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Abstract

The aromatization reaction of 4-heptanone over ZSM-5 was studied. 450 °C was found to be the
optimum temperature for BTEX (benzene, toluene, ethylbenzene and (para-, meta-, ortho-) xylene)
formation. With 29 %, yield to BTEX, a Si/Al of 25 was determined to be the optimal ratio. A significant
percentage of the carbon did however end up in short chain olefins and Cs. aliphatics. Gallium was
incorporated in the zeolite framework as a dehydrogenating specie in 1.5, 3 and 4.5 wt.%. Ammonia
desorption and pyridine adsorption showed 3 wt.% of Ga having the highest acid site density, and
hydrogen reduction showed 3 wt.% Ga having the highest density of active dehydrogenating species.
Usage of this catalyst resulted in a BTEX yield of 66 %..
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List of Abbreviations

BAS
BET
BJH
BTEX
EDX
LAS
MTL
Py-IR
(S)TEM
TCD
TOS
TPD-NHs3
TPR
TSE
VFAs

Brgnsted acid site

Brunauer-Emmett-Teller

Barrett-Joyner-Halenda

Benzene, toluene, ethylbenzene and xylenes
Energy dispersive X-ray spectroscopy

Lewis acid site

Mass transfer limitations

Pyridine desorption monitored by infrared spectroscopy
(Scanning) transmission electron microscopy
Thermal conductivity detector

Time on stream

Temperature programmed desorption of ammonia
Temperature programmed reduction

Tensile strength effect

Volatile fatty acids



1 Introduction

Throughout the years, the demand of chemicals has increased. ! The main part of the chemicals we
use to create e.g. fuel and plastics is created from fossil fuels. These global fossil fuel reserves are
however decreasing and at some point the reserves will be depleted. To postpone this depletion as far
as possible, or to prevent it from happening in the first place, alternative sources for our chemicals
have to be found.

A possible source is biomass, accounting for green chemicals. Chemicals can for example already be
created from feedstock such as corn and starch. These bio-based chemicals are denoted as first
generation and consist mainly of bioethanol and biodiesel. 2* A more abundant feedstock is non-edible
materials such as lignin and hemicellulose. The products of conversion of these molecules are for
example sugars and fuels, and is referred to as second-generation bio-based chemicals. 23

Another possible source of chemicals is produced constantly at plants all around the world,
wastewater. Wastewater contains many resources, which can be converted to valuable green
chemicals. Optimization of this process could result in a greener industry.

The main interest of this project lies with glucose-rich wastewater from for example the paper-
industry.* Glucose can be fermented to form volatile fatty acids (VFAs) by the reaction mechanism
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The resulting VFAs can be upgraded by ketonization. Two acids can react over amphoteric metal oxides
to form ketones under the exclusion of CO, and water.!! During the ketonization of the acids mixture
both asymmetric ketones (formed via cross-ketonization) together with symmetric ketones (via homo-
ketonization) can be formed. The ketonization of acetic acid has been described in literature
manifold.’*?3 However, the statistical product distribution of the ketonization of mixed acids is
depicted in Figure 2, with 4-heptanone as the largest component in the products.'*

Ketones are valuable platform chemicals, but a final valorisation can take place by aromatization.
Aromatics are of great interest of the (petro) chemical industry, and within those aromatics the main
interest lies with benzene, toluene, ethylbenzene and (ortho-, meta- and para-) xylene (BTEX). BTEX is
used for the creation of a large variety of polymers such as polystyrene (PS) and polyethylene
terephthalate (PET).2>!® Since 4-heptanone is the most abundant product in the ketonization of VFAs,
the main objective in this thesis lies with the aromatization of 4-heptanone. This aromatization of
hydrocarbons can be catalysed by acidic materials.'’

W Acetone

W 2-Butanone

W 2-Pentanone
M 3-Pentanone
B 3-Hexanone

M 4-Heptanone

Figure 2 Product distribution of the reaction of the extracted VFAs over titania.



2 Theory

2.1 Catalyst

2.1.1 Zeolites

Acid sites are required to catalyze the aromatization reaction.r” One of the most readily available
groups of solid acidic materials are zeolites. Zeolites are highly ordered microporous aluminosilicate
materials. The main benefit of this microporosity is the prevention of forming large, polyaromatic,
molecules. In an optimal catalyst monoaromatics would fit through the pores, but larger compounds
will be prevent from being formed due to size constraints.'® One of the commercially available zeolites
with small pore size is Zeolite Socony Mobil-5 (ZSM-5). The pores of ZSM-5 consist of a 10-membered
ring with a diameter of approximately 5.6 A. This diameter should be sufficient for the formation of
monoaromatics,’ and at the same time narrow enough to prevent polyaromatic formation.?°

Aluminium atoms in the framework create the acid sites in zeolites. An aluminium atom can either be
at a tetrahedral position, resulting in a negative charge on the aluminium, which can be countered by
a proton, causing a Brgnsted acid site (BAS). Alternatively, an aluminium atom can be at a trigonal
position, with a neighbouring trigonally bonded silicon atom. As a result the silicon will carry a positive
charge and act as an electron pair acceptor, creating a Lewis acid site (LAS), as depicted in Figure 3.2
3 Since all acid sites are created surrounding an aluminium atom, the amount of acid sites in a zeolite
can be expressed by use of the silicon to aluminium ratio (Si/Al). The strength of the acid sites can also
be influenced by this Si/Al. The strongest acid sites occur when the next nearest neighbours (NNN) of
the aluminium atom are all silicon atoms. Resulting in an increasing acid strength upon decreasing
Si/Al.?*2> As mentioned before, due to the small pore sizes of zeolites larger hydrocarbons such as
polyaromatics are not able to leave the pores. These large, inactive hydrocarbons are referred to as
coke. % These coke molecules block the pores and acid sites, and thus the active sites, of the zeolite.
Regeneration of the catalyst is possible by burning the coke at elevated temperatures. %’

H

|
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Brensted acid site Lewis acid site

Figure 3 Nature of Brgnsted and Lewis acid sites in zeolite materials. [23]



2.1.2 Metal doping

Besides acidic sites, presence of dehydrogenating sites positively influence the aromatization abilities
of the catalyst. These sites can be implemented by incorporation of metals such as Pt, Zn and Ga.'’ The
metals can be incorporated by the use of different techniques such as ion exchange, chemical layer
deposition and wet impregnation.? Gallium impregnation on zeolites has already shown to be of great
influence on the aromatization of propane.? The gallium occurs in three distinct forms: well dispersed
Ga,03, GaO" and segregated bulk Ga,0s. Among these states, GaO" is reported to be the active species
for hydrocarbon dehydrogenation.® These species should result in an increase in LAS on the zeolite. 3!

2.2 Aromatization over zeolites

Since the aromatization over zeolite catalysts has been reported in literature manifold, a small
overview on the literature of aromatization and mechanisms of ketone-like materials are shown below.

2.2.1 Paraffins and olefins

Due to the possibilities of using liquefied petroleum gas (LPG) as a feedstock for aromatic production,
much research has been performed on the formation of BTEX from short chain paraffins of which
mainly propane is a compound of interest.!” The initial step of the paraffin aromatization reaction is
the formation of olefins. Propane can either be dehydrogenated to obtain propylene and H,, or be
cracked to obtain methane and ethylene.?’:3

The aromatization of olefins is depicted in figure 4 7 where D indicates dehydrogenating sites, which
are either acidic sites or metal sites. Whereas A indicates that the reaction takes place over acid sites
provided by the zeolite material. Olefins are oligomerized on these acid sites, forming longer chain
alkenes. These Cs. alkenes are converted to dienes either by dehydrogenating metal sites, or by
hydrogen transfer from long chain and cyclic olefins to short chain alkenes. Longer paraffins such as n-
heptane follow a similar reaction path, but are dehydrogenated directly to C¢-C1o alkenes.3

D
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cyclic dienes D aromatics
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Figure 4 Reaction pathway on the aromatization of short chain paraffins. D indicates a dehydrogenating site and A indicates
an acid site. [17]



2.2.2 Alcohols

The methanol to gasoline (MTG) process was already reported and pilot-scale used by Mobil in 1977
335 but interest in the process was regained with the recent developments in “green methanol”.3®
The proposed reaction scheme is depicted in figure 53 where first one methanol molecule is bound to
a BAS and reacts with a second methanol molecule to form dimethyl ether (DME).3%3° DME can
subsequently react to olefins under the exclusion of water. The resulting olefins can in turn either
undergo another methylation reaction, forming higher olefins, or undergo the process depicted in

Figure 4 to form aromatics. 404!
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Figure 5 Aromatization of methanol over zeolites. [37]

2.2.3 Aldehydes

Another group of chemicals created from biomass is aldehydes. Aldehydes are present in biomass
pyrolysis 0il.***3 Among aldehydes mainly propanal is a compound of interest for aromatic production.
The reaction of propanal over ZSM-5 realizes monoaromatic yields up to 50 %.* This aromatization
occurs in several ways. One of the options is the dehydrogenation or cracking where short chain
paraffins and olefins are formed, which can in turn be converted to aromatics as depicted in Figure 4.
The second reaction path is an aldol condensation trimerization followed by cyclization, depicted in
Figure 6. The trimerization of propanol creates 1,3,5-trimethylbenzene under the exclusion of water.*®
Subsequently trimethylbenzene can be dealkylated on ZSM-5, forming BTEX molecules and short chain
hydrocarbons.
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Figure 6 Propanal to aromatics through aldol trimerization. [45]
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2.2.4 Ketones to Aromatics

Throughout the years, some research has been done on the aromatization of ketones. The focus lies
with the aromatization of acetone. The first reported results on the aromatization of acetone over
ZSM-5 was by Nedomova et al.’ where acetone was reacted with a weight hourly space velocity
(WHSV) of 11.7 h't at 300 and 350 °C and a Si/Al of 16.6. Realizing an optimum conversion of 41.7 %
with an aromatic selectivity of 29.7 %. During these experiments no suggestions on the reaction path
were given.

Setiadi et al. looked into the effect of higher temperatures and a variable space velocity on the
aromatization of acetone over ZSM-5 Si/Al 25. They report that increasing the temperature to 400 °C
ensures nearly full conversion of acetone.*® At this full conversion the space velocity influences the
product distribution significantly. Out of the tested space velocities (2.18, 4.74 and 7.13 h'?) the lowest
WHSV of 2.18 h is reported to show the highest selectivity to BTEX of 54 %..

Variation of the Si/Al at these conditions were later tested by Slamet et al.*® ZSM-5 with Si/Al of 25, 75
and 100 were used for the aromatization of acetone at 400 °C and a WHSV of 4 h'l. The catalysts were
tested up to 10 hours on stream. During this reaction ZSM-5 with Si/Al 25 shows a negligible change in
conversion of acetone, while Si/Al 75 and 100 have lost 40 % of their activity after 10 hours.*

Gayubo et al. reported that acetone conversion over ZSM-5 at 400 °C leads to the formation of some
i-butene, and proposed it to be the first step in the aromatization of acetone.® The proposed
aromatization pathway is depicted in Figure 7, where aromatics and Ca. paraffins are the main products
at low space velocities.>® Gayubo et al. report that increasing the WHSV above 1.25 results in an
increased formation of propene and decreased selectivity towards aromatics.

The main focus of this thesis is however the conversion of 4-heptanone to aromatics. Little is known
about this aromatization reaction. Fuhse et al. briefly touched the subject by stating that a BTEX yield
of 39 wt.% can be achieved with a weight hourly space velocity (WHSV) of 0.49 h'* and a reactor
temperature of 400 °C. ! There is however no data available on the use of different conditions for the
reaction of 4-heptanone, nor is there a mechanism proposed in literature.

aromatics
& —_—
/' olefins Cs, paraffins C
Acetone —» i-butene *

\ {butenes}
propene ethene

Figure 7 Aromatization path of acetone over ZSM-5. [50]



3 Methodology

3.1 Catalyst Preparation

3.1.1 Commercial ZSM-5

Commercial ZSM-5 (Zeolyst, NH4-ZSM-5) with Si/Al of 11.5, 25, 40 and 140 were used. The catalysts
were converted to their protonated form by calcining at 700 °C for 6 hours in stagnant air with a
temperature ramp of 5 °C/min.

3.1.2 Ga-ZSM-5

Ga-doped ZSM-5 was prepared by wet impregnation. The synthesis procedure was as following: one
gram of HZSM-5 with a Si/Al of 25 was crushed and dried at 120 °C for 2 hours. Afterwards the solid
was dispersed in 50 mL of MilliQ water (18,2 MQ-cm at 25 °C) and stirred at 500 rpm for 30 minutes.
An aqueous solution of Ga(NOs)3-xH,0 (Acros Organics, 99.9998 % trace metal basis), was added to the
mixture, to obtain a 3 wt.% gallium loading. The stirring was maintained for 3 hours. Afterwards the
water was removed by the use of rotation evaporation. The resulting catalyst was dried overnight at
120 °C followed by calcination at 550 °C for 5.5 hours with a temperature ramp of 5 °C/min. The
resulting material was denoted as 3%Ga-ZSM-5

Ga-doped zeolites with a loading of 1.5 wt.% and 4.5 wt.% were synthesised following the same
procedure. The catalysts were denoted as 1.5%Ga-ZSM-5 and 4.5%Ga-ZSM-5 respectively.

3.1.3 Pore Modified ZSM-5

Pore-modified ZSM-5 was synthesised by chemical liquid deposition (CLD) as reported by Zheng et al.>?
2g of H-ZSM-5 with a Si/Al of 25 was crushed by pestle and mortar and dispersed in 50 mL of mixed
hexanes (Interchema, 98%). 0.30 mL of TEOS (Aldrich, 299) was added to the mixture, to obtain a SiO,
loading of 4 wt.%. The mixture was refluxed at 90 °C for 1 h during continuous stirring at 500 rpm. The
catalyst was separated by centrifugation and subsequently dried in static air at 100 °C for 2 h. Finally,
the catalyst was calcined for 4 h at 500 °C in static air with a temperature ramp of 5 °C/min. The
procedure was repeated twice more to end up with a final SiO; loading of 12 wt.% The resulting catalyst
is denoted as PMM-ZSM-5.

3.1.4 Pore Modified Ga Doped ZSM-5

Gallium doped pore modified ZSM-5 was synthesised by depositing 3 wt.% Ga on PMM-ZSM-5 in the
manner described in §3.1.2. The resulting material was denoted Ga-PMM-ZSM-5.



3.2 Characterization Techniques

3.2.1 Physisorption

The surface areas of all catalytic materials were measured using Ar-physisorption on the Micrometrics
TriStar Analyzer V6.08. Prior to the measurement the samples were dried under low pressure (10
mbar) at 400 °C for 16 hours. The physisorption was performed at 77 K.

3.2.2 X-Ray Diffraction

X-ray measurements were performed on a Bruker D2, with a cobalt X-ray source (A (Kat) =1.79026 A).
All samples were measured in the range of 7 ° > 26 > 50 ° with an increment of 0.028 °/s. The crystal
phases were determined using the PDF 2015 database.

3.2.3 Temperature Programmed Desorption

The amount of acid sites was measured using temperature programmed desorption of NH; (TPD-NHs).
The measurements were performed on a Micrometrics Autochem Il analyzer equipped with a Thermal
Conductivity Detector (TCD). 100 mg of sample was loaded in a quartz reactor and dried at 650 °C for
15 minutes, with a temperature ramp of 10 °C/min. After cooling to 100 °C the sample was saturated
using 20 pulses of 10% NH; in He. After the saturation the sample was equilibrated at 100 °C for 1 h
and heated to 650 °C with a temperature ramp of 5 °C/min.

3.2.4 Temperature Programmed Reduction

The oxidation states of doped materials were measured using temperature programmed reduction
with H; (H,-TPR). The sample was dried for 1 h at 450 °C. Consecutively the sample was cooled to room
temperature, and the atmosphere switched to a 5% H, in He. The sample was heated to 1000 °C with
a rate of 5 °C/min under a 5% H; in He flow. The measurement was performed on a Micrometrics
Autochem Il analyser equipped with a TCD.

3.2.5 Pyridine Adsorption FT-IR

The nature of the acid sites on the catalysts were measured by the temperature programmed
desorption of pyridine monitored by infrared spectroscopy (Py-IR). The IR spectra were recorded on
the Thermo IS5 spectrometer. For each spectrum, 32 scans were recorded with a resolution of 4.0 cm’
1, Self-supporting pellets of approximately 15 mg sample with a diameter of 12 mm were made by
crushing the sample and pressurizing it at approximately 0.6 GN/m? for 30 s. The catalysts were dried
at 550 °C under ultra-high vacuum (UHV, 107-10° mbar) for 30 minutes. The sample was cooled to RT
and pyridine was adsorbed to the sample at 10-20 mbar for the duration of 35 minutes. Pyridine was
desorbed in the temperature range of 50 — 550 °C under UHV with a temperature ramp of 10 °C/min.
550 °C was maintained for 30 minutes to ensure complete desorption of pyridine.



3.2.6 Transmission Electron Microscopy/Energy Dispersive X-ray Spectroscopy

TEM samples were prepared by addition of 0.1 mL iso-propanol (Sigma Aldrich, 299.5%) to 5 mg of
catalyst. The resulting mixture was dispersed in an ultrasonic bath for 10 minutes and one droplet of
the mixture was dripped on a carbon coated formvar TEM grid, mesh 300. The samples were measured
on the Philips FEI Tecnai F20 S/TEM equipped with a 200kV field emission electron gun (S/TEM) and
on a Fei Talos F200X (S)TEM, equipped with an XFEF 200kV electron gun (S/TEM and EDX).

3.2.7 GCx GC-QP-MS

Products of the reaction were condensed by use of a liquid nitrogen trap. GC x GC-QP-MS samples
were prepared by dissolving the condensed products in deuterated chloroform (Euriso-top, 299.8 %).
The samples were stored at -20 °C.

GC x GC-QP-MS analysis was carried out on a Shimadzu GCMS-QP2010 Ultra equipped with a Zoex ZX
1 modulator. The columns are a low polarity/medium polarity set placed in a single oven. The specifics
of the columns are given in Table 1.

Table 1 GC x GC-QP-MS column set specifics.

Position Model Polarity Dimension (m x mm x mm)
Primary Agilent VF-5ms Low 30x0.25x0.25
Secondary Agilent VF-17ms Medium 2x0.15x0.15




3.3 Catalytic testing

Catalytic tests were performed in a fixed bed reactor
depicted liquid
heptanone (Alfa Aesar, 98%) or a mixture of acetic-

in Figure 8. The reactant (4-
propionic- and butyric acid) was fed using a
Shimadzu LC-20AT liquid chromatograph in various
space velocities. The liquid reactant was evaporated
in a Swagelok 304L stainless steel sample cylinder,
which was heat-traced to 180 °C. The reactions take
place in a quartz reactor placed in an oven with a
variable temperature of 300 - 450 °C. In order to
inside the
catalytic bed, the catalyst was mixed with silicon

minimalize temperature gradients

carbide (SiC, Acros, Technical grade)ina2:1v:v

|:| Quartz Wool
Il siticon Carbide

Liquid Reactant Feed

Carrier Gas—>

Cold
Trap

Reactor

' 300°C

: 450°C

Figure 8 Catalytic testing set-up. All lines were heat traced at
200 °C.

ratio of SiC to catalyst. The catalytic bed was fixed between two layers of 200 mg of SiC and quartz
wool. Nitrogen was used as carrier gas with a flow of 100 mL/min during all reactions. On-line GC
(Bruker 430GC) equipped with an Agilent Poraplot Q-HT (25 x 0.32 x 0.32) analytical column was used
for quantification of the products. Cyclooctane (Sigma Aldrich, > 99%) was used as an internal standard.

Catalytic testing of the materials with water as stability enhancer was performed by co-feeding of
MilliQ water (18,2 MQ-cm at 25 °C) using a Shimadzu Nexera X2 LC-30AD liquid chromatograph.
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4 Results and Discussion

4.1 Catalyst Characterization

4.1.1 Commercial ZSM-5

4.1.1.1 X-Ray Diffraction

Figure 9 shows the powder X-ray diffractograms of

ZSM-5 with different Si/Al and the simulated
diffractogram of MFI structures.*® All materials showa |
> b :
similar  diffraction pattern corresponding to a & - b I gi/AI 140
monoclinic structure, which is expected for ZSM-5 at % [ “l | .
& | } Si/Al 40
room temperature.> The difference in detail between 2 Jf o, SUAI 25
the literature and the actual measurements is due to | | 1 SUAL 115
o B ~ g _
the increment and measuring time. I N ‘M |
VU e~ o S i | terature
T T T T T 1
10 20 30 40
4.1.1.2 Ar-Physisorption Figure 9 Powder X-ray diffractograms of ZSM-5 with varying Si/Al.

The surface areas of ZSM-5 were measured using Ar-physisorption. Argon was used as the probe
molecule because the strong acid sites in zeolites can induce a dipole moment in a nitrogen molecule,
resulting in bilayer formation.*® Brunauer-Emmett-Teller (BET) analysis was performed to calculate the
surface area. The surface areas of the different materials are given in Table 2. The adsorption-
desorption isotherms are shown in Appendix Al. All catalysts show a type H4 hysteresis loop, indicating
the filling of micropores, expected to be present in zeolites **>’

Furthermore a Barrett-Joyner-Halenda (BJH) analysis was applied to estimate the pore size distribution
of the materials. The different plots are depicted in Appendix A2. The BJH-analyses of the zeolite
materials show two characteristics. One peak can be observed at 3.7 nm, which can be ascribed to the
Tensile Strength Effect (TSE). >>°7 And an increase of pore volume on the left hand side of the
desorption plot, indicating that the actual pore size of the material is smaller than 1 nm, which is
coherent with the 5.6 A channels described in literature.*®

Table 2 Surface areas of the different Si/Al ZSM-5, measured with Ar-physisorption and BET analysis.

Si/Al BET surface area (m?/g)
11.5 366
25 468
40 438
140 403

11



4.1.1.3 TPD-NH;3

The NHs-desorption profiles are illustrated in Appendix B. All materials show two peaks, the nature of
these peaks is still debatable since the peak at a lower temperature can be assigned to either weak
acid sites, or to physisorbed ammonia on the surface of the zeolite.®®®® The peak at a higher

temperature corresponds to stronger acid sites.

Since, as explained in more detail in §2.1.1, acid
sites of zeolites are created either by a
tetrahedrally coordinated aluminium atom in the
zeolite, or by trigonally bonded silicon and
aluminium atoms, an increasing Si/Al should
decrease the amount of acid sites in the sample.
2122 Figure 10 shows the correlation between the
amount of acid sites per surface area and the Si/Al
that, as reported in
literature,?! a decreasing aluminium content does

ratio and indicates

indeed decrease the acid site density.
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Figure 10 Acid site density on ZSM-5 with varying Si/Al.



4.1.2 Ga-ZSM-5

4.1.2.1 X-Ray Diffraction

The powder diffractograms of Ga-doped catalysts are
shown in Figure 11. The materials all show similar peaks
corresponding to the monoclinic ZSM-5 framework.
ZSM-5 with a Ga loading of 3 wt.% shows a small
decrease in peak intensity at 26 values of 11 and 28°.
Rietveld refinement using Bruker DIFFRAC.SUITE TOPAS
indicates that the sample has a smaller average
crystallite size, accounting for the broader, and thus
overlapping, peaks. The PDF 2015 database indicates
that Gallium oxide peaks are expected to appear at 39
and 42 ° 26. The absence of these peaks indicates that
the gallium is either amorphous, or the crystallites are
too small to show a significant signal in XRD.

4.1.2.2 Ar-Physisorption

- 45wt.% Ga
— 3wt% Ga
\J 1.5wt.% Ga
\J 0Owt.% Ga

0 15 20 % 30 3 0 45 50
Figure 11 Powder X-ray diffractograms of ZSM-5 with Si/Al 25 and
different loadings of Ga.

Argon physisorption measurements of the gallium impregnated samples show little difference in BET

surface areas, but do show a noticeable decrease of

surface area between the Ga-ZSM-5 and

commercial ZSM-5 with surface areas of 415 and 467 m?/g respectively. This decrease in surface area

is most likely due to blockage of some of the micropores by gallium particles. The surface area does

not decrease significantly with increasing gallium content. This is most likely due to the formation of

more segregated Ga,0s; particles upon increasing weight
loading, creating extra surface area without closing a
significant amount of pores. The BJH analyss of 1.5 and 3
wt.% Ga indicate the presence of just pores below 1 nmin
diameter, while 4.5 wt.% Ga-ZSM-5 indicates both pore
diameters below 1 nm and pores of approximately 5 nm
in diameter as depicted in Figure 12. These 5 nm pores are
expected to be due to either gaps between segregated
Ga,03 particles and the zeolite material or collapsed
channels due to the gallium deposition. These collapsed
channels would be to a small extend since no significant

change in surface area is observed. The other BJH plots and

physisorption isotherms can be found in appendix Al.

4.1.2.3 H>-TPR

0,08 H

0,06

0,04

Pore Volume (cm?/g-nm)

0,02

0,00 4

Pore Diameter (nm)
Figure 12 BJH analysis of 4.5%Ga-ZSM-5 Si/Al 25. The
analysis indicates the presence of pores of around 5 nm
in diameter.

Gallium impregnated on zeolites knows 3 major forms.?° The different states of gallium are reduced at

different temperatures. Reduction around 500 °C is attributed to small Ga,0s; particles in close vicinity

of the zeolite,®* reduction at 650 °C corresponds to the reduction of GaO* (Ill) to Ga* (I) incorporated
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in the zeolite framework and the peak at 825 °C indicates

reduction of segregated bulk Ga,03.%2 Figure

13 shows the reduction profiles of the different Ga-ZSM-5 samples, the individual profiles and
corresponding deconvoluted peaks can be found in Appendix C.

Figure 13 shows that 1.5%Ga-ZSM-5 has small Ga,03
particles on the zeolite, and incorporated GaO* particles
while 3%Ga-ZSM-5 shows a small increase in the
incorporated GaO" peak and the presence of some
segregated bulk Ga,0s. Lastly, the TPR profile of 4.5%Ga-
ZSM-5 indicates a big portion of the impregnated gallium
in the segregated bulk Ga,0; form. This increase in the
825 °C peak is an indication of a too high gallium content,
forming extra crystalline bulk Ga,0s. Table 3 shows an
estimation of the wt.% of gallium present in each of the
forms on the different sample based on the TPR- profiles.
The table indicates that 3 wt.% Ga ZSM-5 has the highest
concentration of the active species (GaO?). Increasing the
gallium weight loading further results in the increase of
segregated bulk Ga,0s.

0,07 5

0,06 -
— 1.5 wt.% Ga
0,054 ——3wt% Ga

—— 4.5 wt.% Ga

0,04

0,03 4

TCD Signal (a.u.)

0,02 4

0,01

0,00

T T T
400 600 800 1000
Temperature (°C)

Figure 13 Reduction profiles of 1.5, 3 and 4.5 wt.%Ga ZSM-5
Si/Al 25.

Table 3 weight percentages of gallium in the different phases, determined by H,-TPR.

Wt. % Ga 1,5 3 4,5
Well dispersed Ga,0; 0.70 0.53 0.70

GaOo* 0.59 2.18 1.38

Seggregated bulk Ga,03; 0.21 0.29 2.42

4.1.2.4 TPD-NH;

The amount of acid sites in fresh ZSM-5 Si/Al 25 and
gallium-impregnated ZSM-5 were measured using
ammonia TPD. The desorption profiles are
presented in Appendix B. The total amount of acid
sites per m? are shown in Figure 14. The figure
depicts an increasing acid site density upon
increasing gallium loading, up until 3 wt.%, whereas
a weight loading of 4.5 % gallium shows a decrease
in the acid site density. TPD-NHs does however give
a value for the total acid site density, and can not
differentiate between BAS and LAS. For this reason
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pyridine desorption experiments have been Figure 14 Acid site density upon changing gallium loading by

performed to determine the nature of the acid sites.
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4.1.2.5 Pyridine FTIR

06+ —— 0 wt% Ga
Pyridine desorption monitored by IR spectroscopy (Py-IR) ' :;at‘”;ogfa
provides an indication of the type of acid site (Brgnsted and 05 ——45wt% Ga
Lewis) and could because of this show the effect of Ga- — ‘:1 .B
doping on catalysts acidity. Pyridine bound to different acid = ! i
sites show vibrations at different energies. Pyridine % 03+ i
chemisorbed on a LAS vibrates at 1455 cm™, this vibration E . : i
is however close to the vibration of physisorbed pyridine at = ' ' i
1437 cm™.%3 Peaks at 1545 cm™ occur due to the vibration 0.1 i i
of a pyridinium molecule, indicating pyridine bound to a oo | | i | : |
BAS. ®% Figure 15 shows the IR-spectra of pyridine 1700 1650 1600 1550 1500 1450 1400
adsorbed on ZSM-5 during desorption at 150 °C for ZSM-5 Wavenumber (cm’)

Figure 15 Pyridine desorption spectra at 150 °C on ZSM-5 Si/Al
25 with different Ga loadings. The peak indicated by a
corresponds to BAS, and {3 to LAS.

Si/Al 25 with different Ga-loadings.

A x103
EXp

[Acid Sites] =

(1)

The amount of acid sites can be determined by use of equation 1,%® where A is the integral of the
vibrational band, p corresponds to the mass of the sample per cm?, which is 13.26 g/cm?and € is the
extinction coefficient, equal to 1.67 and 2.22 cm/umol for Bronsted and Lewis acid sites respectively.
% The density of Lewis- and Brgnsted acid sites are shown in Figure 16. The figure shows a clear
increase of Lewis acid site density with Ga addition. The different loadings do however show a less
apparent change. The Lewis acid site density shows a small optimum at the 3 wt.% Ga. The BAS density
does not show a clear correlation with changing gallium loading. Figure 17 shows the total amount of
acid sites according to both techniques, first, the difference between acid sites detected on Py-IR and
TPD-NH; could be due to NH; penetrating smaller pores, or physisorbing to the surface. By combining
the amount of acid sites with the TPR data from Table 2, it can be concluded that the sample with the
highest amount of segregated bulk Ga,03; shows the lowest acid site density. This could be due to the
possibilities of surfaces being blocked by the bulk Ga,0s3 particles. These blocked surfaces do not show
a significant decrease of BET surface area, due to the formation of surface area by the bulk Ga,0s;
particles. Another aspect can be seen in the quantity of acid sites in 3 wt.% Ga-ZSM-5. According to H,-
TPR this sample has the highest quantity of GaO*, which should create Lewis acid sites. Both techniques
also show the highest acid site density for this material.

0.3 1.4
T 0.25 T 12
= % 1
o 0.2 - £
£ 5 08
3 =
z 0.15 - $ 0.6 W Py-Ir
£ 5 | W Lewis -‘&,’04_
_: . - B TPD-NH3
S ] o i
3 0.05 - Brgnsted & 02

O -
0 -
0 15 3 4.5
0 15 3 4.5
% G wt.% Ga
wi.7 Ga Figure 17 Comparison of the total acid site density according to Py-IR
Figure 16 Density of LAS and BAS on different Ga-ZSM-5 samples. and TPD-NH; upon changing gallium loading.
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Figure 18 shows the dark field TEM/EDX images of 3%Ga-ZSM-5. Channels of higher intensity in TEM
can be observed in the different images. These channels were concluded to be Ga-rich by the use of
field EDX (Figure 18). An inhomogeneous distribution of Ga on the zeolite can be seen. The clustering
is coherent with the presence of segregated bulk Ga;0s; indicated by TPR. And was observed on all
samples.

L——— 1 50 mm L 150nm

Figure 18 Left: Dark field TEM image of 3%Ga-ZSM-5. Right: Elemental mapping of gallium (blue) on 3%Ga-ZSM-5.
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4.2 Conversion of 4-heptanone

4.2.1.1 Mass Transfer Limitations

ZSM-5 has micropores of approximately 5.6 A, because of this small pore size, internal mass transfer
limitation (MTL) is likely to occur. Experimentally this can be checked by a method proposed by
Fogler.”” The reaction rate was studied as function of (Gas velocity/Particle diameter)Y2. Increasing the
gas velocity or decreasing the particle size

leads to an increase in reaction rate if mass
s E-
transfer limitations are present. In the L70E04
region where no MTL occur, the reaction
] & 1,50E-04
rate should remain constant upon &
changing the gas velocity or particle ;5, 1,30E-04
. Q
diameter.”? E
% 1,10E-04
Aromatization reactions of 4-heptanone =
over ZSM-5 were performed with various 9,00E-05
nitrogen flows of 30-125 mL/min and with
catalyst particle diameters ranging from 7,00E-05
70 90 110 130 150

38 to 150 um. The reaction rates at the
different conditions were measured and

(Gas velocity/Particle Diameter)Y? [cm/min®2]

are depicted in Figure 19. The figure shows Figure 19 Reaction rate at varying particle size and carrier gas flow during
that a (Gas velocity/particle diameter)l/z of the 4-heptanone to aromatics reaction over ZSM-5.

110 is the breaking point for mass transfer
limitations. Below this value, internal MTLs are present, above this value the reaction occurs without

internal limitations.

For this reason the reaction tests were performed using catalysts with particle diameters of 38-75 um
and carrier gas flow of 100 mL/min.

A second way to evaluate internal MTL is by use of the Weisz-Prater criterion (Equation 2). If the value

of the criterion is smaller than or equal to 0.3, no internal diffusion limitations are present. 72
RRZ
Ny_p = <0.3 (2)
CsDesr

The abovementioned conditions result in a Weisz-Prater number of 0.2, which supports the previous
statement that no internal mass transfer limitations are present at these conditions.
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4.2.1.2 Temperature Effects

Increasing the temperature should increase the conversion, due to the availability of energy to
overcome the energy barrier of the reaction. For the same reason the product distribution can also
change because different catalytic pathways could occur, leading to formation of various products. 7>74
Temperatures above 450 °C can however result in irreversible dealumination of the zeolite.*® ZSM-5
with Si/Al 25 has been used to determine the optimal temperature for BTEX formation, since Slamet
et al. have reported it as the best Si/Al ratio for the aromatization of acetone.*® Figure 20 shows the
product distribution of the reaction of 4-heptanone over ZSM-5 Si/Al 25 at different reaction
temperatures after 2.5 h on stream. Multiple trends can be observed in the results. Firstly,
temperatures up to 400 °C do not show full conversion. Selectivity towards BTEX increases with
temperature, and reaches a maximum of 29 %.at 450 °C. Another apparent difference with increasing
temperature is the increased formation of short chain olefins. This trend is mentioned in literature for
other oxygen containing, biomass derived compounds.” The yield denoted as ‘other’ is the possibility
of coke formation and oxygen loss in the form of CO/CO,. 450 °C is the optimal temperature for the
reaction since the BTEX yield is at the highest. Usage of Si/Al 25 was however based on an article with
acetone as reactant. The optimum catalyst for the aromatization of 4-heptanone could be a different
Si/Al*

100 B Other
90
8o W 4-Heptanone
70
:\;u 60 B Cg+ Aromatics
= 50 BTEX
30 B C5+ Aliphatics
20

m C2-C4 Olefins

10

C1-C4 Paraffins

300°C  350°C  400°C 450°C
Temperature

Figure 20 Temperature variation on the reaction of 4-heptanone, 100 mL N2/min,
WHSV = 1h-1, ZSM-5 Si/Al 25.
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4.2.1.3 Silicon to Aluminium Ratio Effects
The Si/Al of a zeolite influences its acid site density and strength.?#?® This change in acidity can cause

a change in the product distribution due to the possibility of cleaving other bonds and following
different reaction paths.”® This can also effect the stability of the catalyst e.g. by the formation of coke.
4977 The product distributions and activities during the reaction of 4-heptanone over ZSM-5 have been
measured at 300 °C for the different catalysts. 300 °C was used to ensure that not all 4-heptanone was
converted, and thus the activity could be compared.

Figure 21 shows the conversion of 4-
heptanone and the selectivity towards the
different products after 1.5 h TOS. The
figure indicates that, at a reaction
temperature of 300 °C, Si/Al 40 shows the
highest activity and selectivity towards
BTEX. Si/Al 25 and 11.5 show a slightly
lower conversion of 4-heptanone and BTEX
yield, while Si/Al 140 barely shows any
activity, which is probably due to the low
acid site density on the material.

However, a temperature of 450 °C was
found to be the optimum for BTEX
formation. Therefore the different Si/Al
have also been tested at 450 °C. The results
are shown in Figure 22. All catalysts show
full conversion at this temperature, and at
29 %, Si/Al 25 shows the highest yield
towards BTEX. The different optimum in
Si/Al at different temperatures is due to the
amount of available energy. As explained in
Chapter 2, the acid strength of a zeolite
increases with decreasing aluminium
content. For this reason Si/Al 40 has slightly
stronger acid sites than Si/Al 25.24% This
change in acidity could lower the activation
energy needed for the formation of BTEX,
which results in Si/Al 40 showing a higher
yield to BTEX at lower temperature.
However, at higher temperatures this
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B Other
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aromatics
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I G5+
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m C2-C4
olefins
C1-C4
Paraffins
Conversion

(%) uoisianuo)

Figure 20 Product distribution after 2.5 h on stream during the reaction
of 4-heptanone over ZSM-5 with varying Si/Al at 300 °C.
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Figure 22 Product distribution after 2.5 h on stream during the reaction
of 4-heptanone over ZSM-5 with varying Si/Al at 450 °C.

energy is already sufficiently applied by the reactor, resulting that the difference in acid strength
between Si/Al 25 and 40 no longer influences the BTEX yield, but instead the amount of acid sites plays

the major role between those two catalysts.
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4.2.1.4 Product Analysis

All experiments were run using on-line GC. Due to the high amount of peaks in the on-line
chromatograms, a complete analysis was performed using off-line GC x GC-MS by capturing the
products in a liquid nitrogen cold trap. Figure 23 shows the product mixture of the conversion of 4-
heptanone over ZSM-5 Si/Al 25 at 400 °C. The products with low boiling points (C:-Cs aliphatics) are
expected to have already been evaporated before the measurement. The figure does however show a
large product distribution with many different aromatic compounds. The peaks of monoaromatic
compounds show the highest intensity in comparison to polyaromatics, which are barely observed in
the on-line chromatograms. The following sections will provide attempts on decreasing the product
distribution.

2.600 . pas: .. hszsr . . ktoo . . Peezs . . pz7er . . . Bseoo . |, 443z, | 0267 |

Figure 23 GC x GC-MS spectrum of the product of the reaction of 4-heptanone over ZSM-5 Si/Al 25 at 400
°C with a total TOS of 5.5 h.
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4.2.1.5 Galoading

The obtained products show a wide distribution. Incorporation of gallium should dehydrogenate the
cyclohexenes and form more aromatics. As seen in §4.1.2, ZSM-5 with 3 wt.% gallium shows both the
highest amount of acid sites and the highest percentage active dehydrogenating species, GaO*. The
results of varying the Ga loading on ZSM-5 are shown in figure 24. The figure shows that BTEX
selectivity reaches an optimum of 66 %. with a Ga loading of 3 wt.%. This increase comes with a
decrease in formation of (alkylated) cyclohexenes and ‘other’ compounds. Which is mainly a decrease
of short chain paraffins and methylated cyclohexadienes. The product mixture over the 3 wt.% Ga
consist mainly of toluene, which is due to dehydrogenation of methylated cyclic Cs hydrocarbons. This
can be seen in Figure 25, which shows a gas chromatogram of the reaction after 2.5 hours on stream.
Alkylated Cs-rings can be found in between the benzene (retention time = 11 min) and toluene
(retention time = 14.7 min). During the reaction of 4-heptanone over 3%Ga-ZSM-5 this area is nearly
empty.

According to H>-TPR, 3 wt.% Ga haz the highest quantity of the active specie (GaO"), followed by 4.5
wt.% Ga and 1.5 wt.% Ga. The BTEX formation during the reaction follows the same trend with 3 wt.%
Ga having the highest BTEX formation, followed by 4.5 and 1.5 wt.%. This is an indication of GaO" in
fact being the active specie for the aromatization reaction.

Yield (%,)

100 7 B Other
90 | —
8o | — mCo+
70 — — — —  Aromatics
60 4— — E—— E—— — BTEX
50 17 | | | — :
40 1 mCs+
o - Aliphatics
3 mC2-C4
20 7 Olefins i !
-4 1
10 C1-C4 i i
0 Paraffins I n
o 1.5 3 4.5 ) .“l U
T T T T T T T T T 1
Wt.% Ga 5 10 15 20 25
Retention Time (min)
Figure 24 Varying wt.% Ga, 450 °C, WHSV =1 h, Si/Al 25, Figure 25 Gas chromatogram of the reaction of 4-heptanone over
100 mL N2/min 3%Ga-ZSM-5 Si/Al at 450 °C after 2.5 h on stream.
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4.2.1.6 Pore Modification

In attempt to decrease the product distribution, the pore size of the catalyst was reduced. Reducing
the pore openings prevents the formation of Co. aromatics and o/m-xylene due to size constraints.”®
The product distribution of the reactions over the catalysts after 2.5 h on stream at 450 °C are shown
in Figure 26. The figure shows that the product distribution does not change much for the undoped
samples, an increase in alkylated cyclohexenes and a decrease in ‘other’ products can be observed.
This change is probably due to more bulky molecules not being able to leave the cages of the pore-
reduced zeolite. These molecules either stay inside the pores as coke, or are dealkylated to form

smaller hydrocarbons.

Since ZSM-5 with 3 wt.% Ga showed the optimum BTEX formation, the pore-reduced catalyst was
impregnated following the same procedure. The pore-reduced gallium doped samples show a more
significant change, mainly a large decrease in BTEX formation from 66 to 43 %c upon pore narrowing.
This has two possible explanations, either the silylation decreases the amount of acid sites on the
zeolite, and thereby decreases the amount of catalytic sites.>? Or the gallium was not able to enter the
pores due to the decreased pore size, and because of this, the distance between the dehydrogenating
and acid sites was too large. For this reason, pore modification has not been used in any further

experiments.
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Figure 26 Pore modification and 3%Ga pore reduced at 450 °C,
WHSV=1 h, Si/Al 25 and 100 mL Ny/min.
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4.2.1.7 Space Velocity

Effect of weight hourly space velocity (WHSV) on the BTEX selectivity was studied Setiadi et al.*®

have
reported that 2.18 h? results in the highest monoaromatic yield out of space velocities of 2.18, 4.74
and 7.13 h'l. Increasing the WHSV reportedly results in a decrease of C¢-Cs aromatics, while enhancing
the selectivity towards Co. aromatics.*®

The effect of the space velocity on the stability of the Ga-doped catalyst and selectivity toward BTEX
have been investigated. The results are shown in Figure 27. The different space velocities all deactivate
with a linear correlation. The rate of deactivation increases with increasing space velocity. As the
catalyst deactivates the BTEX formation is lowered and selectivity to Cs. aliphatics rises, indicating
deactivation of the gallium species.

A space velocity of 2 h! shows the lowest initial BTEX yield, this is thought to be due to rapid
deactivation. The highest BTEX yield is realised with a space velocity of 1.5 h'l, however, by taking into
account the deactivation of the catalysts, 1 h™ is the optimum space velocity for the aromatization of
4-heptanone.
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Figure 27 Influence of space velocity on BTEX yield and stability at 450 °C, 100 mL N»/min and 3%Ga-ZSM-5 Si/Al 25 as a
catalyst.
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4.2.1.8 Effect of water on stability

According to literature, co-feeding of water over zeolites can suppress the formation of coke, and
thereby decrease the rate of deactivation. Stability of 3 wt.%Ga-ZSM-5 was tested with a 40 : 60 vol :
vol ratio of 4-heptanone to water and a 4-heptanone space velocity of 1 h''. Figure 28 shows the BTEX
selectivity of the catalyst over time. The initial BTEX selectivity is 36 %. and decreases to 19 %, after 50
hours on stream. The rate of deactivation is lower than the samples measure without co-feeding of
water. The initial BTEX selectivity is however halved compared to the catalytic test without water. This
decrease in initial selectivity is most likely due to water suppressing the dehydrogenating abilities of

the gallium species.

80

70

60 ®1h1

50 15h-1
m2h1

BTX yield (%c)
D
o

X 1h-1+60%water

w
o

N
o

10

0 10 20 30 40 50 60 70
Time (h)

Figure 2821 BTEX yield over time at varying space velocities and the presence of water. Conditions: 100 mL N,/min, 450 °C,
3%Ga-ZSM-25.
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4.3 Conversion of mixed acids

The final objective of the project is the conversion of the reactant mixture provided by fermentation
and adsorption, consisting of acetic-, propionic- and butyric acid. This conversion can take place in two
ways, either by the direct conversion of the acid mixture over ZSM-5 or by use of a double bed reactor
consisting of TiO, and ZSM-5.

4.3.1 3%Ga-ZSM-5

Usage of a single catalyst for the conversion of acids to aromatics would increase both the simplicity
and cost efficiency of the process. In order to test the viability of this method, volatile fatty acids were
fed over 3 wt.%Ga-ZSM-5. A mixture of 1 : 5 : 20 moles of acetic- : propionic- : butyric acid was used
as the reaction mixture. The optimal reaction conditions and catalyst for the reaction of 4-heptanone
to aromatics were used. The product distribution at different times on stream is shown in Figure 29.
The figure indicates that VFAs can be converted to BTEX directly by use of gallium impregnated ZSM-
5. The selectivity is however lower than the conversion of 4-heptanone to aromatics. With a large
portion of the carbon ends up in ‘other’ molecules, which can be either coke formation or the loss of
carbon due to the formation of CO/CO, in order to eliminate the oxygen atoms of the VFAs. During this
reaction, a mixture of acids is however used instead of just a single component. This mixture of smaller
chain molecules could increase the deactivation of the zeolite.
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Figure 29 Direct conversion of VFAs over 3%Ga-ZSM-5 Si/Al 25, WHSV =1 h1, 100 mL N»/min, 450 °C.
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4.3.2 Dual bed catalysis

Since direct conversion of VFAs to aromatics over Ga-ZSM-5 was unsuccesfull, a dual bed catalyst
consisting of TiO, and 3 wt.% Ga-ZSM-5 was tested. The first problem encountered during dual bed
catalysis is the temperature. The optimal temperature for aromatization is 450 °C, while the
ketonization is normally reported to react at lower temperatures.” P25 (a physical mixture of 75%
anatase and 25% rutile) shows a full conversion of the acid mixture to ketones at 450 °C and a space
velocity of 7.2 h'l. However the catalyst deactivates readily, resulting in an increasing amount of
carboxylic acids over ZSM-5 over time. Figure 30 shows the product disribution during the dual bed
conversion of mixed VFAs, an initial BTEX selectivity of 37 %.is realized but with increasing time on
stream the carboxylic acids not converted by titania are converted to short chain olefins by ZSM-5,
resulting in a steep decrease of BTEX selectivity over time. After 9.5 h TOS the product distribution
resembles the distribution during the direct conversion of VFAs over gallium doped ZSM-5.
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Figure 30 Product distribution upon TOS for dual bed catalysis of P25 and
3%Ga-ZSM-5, 450 °C, 100 mL Np/min, WHSV =1 h1,
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5 Conclusion

4-Heptanone was successfully aromatized over ZSM-5. Temperature studies indicated that optimal
BTEX selectivity was realized at 450 °C. Silicon to aluminium ratios of 11.5, 25, 40 and 140 were tested
for their activity and selectivity in this reaction. A Si/Al of 25 resulted in the highest BTEX yield of 29
%c.. At these reaction conditions a significant amount of the carbon did however end up in short chain
olefins and Cs. aliphatics.

In attempt to narrow the product distribution during the aromatization of 4-heptanone, the pore size
of ZSM-5 was reduced. This modification did not lead to an increase in BTEX selectivity.
A second attempt to narrow the product distribution was the incorporation of gallium in the zeolite.

Gallium was wet-impregnated on ZSM-5 Si/Al 25 with weight percentages of 1.5, 3 and 4.5 % Ga.
Analysis by H,-TPR, TPD-NH; and Py-IR indicated that a gallium loading of 3 wt.% inhibits both the
highest amount of active phase gallium, GaO*, and the highest acid site density. Catalytic testing of 4-
heptanone to aromatics under the optimum conditions found for the non-doped samples showed that
usage of 3 wt.% Ga-ZSM-5 results in a BTEX yield of 66 %.. This BTEX yield is higher than reported in
literature up to this point.

The effect of the weight hourly space velocity on both the selectivity and stability of the catalyst was
studied, out of WHSVs of 1, 1.5 and 2h™! a space velocity of 1.5 h! presented the highest initial BTEX
selectivity, but had fast deactivation compared to a WHSV of 1 h't. Combining the BTEX selectivity and
stability of the catalyst at different space velocities, a space velocity of 1 h?! was selected to be the
optimal.

Further optimization of the process by direct conversion of VFAs over Ga-ZSM-5 resulted in low
quantities of BTEX formed with approximately 10-20 %. yield. The majority of the carbon content in

this reaction ends up in CO, CO; and coke.

Dual bed catalysis of TiO, and ZSM-5 was not successful due to TiO, deactivating readily at the optimal
temperature for BTEX formation over ZSM-5.
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6 Outlook

In this thesis the main focus has lied with the aromatization of 4-heptanone. In the dual bed conversion
of acids, the reactant was however a mixture of acetic-, propionic- and butyric acid. Catalytic tests of
the separate ketones could give more insight in the reaction pathway and thereby create the
opportunity to further optimise the reaction.

Gallium has only been impregnated on ZSM-5 with a Si/Al of 25. According to literature, gallium is
deposited on silicon atoms rather than on aluminium atoms. Decreasing the Si/Al could result in a
higher concentration of the active species for the dehydrogenation step for the reaction. Therefore
impregnating ZSM-5 Si/Al of 11.5 with gallium could result in a higher BTEX selectivity.

At the same time, after gallium impregnation the dispersant was removed by rotation evaporation.
This evaporating of the solvent can have caused the formation of “hot spots” of gallium on the surface
of the zeolite. Other drying methods such as freeze-drying could therefore result in a better
distribution of the gallium species, and thus lower percentages of gallium ending up in bulk Ga,0s;
particles.

During the conversion of VFAs over a dual catalytic bed, both of the catalysts were placed in a single
oven with a single temperature. By using an oven with either a temperature gradient or two separate
ovens, both catalysts can react under their perfect conditions, optimizing the results of the reaction.

In this thesis, no research has been performed on the cause of deactivation of the catalyst. Analysing
the spent catalyst by TGA-MS could indicate the extend of coke formation on the catalyst. Whereas
post-reaction H,-TPR could indicate the deactivation of gallium by reduction. If the catalyst is
deactivated by coke formation, it could be regenerated by increasing the temperature in an oxygen
rich environment. While if the catalyst deactivated by reduction of the gallium species, oxidation of
Ga*to GaO* by NO could recover the activity and selectivity of the catalyst after a significant time on
stream.*®
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A 2 BJH-analysis
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C H2-TPR
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