope. A spectral analyser in the Nikon A1 system was equipped 
with 32 photomultiplier tubes (PMTs) set to collect emission light in the region of ca. 450–
700 nm, with a resolution of 6 nm.  

UV-Vis Diffuse Reflectance Micro-spectroscopy 

Optical images, and corresponding absorption spectra, of the spent ground catalysts 
were taken with a UV-Vis microscopy set-up based on an Olympus BX41 upright 
microscope with a 50 x 0.5 NA-high (NA: numerical aperture) working distance 
microscope objective. A 75W tungsten lamp was used for illumination. The microscope 
was equipped with a 50/50 double-viewport tube, which accommodated a CCD video 
camera (ColorView IIIu, Soft Imaging System GmbH) and an optical fibre mount to 
collect the diffuse reflected light. A 200 mm-core fibre connected the micro-scope to a 
CCD UV-Vis spectrometer (AvaSpec-2048TEC, Avantes). 
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Infrared Micro-spectroscopy 

Infrared micro-spectroscopy experiments were performed using a Perkin Elmer Spotlight 
400 Fourier-transform Infrared (FT-IR) microscope with an aperture size of 100 x 100 
µm. Spent ground catalysts were placed under the microscope and spectra in 
reflectance mode were obtained in the spectral range of 4000-700 cm-1. For each 
spectrum 16 scans were collected with a spectral resolution of 4 cm-1. 

7.3. Results and Discussion 

7.3.1. Catalyst Properties 

Textural properties of the catalysts have been determined by Ar physisorption. Ar 
isotherms and pore-size distributions of the fresh samples are shown as red series in 
Figure 7.1, and the main results are summarised in Figure 7.2. The s-ZSM-5/Att. catalyst 
showed a type I isotherm (Figure 7.1a) accompanied by a flat H4 hysteresis loop, typical 
of microporous materials [21]. In the case of the desilicated s-ZSM-5(DS)/Att. catalyst 
(c), the Ar isotherm could be considered a type I to type IIb, attributed to a microporous 
material with additional mesoporosity [21]. The isotherm is accompanied by a steep H3 
hysteresis loop [22]. Figure 7.2 illustrates that the desilicated catalyst (b) indeed presents 
enhanced textural properties compared to the microporous catalyst (a) as expected [6-
7]. The Ar isotherm for (ZrO2/s-ZSM-5(DS)/Att. (e) looked very similar to the one 
obtained for s-ZSM-5(DS)/Att., with slightly lower microporosity (see both Smicro and Vmicro 
in Figure 7.2), suggesting that ZrO2 nanoparticles might partially be located in zeolite’s 
micropores, as seen in PhD Chapter 5. As for the ZrO2-counterpart, the Ar isotherms of 
the (ZrO2/n-ZSM-5)/Att. catalyst looked like a type I to IIb with a H4 hysteresis loop, i.e. 
with a plateau at high P/Po, as often shown by nanoporous materials [23]. As expected 
[23], the BET and Smicro values were substantially higher for the nanocrystalline than for 
the microcrystalline catalysts, indicated in Figure 7.2a-c [23]. The pore-size distribution 
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(Figure 7.1h) showed meso and even macropores possibly resulting from intergrowths 
created upon extrusion of the nanozeolite with attapulgite. 

Figure 7.1. (a,c,e,g) Ar porosimetry and (b,d,f,h) pore-size distributions of: (a-b) s-ZSM-5/Att., (c-d) s-ZSM-
5(DS)/Att., (e-f) (ZrO2/s-ZSM-5(DS))/Att. and (g-h) (ZrO2/n-ZSM-5)/Att. catalysts for fresh (red), spent after 10 
min (blue) and spent after 25 min (black) samples. 
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Figure 7.2. Textural properties for fresh (red) and spent catalysts, after the shortest –t10, blue- and the longest 
–t25, black - reaction times for catalysts: a) s-ZSM-5/Att., b) s-ZSM-5(DS)/Att., c) (ZrO2/s-ZSM-5(DS))/Att. and 
d) (ZrO2/n-ZSM-5)/Att. catalysts.

Bulk acidity was probed by NH3-TPD (Figure 7.3). The data normalised to total catalyst 
weight, given that every individual component -zeolite, attapulgite and to a lesser extent, 
ZrO2- add acidity, as seen in Chapter 5 of this PhD Thesis for the (ZrO2/s-ZSM-
5(DS))/Att. catalyst (Figures 5.7-5.9). In that Chapter 5 it was also observed that the 
incorporation of attapulgite led to a small drop in the overall acidity, both in amount and 
strength, compared to the parent zeolite for the four solid catalysts. Yet, this is equally 
affecting the four catalysts under study. The corresponding values for the total amount 
of acid sites are presented in Figure 7.3a, classified as weak and strong sites [24-25] 
(see Figure A7.1 for the deconvoluted TPD curves).  

The NH3-TPD profile for the fresh s-ZSM-5/Att. catalyst (Figure 7.3b) shows distinct 
maxima at 235 and 415 °C, assigned to weak and strong acid sites, respectively. The 
higher Si/Al ratio of the desilicated s-ZSM-5(DS)/Att. catalyst resulted in a shift to lower 
temperatures of maximum desorption, illustrative of inferior acidity. This is in line with 
the enhanced Lewis-type acidity and loss of Brønsted acid sites (BAS), as reported 
before [6-7], [26]. However, the total acid site amount was the same for both fresh 
catalysts (Figure 7.3a). The incorporation of ZrO2 did not result in important modifications 
in acidity, as indicated by the similar TPD traces for (ZrO2/s-ZSM-5(DS))/Att. (d) and s-
ZSM-5(DS)/Att. (c) catalysts. Yet, the ZrO2-promoted showed a slightly lower amount in 
total sites (Fig. 7.3a). The amount of weak acid sites was practically maintained, 
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associated with an increase in Lewis acid sites incorporated upon ZrO2 addition. On the 
contrary, the amount of strong Brønsted acid sites was reduced. For (ZrO2/n-ZSM-5)/Att. 
(e) the amount of acid sites was considerably lower than for the microcrystalline
materials, in line with its higher Si/Al ratio of 42. Its NH3 TPD profile revealed two different
peaks for the weak, at 193 °C, and the strong acid sites, at 362 °C.

Figure 7.3. a) Acidity values obtained after deconvolution into weak (W, if located at low temperatures (<250 
°C), see Figure A7.1)- and strong (S, if located at high temperatures (>250 °C)) and integration of the NH3-
TPD profiles for the catalysts (b-e), for fresh and spent samples, after 10 and 25 min reaction. (b-e) Weight-
normalised NH3-TPD profiles of fresh (red) and spent samples after 10 min reaction (blue) and after 25 min 
reaction (black) for the catalysts of study: b) s-ZSM-5/Att., c) s-ZSM-5(DS)/Att., d) (ZrO2/s-ZSM-5(DS))/Att. 
and e) (ZrO2/n-ZSM-5)/Att. Labels indicate peak temperatures of maximum desorption. 
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XRD patterns of the fresh catalysts, shown in Figure 7.4 (red series), correspond to the 
orthorhombic phase of ZSM-5 framework (PDF 00-044-0003) [27-28]. The 
microcrystalline ZSM-5-based catalysts (a, b, c) showed sharper XRD peaks compared 
to the nanocrystalline n-ZSM-5-based catalyst (d), as expected [13], [29]. When directly 
comparing the patterns of the standard (Figure 7.4a) and desilicated (b) catalysts a drop 
in crystallinity is noticed for the latter, which is easily identified by the lower intensity of 
the low angle peaks at 2θ 9.2° and 10.3° [27]. This drop in crystallinity is a direct 
consequence of the desilication process [6], [30]. Upon ZrO2 incorporation to the 
desilicated sample (c) the crystallinity was slightly enhanced, probably as a result of the 
successive calcinations performed during the synthesis. The lower crystallinity seen for 
(ZrO2/n-ZSM-5)/Att. catalyst (d) is in line with its smaller zeolite crystals [13]. For the four 
fresh catalysts the diffraction peak present at 31.0° (2θ) is assigned to the hexagonal 
quartz phase, which is the most common impurity of attapulgite [31]. 

Figure 7.4. XRD patterns of fresh (red) and spent samples after 10 min reaction (blue) and after 25 min 
reaction (black) in the range 2θ=8-60º for the catalysts of study: a) s-ZSM-5/Att., (b) s-ZSM-5(DS)/Att., c) 
(ZrO2/s-ZSM-5(DS))/Att. and d) (ZrO2/n-ZSM-5)/Att. Insets: zoom-in of relevant diffraction peak.  
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7.3.2. Catalyst Performance 

The evolution of catalyst performance as function of time-on-stream and expressed as 
the bio-oil organic fraction yield (a) and the oxygen percentage in the organics (b) is 
shown in Figure 7.5 for the different catalysts under study. The s-ZSM-5/Att. catalyst 
produced the highest organics yield, albeit with the worst quality, as indicated by the 
significantly higher oxygen content of the liquid bio-oil fraction. Given that increased 
oxygen content lowers the heating value and energy yield, s-ZSM-5/Att. is considered 
the least efficient catalyst. In contrast, (ZrO2/n-ZSM-5)/Att. was more efficient in cracking 
and deoxygenation, producing the lowest oxygen content over the course of the reaction 
within a relatively high fraction of organics obtained. Direct comparison of the desilicated 
samples demonstrate that ZrO2 impregnation improved the organic bio-oil yield, but also 
resulted in a lower degree of deoxygenation. With increasing time-on-stream the total 
oxygen content increases for all four catalysts, a clear sign of deactivation. However, 
this deactivation in the nanocrystalline catalyst is slower than in the microcrystalline 
ones, as indicated by the lower slope.  

Figure 7.5. Organic fraction yield (a) and oxygen percentage in organics (b) versus reaction time. 

Deoxygenation during pyrolysis can occur via decarboxylation, decarbonylation and 
dehydration. The gases yields obtained for the four catalysts under study are shown in 
Figure 7.6, all being produced in similar weight percentages. The trends show that 
decarboxylation (CO2 yield in a) seems to be the preferred deoxygenation route for every 
catalyst at the studied reaction times, while the propensity for decarbonylation (CO yield, 
b) and dehydration (H2O yield, c) decrease.

With decarboxylation being preferred in terms of efficiency, the (ZrO2/n-ZSM-5)/Att. 
catalyst showed the best performance. The 20 wt.% and 17 wt.% yields in CO2 and CO, 
respectively, obtained after 25 min of reaction are high compared to other values 
reported in literature. Vitolo et al. reported yields of ca. 8 wt.% and 37 wt.% in CO2 and 
CO, respectively, after 30 min of pine wood CFP over a zeolite H-ZSM-5 catalyst [3]. 
Rezai et al. reported yields of about 11 wt.% for both CO2 and CO, after 4 min of CFP of 
lignocellulose biomass over a commercial zeolite ZSM-5 [14]. Even at shorter residence 
times (<2 s) Fermoso et al. reached CO2 yields of 12 and 11 wt.% over lamellar and 
pillared zeolite ZSM-5, respectively, and about 8 wt.% in CO yield [32].  
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Figure 7.6. Yields of: a) CO2, b) CO, c) H2O and d) other gases (H2 and light hydrocarbons) versus reaction 
time.  

The evolution of the yield of other gases than CO and CO2, i.e. H2 and light 
hydrocarbons, with time-on-stream are shown in Figure 7.6.d. Light olefins (C1-C3) 
production is the consequence of cracking reactions and, despite competing with bio-oil 
yield, could maybe serve for the production of high value-added petrochemicals.  The 
presence of hydrogen is a sign of aromatisation, given that aromatics usually form 
through dehydrogenation [14]. Aromatics are highly desirable products since they are 
octane enhancers and also can be used for the production of several high value-added 
chemicals and polymers [14]. Alternatively, the hydrogen detected could be generated 
by the Water Gas Shift (WGS) reaction between CO and H2O [32]. The obtained 
percentages in “other” gases yield (3-7 wt.%) are low compared to the literature. For 
example, Vitolo et al. reported a 16 wt.% of H2 yield and 11 wt.% of C1-C3 hydrocarbons 
[3]. For the (ZrO2/n-ZSM-5)/Att. and s-ZSM-5(DS)/Att. catalysts (blue and green series, 
respectively) the “other gases” yields are quite constant over time compared to the 
(ZrO2/s-ZSM-5(DS))/Att. (red) and s-ZSM-5/Att. (black) materials, for which an increase 
is seen with reaction time. This could be the result of a sharper decrease in bio-oil 
formation provoked by catalyst deactivation. Indeed, one would expect that over the 
course of the reaction the char/solid fraction increases, hence decreasing the (bio-oil) 
liquid fraction, given that the gas fraction shows an increase for the (ZrO2/s-ZSM-
5(DS))/Att. and s-ZSM-5/Att. catalysts. 
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7.3.3. Coke Deposition 

a) Amount. Analysis by TGA of the spent catalysts after different reaction times,
expressed in Table 7.2, showed that the amount of coke deposited on the microporous
s-ZSM-5/Att. catalyst was considerably less than for the other catalyst series, as
expected [3]. Its desilicated counterpart, the s-ZSM-5(DS)/Att. catalyst, produced the
largest amount of coke due to the large mesopores, which allow coke to grow without
leading to blockage. ZrO2-promotion of the desilicated catalyst did not affect coke
formation. However, the ZrO2-promoted nanocrystal-based catalyst, (ZrO2/n-ZSM-
5)/Att., developed considerably less coke than the micro-sized catalysts during the whole
reaction course.

Table 7.2. Coke content (%wt.) for spent catalysts, as determined by TGA. 

Coke 
Content 
(wt.%) 

s-ZSM-5/Att. s-ZSM-5(DS)/Att. (ZrO2/s-ZSM-5(DS))/Att. (ZrO2/n-ZSM-5)/Att. 

Spent t10 4.4 6.2 6.3 4.8 
Spent t25 6.2 8.3 8.1 7.1 

b) Nature and Location. Coke, given its fluorescent properties, allows for its spatial
distribution over the catalyst material to be determined by CFM [33]. The fresh zeolite
crystals and the binder aggregates, in contrast, exhibit no fluorescence. Mapping the
distribution of coke formed upon reaction may help understand the nature of the
reactant’s interaction with the active sites of the catalyst. Hence the spent samples were
systematically studied by CFM, aided by UV-Vis DRS and FT-IR micro-spectroscopies,
shown in Figure 7.7. In Figures 7.8, 7.9 and A7.2-4 some representative CFM pictures
of the spent catalysts under study are shown. For the sake of clarity, only images and
corresponding spectral information of the shortest, t10, and longest reaction time, t25, are
displayed.

In Figure 7.7a an overview of the s-ZSM-5/Att. catalyst surface after 10 min of reaction, 
as captured by the FT-IR microscope, is shown. Different regions can be distinguished 
within the same image. Most of the sample consists of “dark” regions due to coverage 
by black coke, accompanied by some less abundant “clear” regions, highlighted in red 
and green, respectively. The corresponding FT-IR spectra (d) show many similarities to 
the FT-IR spectra of both pure ZSM-5 (black series) and attapulgite (orange), displaying 
both SiO2 bands and predominantly coke and aromatic signals (1626, 1575 cm-1). 
However, a characteristic FT-IR feature for the zeolite ZSM-5, the band at 1210 cm-1 
[13], [34], is absent in in the “clear zone”, which might suggest this to be rich-in-binder 
domains. Analogously, the “dark” zones might be rich-in-zeolite, as the corresponding 
IR spectrum does show the characteristic 1210 cm-1 signal. The optical microscope (b) 
also showed “clear” and “dark” zones, the latter being more (red) or less obscure (blue). 
Images are accompanied by DRS UV-Vis spectra of the highlighted zones (e), which 
absorb light over the entire visible wavelength range due to the black colour of poly-
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aromatic coke (i.e. with more than 3 aromatic rings) [35]. Note that coke in the blue 
region is less dark than coke seen in the red region, indicated by the lower intensity of 
the absorption spectrum, suggesting that softer coke developed in the rich-in-zeolite 
region. The “clear” region, highlighted in green, showed a lower overall intensity with a 
peak maximum at around 400 nm, where (substituted) anthracene-like species absorb 
light [35]. Figure 7.7c shows the surface of the spent s-ZSM-5/Att. catalyst irradiated by 
the CFM. As noted, “dark” regions assigned to zeolite(-rich) domains and highlighted in 
blue and red, are areas of high fluorescence. As indicated by the emission spectrum 
(shown in f), the brightest region in blue showed the presence of substituted 
naphthalene/anthracenes and poly-aromatic types of coke, emitting light at wavelengths 
close to 500 and 600 nm, respectively [33], [36-37]. The highlighted region in red showed 
more poly-aromatics than naphthalenes, as compared to the region in blue. In contrast, 
the region in green (c), considered binder-rich, showed less fluorescence with a more 
equal distribution of naphthalenes and poly-aromatics, as indicated by its emission 
spectrum (f).  

Figure 7.8 shows the CFM images of the four catalysts after 10 min of reaction. 
Compared to the microporous s-ZSM-5/Att. catalyst (a), the CFM images of s-ZSM-
5(DS)/Att. (b) barely show fluorescence because of the large amount of hard, black coke 
formed on the desilicated sample, which impedes light emission. This is in line with the 
TGA results, which showed more coke on the desilicated s-ZSM-5(DS)/Att. than on the 
microporous s-ZSM-5/Att. Typically coke growth is associated with a higher amount of 
Brønsted acid sites [37], which is normally higher for lower Si/Al ratios -at the same 
crystal size- [38-40]. However, that more coke was present on s-ZSM-5(DS)/Att. than on 
s-ZSM-5/Att. is due to the larger pore diameters of the desilicated material, which allows
coke to grow in a bulkier manner [8], [26]. In these large confinements propagation of
coke might also be enhanced by a bimolecular hydride transfer effect, as explained by
Corma et al. [41-42].
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Figure 7.7. Visualisation of a spent s-ZSM-5/Att. catalyst after 10 min reaction. a) FT-IR spectra with FT-IR 
microscope and d) corresponding spectral information indicating that the “dark” zone highlighted in red might 
be rich-in zeolite; the “clear” zone, highlighted in green, is considered rich-in binder. b) Optical image obtained 
with the UV-Vis DRS microscope for showing “dark” (red, blue) and “clear” (green) regions and e) 
corresponding absorption spectra. c) CFM image of the “dark” and “clear” regions, and f) corresponding 
emission spectra of regions of interest. Dashed vertical lines represent the excitation lasers, fixed at λ = 488, 
561, 642 nm. 

Figure 7.8. CFM images, under 10 times magnification, and corresponding spectra of coloured zones of ZSM-
5/Att. (a), s-ZSM-5(DS)/Att. (b), (ZrO2/s-ZSM-5(DS))/Att. (c) and (ZrO2/n-ZSM-5)/Att. catalysts after 10 min of 
catalytic pyrolysis. Dashed vertical lines represent the excitation lasers, fixed at λ = 488, 561, 642 nm.

204



Also, for the (ZrO2/s-ZSM-5(DS))/Att. catalyst (Figure 7.8c) fluorescence intensity was 
very low except for some minor regions looking especially intense, highlighted in blue. 
These scarce fluorescent regions are characterised by softer coke and thus may be 
associated with ZrO2-promoted zeolite-rich domains. ZrO2 is known to cause a drop in 
strong acidity (hence Brønsted [38]), as observed by NH3-TPD, thus limiting the 
formation of poly-aromatic species [37]. This segregated binder- (green) and zeolite- 
domains (better observed in Figure 7.9c) indicate that the ternary catalyst is not a very 
homogeneous mixture. 

CFM images at higher magnification of zeolite(-rich) regions of the four catalysts are 
shown in Figure 7.9, while complementary binder(-rich) domains can be found in Figure 
A7.2. These images show bright fluorescent spots (red series) at the single particle level, 
presumably corresponding to the zeolite crystals. Such brightly fluorescent zeolite 
crystals can also be found in the images of rich-in-binder regions (Figure A7.2) but are 
less abundant. The emission spectra are more intense at the individual bright spots, i.e. 
zeolite crystals, but the same profile as recorded for the entire zeolite-rich domain, as 
expected. Emission spectra showed a high amount in naphthalenes/anthracenes 
(emitting light between 400-500 nm) and poly-aromatic (emitting above 550 nm) types 
of coke. Compared to the microcrystalline samples, and in particular to the (ZrO2/s-ZSM-
5(DS))/Att. catalyst (Figure 7.9c), the (ZrO2/n-ZSM-5)/Att. catalyst showed less 
differences between the so-called dark/zeolite-rich (blue) and clear/binder-rich (green) 
domains (d), what might indicate that the nanocrystalline sample might be better mixed. 

Figure 7.9. CFM images, under 100 times magnification, and corresponding spectra of the rich-in zeolite zones 
of ZSM-5/Att. (a), s-ZSM-5(DS)/Att. (b), (ZrO2/s-ZSM-5(DS))/Att. (c) and (ZrO2/n-ZSM-5)/Att. catalysts after 10 
min of catalytic pyrolysis. Dashed vertical lines represent the excitation lasers, fixed at λ = 488, 561, 642 nm.  

With increasing reaction times, the fluorescence significantly dropped making it very 
difficult to record CFM images. This effect was seen for every catalyst, as illustrated by 
the CFM images taken after 25 min of reaction (Figure A7.3,4). This is an indication of 
the progressive increase in coke size and amount, in line with TGA analyses, and the 
transformation of coke precursors into a more poly-aromatic/graphitic structure. Note 
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that graphite coke, whose low H content is visually observed by a very dark colour, do 
not allow for light emission and thus do not show much fluorescence. The effect of 
reaction time seemed to be more gradual for the nanocrystalline compared to the 
microcrystalline catalysts, as the differences in spent samples after 10 (Figure 7.9d) and 
after 25 min reaction (Figure A7.4d) were less obvious. This might indicate that coke 
remained of similar nature on the (ZrO2/n-ZSM-5)/Att. catalyst over the studied reaction 
times. 

c) Effect on Properties. Coke deposits have detrimental effects on textural, acidic and
structural properties of the catalyst and thus directly affect the catalytic performance.
This effect was progressive with increasing time-on-stream which, as seen by TGA,
coincides with increasing coke build-up. For the sake of clarity, only the results obtained
for the samples exposed for the shortest, 10 min, and the longest reaction time, 25 min,
are discussed.

Upon reaction an overall attenuation of the textural properties was observed, as 
determined by Ar physisorption (Figure 7.1-7.2), worsening with increasing reaction time. 
After 10 min of reaction (blue) the hysteresis loop shown by fresh s-ZSM-5/Att., was 
gone (Figure 7.1a), a change accompanied by a dramatic drop in microporosity of ca. 
55% combined with a loss ca. 52% in surface area (Figure 7.2a). BJH analysis derived 
from the pore-size distribution plot indicates a strong occlusion of the pores presumably 
by coke formation (Figure 7.1b).  

In the case of the desilicated s-ZSM-5(DS)/Att. catalyst (Figure 7.1c) microporosity 
progressively decreased due to coverage by coke, showing 40 and 45% loss after 10 
and 25 min reaction, respectively. Mesoporosity was better maintained, however, as the 
slope and the hysteresis loop look similar for the spent and the fresh samples. The pore-
size distribution (d) clearly shows that pore accessibility was much less impeded than 
for the microporous ZSM-5/Att. catalyst (b), confirming the reported benefits of 
desilication for preserving the textural properties of the catalyst upon reaction [8], [26].  

For (ZrO2/s-ZSM-5(DS))/Att. (e) these effects were more severe than for the bare s-
ZSM-5(DS)/Att. catalyst. The Ar isotherms turned into a type I with a flatter H4 hysteresis 
loop, as a consequence of the loss in micropore (35 and 50% loss) and, especially, 
mesopore volume (48 and 55% loss). The change in surface area after reaction, as 
indicated in Figure 7.2 (38 and 48% loss) is significant. The pore-size distribution plot (f) 
illustrates that micropores, filled at low relative pressures, and mesopores, filled at higher 
relative pressures, were partially shuttered after reaction. Compared to the results 
obtained for the microcrystalline catalysts, the drop in textural properties of the (ZrO2/n-
ZSM-5)/Att. catalyst upon reaction was much less pronounced. For the (ZrO2/n-ZSM-
5)/Att. catalyst the Ar isotherms of the spent and fresh samples looked very similar, 
except for a reduction in micro- and mesoporosity in the spent samples (g). 

The bulk acidity (Figure 7.3) of the spent catalysts showed a large drop already after 
only 10 min reaction. In the case of the s-ZSM-5/Att. catalyst (Figure 7.3b) acidity was 
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considerably lowered, especially the strong acid sites, which are thought to be mainly 
responsible for the activity in this reaction [3]. It indicates that both pore occlusion, 
previously determined by Ar physisoprtion, and site poisoning, likely due to coverage by 
coke of the strong acid sites and thus the most active sites might be the main causes for 
deactivation for the microporous catalyst [43-44]. The TPD curves for the s-ZSM-
5(DS)/Att. catalyst (c) also revealed a sharp drop in acidity upon 10 min reaction, with 
the strong sites again being more affected. 

The TPD traces for the (ZrO2/s-ZSM-5(DS))/Att. catalyst (Figure 7.3d) also showed loss 
in acidity after reaction, strong sites in particular. The acidity decrease was, in that case, 
more gradual with increasing time-on-stream and differed from the microporous catalyst, 
which did not further drop from 10 to 25 min of reaction. For the two desilicated catalysts, 
with and without ZrO2, the main deactivating cause seemed to be acid site poisoning by 
coke coverage rather than pore occlusion. The acidity of the (ZrO2/n-ZSM-5)/Att. catalyst 
(e) got also affected upon reaction by site poisoning caused by coke deposition.
However, compared to the other solid catalysts, which suffered a more abrupt decrease,
the decay was more gradual for the nanocrystalline catalyst. The better retention of
acidity for the nanocrystalline catalyst could be related to three key factors: 1) the milder
acid strength of its active sites limit coke formation, [37]; 2) its less extended
mesoporosity, compared to the desilicated samples, which may prevent the formation of
large coke deposits with the known effects on pore blockage/active sites coverage; 3)
its high surface area, which even after long reaction times was still available.

Coke deposition also led to changes in structural properties, as determined by XRD 
(Figure 7.4). For the microcrystalline catalysts (a, b, c) the shape of some XRD peaks 
suffered significant changes upon reaction. Such changes include the transformation of 
the initially split peak at 2θ ca. 26.9° into a single peak, and its enlargement, i.e. increase 
in intensity, compared to the peak at ca. 27.6º. This enlargement is attributed to the 
incorporation of organics within the zeolite framework [27-28] and proportionally 
increases with longer reaction times due to coke accumulation. The diffraction peak at 
2θ 53.1° is another example of an initially split peak converted into a single one after 
reaction. All changes in the XRD patterns of the spent with respect to the fresh samples, 
together with small peak shifts, point at a likely transition from orthorhombic to tetragonal 
phase (PDF 00-044-0002) upon reaction [26], [28]. In strong contrast, no phase change 
could be detected for the spent (ZrO2/n-ZSM-5)/Att. catalyst (d), in line with less coke 
having been deposited in the pores (Table A7.1). Another common consequence of 
exposure to reaction conditions was a decrease in crystallinity, illustrated by the lower 
intensity of the low angle peaks at 2θ 9.2° and 10.3° [27-28], accentuated with the longer 
reaction times.  

The XRD patterns of all the spent samples also showed considerable increase in 
intensity of the peak at 31.0° (2θ), which can either be the result of re-dispersion of the 
quartz phase of attapulgite under the high reaction temperatures, or of the emergence 
of a graphite phase, also typically located at 2θ 31.0-31.1° (PDF 00-026-1077) [45]. 
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7.4. Conclusions 

The activity and stability of a series of zeolite ZSM-5-based technical catalysts were 
tested in the ex-situ CFP of oak for bio-oil production. Of the set of catalyst systems 
studied, the microporous s-ZSM-5/Att. was the one with the lowest activity towards the 
cracking/deoxygenation reaction. Coke, found to be the main deactivating source, led to 
occluded micropores and active site blockage, as determined by Ar physisorption and 
NH3-TPD. Visualisation by CFM, UV-Vis and FT-IR micro-spectroscopies revealed that 
coke, which tends to form where high amounts of strong Brønsted acid sites exist, had 
accumulated more on zeolite-rich domains than on binder-rich aggregates. The 
desilicated version, the s-ZSM-5(DS)/Att. catalyst, was more active towards 
deoxygenation over prolonged reaction times, with the additional mesoporosity reducing 
pore occlusion. However, site poisoning by coke coverage was observed to occur. As 
expected, the coke developed within the mesoporous catalyst was bulkier than in the 
microporous counterparts, as determined by TGA and CFM. The structure of both micro- 
and mesoporous catalysts suffered a drop in crystallinity and a phase change from 
orthorhombic to tetragonal upon reaction, as seen by XRD. 

The incorporation of ZrO2 to the desilicated s-ZSM-5(DS)/Att. catalyst reduced catalyst 
activity. NH3-TPD revealed that ZrO2 incorporation increased the amount of Lewis acid 
sites at the expense of Brønsted acid sites. Consequently, the coke formed onto (ZrO2/s-
ZSM-5(DS))/Att. was softer in nature, i.e. less poly-aromatic, what may facilitate its 
removal during a regeneration step. Yet, as in the case of the desilicated counterpart, it 
mainly deactivated by acid sites poisoning. The textural properties of the ZrO2-containing 
catalyst, with its slightly increased mesoporosity at the expense of microporosity, 
changed more extensively during reaction, also deactivating sooner than the s-ZSM-
5(DS)/Att. catalyst. These unexpected results might indicate that the (ZrO2/s-ZSM-
5(DS))/Att. catalyst is not a very homogeneous mixture, as is suggested by coke 
visualisation by CFM. The crystallinity of the (ZrO2/s-ZSM-5(DS))/Att. catalyst, which 
was not affected after ZrO2-incorporation, decreased notably after reaction changing 
from orthorhombic to tetragonal phase. 

The other ZrO2-promoted catalyst, the nanocrystalline (ZrO2/n-ZSM-5)/Att. showed the 
highest activity in CFP among the solid catalysts tested, producing a high organic bio-oil 
yield (~20 wt.% after 25 min of reaction) with the lowest oxygen content (~14 wt.%). The 
(ZrO2/n-ZSM-5)/Att. catalyst, displaying larger surface area and lower acidity than the 
microcrystalline catalysts, better preserved its textural and acid properties over the 
course of the reaction. Thus deactivation by pore occlusion or by site blockage was much 
more gradual for the nanocrystalline material than for the microcrystalline catalysts. The 
spent (ZrO2/n-ZSM-5)/Att. samples displayed a more homogeneous distribution and 
softer coke formation compared to the microcrystalline mesoporous catalysts. That 
softer coke is formed is presumably derived from its lower Brønsted-type of acidity and 
textural properties, e.g. narrower pores than the micro-sized desilicated samples, which 
limits coke growth. The observed homogeneous coke distribution suggests that binder 
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and promoted zeolite are well mixed in this material. The crystallinity of the spent 
(ZrO2/n-ZSM-5)/Att. catalyst was also well preserved with reaction time, and no phase 
change was suffered.  
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Appendix 

Table A7.1. Difference in intensity of the peak at 23.2 (2θ)° regarding the peak at 24.0 (2θ)° for the samples 
of study.   

Catalyst 
y|23.2-y|24.0 

Fresh Spent t10 Spent t25 

s-ZSM-5/Att 73.9 141.6 148.0 

s-ZSM-5(DS)/Att. 49.7 82.1 89.4 

(ZrO2/s-ZSM-5(DS)/Att. 35.8 60.5 62.4 

(ZrO2/n-ZSM-5)/Att. 44.0 47.8 65.5 

Figure A7.1. Deconvolution of the NH3-TPD curves of fresh catalysts: a) s-ZSM-5/Att. (R2 = 0.994), b) s-ZSM-
5(DS)/Att. (R2 = 0.981), c) (ZrO2/s-ZSM-5(DS))/Att. (R2 = 0.988) and d) (ZrO2/n-ZSM-5)/Att. (R2 = 0.980). 
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Figure A7.2. Confocal Fluorescence Microscopy (CFM) images, under 100 times magnification, and 
corresponding spectra of the rich-in-binder zones of s-ZSM-5/Att. (a) and (ZrO2/n-ZSM-5)/Att. (b) catalysts 
after 10 min of catalytic pyrolysis. Dashed vertical lines represent the excitation lasers, fixed at λ = 488, 561, 
642 nm.  

Figure A7.3. Confocal Fluorescence Microscopy (CFM) images, under 10 times magnification, and 
corresponding spectra of coloured zones of s-ZSM-5/Att. (a), s-ZSM-5(DS)/Att. (b), (ZrO2/s-ZSM-5(DS)/Att. (c) 
and (ZrO2/n-ZSM-5)/Att. (d) catalysts after 25 min of catalytic pyrolysis. Dashed vertical lines represent the 
excitation lasers, fixed at λ = 488, 561, 642 nm. 
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Figure A7.4. Confocal Fluorescence Microscopy (CFM) images, under 100 times magnification, and 
corresponding spectra of rich-in-zeolite (a-d) and rich-in-binder (e-h) zones of: s-ZSM-5/Att. (a,e), s-ZSM-
5(DS)/Att. (b,f), (ZrO2/s-ZSM-5(DS))/Att. (c,g) and (ZrO2/n-ZSM-5)/Att. (d,h) catalysts after 25 min of catalytic 
pyrolysis. Dashed vertical lines represent the excitation lasers, fixed at λ = 488, 561, 642 nm. 
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8. Regeneration of a Deactivated Zeolite ZSM-5 Based Catalytic Fast
Pyrolysis Catalyst Employed at Pilot Plant Scale
The technical, ternary catalyst material (ZrO2/n-ZSM-5)/Attapulgite has shown 
outstanding activity in pilot scale catalytic fast pyrolysis experiments, as demonstrated 
in Chapter 7 of this PhD Thesis. The shaped catalyst demonstrated high selectivity 
towards cracking and deoxygenation reactions, producing a high organic bio-oil yield 
with a low oxygen content and a high energy content. However, upon prolonged reaction 
times the catalyst system inevitably suffered from deactivation. Acid site poisoning after 
20 min of reaction, and pore blockage by coke accumulation after 40 min of reaction, 
were found to be most detrimental for catalyst activity. Fundamental understanding of 
the mode, location and time evolution of deactivation is essential to devise strategies for 
efficient reversal and ultimately enhance catalyst lifetime. Based on the physicochemical 
changes detected in the solid catalyst, parameters were selected for regeneration after 
reaction. A systematic study of the regeneration process by oxidation in air as a function 
of temperature allowed for the recovery of the original properties to a significant extent. 
The effect of regeneration temperature on morphology, textural properties, acid and 
structural properties of the regenerated catalysts has been determined and compared to 
the fresh and spent solid catalysts. The optimum regeneration temperature was found 
to be 500 ºC, high enough for efficient coke removal without altering the catalyst 
structure. The samples regenerated at 500 ºC showed close to complete recovery of 
acidity (90% for Lewis acid sites and 98% for Brønsted), as well as its textural (> 95%) 
and structural properties. 

This chapter is based on: “On the Characterization of Deactivated and Regenerated 
ZSM-5-based Shaped Catalysts used in Pilot Plant Scale Ex-situ Catalytic Biomass 
Pyrolysis”, Eleni Pachatouridou, Eleni Heracleous, Ana M. Hernández-Giménez, 
Alessandra L. Paioni, Marc Baldus, Pieter C.A. Bruijnincx, Bert M. Weckhuysen and 
Angelos A. Lappas, to be submitted.
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8.1. Introduction 

The technical catalyst (ZrO2/n-ZSM-5)/Attapulgite proved to be the most efficient catalyst 
material of those tested within the CASCATBEL project for the catalytic fast pyrolysis of 
oak biomass. In Chapter 7 of this PhD Thesis were studied the activity and stability of a 
series of shaped, zeolite ZSM-5-based catalysts used in a fixed bed reactor to upgrade 
pyrolytic vapours previously obtained by thermal pyrolysis in a fluidised bed reactor 
connected (see Scheme 7.1). Of this series, the nanocrystalline (ZrO2/n-ZSM-5)/Att. 
catalyst was found to be most selective towards cracking and deoxygenation reactions, 
producing a high organic bio-oil yield with the lowest oxygen content. Key to the excellent 
performance was thought to be its small crystal size, shortening diffusion path lengths 
and improving its stability against coke accumulation [1]. More limited coke formation 
prevents severe pore occlusion [2] and loss of acidity, with the consequent benefits on 
activity.  

For this chapter, the (ZrO2/n-ZSM-5)/Att. extrudate catalyst was subjected to catalytic 
fast pyrolysis conditions for 20 and 40 min, after which the materials were characterised 
in detail to determine any changes in physicochemical properties. The main reason for 
deactivation was found to be acid site poisoning for the catalyst reacted for 20 min; for 
the sample reacted for 40 min, in addition to acid site poisoning, pore blockage by coke 
accumulation was observed, as well as some dealumination [3]. Some  changes in 
catalyst morphology, such as attapulgite agglomeration and ZrO2 sintering, were also 
detected. These effects were also reflected in the attenuation of the textural properties.  

Such knowledge gained on deactivation serves to guide the choice of regeneration 
parameters. It is well known that catalysts deactivated by coke formation can be 
regenerated by burning off the coke deposits under oxidative conditions at high 
temperatures [4]. However, to extend catalyst lifetime as much as possible, the severity 
of the regeneration conditions applied must be carefully selected, given that repeated 
thermal treatments for spent catalyst regeneration will gradually modify the zeolite 
structure and negatively affect the activity [5]. 

Many examples can be found in the literature of spent zeolites regeneration by 
calcination. Vitolo et al. studied the recyclability of zeolite H-ZSM-5 used as catalyst for 
upgrading of bio-oil at 450 °C [6]. Several reaction and regeneration cycles showed that 
the catalyst gradually deactivated after each cycle, losing its activity irreversibly after five 
cycles. The activity loss was related to the loss of strong acid sites due to local hot stops 
in the regeneration bed, operated at 550 °C in air for 12 h. Similar observations were 
made by Zhang et al. for a Zn/ZSM-5 catalyst utilized in methanol aromatisation to BTX 
at 400-475 °C [7]. The regeneration was performed at 550 °C for 4 h in flowing air after 
which the Brønsted acid sites were found to be irreversibly depleted and re-distributed. 
Ma and van Bokhoven reported on the recyclability of zeolite H-USY used for the 
catalytic fast pyrolysis of lignin [8]. Up to 4 regeneration cycles were applied after which 
the pore blocking and active site poisoning suffered upon reaction could be reversed. 
Although regeneration with a temperature ramp from 550 to 650 °C for 5 h in air restored 
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porosity and acidity to a large extent, deactivation was not completely reversible because 
of structural changes induced in the catalyst by the regeneration process, as determined 
by 27Al MAS ssNMR. As solution, they proposed an additional ion-exchange step to 
improve the recoverability.  

While the examples above deal with powdered catalysts, some studies on regeneration 
of catalyst bodies have also been reported. Ibáñez et al. reported on the transformation 
of chloromethane into olefins by technical catalysts consisting of zeolite ZSM-5 extruded 
with bentonite and Al2O3 as binders. After regeneration in air at 550 °C for 2 h it was 
found that deactivation by coke is reversible and that the catalyst recovered its activity, 
but only when the initial reaction was performed at a maximum temperature of 400 °C; 
if higher reaction temperatures were used, additional dealumination by HCl led to 
irreversible deactivation [9]. Hutchings et al. investigated the effect of the temperature, 
time and atmosphere on regeneration of extruded zeolite H-Y catalysts [10] and found 
the application of oxygen at high temperatures (450-500 °C) for 6 h to be most efficient 
for carbon removal. Importantly, it was recommended to apply regeneration conditions 
as mild as possible to avoid the irreversible dealumination caused by the gases formed 
upon burning the coke, rathen than harsher regeneration conditions that rapidly remove 
coke but inevitably damage the catalyst structure. Ikai et al. studied methanol conversion 
carried out at 600 °C with H-ZSM-5 zeolites pelletised using Ca3(PO4)2 as binder; its 
phosphorous moieties helped to reduce coke formation by active site modification and 
to slow down dealumination of the zeolite [11]. The regeneration procedure, operated at 
550 °C in air for 6 h, turned out to be very efficient for the spent pelletised sample, which 
had not suffered severe dealumination upon reaction, in contrast to the pure zeolite H-
ZSM-5. 

In this Chapter regeneration has been systematically in static air for 3 h at three different 
temperatures -400, 500 and 600 ºC- for a deactivated (ZrO2/n-ZSM-5)/Att. catalyst. The 
effectiveness of the regeneration process is evaluated by the extent to which the original 
properties of the starting catalyst are restored as a function of regeneration treatment. 
Careful selection of the regeneration parameters is indeed shown to reverse deactivation 
to a large extent. 

8.2. Experimental Section 

8.2.1. Chemicals and Catalyst Material 

The 10 wt% ZrO2-promoted, attapulgite-bound ZSM-5 catalyst extrudates (Si/Al ratio of 
42, supplied by Clariant, see Table 7.1; ZrO2/n-ZSM-5:Att ratio of 70:30) was 
synthesised by Silkem. ZrO2 impregnation was carried out by diluting zirconyl (IV) nitrate 
hydrate (Acros, 99.5 %) in distilled water at 40 ºC under continuous stirring. Once 
dissolved, the ZSM-5 zeolite was added stepwise, and the suspension was kept stirring 
at 60 ºC for 12 h. The viscous paste was subsequently transferred to a drying plate inside 
an oven, at 100 ºC. Once dry it was crushed, milled and homogenized. Calcination was 
carried at 450 ºC for 3 h in air. Subsequent agglomeration consisted of mixing the powder 
catalyst with attapulgite, in a proportion of 70/30 wt.%. Once in the extruder, water was 
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slowly added to the mixture to perform the agglomeration. When extrusion was 
completed, the extrudate bodies were sieved and dried in a fluid bed dryer. After drying, 
sieving was performed to remove any remaining fines. Finally, the extrudates were dried 
in an oven for 3 h and calcined at 550 °C for other 3 h in static air. Figure 8.1 shows the 
fresh catalyst extrudates, as well as the spent and regenerated samples, which are the 
object of study of this Chapter. 

Figure 8.1. a) Catalyst extrudates displayed from left to right: Fresh, Spent20, Spent40, Reg20_400, 
Reg40_400 Reg20_500, Reg40_500, Reg20_600 and Reg40_600. The upper row shows the cross-section 
(left) and the top section (right) of the samples. The lower row shows the side of the cylindrical samples. b) 
Zoom of fresh, spent and regenerated at 400 °C samples. The cross-sections, using the top sections as 
reference, demonstrate an eggshell type distribution of the coke for the Spent20 and Reg20_400 samples, but 
not for the Spent40 and Reg40_400 ones, indicating the progress of coke distribution with longer reaction 
times. 

8.2.2. Biomass Catalytic Pyrolysis Testing 

The catalyst deactivation studies were carried out in a fully automated continuous 
biomass pyrolysis pilot plant unit, located at CERTH/CPERI facilities, in Thessaloniki 
(Greece), as shown in Scheme 7.1. The unit consists of two reactors, a fluidised bed 
and a fixed bed reactor, connected in series. The first reactor is used to perform the 
thermal pyrolysis step, while catalytic upgrading of the biomass vapours takes place in 
the second reactor. The feedstock employed was oak with the following properties: 
moisture 8.6 wt.%; ash 0.62 wt.%; C 49.58 wt.% d.b.; H 5.91 wt.% d.b.; O 43.89 wt.% 
(d.b. by difference).  

Biomass is continuously fed into the reactor at a rate of 5 g/min, which is fluidised by 
100 Nml/min N2 flowing through the thermal reactor, set at 550 °C. Subsequently, 
pyrolysis vapours produced by thermal pyrolysis reach the second reactor, loaded with 
25 g of the (ZrO2/n-ZSM-5)/Att. catalyst extrudates and set at 450 °C. The outlet stream 
of the second reactor was directed to the product separation and collection section. Note 
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that the liquid product was intially collected in two separate vessels, but afterwards 
combined and collected as a single sample, for which the analysis results are reported 
here. Gases were analysed by GC (determination of CO2, CO, H2, CH4, C2, C2=, C3, 
C3= and other light hydrocarbons up to C6), while solid products (char and coke) were 
quantified together during the regeneration cycle, by replacing the nitrogen in the bed 
with air and increasing the bed temperature of both reactors to 650 °C. This is analogous 
to a thermogravimetric analysis performed, but performed in the same reactor as where 
the CFP reaction was carried out. 

The liquid product was characterised to determine the water content, as well as its 
elemental composition. The water content of the bio-oil was determined by Karl-Fischer 
titration (ASTM D6304). Carbon and hydrogen were determined concurrently in a LECO 
analyser. The carbon and hydrogen concentrations were determined from the CO2 and 
H2O produced using selective infrared cells as detectors; oxygen content was calculated 
by difference. The organic phase of the bio-oil was analysed by GC-MS using an Agilent 
7890A/5975C gas chromatograph-mass spectrometer system (Electron energy 70 eV; 
Emission 300 V; Helium flow rate: 0.7 cm3/min; Column: HP-5MS (30 m x 0.25 mm ID x 
0.25 μm). Internal libraries were used for the identification of the compounds found in 
the bio-oil and their categorisation into main functional groups. The analysis performed 
was semi-quantitative and the results refer to the relative area of the peaks of the 
different compounds in the chromatograph. 

Catalytic pyrolysis tests were run for 20 and 40 min of reaction. The spent catalysts are 
respectively denoted as Spent20 and Spent40.  

8.2.3 Catalyst Regeneration 

Regeneration of the spent catalysts was performed at CPERI facilities. Spent (ZrO2/n-
ZSM-5)/Att. catalyst extrudates obtained after 20 min and 40 min of CFP reaction were 
subjected to regeneration at three different temperatures, namely 400 °C, 500 °C and 
600 °C, for 3 h. Regenerations were carried in open crucibles inside an oven with static 
air, by applying a heating rate of 5 °C/min. The regenerated samples are denoted as 
RegX_T, where X is 20 or 40 (for pyrolysis time of 20 min or 40 min, respectively) and T 
the regeneration temperature, in ºC. 

8.2.4 Catalyst Characterisation 

Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) images of the fresh catalyst were recorded using 
a FEI XL30SFEG microscope. The samples were sprinkled on an aluminium stub with a 
carbon sticker and sputter coated with 10 nm Pt/Pd. Afterwards, SEM images were 
recorded in secondary electron (SE) mode. 
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Transmission Electron Microscopy 

Transmission Electron Microscopy (TEM) images of fresh, spent and regenerated 
catalysts were taken on a Tecnai 20 (FEI, 200 kV) transmission electron microscope. 
Samples were deposited on Cu with C coating TEM grids, after grinding and suspending 
in ethanol. Three representative TEM images, from an average of 10-16 pictures taken 
from random locations, are shown per sample. 

N2 Physisorption 

These analyses were carried out at the CERTH/CPERI facilities. Surface areas of the 
samples were determined by N2 adsorption at -196 °C, using the multipoint BET analysis 
method, with an Autosorb-1 Quantachrome flow apparatus. Prior to the measurements, 
the samples were dehydrated in vacuum at 450 °C overnight. The Brunauer–Emmet–
Teller (BET) equation was used to calculate the apparent surface area (SBET), while the 
micropore volume (Vmicro) and the external surface (Sext) were calculated from t-plot 
method.  

X-Ray Diffraction

These measurements were done at the CERTH/CPERI facilities. X-ray Diffraction (XRD) 
measurements were performed using a SIEMENS D-500 diffractometer employing 
CuKα1 radiation (λ=0.15405 nm) and operating at 40 kV and 30 mA. The XRD patterns 
were accumulated in the 2θ range of 5–80° with a scan step of 0.02° step size and 2 s 
per step.  

Magic Angle Spinning Solid-State Nuclear Magnetic Resonance 

27Al Magic Angle Spinning Solid-State Nuclear Magnetic Resonance (MAS ssNMR) 
experiments were performed at 11.7 T on a Bruker Avance III spectrometer equipped 
with a 3.2 mm MAS probe. Spectra were recorded at ambient temperature using 15 kHz 
MAS. An RF field of 50 kHz was used for the 27Al π/12 pulse followed by 26 ms 
acquisition. 10240 scans were accumulated using an inter-scan delay of 1 s. The 27Al 
chemical shift was externally referenced to aluminium nitrate (Al(NO3)3(aq)). The 1D 
spectra were processed using a line-broadening of 100 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). The excitation and conversion pulses were applied with an 
RF field of 62 kHz. For the selective pulse following the Z-filter delay an RF field of 6.5 
kHz was used. The incrementation time for the indirect dimension was set to one rotation 
period and 36 increments were recorded. The direct acquisition time was set to 2.5 ms 
and 240 scans were accumulated using an inter-scan delay of 2 s. MQ-MAS data were 
Fourier-Transformed and sheared using the software of Bruker Topspin3.5 and 250 Hz 
line-broadening was applied in both dimensions. 
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Temperature Programmed Desorption 

Temperature Programmed Desorption (TPD) of NH3 was performed using a 
Micrometrics AutoChem 2920 apparatus to study the acidity of the spent and 
regenerated catalysts. The sample, 0.1 g in all cases, was first pre-treated in He (25 
cm3/min) for 30 min at 500 ºC, then cooled down to 100 ºC and saturated with ammonia 
to the equilibrium state. Prior to desorption, samples were flushed in He for 30 min. 
Subsequently, the ammonia desorption was performed in the range of 100 ºC to 500 ºC 
at a heating rate of 5 ºC/min. TPD curves of the fresh samples were deconvoluted into 
two Gaussians -corresponding to low and high temperature peaks- with the Multiple 
Peak Fit tool of Origin 9.1 software. For the quantification of the acid sites it was assumed 
that one molecule of NH3 adsorbs onto a single site. 

Fourier-Transform Infrared Spectroscopy 

The Fourier-Transform Infrared (FT-IR) spectroscopy measurements were done at the 
CERTH/CPERI facilities. FT-IR spectra after pyridine adsorption were collected using a 
Nicolet 5700 FT-IR spectrometer (resolution 4 cm−1). The samples were finely ground 
and pressed into self-supporting wafers (15 mg/cm2). The wafers were placed in a 
sample holder inside a home-made stainless steel vacuum cell with CaF2 windows. The 
infrared cell was equipped with a heater and connected to a high vacuum pump system. 
Prior to FT-IR analysis, all samples were pretreated at 450 °C under high vacuum (10−6 
mbar) for 1 h in order to desorb any physisorbed species. All the spectra were collected 
at 150 °C ensuring that pyridine, if present, is chemisorbed. It is taken as background 
the spectrum of the sample once activated. Adsorption of pyridine is carried at 1 mbar 
by saturating the catalyst wafer with the probe vapour, added in pulses for 1 h. The 
desorption procedure of pyridine is step-wisely monitored by evacuating the sample for 
30 min at 150, 250, 350 and 450 °C and cooling down to 150 °C after each step to record 
the corresponding background spectrum. The acid sites, associated with the pyridine 
desorbing below the mentioned temperatures represent the very weak, weak, medium 
and strong acid sites, respectively. The amount of acid sites was calculated using the 
Lambert-Beer’s law and the appropriate molar extinction coefficients. For the 
quantification of Lewis and Brønsted acid sites the bands at ca. 1450 cm-1 and 1545  
cm-1, respectively were integrated, according to the protocol introduced by Emeis [12].
Integration was done with the Peak Analyser tool of Origin 9.1 Software.

Temperature Programmed and Isothermal Oxidations 

The Temperature Programmed Oxidation (TPO) and Isothermal Oxidation (IO) analyses 
were carried out at CERTH/CPERI facilities. It was determined the nature of coke 
deposits on the spent samples in a home-made gas flow system equipped with a 
quadrupole mass analyser (Omnistar, Balzers). For that, the C content was determined 
by elemental analysis using a LECO-800 CHN analyser. For the measurements 100 mg 
of ground catalyst were placed in a quartz reactor. For the TPO tests, the temperature 
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was raised from room temperature to 800 °C with a heating rate of 3 °C/min in air flow 
(100 cm3/min) and was maintained constant at 800 °C for 30 min. For the IO tests, the 
temperature was increased to the pertain temperature under inert atmosphere and the 
flow was then switched to air (100 cm3/min) for 3 h. In both cases, the main (m/z) 
fragments registered were: CO2 = 44, CO = 28, H2O = 18, CH4 = 16 and He = 4.  

Confocal Fluorescence Microscopy 

Confocal Fluorescence Microscoscopy (CFM) images of spent and regenerated 
samples were acquired with a Nikon Eclipse 90i confocal microscope with a 100 x 0.73 
NA dry objective was used for the CFM investigations. Excitation light was provided by 
focusing three (or four) specific laser lines, (404), 488, 561 and 642 nm, simultaneously 
on the desired sample, located in an open cell (Linkam Instruments, FT-IR 600). The 
microscope was equipped with a Nikon A1 scan head, accommodating the optics, which 
couple fiber optics for excitation and emission light microscope. A spectral analyser in 
the Nikon A1 system was equipped with 32 photomultiplier tubes (PMTs) set to collect 
emission light in the region of ca. 450–700 nm, with a resolution of 6 nm. For recording 
CFM on the fresh and regenerated stained catalysts three (or four) specific laser lines, 
(404), 488, 561 and 642 nm, were used to excite the surface of the stained reacted 
sample, both on an outer as on an inner spot. 

Ultraviolet-Visible Diffuse Reflectance Spectroscopy 

UV-Vis diffuse reflectance micro-spectroscopy was performed in an in-situ cell (FT-
IR600, Linkam Scientific Instruments) equipped with a temperature controller (Linkam 
TMS 93). The microscopy set-up used is based on an Olympus BX41 upright microscope 
with a 50 x 0.5 NA-high (NA: numerical aperture) working distance microscope objective. 
A 75W tungsten lamp was used for illumination. The microscope was equipped with a 
50/50 double-viewport tube, which accommodated a CCD video camera (ColorView IIIu, 
Soft Imaging System GmbH) and an optical fibre mount. A 200 mm-core fibre connected 
the microscope to a CCD UV-Vis spectrometer (AvaSpec-2048TEC, Avantes). 
Experiments were performed on an extrudate catalyst sample preheated at 100 ºC for 
10 min, subsequently adding 10 µl of 4-fluorostyrene per 10 mg sample. After a waiting 
time of 5 min, UV-Vis spectra were recorded in-situ for 15-20 min on the catalyst surface. 
After reaction samples were analysed ex-situ by CFM, both on the surface and internally. 

8.3. Results and Discussion 

8.3.1 Biomass Catalytic Pyrolysis 

The catalytic performance of (ZrO2/n-ZSM-5)/Att. after 20 min of catalytic fast biomass 
pyrolysis is shown in Figure 8.1, where product yields (a) are indicated together with the 
composition of the organic phase (b). A liquid bio-oil yield of ca. 43 wt.% was obtained, 
with a water content of about 18 wt.%, i.e. an organic oil yield of 25 wt.%. The solid 
fraction, consisting of char and coke amounted up to ca. 17 wt.%, while the rest of the 
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products consisted mainly of COx gases (~34 wt.%). The high yield towards 
decarboxylation and decarbonylation products is a good indicator of the high catalyst 
activity in upgrading bio-oil vapours. This is in line with the quality of the produced bio-
oil, which has a low oxygen content of ~23 wt.%. The composition of the organic phase 
of the bio-oil was semi-quantitatively determined by GC-MS. As shown in Figure 8.1b, 
the bio-oil was highly aromatic, with the rest of the compounds mainly consisting of 
phenols and poly-aromatic hydrocarbons, confirming the high deoxygenation activity of 
the catalyst. 

The main performance indicators of the process as a function of reaction time are given 
in Figure 8.2. The increase in organics yield with increasing time-on-stream came with 
an increase in oxygen content in the product stream, accompanied by a decrease in 
non-oxygenated products and water yield. These indicate gradual deactivation of the 
catalyst, which progressively became less active in cracking and deoxygenation 
reactions, as previously reported [13]. Analogously, the amount of coke formed 
increased, in line with the anticipated correlation between coking and catalyst 
deactivation in the catalytic cracking [14]. The total gas yield remained the same (not 
shown), but did show changes in chemical composition. As shown in Figure 8.2a, 
catalyst deactivation resulted in a decrease in CO and an increase in CO2 formation, as 
expected from ref. [6], [15]. 

Figure 8.1. a) Pyrolysis product yields and b) composition of the organic phase of bio-oil at run time 20 min, 
as estimated by GC-MS analysis. Results provided by CERTH/CPERI. 
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Figure 8.2. Pyrolysis product yields (a) and coke (and char) (b) on the catalyst under study for reaction times 
namely 20 min and 40 min. The results are provided by CERTH/CPERI. 

8.3.2 Coke Characterisation 

The morphology of the fresh and spent samples (after pyrolysis for 20 and 40 min) was 
examined by scanning and tranmission electron microscopy, as shown in Figure 8.3. 
Representative SEM images of the fresh sample (a-b) show aggregates of 20-50 µm 
consisting of zeolite ZSM-5 nanocrystals of sizes between 30-100 nm. As shown by 
TEM, the zeolite ZSM-5 crystals are integrated within agglomerated needle-like 
attapulgite crystals (typical dimensions 0.5 µm x 30 nm) (c). In addition to the zeolite 
ZSM-5 and attapulgite crystals four other solids could be discerned, attributed to ZrO2 
nanoparticles (ca. 3 nm) of rugged morphology [16], labeled (1) in Figure 8.3; bigger (25-
50 nm) spherical shapes (2), which might correspond to quartz, a common impurity in 
attapulgite [17-18]; and amorphous carbonaceous deposits [2], [19-20] and graphite 
flakes, both identified with (3) [21-22]. 

TEM examination revealed that the spent catalyst (i-k) seemed considerably more 
agglomerated after 40 min of reaction than the fresh sample (c-e). The TEM images 
furthermore suggest that amorphous carbonaceous deposits (3) were abundantly 
present, co-existing within the zeolite crystals and with a seemingly re-dispersed 
attapulgite phase in the Spent40 sample (i-k). Likewise, and despite the known thermal 
stability of ZrO2 [16], [23], the ZrO2 particle size seemed to increase upon reaction (i,j), 
suggesting that some sintering could have occurred.   
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Figure 8.3. SEM (a,b) and TEM images (c-k) of Fresh (a-e), Spent20 (f-h) and Spent40 (i-k) (ZrO2/n-ZSM-
5)/Att. catalyst. 

The textural properties of the fresh and spent samples are presented in Table 8.1. 
Expectedly, the BET surface area of the catalyst under study had decreased after 
biomass pyrolysis reaction. This loss could be partly due to the agglomeration observed 
upon TEM examination, but is mainly attributed to surface/pore blockage due to the 
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significant coke amount deposited on the catalysts (4.78 wt.% after 20 min and 6.94 
wt.% after 40 min reaction). Further analysis shows that the macro-, meso- and 
micropore areas and pore volumes were affected, with the decrease being stronger for 
the mesopore volume and area. This indicates that coke was primarily deposited on the 
external surface and/or intercrystalline voids and did not occlude the zeolite micropores. 
The differences between the Spent20 and Spent40 samples were very small, indicating 
that the major surface blocking occurred early in the process. Longer time-on-stream did 
not further affect the textural properties of the catalyst, despite the observed higher 
agglomeration at longer reaction time.   

Table 8.1. Textural properties of the fresh, spent and regenerated samples.

Figure 8.4a presents the XRD patterns of the fresh and spent samples. All the samples 
exhibited the characteristic diffraction pattern of the zeolite ZSM-5 crystal of the 
corresponding orthorhombic phase (PDF 00-044-0003) [24-25]. Expectedly, no XRD 
peaks originating from a crystalline ZrO2 phase could be observed, as none was detected 
for the related (ZrO2/s-ZSM-5(DS))/Att. catalyst studied in Chapter 5 of this PhD Thesis 
either. For the spent samples a decrease in zeolite crystallinity was observed, indicated 
by the lower intensity of the ZSM-5 main XRD peaks, e.g. the low angle diffraction peaks 
located at 8.0 and 8.9 (2θ)° [24], [26]. The catalyst did retain its orthorhombic crystalline 

S B
ET

 
(m

2 /g
) 

S E
xt

 (m
2 /g

) 

S M
ic

ro
po

re
 

(m
2 /g

) 

To
ta

l P
V 

(c
m

3 /g
) 

V M
ac

ro
 

(c
m

3 /g
) 

V M
es

o 
(c

m
3 /g

) 

V M
ic

ro
po

re
 

(c
m

3 /g
) 

Po
re

 
D

ia
m

et
er

 
(n

m
) 

C
ok

e 
(w

t.%
) 

Fresh 303 158 145 0.58 0.362 0.223 0.061 1.8, 
53.3 - 

Spent20 255 118 137 0.47 0.292 0.179 0.056 1.7, 
53.2 4.78 

Spent40 250 116 134 0.49 0.314 0.183 0.055 1.7, 
53.5 6.94 

Reg20_ 400 296 145 150 0.5 0.296 0.202 0.062 1.9, 
54.1 0.45 

Reg20_ 500 294 146 148 0.55 0.343 0.147 0.061 1.8, 
54.6 - 

Reg20_ 600 297 137 160 0.5 0.297 0.202 0.065 2.0, 
54.1 - 

Reg40_ 400 293 155 138 0.56 0.346 0.211 0.058 1.8, 
54.6 0.46 

Reg40_ 500 301 150 151 0.52 0.317 0.208 0.062 2.0, 
54.3 - 

Reg40_ 600 298 144 154 0.53 0.324 0.146 0.063 2.0, 
54.2 - 
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structure after the pyrolysis reaction, regardless of time-on-stream. However, some small 
changes were seen after reaction, such as the merge of the split peaks at 2θ 23.2 and 
45.4° seen for the fresh sample into a single peak after reaction. In addition, the peak at 
23.2 (2θ)° was higher in intensity compared to the peak at 24.0 (2θ)°, as compared to the 
fresh sample. This change can be directly attributed to the incorporation of organics within 
the zeolite pores [24], [26], the accumulation of which typically increases with longer 
reaction times. However, given that estimated intensity ratios were very similar for both 
Spent20 and Spent40 (see table in Figure 8.4), coke buildup in the zeolite seemed to 
occur mostly within the first 20 min reaction, which is in line with the BET results. Another 
reaction-induced change concerns the peak located at ca. 26.6 (2θ)°, assigned to the 
quartz phase of attapulgite [27]. After reaction, in particular for Spent40, this peak 
decreased in intensity and merged with the peak at 26.7 (2θ)°, suggesting some re-
dispersion of attapulgite phase, in line with observations from TEM analysis. However, 
the formation of graphite coke, which would give a signal at 26.5-27 (2θ)° [28], cannot be 
discarded.  

Figure 8.4. XRD patterns of fresh and spent (a), regenerated after 20 min (b) and 40 min reaction (c) catalyst 
samples. Integrated table: Differences in intensity of the peak at 23.2 (2θ)° regarding the peak at 24.0 (2θ)° 
for the samples of study.   
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Figure 8.5. (a) 27Al MAS ssNMR spectra of fresh (red), Spent40 (black), Reg40_400 (blue), Reg40_500 
(orange) and Reg40_600 (green). Overlaid 27Al MQ MAS ssNMR spectra of Spent40 and: (b) Fresh, (c) 
Reg40_400 and, (d) Reg40_500 and e) Reg40_600 sample. 

Aluminium speciation in the fresh extrudate, the spent sample obtained after 40 min of 
reaction and the samples -Reg40- regenerated at 400 °C, 500 °C and 600 °C were 
examined by solid-state 1D 27Al MAS (Figure 8.5a) and 27Al MQ MAS ssNMR (b-e). By 
inference, any changes in Al speciation in Spent20 sample (not measured) will be less 
or at most the same as for the Spent40 sample. Expectedly, the ssNMR spectrum of the 
fresh sample (red series) showed mainly framework tetrahedral (AlIV, 54 ppm) and some 
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extraframework octahedral (AlVI, 2 ppm) Al species to be present [29-30]. After reaction, 
the concentration in tetrahedral Al sites was lower than in the fresh sample, with its peak 
maximum shifting upfield to 52 ppm, affected by coke formation [3], [5], [8]. The 
anisotropy of the tetrahedral Al signal in the Spent40 sample (black series) is readily 
evidenced by MQ MAS analysis (b), indicating that the framework Al species suffered 
from distortion upon reaction. As for the extraframework Al sites, the spectrum of the 
spent sample showed these to be less defined, broadly distributing in the hump formed 
at 30 to -20 ppm, including pentacoordinated AlV whose resonance typically locates at 
ca. 30 ppm [8], as well as octahedral Al.  

The bulk acidity of the fresh and spent catalysts was probed by NH3-TPD. The TPD 
profile, depicted in Figure 8.6a, of the fresh sample is clearly defined by two peaks for 
the weak (193 °C) and strong acid sites (362 °C) [31]. After 20 min of reaction catalyst 
acidity, both weak and strong, was severely affected. The loss in strong acid sites 
remained almost constant for both spent samples regardless of run time (Table 8.2), with 
a ~50% decrease compared to the fresh sample. However, the amount of weak acid 
sites further decreased from 20 to 40 min of run time. As the strong sites are connected 
to framework Al sites [30], the TPD results indicate that the structural changes suffered 
by the tetracoordinated Al may be similar for the Spent20 and Spent40 samples.  

More insight into the amount and type of acidity was obtained by Py-FT-IR, presented in 
Figure 8.6b, Figure 8.7 and Table 8.2. As reported in Chapter 5 for the analogous 
(ZrO2/s-ZSM-5(DS))/Att. catalyst, the Brønsted acid sites (BAS) originate from the ZSM-
5 zeolite, while the Lewis acid sites (LAS) come from the zeolite, the attapulgite and, to 
a lesser extent, the ZrO2 phase (Figure 5.7a). As can be seen in Figure 8.7a the fresh 
catalyst showed strong, i.e. desorbing above 450 ºC, BAS and LAS, indicated by the 
bands at 1544 cm-1 and 1455 cm-1, due to cus Al sites from the zeolite, and by the 1449 
cm-1 band, mainly due to cations present in the attapulgite.

After 20 min of reaction, the sample lost half of its acidity, mostly affecting the strong 
BAS, at 1544 cm-1, and LAS sites, 1455 and 1449 cm-1 bands, which significantly 
decreased in intensity, as indicated in Figure 8.6b (see also Figure 8.7b). This 
observation is in line with the NH3-TPD results that showed that weak sites, related to 
Lewis and H-bonded sites, and strong sites, related to BAS, were severely affected after 
20 min of reaction. This decrease in strong acid sites points at active site poisoning [32-
33] as main cause of deactivation. Longer time-on-stream further decreased acidity,
especially affecting the weak LAS, evidenced by the significant decrease of the 1455
and 1449 cm-1 bands (Figure 8.7c). It seems that once the strong acid sites, known to
be most active [6], [34], got blocked (presumably) by coke deposits, coke continued
depositing on the yet available weak LAS -mainly coming from the external ZrO2 and
attapulgite phases-. Therefore, in addition to site poisoning the catalyst further
deactivated by pore blockage -in line with N2 physisorption results and TEM observations
about sintering- ultimately rendering all types of sites inaccessible. This hypothesis is in
agreement with other studies in literature examples including [8] and [35], reporting that

229



the deactivation was only due to acid site poisoning after short contact times, while 
prolonged use led to both site poisoning and pore blockage.  

Figure 8.6. a) Weight-normalised NH3-TPD profiles of fresh and spent samples. b) Brønsted (BAS, green) 
and Lewis acid sites (LAS, orange) of fresh and spent samples, as determined by Py-FT-IR (Figure 8.7) at 
150 °C (weak sites) and 450 °C (strong sites). Solid bars correspond to weak sites; patterned bars to strong 
sites. 

Table 8.2. Acidity concentration classified as weak and strong, as measured by NH3-TPD, and Brønsted and 
Lewis-type, as measured by Py-FT-IR for the fresh catalyst and deactivated samples. Losses related to the 
fresh samples are indicated into brackets. 
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65a    

(-55%) 

111a 

(-50%) 
1.7 

34b 

(-48%) 

34c 

(-14%) 

26b 

(-54%) 

16c 

(-56%) 
0.8b 2.2c 

Spent40 
45a 

(-69%) 

115a 

(-50%) 
2.6 

12b 

(-82%) 

6c 

(-85%) 

12b 

(-52%) 

7c 

(-82%) 
2.4b 3.1c 

a Determined by NH3-TPD; b determined by Py-FT-IR at 150 °C; c determined by Py-FT-IR at 450 °C. 

230



Figure 8.7. Py-FT-IR spectra desorption for the catalyst samples: a) Fresh, b) Spent20, c) Spent40, d) 
Reg20_400, e) Reg20_500, f) Reg20_600, g) Reg40_400, h) Reg40_500 and i) Reg40_600. 
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Temperature programmed oxidation (TPO) was performed to investigate the amount and 
nature of coke formed over spent (ZrO2/n-ZSM-5)/Attapulgite samples. The TPO profiles 
of the CO2 evolution curves (Figure 8.8a) show one main CO2 peak with two shoulders 
for both samples. As expected, the amount of emitted CO2 was higher for the Spent40 
catalyst, in line with its larger coke content (see Table 8.1). Estimated coke amounts 
must be responsible for the acid site blockage found by NH3-TPD and Py-FT-IR. The 
CO2 traces showed maxima at 415 °C and 406 °C for Spent20 and Spent40, 
respectively, indicating the coke on both catalysts to be of a similar poly-aromatic nature 
[36]. 

Figure 8.8. a) TPO profiles and deconvolution of deactivated and regenerated at 400 ºC samples. b) 
Isothermal oxidation profiles and (c) cumulative curves of the deactivated samples (unburnt carbon) at 400 °C, 
500 °C and 600 °C for the Spent20 (black curves) and Spent40 (red curves) samples. Results provided by 
CERTH/CPERI. 

Isothermal oxidation (IO) experiments under air flow were carried out to investigate coke 
combustion at 400 °C, 500 °C and 600 °C. The IO profiles in Figure 8.8b present the 
CO2 signal for the first 10 min of the isothermal oxidation test. It is seen that the areas of 
CO2 evolution became more intense with increasing oxidation temperature indicating 
higher combustion rates. The integration of the CO2 signal is shown in the inset, 
expressed as amount of carbon versus time. At 600 oC, the coke combustion proceeded 
rapidly on both samples, completing within the first 1.5 min of the isothermal oxidation 
process. The combustion behaviour was similar at 500 oC, albeit with lower rate than at 
600 °C, leaving a small amount of coke on the samples once the 10 min treatment was 
concluded. On the other side, the curve obtained for the experiment run at 400 oC 
showed a very slow combustion rate, almost constant in time, significantly differing for 
the other two samples. For the Spent20 catalyst only about 30% of the coke was 
removed in the first 10 min of isothermal oxidation. The Spent40 catalyst initially 
exhibited a high coke oxidation rate for the first minute, similar to that recorded at 500 
°C and 600 °C, and probably attributed to presence of easily-oxidised external soft coke. 
The reaction then slowed down as the remaining coke was more difficult to combust, 
leading to only ~45% removal of the catalyst coke after 10 min.   

The spent extrudates, shown in Figure 8.1, are indeed almost totally black due to coke 
formed, suggesting some zoning in coke distribution depending on reaction time. This 
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spatial distribution of the coke formed on the deactivated extrudate samples was studied 
by CFM [37]. CFM examination on the spent (ZrO2/n-ZSM-5)/Att. extrudates was done 
both at the external surface and over a cross-section of the bodies. Representative CFM 
images for the Spent20 (i) and Spent40 (ii) samples are shown in Figure 8.9, with the 
corresponding spectral information.  

An eggshell spatial distribution of coke was observed for the Spent20 extrudate (see 
cross-section in Figure 8.1b). When the surface was irradiated, no fluorescence could 
be detected due to the high poly-aromaticity or even graphitic nature of coke, absorbing 
all the incident light and preventing any light emission. Nevertheless, fluorescence 
progressively increased when moving from the edge (Figure 8.9i,b, see spectrum for B) 
to the centre (Figure 8.9i,b,c, see spectrum for A), where the coke was of a softer nature, 
i.e. H-richer, as confirmed by the emission bands (d). There were regions (C) with more
naphthalene/anthracenes (emitting light at 400-550 nm) [34], [37-39]- than poly-
aromatics (over 550 nm). These regions of softer coke can tentatively be assigned to
ZrO2 domains which sintered upon reaction and in which the lowered concentration of
Brønsted acid sites (upon ZrO2 incorporation) might have led to less poly-aromatics or
hard coke content.

CFM analysis of the Spent40 extrudate (Figure 8.9ii) revealed lack of fluorescence on 
the edge of the cross-section (ii,b) -differencing from the Spent20 which showed intense 
fluorescence- while the centre yet remained fluorescent (c-f). This illustrates that does 
not indicate that diffusion is totally blocked; the fact that coke continues accumulating in 
a radial direction with time-on-stream indicates that the reaction proceeded accordingly. 
Analysis of different zones for the Spent40 catalyst proved very similar to the Spent20 
sample. Regions with high fluorescence and a large presence of poly-aromatics (region 
A), regions closer to the edge and thus less intense (B), as well as regions with more 
naphthalene/anthracenes (C) could be distinguished. Note that the lower intensity of A 
regions in Spent40 compared to the Spent20 sample are due to the darker colour of the 
former, given that more coke has been formed. 
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Figure 8.9. CFM images of Spent20 (i) and Spent40 extrudates (ii) taken at: a) Surface; b) edge of cross-
section; (c-f) centre of cross-section. d) Spectral information of the regions of interest. Dashed vertical lines 
represent the excitation lasers at 488, 561, 642 nm. Insets in each image schematise how irradiation was 
performed. 
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Figure 8.9. CFM images of Spent20 (i) and Spent40 extrudates (ii) taken at: a) Surface; b) edge of cross-
section; (c-f) centre of cross-section. d) Spectral information of the regions of interest. Dashed vertical lines 
represent the excitation lasers at 488, 561, 642 nm. Insets in each image schematise how irradiation was 
performed. 
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3.3 Catalyst Regeneration  

Having now identified coke deposition as the primary reason for deactivation and its 
nature, location and amount established, the influence of catalyst regeneration 
parameters on coke removal was assessed. The spent samples were regenerated at 
400 °C, 500 °C and 600 °C for 3 h to assess to what extent the original physicochemical 
properties affected by deactivation can be restored. After regeneration, the coke content 
of the samples was measured by LECO analysis, shown in Table 8.1. All coke was 
removed upon regeneration at 500 °C and 600 °C, while a small amount (~0.45 wt.%) 
remained on both samples after oxidation at 400 °C. This was also apparent visually, as 
the black spent samples acquired the initial colour of the fresh catalyst after regeneration 
at higher temperatures (i.e. 500 °C and 600 °C), while they remained grey after 
regeneration at 400 °C (see Figure 8.1). TPO confirmed that no coke was left on those 
samples regenerated at 500 and 600 ºC. In contrast, a CO2 peak of low intensity was 
observed from 480-500 °C for the two samples regenerated at 400 °C (see Figure 8.8a), 
indicating that the remaining coke is very poly-aromatic and thus hard to combust.  

Given that coke was not fully burned-off upon regeneration at 400 ºC, the remaining coke 
on Reg20_400 and Reg40_400 samples were studied by CFM (Figure 8.10). In the 
Reg20_400 extrudate the poly-aromatic fraction of coke was considerably reduced after 
regeneration, in line with observations by TPO. The now yellowish fluorescence showed 
the maximum emission peak located at λ~600 nm on the surface, and at λ~560 nm at 
the centre of the cross-section (cf. λ~660 nm at the centre for Spent20, Figure 8.10i). 
The eggshell distribution is still apparent, however, as seen from the dark grey ring 
(Figure 8.1)-. Indeed, CFM images show species emitting light at longer wavelengths at 
the surface (A) than at the centre (B,C). The same observations are made for 
Reg40_400, with most of the condensed poly-aromatic coke gone after reaction (Figure 
8.10ii,a). A considerable amount of poly-aromatics were still present, however, emitting 
red fluorescence on the surface (~640 nm) (A). Also here, the eggshell spatial 
distribution is still observed after regeneration (Figure 8.10ii) (B,C, see spectral info in 
d). 
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Figure 8.10. CFM images of Reg20_400 (i) and Reg40_400 extrudates (ii) taken at:  a) Surface; b) edge of 
cross-section; c) centre of cross-section. d) Spectral information of the regions of interest. Dashed vertical 
lines represent the excitation lasers at 488, 561, 642 nm. 
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TEM images of the regenerated samples are given in Figure 8.11 (Reg20) and 8.12 
(Reg40). For the Reg20 samples no significant changes were observed compared to 
Spent20 (Figure 8.3), except for Reg20_600, which showed a higher degree of 
agglomeration (i), as well as bigger spherical particles, as highlighted in region 2, 
assigned to quartz impurities of attapulgite. Such spherical quartz particles can easily be 
confused with a sintered ZrO2 phase, both distributing randomly but frequently. Smaller 
rugged-like nanoparticles, identified in region 1 for the fresh and spent samples and 
assigned to intact ZrO2 particles can only be found with difficulty; on the contrary, they 
showed a marked degree of clustering. 

For the Reg40 samples agglomeration was more pronounced, with Reg40_600 seeming 
to be especially agglomerated. In fact, for the Reg40 samples hardly any non-sintered 
ZrO2 nanoparticle could be seen anymore (f). Remaining graphite coke flakes could also 
be distinguished (region 3), for the Reg40_400 (c) and Reg40_500 samples (f). 

Figure 8.11. TEM images of Reg20_400 (a-c), Reg20_500 (d-f) and Reg20_ 600 (g-i) (ZrO2/n-ZSM-5)/Att. 
catalyst. 
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Figure 8.12. TEM images of Reg40_400 (a-c), Reg40_500 (d-f) and Reg40_ 600 (g-i) (ZrO2/n-ZSM-5)/Att. 
catalyst samples. 

The textural properties of the fresh, spent and regenerated samples, presented in Table 
8.1, indicate that regeneration largely recovered the originally available surface and 
porosity, regardless of regeneration temperature. In general, recovery was very efficient, 
with some exceptions however. For example, the Vmeso and Vmacro values showed only 
limited recovery, likely related to the sintering of ZrO2 or agglomeration of attapulgite 
phase upon regeneration. For the same reason, Sext for Reg20_600 and Reg40_600 
were particularly low compared to the samples regenerated at 400 and 500 °C. Smicro for 
Reg40_400 was also particularly low, in this case mainly due to the remaining coke, 
covering the zeolite micropores. 

That the physicochemical properties are largely recovered upon regeneration also 
applies to the structure/crystallinity of the samples, as determined by XRD analysis 
(Figure 8.4b,c). All the regenerated samples exhibited the same orthorhombic structure 
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shown by the fresh catalyst. Recovery of crystallinity was evidenced by the higher 
intensity of the low angle diffraction peaks at 8.0 and 8.9 (2θ)° in the regenerated 
compared to the spent samples [24], [26]. In addition, the peaks at 2θ 23.2 and 45.4°, 
for which only a single peak was seen in the spent catalysts, re-appeared after 
regeneration. Also the difference in intensity between the XRD peaks at 23.2 (2θ)° and 
24.0 (2θ)° was considerably reduced after regeneration (see values in table in Figure 
8.4), indicating that the organics previously incorporated within the pores were indeed 
removed. For the Reg40 samples the peak located at ca. 26.6 (2θ)°, assigned to 
attapulgite phase, looked more intense and sharper than with the Spent40 sample, but 
less so than with the fresh. In case any re-dispersion of attapulgite phase that occurred 
upon reaction  does not seem to be totally reversible; the better resolution of the XRD 
peak at ca. 26.6 (2θ)° could be due to the disappearance of the peak of graphite coke, 
which locates at a very similar position as quartz [21], [40-41]. 

The 27Al (MQ) MAS NMR spectra for the regenerated samples showed that for 
Reg40_400 (blue series, Figure 8.5a,c) the original Al coordination shown by the fresh 
catalyst was practically fully recovered. The increased anisotropy observed in the spent 
sample was significantly reduced resulting in an almost complete recovery of the original 
intensity and peak position of the tetrahedrally coordinated Al, at ca. 54 ppm (see inset). 
The same was observed for the extraframework octahedral Al species, located at ca. 2 
ppm.  For the Reg40_500 sample, the peak for the AlIV species was now located at 53 
ppm (orange series, inset in a, d), close to but not completely at the original position of 
the fresh sample; AlVI species showed two clear resonances at 2 ppm and 0 ppm, 
indicating also some degree of additional distortion when compared to the fresh sample. 
For the Reg40_600 sample the tetrahedral AlIV species remained at the same position 
as that shown by the Spent40 sample (green series, inset a, e). The NMR results thus 
suggest that any (partial) framework dealumination suffered upon reaction was more 
efficiently reversed at lower combustion temperatures. Higher combustion temperatures 
aggravated the changes in aluminium speciation, likely as a the result of the harsher 
steaming conditions upon coke combustion. Yet, the overall limited and in principle 
reversible changes in Al speciation rule out dealumination as main factor for 
deactivation.  

FT-IR-pyridine measurements showed that the recovery of the acidic properties of the 
catalyst depends on both the duration of the pyrolysis reaction and the regeneration 
temperature. As shown in Figure 8.13, acidity was mostly recovered for both spent 
samples after regeneration at 500 °C. Samples regeneration at 400 °C and, particularly, 
at 600 °C, led to lower total acidity compared to the fresh catalyst. This applies for both 
weak and strong sites. The lower acidity of samples regenerated at 400 °C is attributed 
to the unburnt coke deposited on acid sites. Although coke was fully removed for the 
600 oC samples, the reduction seen in BAS and LAS can be ascribed to the extensive 
sintering and structural changes which irreversibly change or occlude the acid sites. Note 
that 600 °C is higher than the calcination temperature of 550 °C used in the synthesis of 
the fresh catalysts.  
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Figure 8.13. Brønsted (BAS) and Lewis (LAS) acidity for fresh, spent and regenerated catalysts estimated at 
150 °C (weak) and 450 °C (strong) based on Figure 8.7. Solid bars correspond to weak sites; patterned bars 
to strong sites. 

The spatially-resolved 4-fluorostyrene oligomerisation reaction over the fresh and 
regenerated samples corroborated the Py-FT-IR results regarding Brønsted type of 
acidity, while providing further insight into the accessibility of the catalyst bodies. The in-
situ UV-Vis absorption (continuous lines) and ex-situ CFM emission bands (scattered 
lines) evolved during the reaction are displayed in Figure 8.15. The band profiles and 
peak positions of the maxima seen for the fresh (b) and regenerated (c-h) catalyst 
samples were very similar, although an overall lower intensity was observed for the 
regenerated catalysts, which does suggest some loss in Brønsted acidity upon 
regeneration, depending on the specific sample.  

Focusing on the Reg20 catalysts, it can be observed that samples regenerated at 400 
°C (c), despite the remaining coke, and at 500 °C (d) showed a high concentration in 
(accessible) Brønsted acid sites, given the high ratio of cyclic (7) to linear dimeric (5) 
carbocations (Figure 8.14a) [42]. It is known that the cyclic species absorbing light at 
515 nm require higher density of Brønsted acid sites than the linear dimeric species 
which absorb at 555 nm [43-44]. The lower 7:5 ratio seen for Reg20_600 sample (e) 
indicates lower acidity, confirming the Py-FT-IR results. In contrast more conjugated 
linear carbocations emerged at ca. 605 (6a) and ca. 640 nm (6b), which require larger 
confinements to react and whose evolution is displayed in Figure 8.14b. It seems that 
the harsher steaming conditions at this temperature reduce the amount and strength of 
the Brønsted acid sites and create larger confinements [42]. Ex-situ emission 
fluorescence spectra recorded on the external surface (scattered red line) and the centre 
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of the cross-section (scattered green line) of the Reg20 catalyst extrudates looked very 
similar, indicative of a good accessibility of the entire catalyst body.  

The Reg40_400 sample showed impeded acidity, as indicated by the low ratio of cyclic 
to linear species and by the low abundance of long oligomers (Figure 8.14b). Besides, 
accessibility (Figure 8.15f) was lowered, as indicated by the more intense CFM spectra 
at the surface (red) than at the centre (green).  Again, the low acidity and accessibility 
are attributed to the remaining coke. The cyclic to linear ratio and the emission intensities 
at the surface and the centre of Reg40_500 (g) showed that acidity and accessibility 
recovery were much better, showing a profile very close to the one shown by the fresh 
sample. The Reg40_600 (h) expectedly showed poorer recovery of acidity and again 
more linear trimer carbocationic species, evidence of void formation (6a and 6b).  

Figure 8.14. Evolution of the cyclic to linear species ratio (a) and intensity of long oligomers (b) with increasing 
time-on-stream based on in-situ UV-Vis spectroscopy (Figure 8.15). 
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Figure 8.15. (a) Scheme of the experimental approach for staining. (b-h) Evolution of UV-Vis DRS absorption 
spectra (continuous line) and ex-situ (30 min after reaction) fluorescence spectra (scattered line: red on 
surface, green on cross-section) of the 4-fluorostyrene oligomerisation reaction products recorded at 100 °C 
for fresh (b) catalyst and regenerated samples. c) Reg20_400, d) Reg20_500, e) Reg20_600, f) Reg40_400, 
g) Reg40_500, h) Reg40_600. Abrupt shifts in (d) and (f) are due to position movements of the catalyst which
causes the loss of the background taken as reference.
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8.4. Conclusions 

A technical (ZrO2/n-ZSM-5)/Attapulgite catalyst was used for catalytic fast pyrolysis for 
bio-oil production from lignocellulosic biomass. Bio-oil samples collected after 20 and 40 
min of reaction revealed a progressive increase in oxygen content and CO2 yield, a clear 
sign of deactivation. Detailed analyses of the textural and acid properties revealed that 
in the beginning of the reaction the main cause of deactivation is acid site poisoning; at 
longer run times also pore blockage by coke accumulation and dealumination occur, as 
seen by 27Al (MQ) MAS NMR. Some sintering of ZrO2 and agglomeration of the 
attapulgite phase was also observed, in particular for the sample reacted for longer time. 
All these changes strongly reduce the acidity and the textural properties of the catalyst, 
leading to deactivation.  

Regeneration at different temperatures showed that the lowest temperature of 400 ºC is 
not enough for completely burning-off the coke formed during reaction. Yet, this mild 
regeneration cycle very efficiently reverses dealumination effects occurred during 
reaction. By contrast, upon regeneration at the highest temperature, i.e. 600 ºC, coke is 
very quickly removed but dealumination worsenes due to the associated harsh steaming 
conditions. Overall, a regeneration temperature of 500 ºC was found to be optimal: 
enough for efficient coke removal without altering the nature of the aluminium species of 
the catalyst framework. The samples regenerated at 500 ºC showed a significant 
recovery of the acid, textural and structural properties. The near complete recovery of 
the catalyst’s physicochemical properties suggests that the catalyst lifetime can be 
extended.   
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Chapter 9 

Summary, Concluding Remarks and Perspectives 



I.Summary

Catalytic Fast Pyrolysis (CFP) is a promising technology to produce liquid bio-oils from 
lignocellulosic biomass, given the simplicity of operation, as the process is run at 
atmospheric pressure, moderate temperatures and with short residence times. In this 
PhD Thesis the structure of a range of solid catalysts used for CFP have been studied 
in detail, including the origin of deactivation and the effect of regeneration. A catalytic 
cascade strategy has been adopted to produce bio-oil from lignocellulosic biomass, 
involving thermal pyrolysis followed by two ex-situ bio-oil upgrading and deoxygenation 
steps. The complexity of the catalyst materials as well as reactor set-ups used was 
gradually increased and cross the different length scales of importance: from the level 
of catalyst powders used for research purposed to technical, shaped catalyst particles, 
such as extrudates and granulates, that are of industrial relevance. Particular emphasis 
has been devoted to the effect of binder addition on the physicochemical properties and 
performance of the catalyst materials. At the reactor level, the tailored catalyst materials 
have been tested at lab-scale, bench-scale as well as pilot plant facilities. These different 
levels of length scales, which could be covered through collaboration within the 
CASCATBEL program, make this research study rather unique. Using a broad range of 
bulk and spatially resolved characterisation techniques, the results obtained provide new 
insights in the deactivation and regeneration modes of the catalyst materials under study 
and allow for structure-performance relationships to be established, including binder 
effects. The PhD Thesis is divided into three parts corresponding to the different length 
scales of the reactors employed, i.e. catalyst testing at the laboratory, bench and pilot 
plant scale. 

Part A focuses on aldol condensation reactions at the laboratory scale, to mimic the 
deoxygenation reactions that carbonyl containing compounds can undergo during bio-
oil upgrading (Figure 9.1). This study went from one model compound, namely propanal, 
as studied in Chapter 2, to two (i.e., a mixture of furfural and acetone) in Chapter 3, to 
progressively better mimic the complex composition of bio-oil, covering different types 
of carbonyl compounds and to assess the propensity towards self or cross condensation. 
Going from the bench scale and pilot plant scale, the development and testing of catalyst 
bodies, upscaled from powdered catalyst materials by binder addition was studied in 
Chapter 4.  

In Chapter 2 different solid base catalysts -e.g. Cs-exchanged X-type zeolite, 
hydroxyapatite and alkali metal (Na- and Rb-) grafted USY zeolites- are tested in the 
vapour-phase aldol condensation reaction of propanal. Propanal is used to represent the 
aldehydes in bio-oil, which can be rather abundant depending on the source of biomass 
taken. With the use of a combined operando FT-IR and UV-Vis DRS spectroscopy 
approach, with on-line MS analysis, insight was gained into the reaction mechanism as 
well as into the deactivation modes of the different catalysts under study. It was seen 
that for the alkali metal-grafted USY catalysts, C–C coupling seemed to be rate-
determining step of the surface reaction, which is limiting the overall catalytic process. 
In contrast, for the two more basic catalysts, i.e. the Cs-X zeolite and the hydroxyapatite, 
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desorption was limiting the overall efficiency of the catalytic process. The combined 
operando spectroscopy methodology also allowed monitoring the formation of 
carbonaceous deposits, considered to be mainly responsible for deactivation, as a 
function of reaction time. The alkali metal-grafted zeolite USY catalyst materials were 
found to be very active and particularly stable against coke formation, as a result of a 
proper balance between mild basicity and weak acidity.  

The feedstock was increased in complexity in Chapter 3 by incorporating two types of 
carbonyl compounds, furfural and acetone, as well as water into the vapour-phase aldol 
condensation reaction. The same operando spectroscopy methodology as the 
presented in Chapter 2 -with additional on-line GC-FID measurements for quantification- 
was used to study the performance of a series of alkali metal grafted zeolite USY catalyst 
materials with substrate mixtures representing low-molecular and high-molecular weight 
bio-oil. The use of an enolisable ketone, acetone, and non-enolisable, conjugated 
aldehyde, furfural, allowed the degree to which self vs. cross condensation occurs to be 
assessed. In this case, the alkali metal-grafted catalysts, which showed outstanding 
performance when reacting with one model compound, only presented moderate results 
in terms of conversion and yield towards condensation products in a scenario of low 
molecular weight bio-oil, i.e. where an excess of ketones is present. It was found that 
acetone tends to self-condense (Xace~30%) giving diacetone alcohol (DAA) and the 
elimination product, mesityl oxide (MO, SMO~39%). In contrast, furfural largely remained 
non-reacted and cross-condensation hardly occurred. In the presence of water, a 
decrease in elimination products was seen, given that the acetone self-condensation is 
equilibrium-limited. For real bio-oil (of low molecular weight) upgrading, a high formation 
of the self-aldol product DAA is therefore expected. 

Chapter 4 discusses the upscaling of the alkali metal (K-) grafted zeolite USY catalyst 
materials into catalyst extrudates with the use of clays, i.e. attapulgite and bentonite, as 
binders. Extrusion of pre-grafted K-USY proved unsuccessful, leading the zeolite to 
structural collapse upon upscaling. The alkali grafting step was therefore performed on 
the already extruded USY/clay sample, which benefits from the grafting of K+ cations on 
hydroxyl groups of both the zeolite and the clay. The choice of the binder material 
significantly affected the catalyst’s properties and performance with respect to that of the 
parent material. In the case of the bentonite-based extrudates the differences were 
significant: strong acidity was incorporated with the clay, but almost no basicity, which is 
desired for catalysing the aldol condensation reaction. Besides, the grafting step was 
very inefficient for the bentonite-bound catalyst due to pore blockage, providing no 
additional basicity and consequently giving very poor catalytic performance. In contrast, 
when attapulgite was used as binder the textural and the acid-basic properties of the 
technical catalyst bodies were largely preserved with respect to that of the parent 
catalyst. In addition, grafting was more successful for the attapulgite-bound catalyst, 
resulting in an overall good catalytic performance, albeit less than for the research-type 
catalyst material. 
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Figure 9.1. Schematic depiction of the different length scale studies. In Part A, at the lab scale model reactions 
were performed as catalytic upgrading of bio-oil. Aldol condensation of one and two model compounds were 
mainly studied in zeolite USY; it served, together with a clay, to synthesise catalyst extrudates for their use at 
the bench and pilot plant scales. Part B schematises the role of the tailored zeolite-based catalyst bodies for 
carrying out in series ex-situ catalytic pyrolysis and subsequent upgrading, upon discontinuous biomass 
feeding, i.e. at the bench scale. Part C depicts the ex-situ catalytic fast pyrolysis at the pilot plant scale, i.e. 
under continuous biomass feeding, on ZSM-5-based bodies. After reaction spent catalysts are regenerated for 
recycling. 

Part B of this PhD study reports on bio-oil production via ex-situ catalytic fast pyrolysis 
(CFP) from lignocellulosic (wheat straw) biomass, combining thermal pyrolysis with 
subsequent upgrading over one or two (cascade) catalyst beds (Figure 9.1). For this 
cascade catalytic upgrading two catalysts were used, namely zeolite ZSM-5-based and 
K-grafted USY-containing catalyst bodies, both shaped with attapulgite as clay binder.
These studies were carried out in so-called bench scale mode, with the biomass being
fed batch-wise rather than continuously.

Chapter 5 deals with the development of a ZrO2-impregnated zeolite ZSM-5 granulate 
catalyst, made with the use of attapulgite as clay binder, for its use in ex-situ, one step 
CFP. It was seen how promotion with ZrO2, and granulation with attapulgite, proved 
beneficial for lowering the excess of secondary cracking reactions, which otherwise 
would lead to the formation of large amount of gases and a decrease in the bio-oil 
fractions. Depending on the catalyst-to-biomass ratio, high yields of bio-oil of relatively 
low oxygen content, depending on the catalyst-to-biomass ratio, have thus been 
achieved by this ternary catalyst. This improvement in catalytic performance could be 
directly related to the changes in physicochemical properties of the tailored catalyst. ZrO2 
addition led to a lower Brønsted and Lewis acidity, with the latter drop thought to be 
connected to the ZrO2 nanoparticles partially locating in the zeolites’ micropores hence 
obtruding them. The decrease in overall Brønsted acidity, both in number of sites and 
overall acid strength, was especially marked after granulation with attapulgite. This 
catalyst shaping did create new Lewis acid sites as a consequence of the ion exchange 
between zeolite protons and Mg2+ ions from attapulgite. Attenuation of acidity helped 
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also to limit the formation of coke deposits to a certain extent, hence improving catalyst 
stability.  

The production of bio-oils via ex-situ cascade catalytic fast pyrolysis processes, by the 
action of ZrO2-impregnated ZSM-5 granulates and the alkali metal-grafted USY 
extrudates, is discussed in Chapter 6. The deactivation modes for both catalytic 
processes were analysed in detail. It was found that in the case of the zeolite ZSM-5-
based catalyst pore blockage by coke formation is the main reason for catalyst 
deactivation, largely affecting catalyst acidity. For the alkali metal-grafted USY catalyst, 
structural collapse was observed, as evidenced by a severe drop in crystallinity, leading 
to loss of basicity and textural properties. The spent catalysts were regenerated by 
burning-off the coke at high temperature. The regeneration method allowed the recovery 
of most of the zeolite ZSM-5-based catalyst’s acidity and hence activity, but did further 
structural damage to the structure of the alkali exchanged zeolite USY catalyst, as a 
result of the hot gases produced upon the thermal treatment. Indeed, deactivation of the 
solid base catalyst seemed irreversible, limiting its potential for recycling with the 
consequent repercussions for the overall process costs.  

Part C of the PhD Thesis focuses on the production of bio-oils via ex-situ CFP from 
lignocellulosic (oak) biomass at the pilot plant scale, i.e. using a continuous biomass 
feed mode, over zeolite ZSM-5-based catalyst systems (Figure 9.1). A series of these 
tailored, shaped solids acids were employed in CFP to find out the optimum 
characteristics -in terms of acidity, porosity and crystal size- and design a catalyst 
material which performs best. The best performing material was subjected to longer 
reaction times, after which detailed deactivation and regeneration studies were 
performed assisted by both bulk and spatially resolved characterisation techniques. 
Insights were gained into the effects of deactivation and regeneration on the structure of 
the material, to serve as input for maximising the lifespan of the catalyst material under 
real operating conditions, an important property that has direct repercussions for the 
economic viability of a potential manufacturing process. More specifically, it was found 
that simple oxidation of the spent catalyst materials is an efficient way to reverse the 
negative effect of coke formation and recover the original properties of catalyst. 
However, other detrimental effects that occurred upon reaction, such as structural 
changes, could not be recovered with the simple oxidation process.  

In Chapter 7 several tailored zeolite ZSM-5-based catalysts were tested for ex-situ CFP. 
The set of solid catalysts consisted of three microcrystalline zeolites -microporous and 
mesoporous ZSM-5 and mesoporous ZSM-5 promoted with ZrO2- and one 
nanocrystalline microporous ZSM-5 (promoted with ZrO2); all of them mixed with 
attapulgite as binder material. It was confirmed that the creation of mesopores via 
desilication alleviated to a large extent deactivation by pore blockage due to coke 
formation, hence improving the catalyst’s activity. In a similar fashion, it was observed 
that promotion with ZrO2 turned out to be beneficial for decreasing the Brønsted acidity 
and slowing down the deactivation by active site poisoning due to coke formation. 
Furthermore, it was found that zeolite crystal size was crucial to achieve a proper 
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interaction with ZrO2 and attapulgite phases. The nanocrystalline-based catalyst 
material, having a larger surface area and lower acidity than the microcrystalline 
catalysts, showed the best activity, producing a high organic bio-oil yield (~20 wt.% after 
25 min of reaction) with the lowest oxygen content (~14 wt.%). It also showed the best 
stability, preserving better its textural and acid properties over the course of the reaction. 
Furthermore, it showed a smooth and gradual deactivation by pore occlusion and site 
blockage.  

In Chapter 8 the nanocrystalline ZrO2-promoted zeolite ZSM-5 catalyst, which showed 
the best catalytic performance in Chapter 7, was subjected to ex-situ CFP for different 
reaction times. Catalyst deactivation was studied with time-on-stream, revealing that in 
the beginning of the reaction the main cause of deactivation was acid site poisoning; 
while at longer run times pore blockage by coke accumulation, mild dealumination and 
sintering of phases were also seen. The spent catalyst materials were regenerated by 
coke combustion at different temperatures. Upon high regeneration temperatures coke 
was readily removed, but at the expense of inevitably damaging the catalyst structure. 
In contrast, milder regeneration temperatures sufficiently depleted the coke levels, being 
low enough to avoid irreversible zeolite dealumination. In this manner, the catalyst 
lifetime may be extended in practical production units. 

Concluding Remarks and Future Perspectives 

In this PhD Thesis different opportunities for bio-oil upgrading processes have been 
explored in terms of catalyst design and shaping as well as by coupling different catalytic 
steps. The development of the tailored catalyst (ZrO2/ZSM-5)/Attapulgite for its use in 
ex-situ CFP demonstrated the synergistic effect of combining the different components: 
the zeolite ZSM-5, with known thermal stability, shape selectivity and activity linked to 
its Brønsted acidity benefited from the addition of bifunctionality, provided by the ZrO2 
and attapulgite phases, bringing Lewis acidity and basicity. Attapulgite also proved an 
excellent choice for catalyst shaping. In the cascade CFP process, the use of the tailored 
K-(USY/Attapulgite) catalyst material indeed improved catalytic performance both in 
activity and selectivity, allowing higher bio-oil yields to be achieved and of better quality. 
Furthermore, prior to the bench scale and pilot scale reactions in which real biomass 
was used as feedstock, the model reactions done at the lab scale proved valuable and 
provided guidance to progressively improve the catalyst design and for upscaling. Yet, 
some catalyst which did show outstanding results in the presence of one model 
compound did not perform that well in the presence of more realistic feedstocks, such 
as the alkali metal-grafted USY catalyst. 

We have learned that after one reaction use the catalyst systems suffer from 
deactivation, especially under more realistic reaction processes, i.e. at the bench scale 
and pilot scale. Loss in acidity for the (ZrO2/ZSM-5)/Attapulgite catalyst material, due to 
blockage by vast coke formation, and structural collapse in the case of the grafted K-
(USY/Attapulgite), were observed to be the main deactivating causes. Regeneration 
studies consisting of combusting the coke formed on the spent catalysts, at high 
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temperatures and slow heating rates, allowed for a significant recovery of the initial 
properties of the (ZrO2/ZSM-5)/Attapulgite catalyst. This suggests it can be recycled, 
showing potential for future use in a practical application. Nevertheless, the grafting 
process used to introduce the alkali metal to the K-(USY/Attapulgite) catalyst is thought 
to slightly damage the catalyst’s crystallinity and upon subsequent use in CPF and 
regeneration this catalyst was found to suffer from severe structural collapse. This 
deactivation is irreversible and the impossibility of recycling the K-(USY/Attapulgite) 
catalyst would preclude its application under real operating conditions, given the extra 
costs that its continuous replacement could have on the operating process. The 
development of a different catalyst might therefore be explored for the second step of 
the catalytic cascade.  

Using as reference the three-pronged catalytic process, outlined in Figure 1.5, the initial 
and intermediate steps have been covered, combined in cascade in one reactor with two 
fixed catalytic beds. The results presented above suggest that the second catalytic bed 
can be omitted. Indeed, already after ex-situ CFP with the single catalyst ZSM-5 based 
material for upgrading, the bio-oil obtained is of a quality that can be considered the 
same as naphtha and possibly further processed as such. Final upgrading of this bio-oil 
for its conversion into advanced bio-fuel would go through a final HDO step in which the 
H2 input is considerably minimised thanks to these desirable characteristics of bio-oil 
obtained by ex-situ CFP. 

Before the (ZrO2/ZSM-5)/Attapulgite catalyst in ex-situ CFP process can be actually 
used in a real plant, more research is required to further determine and optimise the 
lifespan, i.e. to determine after how many regeneration cycles the material needs to be 
replaced by a new one.  

The studies carried out in this PhD Thesis and in the CASCATBEL program as a whole 
show the potential of producing bio-oils from lignocellulose biomass using this relatively 
simple CFP technology. Indeed, such CFP based biorefineries would connect well to the 
feedstock available in the EU and can contribute to its autonomous and sustainable 
future energy production. The co-production of value-added chemical products in such 
biorefinery operation could also be a topic for future investigations. 

II. Nederlandse Samenvatting

Katalytische pyrolyse is een veelbelovende technologie voor de productie van bio-olie 
uit lignocellulosische biomassa. Het is een relatief eenvoudig proces dat werkt bij 
atmosferische druk en relatief milde temperaturen en met korte verblijftijden. In deze 
dissertatie is de structuur van katalysatormaterialen, die speciaal zijn , ontwikkeld voor 
dit katalytische pyrolyseproces, uitgebreid onderzocht. De nadruk lag hierbij op het 
inzichtelijk maken van de oorzaken van katalysator-deactivering en de effecten van de 
bijhorende regeneratie van de activiteit op de structuur van het materiaal. Een meerstaps 
thermokatalytisch proces is onderzocht, bestaande uit thermische pyrolyse van de 
biomassa, gevolgd door de opwerking van de gevormde olie via deoxygenatiereacties 
over één of twee vaste katalysatoren. In deze studie hebben we katalysatormaterialen 
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varierend van poederkatalysatoren tot extrudaten bestudeerd en deze getest met 
laboratorium-, bench- en pilotplantschaalreactoren. De combinatie van deze 
verschillende lengteschalen, zowel qua katalysatormateriaal als reactorfaciliteiten, 
maakt deze studie uniek. Het proefschrift is ingedeeld in drie delen. 

In Deel A worden aldol condensatiereacties bestudeerd op laboratoriumlengteschaal. 
De reacties dienen als modelreacties voor het opwerken van bio-olie via 
deoxygenatiereacties. In Hoofdstuk 2 wordt propanal als modelverbinding gebruikt en in 
Hoofdstuk 3 een mengsel van furfural en aceton. Op deze manier werd de invloed van 
verschillende carbonyl-houdende verbindingen op deze modelreactie onderzocht, 
aangezien al deze type verbindingen in de bio-olie te vinden zijn.  

In Hoofdstuk 2 zijn verschillende vaste basische katalysatoren (Cs-uitgewisselde X-
type zeolieten, hydroxyapatiet en alkalimetaal (Na, Rb)-uitgewisselde USY zeolieten) 
getest voor de gasfase aldol condensatiereactie van propanal.  Met deze reactie bootsen 
we een van de mogelijke deoxygenatiereacties tijdens het opwerken van bio-olie na. 
Propanal is een geschikte modelverbinding hiervoor, omdat bio-olie meestal grote 
hoeveelheden aldehydes bevat. Tijdens de reactie, werden de katalysatoren bestudeerd 
met operando FT-IR en UV-Vis DR spectroscopie met on-line MS analyse. Op deze 
manier werd voor de verschillende katalysatoren inzicht verkregen in de 
reactiemechanismes. Wanneer gebruik gemaakt wordt van een alkalimetaal-bevattende 
USY katalysator, is de C-C koppeling de snelheidsbepalende stap op het oppervlak van 
de katalystaor en limiteert  het gehele katalytische proces. Voor de katalysatoren met 
een tweemaal zo grote basiciteit daarentegen, (Cs-X zeoliet en de hydroxyapatiet) was 
desorptie de limiterende stap in het katalytisch proces. De gecombineerde operando 
methodologie gaf ook informatie over de deactivering van de verschillende 
katalysatoren. De belangrijkste factor in katalysator-deactivering is de afzetting van 
koolstof-gebaseerde stoffen op het katalysatoroppervlak. De alkalimetaal-bevattende 
USY zeolieten bleken zowel zeer actief in de aldol condensatiereactie als zeer stabiel 
tegen de koolstofafzettingen. Dit werd toegeschreven aan een juiste verhouding tussen 
milde basiciteit en zwakke zuurheid. 

In Hoofdstuk 3 wordt de complexiteit van de modelreactie vergroot door twee carbonyl-
bevattende modelverbindingen (furfural en aceton) en water te gebruiken in de gasfase 
aldol condensatiereactie. De samenstelling van dit mengsel kon worden aangepast om 
zowel bio-olies met lage als hoge moleculair gewicht na te bootsen. Het gedrag van 
verschillende alkalimetaal-bevattende zeoliet USY katalysatoren in deze reactie werd 
bestudeerd met behulp van dezelfde operando spectroscopiemethodologie als 
beschreven in Hoofstuk 2, nu gecomplementeerd met on-line GC-FID metingen. 
Opvallend was dat de alkalimetaal-bevattende katalysatoren, die uitstekend presteerden 
wanneer slechts één modelstof aanwezig was, slechts matige resultaten lieten zien 
betreffende conversie en de opbrengst aan condensatieproducten wanneer ze getest 
werden met een laag-moleculair gewicht bio-olie. In deze bio-olie zit een overmaat aan 
ketonen (aceton) ten opzichte van aromatische aldehydes (furfural). Onder deze 
condities was zelf-condensatie van aceton (Xace~30%) naar diaceton alcohol (DAA) en 
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het eliminatieproduct mesityl oxide (MO, SMO~ 39%) de dominante reactie. Furfural, 
daarentegen, reageerde vrijwel niet en kruiscondensatie werd dan ook niet 
geobserveerd. De aceton zelfcondensatiereactie wordt beperkt door de ligging van het 
evenwicht, wat betekent dat de toevoeging van water aan het mengsel resulteerde in 
minder eliminatieproduct. Voor de opwerking van echte bio-olie (met laag moleculair 
gewicht) wordt dan ook een hoge omzetting naar het zelf-aldol product DAA verwacht. 

De alkalimetaal (K-)bevattende zeoliet USY katalysatormaterialen kunnen worden 
opgeschaald tot extrudaten met behulp van klei (attapulgiet of bentoniet) als 
bindmateriaal. Dit opschalingsproces wordt besproken in Hoofdstuk 4. In dit proces 
werd het enten met alkalimetaal uitgevoerd op een reeds geëxtrudeerd USY/klei-
monster. Daartoe werden K+ ionen afgezet op de hydroxylgroepen van zowel de zeoliet 
als de klei. De keuze van het bindmateriaal bleek een belangrijk effect te hebben op de 
eigenschappen en prestaties van de katalysatoren in vergelijking met de originele 
materialen. De extrudaten gemaakt met bentoniet lieten duidelijke verschillen zien met 
het originele materiaal: sterke zuurheid werd geïncorporeerd in de klei, maar de 
extrudaten bezitten bijna geen basische eigenschappen meer. Deze basiciteit is echter 
essentieel in de katalytische aldol condensatiereactie. Verder leidde het gebruik van 
bentoniet tot blokkering van de poriën en belemmering van efficiënt enten. Dit bleek de 
oorzaak van een gebrek aan basiciteit, met als gevolg slechte katalytische prestaties 
vergeleken met het startmateriaal. Wanneer echter attapulgiet werd gebruikt als 
bindmateriaal, bleven de oorspronkelijke structurele en zuur/base-eigenschappen veelal 
behouden en bleek het enten succesvoller dan met bentoniet. Het gevormde materiaal 
presteerde daarom ook goed in de katalyse. Over het algemeen zijn deze prestaties zijn 
echter wel minder dan wat het katalysatormateriaal in poedervorm laat zien.  

Deel B van dit promotieonderzoek rapporteert de productie en opwerking van bio-olie 
uit lignocellulosische biomassa (tarwestro) via ex-situ katalytische snelle pyrolyse (KSP). 
In dit proces wordt thermische pyrolyse direct gevolgd door één of twee katalytische 
opwerkingsprocessen. Voor dit zogenaamde cascadeproces werden twee verschillende 
katalysatoren gebruikt, zeoliet ZSM-5- en K-geënte USY, beiden gevormdn tot 
extrudaten met behulp van attapulgiet. Deze studies werden uitgevoerd op de 
zogenoemde bench-schaal. Dit houdt in dat de biomassa niet continue, maar eenmalig 
wordt toegevoegd aan het proces. 

In Hoofdstuk 5 behandelt de ontwikkeling van een gegranuleerde katalysator gemaakt 
van een ZrO2-geïmpregneerde zeoliet ZSM-5 en attapulgiet als bindklei voor gebruik in 
ex-situ katalytische snelle pyrolyse. De promotie met ZrO2 en in mindere mate ook het 
gebruik van attapulgiet hadden als positief effect voor de katalyse dat er minder 
secundaire kraakreacties plaatsvonden. Deze reacties leiden normaliter tot grote 
hoeveelheden aan gas als product en minder bio-oli. Afhankelijk van de verhouding van 
katalysator tot biomassa leidt deze katalysator tot grote opbrengsten van bio-olie met 
een laag zuurstofgehalte. Deze verbetering in katalytische prestaties wordt 
toegeschreven aan de verandering van de fysisch-chemische eigenschappen van het 
materiaal als gevolg van promotie en granulering. De toevoeging van ZrO2 aan de zeoliet 
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leidt tot een gereduceerde Brønsted- en Lewiszuurheid. De afname van Lewiszuurheid 
zou veroorzaakt kunnen worden door het blokkeren van microporiën door ZrO2 
nanodeeltjes. De afname in Brønsted zuurheid, zowel in hoeveelheid als in sterkte, is 
een direct gevolg van het granulatieproces met attapulgiet. Dit proces leidt echter ook 
tot de vorming van nieuwe Lewis zuren, doordat protonen worden uitgewisseld met de 
Mg2+ ionen uit de attapulgiet.  

De ontwikkelde ZrO2-geïmpregneerde ZSM-5 gegranuleerde katalysator uit Hoofdstuk 
5 en een alkalimetaal-geënte USY extrudaat werden toepast in de cascade KSP van 
bio-olie. In Hoofdstuk 6 worden de deactivatiemechanismes voor beide katalysatoren 
in detail geanalyseerd. De voornaamste oorzaak van katalysatordeactivering voor de 
ZSM-5 zeoliet bleek de vorming van coke. Deze coke blokkeert de poriën in de 
katalysator en beïnvloedt ook de zure eigenschappen van de katalysator. De structuur 
van de alkalimetaal-bevattende USY katalysator was daarentegenniet bestand tegen 
deze reactiecondities, met als gevolg een afname in kristalliniteit, basiciteit en verlies 
van textuur. De gebruikte katalysatoren werden geregenereerd d.m.v. het uitbranden 
van coke onder hoge temperaturen. Deze methode herstelde met succes de zuurheid 
en dus activiteit van de katalysator gebaseerd op zeoliet ZSM-5. Deze 
regeneratiemethode bleek echter niet succesvol voor de alkalimetaal-bevattende USY 
katalysator. Integendeel, de gassen die geproduceerd werden bij deze thermische 
behandeling verder verergerden het verlies van de oorspronkelijk structuur. Dit type 
katalysator bewees in het algemeen moeilijk te regenereren te zijn. Dit limiteert het 
hergebruik van deze katalysator, wat de nodige repercussies meebrengt voor de 
algehele proceskosten. 

Deel C van deze dissertatie draait om de productie van bio-olie via ex-situ katalytische 
snelle pyrolyse (KSP) van lignocellulosische biomassa (eik) op pilotplantschaal, oftewel 
in een continu proces. Verschillende ZSM-5 gebaseerde katalysatormaterialen werden 
getest voor KSP om zo optima te bepalen voor fysisch-chemische eigenschappen zoals 
zuurheid, porositeit en kristalgrootte. De beste katalysator werd vervolgens getest met 
langere reactietijden. Bulk-en microscopische analyses werden gebruikt om de 
oorzaken en effecten van deactivering en regeneratie in kaart te brengen, met als doel 
deze inzichten te kunnen gebruiken voor het verlengen van de totale levensduur van de 
katalysator. De nieuw verkregen inzichten uit deze studies hebben directe gevolgen voor 
potentiële productieprocessen. 

In Hoofdstuk 7 zijn verschillende op maat gemaakte katalysatoren gebaseerd op zeoliet 
ZSM-5 getest voor ex-situ KSP. Deze set vaste katalysatoren maakte gebruik van drie 
type microkristallijne zeolieten: een microporeuze en mesoporeuze ZSM-5, een 
mesoporeuze ZSM-5 gepromoot met ZrO2 en een nanokristallijne microporeuze ZSM-5 
(gepromoot met ZrO2); alle katalysatoren werden gemengd met attapulgiet als 
bindmateriaal. De mesoporiën in de katalysatoren verminderden grotendeels het 
deactiveren van de katalysator door blokkeren van de poriën met coke, en verhoogden 
zodoende de activiteit van de katalysator. Ook promotie met ZrO2 bleek te leiden tot 
vermindering van de coke, in dit geval door een afname van Brønsted zuurheid.  De 
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pptimale interactie tussen zeoliet, ZrO2 en attapulgiet bleek sterk afhankelijk van de 
kristalgrootte van de zeoliet. De katalysator  nanokristallijn zeolietmateriaal was het 
meest actief en gafeen organische bio-olie opbrengst van ~20 wt.% na 25 min reactietijd 
met een zuurstofgehalte van slechts ~14 wt.%. Deze goede resultaten konden worden 
toegeschreven aan het grotere oppervlak en de lagere zuurheid van deze katalysatoren 
i.v.m. de microkristallijne materialen. Verder vertoonde deze katalysator de hoogste
stabiliteit en bleven diens structurele en zure eigenschappen behouden gedurende de
gehele reactie. Bovendien deactiveerde deze katalysator slechts geleidelijk, door het
blokkeren van poriën en actieve plekken door coke afzetting.

De nanokristallijne, ZrO2-gepromoteerde katalysator gebaseerd op zeoliet ZSM-5 uit 
Hoofdstuk 7 werd in Hoofdstuk 8 onderworpen aan ex-situ KSP met verschillende 
reactietijden, waarna katalysatordeactivering in detail werd bestudeerd. Hieruit kwam 
naar voren dat de initiële deactivering van de katalysatoren wordt veroorzaakt door het 
vergiftigen van de zure plekken. Met toenemende reactietijd neemt een ander 
deactivatieproces de overhand, namelijk de afzetting van coke wat leidt tot blokkering 
van de poriën. Milde dealuminatie en structurele veranderingen in promotor en klei 
werden ook geobserveerd. De gebruikte katalysatoren werden geregenereerd door de 
coke uit te branden bij verschillende temperaturen. Bij hoge temperaturen werd coke 
makkelijk verwijderd, maar raakte ook de structuur van de katalysator beschadigd. Bij 
lagere temperaturen werd de coke afdoende verwijderd zonder dat irreversibele 
dealuminatie van de zeoliet plaatsvond. Op deze manier kan de levensduur van de 
katalysator in de praktijk worden verlengd. 

Concluderende Opmerkingen en Perspectieven voor de Toekomst 

In deze dissertatie zijn verschillende mogelijkheden onderzocht voor het opwerken van 
bio-olie, zoals de optimalisatie van de katalysator en het gebruik van een combinatie van 
verschillende katalytische stappen in één KSP proces. De ontwikkeling van de op maat 
gemaakte ZrO2/ZSM-5/Attapulgiet katalysator combineert het beste van twee werelden 
wat betreft zijn toepassing in ex-situ KSP. De zeoliet ZSM-5 staat bekend om zijn 
thermische stabiliteit, vorm-selectiviteit en katalytische activiteit, die is te danken  is aan 
de Brønsted zuurheid van dit materiaal. De combinatie met ZrO2 en attapulgietfases in 
de opgeschaalde katalysatoren, voegde ook Lewiszuurheid en -basiciteit toe aan het 
materiaal. In het KSP-proces met twee katalytische opwerkingsstappen toonde de op 
maat gemaakte K-(USY/Attapulgiet) katalysator een verbeterde prestatie op het gebied 
van zowel activiteit als selectiviteit, resulterend in hogere opbrengsten aan bio-olie, die 
ook nog van betere kwaliteit is. Uit deze dissertatie blijkt ook dat het bestuderen van 
modelreacties op laboratoriumschaal nuttig is voor het ontwerpen van een katalysator 
die gebruikt wordt voor de conversie van echte biomassa op bench- en pilotplantschaal. 

We hebben inzicht gekregen in de manier waarop de katalysatoren deactiveren 
gedurende katalyse, met name wanneer realistische reactiecondities op bench- en 
pilotplantschaal worden toegepast. Verlies in zuurheid van de ZrO2/ZSM-5/Attapulgiet 
katalysator door de vorming van coke en het instorten van de structuur in het geval van 
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het K-(USY/Attapulgiet) materiaal waren de belangrijkste oorzaken van deactivering. 
Een regeneratiestap waarbij op hoge temperatuur coke afgebrand werd en waarbij de 
temperatuur langzaam verhoogd werd diende om de initiële eigenschappen van de 
ZrO2/ZSM-5/Attapulgiet katalysator grotendeels terug te krijgen. Dit maakt deze 
katalysator herbruikbaar en praktisch toepasbaar in toekomstige bioraffinageoperaties. 
Regeneratie werkte echter niet voor de K-(USY/Attapulgiet) katalysator, verlies van 
oorspronkelijke structuur en eigenschappen werd zelfs vergroot door het 
regeneratieproces. Dit wordt toegeschreven aan het feit dat de kristalliniteit wordt 
verminderd tijdens het enten van de zeoliet. Dat de K-(USY/Attapulgiet) katalysator niet 
goed te recyclen is, maakt dit materiaal ongeschikt voor toepassing onder reële 
operatiecondities. Het materiaal zou continu moeten worden vervangen, wat de nodige 
kosten met zich meebrengt. Een andere katalysator zou daarom ontwikkeld moeten 
worden voor deze tweede katalytische stap, of als alternatief zou deze stap zelfs 
weggelaten kunnen worden, aangezien het ex-situ KSP-proces met alleen het ZSM-5 
gebaseerde katalysatormateriaal al een bio-olie produceert met dezelfde kwaliteit als 
een gemiddelde naftafractie. Deze bio-olie zou dan ook als zodanig verder verwerkt 
kunnen worden. Als kanttekening moet wel worden genoemd dat het product van het 
ex-situ KSP process –met of zonder extra deoxygeneringskatalysatore– uiteindelijk nog 
een laatste HDO stap zal moeten ondergaan. De hoeveelheid H2 die nodig is voor deze 
laatste stap is echter sterk verminderd, dankzij de goede eigenschappen van de ex-situ 
KSP bio-olie. 

Voordat de ZrO2/ZSM-5/Attapulgiet katalysator in een reëel ex-situ KSP proces 
geïmplementeerd kan worden moet er aanvullend onderzoek uitgevoerd worden om te 
bepalen hoeveel regeneratiecycli een katalysator kan overleven alvorens vervanging 
nodig is. Daarvoor moeten de geregenereerde katalysatoren verder getest worden, wat 
als basis kan fungeren voor nieuw onderzoekswerk. 

Deze dissertatie en het gehele CASCATBEL programma hebben aangetoond dat goede 
kwaliteit bio-olie geproduceerd kan worden uit lignocellulosische biomassa met behulp 
van een relatief simpele KSP technologie. Dergelijke KSP-gebaseerde bioraffinaderijen 
sluiten goed aan bij de huidige duurzaam beschikbare grondstoffen binnen de EU en 
kunnen bijdragen aan een autonome en duurzame toekomstige energieproductie. De 
co-productie van waardevolle chemische producten naast bio-olie als brandstof in zulke 
bioraffinaderijen is ook een interessant onderwerp voor mogelijk toekomstig onderzoek. 
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List of Abreviations 

Att.  attapulgite 

a.u. arbitrary units 

BAS Brønsted acid sites 

Bent. bentonite 

BET Brunauer-Emmett-Teller 

C8 4-(2-furyl)-3-buten-2-one 

ca. circa, close to 

cf. confer, compare 

CFP catalytic fast pyrolysis 

CCD charge-coupled device 

CFM confocal fluorescence microscopy 

cus coordinated unsaturated Al3+ 

DAA diacetone alcohol 

d.b. by difference 

D(La)TGA deuterated (lanthanum α-alanine doped) triglycine sulphate 

DRS difusse reflectance spectroscopy 

DS desilicated 

EDX energy-dispersive X-ray spectroscopy 

EFAl extraframework aluminium 

e.g. exempli gratia, for example 

eq. equation 

EU European Union 
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FAU 

FCC 

FID 

GC 

GHG 

HDO 

FT-IR 

HA 

ICP-OES 

i.e.

IO 

LAS 

LO 

LP 

MAS ssNMR 

MQ 

MS 

MO 

MW 

NA 

NIR 

Py 

faujasite 

fluid catalytic cracking 

flame ionisation detection 

gas chromatography 

greenhouse gas 

hydrodeoxygenation 

Fourier-transform infrared 

hydroxyapatite 

inductively coupled plasma with optical emission spectrometry 

id est, that is 

indirect land use change

isothermal oxidation 

Lewis acid sites 

light olefins 

light paraffins 

magic angle spinning solid-state nuclear magnetic resonance 

multiquantum 

mass spectrometry 

mesityl oxide 

molecular weight 

numerical aperture 

near infrared spectroscopy 

pyridine 
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PyL 

Reg. 

SEM 

SiOH 

TCD 

TEM 

TGA 

TOS 

TPD 

TPO 

TRL 

UV-Vis 

USY 

WHSV 

wt. 

XRD 

XRF 

ZSM-5 

pyridine interacting on Brønsted acid sites 

pyridine interacting on Lewis acid sites 

regenerated 

scanning electron microscopy 

silanol 

thermal conductivity detector transmission 

electron microscopy thermogravimetric 

analysis 

time-on-stream 

temperature-programmed desorption 

temperature-programmed oxidation 

technology readiness levels 

ultraviolet-visible 

ultrastable Y zeolite 

weight hourly space velocity 

weight 

x-ray difraction

x-ray fluorescence

zeolite Socony Mobil of 5 Å diameter pore 
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