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Abstract 

Furanic compounds represent an important class of platform chemicals derived from biomass. Their 

conversion to the conventional chemical building blocks such as light aromatic compounds would serve 

a link between current fossil-based chemical industry and biomass.  

Conversion of furanics over zeolite catalysts lead to a mixture of aromatic products including mostly 

benzene, toluene and xylenes (BTX). However, this process possesses a fast deactivation of the 

catalysts due to coke formation. Another issue is a relatively low selectivity to desired products. In this 

work we investigated several aspects of this reaction including the catalyst properties and the feed 

composition in order to improve the reaction performance.  

In the first part we study the effect of the feed composition on the reaction. Currently discussed in 

literature, Diels Alder mechanism which is enhanced by ethylene co feeding is examined. Further, we 

suggest that addition of methanol instead of ethylene could have a positive effect on the reaction 

performance. We attribute it to the fact that methanol can be involved in methylation reactions with 

reactants, intermediates and even with the final reaction products.  

We also study the effect of the morphological parameters of HZSM5 zeolite. We examine such 

parameters as zeolite acidity, crystal size and mesoporosity on the catalytic performance. Commercial 

as well as synthesized zeolites are used for the experiments. Those materials are thoroughly 

characterized by various methods including XRD, Ar physisorption, SEM and ICP. Zeolite morphology 

influences such an important parameter as ratio between external and internal Brønsted acid sites.  

Our results suggest that the external sites are indeed more active and less selective. Removal of 

external BAS and inducing of mesoporosity both appeared to have a positive influence on the BTX 

selectivity. From the substrate scope it is apparent that ethylene has only minor influence on the 

reaction, while methanol addition leads to significant changes in the catalyst lifetime as well as the BTX 

selectivity. Finally we show that under studied reaction conditions zeolite catalysts can be regenerated 

and re-used. The reaction-regeneration cycles experiments confirm the high stability of the catalysts.  
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Introduction  

The global demands for energy and materials keep increasing while oil reserves are depleting. On 

the other hand the air pollution and temperature levels keep on rising due to increased carbon dioxide 

emission. [1][2] Figure 1 below shows the increase of carbon dioxide emission from the fuels over the 

past 45 years, here a doubling of the carbon dioxide emission can be seen. (As reported by 

International Energy Agency © 2018 OECD/IEA) 

 
Figure 1. CO2 emission from fuels in million tonnes. (IEA © 2018 OECD/IEA) 

Those facts along with other ecological and economical issues have been leading to an increased 

motivation towards studies associated with carbon dioxide neutral production of chemicals and energy 

over the last decades.[3] The main challenge for the modern chemical industry is to overcome 

dependency on the fossil sources and to shift towards a more sustainable basis. Biomass-based 

chemical production is one of the potentials solutions along with the Fischer-Tropsch process and CO2 

reduction. There are several advantages of utilizing biomass as a source of chemical building blocks. It 

is readily available and does not contain sulphur and nitrogen in contrast to the conventional fossil 

fuels. The traces of S and N cause strong negative effects on the environment.[4] It is also worth noting 

that the content of metals in biomass is significantly lower than it is in fossils. Most of the transition 

metals and namely V, Cr, Ni, and Fe cause issues in crude oil catalytic conversion processes. Those 

metals deposit on the catalysts and block the active sites.[5] Furthermore many processes which have 

been developed for biomass conversion do not require substantial technological changes because the 

similar catalysts and process conditions. Thus, the catalytic and the reactor engineering solutions 

conventionally used can be easily adjusted for the biomass based feedstocks.[6][7] 

There are two different approaches to process the biomass-derived compounds. The first approach 

is to obtain conventional platform molecules from the biomass. In this case there are less changes 

required from the chemical infrastructure perspective. (See Scheme 1) Another approach involves 

obtaining of new biomass-derived platform molecules and developing of the respective technologies 

and markets for the production of novel chemicals and materials.[8] (See Scheme 2) 
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Scheme 1. Different approaches to biomass conversion: obtaining conventional aromatic building blocks and 

biomass platform molecules.  
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Scheme 2. 2,5-Furandicarboxylic acid as a potential substituent for terephthalic acid.  

The exact composition of biomass depends on its particular type and source. However there are 

three main constituents that can be defined. Those are lignin, cellulose and hemi-cellulose. Cellulose 

and hemi-cellulose are polysaccharides and they can be depolymerized to form monomeric 

carbohydrates such as fructose and glucose. Those can undergo further dehydration yielding 5-

hydroxymethylfurfural (HMF) which can be further hydrogenated to yield 2,5-dimethylfuran and other 

furanic compounds.[9] Those furanics are important biomass based platform molecules. Lignin on the 

other hand can be employed for many different things like binder, glue or as resource to produce 

vanilla.[6] A possibility of lignin conversion to chemicals has also been attracting attention.[10][11][12] 

Zeolite catalysis can be employed to obtain the classical platform chemicals from these biomass 

based furanic platform molecules.[13–15] Zeolites are aluminosilicate microporous materials. Their 

catalytic properties are based on three phenomena: first, confinement effect induced by microporous 

system; second, Brønsted and Lewis acid sites located in those micropores; third, diffusion of reactants 

and products through the micropores. Zeolites have been shown to effectively catalyse reactions 

associated with aromatization of furanic compounds. It has been found that the most productive 

topology was MFI whose channels size is matching a kinetic diameter of small aromatic moieties.[16] 
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For instance HZSM-5 reported by Hubert et al showed 29,2% conversion towards aromatics at 600 °C 

in aromatization of furan.[3] Products obtained on ZSM-5 mainly contained light hydrocarbons, 

aromatics. These catalyst suffer from the rapid deactivation due to coke formation. The formed coke 

species block the micropores and therefore the access to the active sites causing deactivation of the 

catalyst. [5]  

The mechanistic aspects of the furanics aromatization reactions are still not well known. In 

literature there is only one rather empirical parameter introduced which determines the reaction 

performance, namely the H/Ceff ratio.[17] Thus, this ratio limits the overall H/C ratio in the reaction 

products. Due to low hydrogen content, the reaction products are expected to be quite unsaturated 

and coke deposition occurs.  

𝐻𝐻
𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒

=
𝐻𝐻 − 2𝑂𝑂

𝐶𝐶
;
𝐻𝐻
𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒

=
𝐻𝐻

𝐶𝐶 − 1𝑂𝑂
 

On the other hand there were some attempts made to elucidate the reaction pathways. The most 

discussed proposal is based on Diels-Alder chemistry.[17][18] That suggests that furans can act as 

dienophiles in Diels-Alder reaction with either other furanic molecules or with unsaturated 

hydrocarbon compounds. Driven by this concept there was an idea to co-feed light unsaturated 

hydrocarbons namely ethylene and propylene with furanics to enhance those reaction pathways. That 

would also contribute to H/C ratio. However, the results indicate that there is no such a dramatic 

improvement in aromatic production.[19]  

In the aromatization of furan there are still quite some challenges, like fast deactivation of the 

catalyst and a wide range of products with different properties. In order to get insight in this process 

a method to follow the reaction with high temporal resolution is required.  

 

Figure 2. Schematic representation of furan aromatization reaction over HZSM-5 zeolite.  
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Thus, we think that chemistry of this process is not well defined yet and there are no models so far 

which would allow prediction on how improve or tune the performance of those reactions. In this 

project we will investigate the aromatization of furan on zeolite catalysts. Commercial zeolites as well 

as synthesized zeolites will be analysed. The zeolite catalyst will be synthesized by hydrothermal 

synthesis generally consisting of the flowing steps: nucleation of seeds, aging and growth of the 

crystals. The zeolite properties that we are going to investigate are; Si/Al ratio, size, mesoporosity and 

removal of external base. Furthermore a substrate scope will be made to investigate the effect of co-

feeding on the performance of the catalyst.  

Zeolite catalyst will be characterized in terms of crystallinity (X-ray diffraction, XRD), acidity (IR 

spectroscopy of adsorbed pyridine), size (Scanning electron microscopy, SEM), composition 

(Inductively coupled plasma optical emission spectrometry, ICP-OES), porosity (Argon physisorption), 

coke content (Thermal gravimetric analysis, TGA) and aluminium mobility (Al27 nuclear magnetic 

resonance spectroscopy, NMR). Activity and selectivity of these materials are analysed by making a 

temporal resolved, qualitative and quantitative analysis of the reaction products. This analysis is done 

by online GC and MS, qualitatively resolved by GCMS calibration and quantitatively resolved by 

calibration employing the combustion enthalpy estimation. Catalytic setup will be modified to allow 

for a programmable reaction and regeneration, blank measurements during pretreatment and reduce 

the effect pressure drop in the reactor. Finally, the stability of the catalysts is examined by multiple 

reaction regeneration cycles.  

We expect this reaction to obey following general properties of zeolite catalysis; first changing 

crystal sizes will affect the ratio of internal [BAS]/external [BAS] ([BAS] = concentration of Brønsted 

acid sites). Suggested in literature is that external [BAS] are more active but less selective. When this 

is the case for our reaction larger crystals are expected to have a higher live time and selectivity. At 

some point the crystals are so big full conversion will be reached before the centre of the crystal, so 

further size increase will have a negative influence since not all of the active sites will be used. [20] 

Secondly changing Al/Si ratio will change total acidity. Here again at some point further increase of 

[BAS] will have a negative effect. If increased [BAS] evenly distributed over internal vs. external BAS 

sites a proportional increase of activity is expected. Finally by removal of external BAS we hope to 

increased selectivity, since the likely more active external sites probably also produce the unwanted 

by products and cause deactivation of the catalyst by coke formation.[21][22]  

Furthermore we expect the co-feeding of methanol to have a positive effect on aromatic 

production. Based on earlier finding in our group we suggest multiple pathways for methanol to have 
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a positive influence and ‘’upgrade’’ the aromatic products. This could possibly be by methylation of 

furan, methylation of intermediates ore methylation of the produced aromatics.  

The goals of this project are to show that aromatic production via the biomass based route can be 

viable. And to get insight in the effect different morphological parameters on the aromatization of 

furan over zeolite catalysts and finally to estimate optimal crystal morphology for this process.  
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Experimental part 

Zeolite synthesis 

Hydrothermal synthesis of zeolite samples was performed in stainless steel autoclaves, fitted with 

100 ml Teflon liners. These autoclaves where placed in ovens with or without rotation depending on 

the synthesis conditions. The order of adding components is as followed (unless stated otherwise in 

synthesis procedure); alumina source, template, water, base and finally after alumina has dissolved 

the silica source is dropwise added. Generally the synthesis consists of 3 steps. First, preparing a 

synthesis gel. Second, this gel is aged to make the seeds and to ensure a homogeneous distribution of 

reactants. Third, the final step these seeds are grown into the zeolite crystals under the hydrothermal 

treatment conditions as shown in figure 3.[23][24]  

 
Figure 3. A scheme of the zeolite synthesis procedure showing three main steps of the synthesis.  

In some cases instead of a conventional oven we applied a microwave one for hydrothermal 

treatment. Some publications suggests that under microwave irradiation the growth of the zeolite 

crystals can be significantly enhanced.[25][26] In those experiments we used a Milestone MicroSYNTH 

advanced microwave synthesis station. The hydrothermal treatment of zeolite samples was carried 

out in 80 ml Teflon liners held in designated microwave holders. Heating properties of device where 

verified by heating 200 ml of water, divided over 4 Teflon liners. Heating profiles obtained were 

corresponding to the set profiles.  

List of Chemicals used: TPAOH Tetrapropylammonium Hydroxide ZEOGen TM SDA74; NaOH Sodium 

hydroxide Sigma-Aldrich 50%; TEOS Tetraethyl orthosilicate Merck ≥99%, Al(O-iPr)3 Aluminium 

isopropoxide Aldrich ≥98%; NaNO3 Sodium nitrate Sigma-Aldrich 99%; TPABR Tetrapropylammonium 
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bromide Aldrich 98%; Dimethyloctadecyl[3-(trimethoxysilyl)propyl]ammonium chloride TPHAC, 42 % 

in methanol Aldrich; Ludox AS-40 colloidal silica in H2O 40 wt.%, NaAlO2 Sodium aluminate VWR 

prolabo chemicals technical grade, pentaerythritol Sigma Aldrich 99%.  

Zeolite products obtained from the hydrothermal synthesis typically contain organic templating 

agent in the micropores. Therefore, they need to be calcined to remove it. Calcination is done under 

static air atmosphere at 550 °C (ramp rate 2 °C/min, 5 hours). After calcination is done, zeolite needs 

to be ion-exchanged to obtain Brønsted acid sites. Typical exchange procedure 3 repetitive cycles of 

treatment in 1M ammonium nitrate solution at 70 – 80 °C followed by calcination at 550 °C (ramp rate 

2 °C/min, 5 hours). Final Brønsted acidic materials were used for characterisation.  

For the catalytic runs, samples were pressed and sieved on a 250 – 500 µm mesh to ensure similar 

diffusional properties between the samples, generally 0.5 gram sample is loaded in the reactor. Prior 

to the reaction samples are calcined again under O2/He mixture (20% O2, 550 °C, ramp rate 5 °C/min).  

Commercial zeolites samples used in our work were: HZSM-5 13 SÜD-Chemie sample no. 377, 

HZSM-5 20 Albemarle batch: 80039, HZSM-5 40 Akzonobel and HZSM-5 200 SÜD-Chemie sample no. 

377.  

Characterization 

X-ray powder diffraction measurements were performed on a Bruker D2 diffractometer (Cu Kα 

radiation, scan speed 0.01°/s, 2θ range 5−60°). The relative crystallinity of the samples normalized to 

pristine HZSM-5 was evaluated by summing the areas of the reflections (hkl indices in parentheses) at 

23.1° (051), 23.3° (−501/ 501), 23.7° (−511/511), 24.0° (033), and 24.4° (−313/313).  

Scanning electron microscopy (SEM) was performed to determine the morphology of the 

synthesized materials. Analyses were carried out with a FEI Helios Nanolab 600 FIB-SEM instrument at 

15.0 kV acceleration voltage.  

Elemental composition (Si/Al ratio and Ga content) of the zeolite catalysts were assessed by using 

the ICP-OES. (Spectro CIROS CCD ICP optical emission spectrometer with axial plasma viewing). Prior 

to the measurement the zeolite samples were dissolved in a 1:1:1 (by weight) mixture of HF (40%), 

HNO3 (60%), and H2O.  

Mesoporosity was analysed by employing BET physisorption (Brunauer–Emmett–Teller) on an 

ASAP2020 Micrometrics surface area and porosity analyser. Prior to the measurement the zeolite 

samples were pre-treated under vacuum (temperature program: heating from room temperature up 

to 110 °C; hold for 1 hour; heating to 450 °C; hold for 3 hours under high vacuum).  
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Thermogravimetric analysis (TGA) experiments were carried out on Mettler Toledo TGD/DSC 1 star 

system, in 70 µl aluminium oxide crucibles. Approximately 10 µg sample was analysed. Heating 

program; starting temperature 40°C, end temperature 750°C and ramp rate 10°C/min.  

Detailed characterization of the acid sites and their quantification was achieved with IR 

spectroscopy of adsorbed pyridine. Spectra were taken in the 4000−1000 cm−1 range using a Bruker 

Vertex 70 V spectrometer. Samples were pressed to obtain self-supporting wafers (10−15 mg, 

diameter 1.3 cm) and then placed in the environmental cell. The samples were first pre-treated under 

O2/N2 (40/60) flow at 550°C (heating rate 5°/min) to eliminate adsorbed species from the micropores 

and then cooled down under vacuum (ca. 10-5 mbar). For pyridine adsorption experiments pre-treated 

samples were exposed to an access of pyridine vapours at 150°C. Spectra were then recorded at 

different temperatures (150 – 450 °C) under vacuum. Heating rate was set to 5 °/min and under each 

temperature the samples were kept for 60 min before recording a spectrum. For quantification of 

Brønsted and Lewis acid sites the integral molar extinction coefficients of 0.73 and 1.11 cm/mol 

respectively were used.[27,28]  

27Al MAS NMR was used to determine the mobility of aluminium in active catalyst. NMR used 11.7 

T Bruker DMX500 NMR spectrometer with a Bruker 2.5-mm MAS probe head spinning at 25 kHz. The 

samples were hydrated prior to the measurements in a desiccator over water vapours.  

Analysis part 

Optimization of the catalytic setup and the reaction product analysis 

The reaction we describe in the present work is the aromatization of furan over HZSM-5 zeolite, 

with general reaction scheme: 

+ + +O +

 
Scheme 3. Simplified reaction scheme for furan to arenes reaction on HZSM5.  

Based on the data found in literature we expect that there will be three main groups of the 

products: C1 – C3 light hydrocarbons (LHC), arenes which includes BTX as well as more substituted 

methylbenzenes and heavier polycyclic products such as indane, indene, naphthalene and their 

alkylated derivatives.[29],[3] 

In order to get information about the product distribution and about its evolution on time, a 

qualitative, quantitative and temporal resolved analysis needs to be done. This is achieved by a tailored 

online GC and MS analysis. The MS is a Balzers Aktiengesellschaft Type: GSD 300 T2 No: BKM26263, 
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and is used for instant qualitative analysis of products. The GC system is Trace 1300 Gas 

Chromatograph equipped with a thermal conductivity detector TCD and a flame ionization detector 

FID and is used for the quantitative analysis. A TCD detector equipped with RT-Q-Bond column (length 

20 m; i.d. 0.32 mm; d.f. 10 µm) was used to analyse the light fraction of the reaction products including 

water, COx, C1 – C4 hydrocarbons. Aromatic products were analysed with a FID detector coupled with 

Rxi-5Sil MS (length 30 m; i.d. 0.32 mm; d.f. 0.25 µm. Method of calibration: standards and analysis of 

a gas mixtures with known components (benzene, toluene, dimethyl ether, methanol, Xylene). 

Typically reaction is done at 450 °C; WHSV ≈ 0.4 over HZSM5 zeolite catalyst.  

C2H4

C2H2

MeOMe

GC MS

He

O2

H2

Reactor

     

Figure 4. A scheme of the catalytic setup. Before (Left) and after (Right) the modifications.  

The old configuration of the setup had a several issues. The reaction feeding system and the pre-

treatment system were not separated. That did not allow the measuring of blanks during the pre-

treatment. Although capable of analysing a catalyst the setup is not automated and therefore requires 

someone to be present to physically switch valves at the desired temperatures. This problem was 

addressed by installing a computer controlled 6-way valve. Furthermore a pressure drop of the reactor 

was observed, the pressure in the saturators was somewhat lower (approximately 30 %). That caused 

some lagging at the start of the reaction which was associated with time needed to equilibrate the 

pressure in the system. We could observe that as a “saturation” period when concentration of 

substrate (or total carbon flow in case of the reaction) was increasing to its blank value over the first 

75 min after switch. This problem was addressed by installing a backpressure regulator, to ensure a 

slightly higher pressure in saturator compared to reactor. The substrate concentration in reactor of 

the new setup versus the old setup is shown in Figure 5 below.  

C2H4

C2H2

MeOMe

GC MS

He

O2

H2

Reactor
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Figure 5. Relative carbon pressure in the reactor before and after the modifications. 

On the figure 5 two trends can be distinguished. The first corresponding to the coking up of the 

catalysts, this will gradually cause less carbon to be adsorbed and can be seen as the slow increase in 

the carbon flow in the blue line and in the black line after 75 min. The second trend is corresponding 

to the build-up of pressure in the saturator and can be seen in the first part of the black line, in this 

part the carbon flow rapidly increases until pressure is equilibrated. The second part of the black line 

is again corresponding to the deactivation of the catalyst. 

The new catalytic setup included seven mass flow controllers (MFC), two thermostated saturators, 

a programmable six way valve, a programmable reactor oven, a GC, a MS, a Brooks instrument control 

box, a PC, stainless steel tubing, Teflon tubing and a bunch of tree way valves.  

Four MFC inlets where connected to the helium line, one was connected to a switchable gas bottle 

source (ethylene), one connected to oxygen and one connected to hydrogen. Of the four MFC 

connected to helium two feed pure He into the system and two will first go true a saturator. The 

saturators contain reactants (furan, 2,5-dMF, methanol) and are set in thermostats, this allows for a 

wide range of vapour pressures of reactants to be fed. The vapour pressure is calculated from the 

Antoine equation with the parameters of the corresponding compound obtained from the NIST 

database. The MFC’s where selected for the expected range of required flows and are calibrated using 

an ADM Universal Gas Flowmeter. This is done by sampling along the expected flow ranges than a plot 

of real flow versus set flow is made to get correction factors. This gives us correction factors for each 

MFC, these can be used to calculate real flows from the set flows. The MFC’s are connected to a Brooks 

Instrument control box.  

The upper four MFC’s are used to feed reactants into the system. The remaining three MFC’s are 

dedicated to the pre-treatment or regeneration of the catalyst. For the regeneration of the catalyst 20 

% oxygen diluted with He is fed through the reactor at elevated temperature.  

The six way valve has two operating modes: reaction and regeneration mode, switchable by an 

external event on the GC. In the ‘’reaction mode’’ the reactants are fed through the reactor, before 
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going through the analysers. In the ‘’regeneration mode’’ the reactants are fed through the GC which 

allows the blank measurements on the reactants in feed. Simultaneously the regeneration stream goes 

through the reactor, before going out.  

The reactor oven can be programed via the computer interface. The temperature program can 

include up to 16 steps.  

The online GC MS analysis 

A typical approach employed in literature for these type of aromatization reactions includes 

collection of the reaction products in a cold trap followed by the ex-situ GC and MS analysis of this 

mixture. While this method provides information about the cumulative production and the final ratios 

of product, it does not provide information about the progress of the reaction and the changes in 

product distribution over the time on stream (TOS). However, this could provide important information 

about the possible reaction pathways and mechanisms. To provide the full product distribution along 

the TOS a detailed on-line characterization of reaction products needs to be made.  

In order to investigate the composition of the reaction products we carried out a test experiment 

when furan with partial pressure 1.2 kPa was reacted at 450 °C over a commercial zeolite catalyst 

HZSM-5 (Süd-Chemie, Si/Al 13). The reaction was followed by GC and MS systems installed 

downstream to the reactor. We found that there are many various products evaluating from the 

reactor, this can be seen as many different peaks in the GC-FID and GC-TCD.  
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Figure 6. GC-FID response (left), GC-TCD response (right) HZSM-400, 450 °C, furan 1.2 kPa.  

As the first approximation we can described and try to assign the peaks based on our previous 

experience working with this column and knowledge about the approximate composition of the 

reaction products. The first peak at 1.4 min in GC-FID channel can be assigned based on literature and 

the boiling point estimation. This peak most likely correspond to so-called dead time of the column 

and can be linked to LHC. Furthermore it is known that the BTX are evolving in the range from 1.9 till 
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3 min. The heaviest (higher boiling points) compounds like naphthalene and substituted naphthalenes 

are expected near the end at approximately 7.5 till 9. In the GC-TCD response the lightest compounds 

C1 and C2 like methane, ethylene and ethane are expected to evolve first. Followed by H2O and finally 

the C3 and C4 compounds like propene, propane and butane will evolve before the backflush is 

activated.  

To get more detailed qualitative composition of the reaction products we performed GC-MS 

analysis. For that the outlet of the reactor was connected to a liquid nitrogen trap. The collected liquid 

samples after dilution in 1 ml of acetone were analysed with GC-MS. As an example of the GC-MS 

analysis benzofuran and 1-methylindene and their recognition via the MS library is shown in figure 7 

 

Figure 7. GCMS spectra comparison to library for benzofuran and 1-methylindene. 

For the other peaks in the GCMS analysis a similar comparison is made between the measured MS 

spectra at a certain retention time and the MS library. All peaks where assigned employing this 

method. The results are shown in figure 8 where all the peaks in the GC-FID and the GC-TCD channel 

are assigned.  

 

Figure 8. GC-FID and GC-TCD response, HZSM-400, 450 °C, furan 1,2 kPa.(with peak assignment).  

A mixture of standard compounds fed into the analysis line using a saturator was employed to 

adjust a GC method and ensure good separation of the real reaction products. The method that was 
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selected has a duration of approximately 9 minutes and 10 second, heating program from 50 °C to 200 

°C with rate of 20 °/min TCD backflush starts at 6 minutes after the program start.  

For quantitative analysis we have calibrated TCD and FID detectors by injecting a known amount of 

the corresponding chemicals. Using a temperature controlled saturator we performed calibration of 

FID for benzene, toluene, xylene (m-, p-, o-), furan, 2-methylfuran, 2,5-dimethylfuran, methanol and 

dimethyl ether. Calibration of TCD performed for permanent gases including CO, CO2, methane, 

ethane, ethylene, propylene, propane was done with a standardized mixture contained in a high 

pressure cylinder.  

We determine a calibration coefficient ki as a proportion between a detector signal and a 

concentration of compound i: 

𝑘𝑘𝑖𝑖 =
𝑆𝑆𝑖𝑖
𝑝𝑝𝑖𝑖

 

Because of a high complexity of the product mixture for some of the compounds we approximated 

FID k values employing a combustion enthalpy based approach.[30] This approach involves a 

calculation of so-called MRF based on the difference in the combustion enthalpy which is 

approximated from the elemental composition of a corresponding compound using empirical 

coefficients. By extrapolation of experimentally measured ki proportionally to respective MRFi we 

obtained ki for all the products.  

𝑀𝑀𝑀𝑀𝑀𝑀 =  
(𝐴𝐴𝐴𝐴 )(𝑀𝑀 𝐼𝐼𝑆𝑆𝐼𝐼𝐼𝐼)
(𝑀𝑀𝐴𝐴 )(𝐴𝐴 𝐼𝐼𝑆𝑆𝐼𝐼𝐼𝐼)

  

𝐴𝐴𝐴𝐴 = 𝑃𝑃𝑃𝑃𝑃𝑃𝑘𝑘 𝑃𝑃𝑎𝑎𝑃𝑃𝑃𝑃 𝑜𝑜𝑜𝑜 𝑐𝑐𝑜𝑜𝑐𝑐𝑝𝑝𝑜𝑜𝑐𝑐𝑃𝑃𝑐𝑐𝑐𝑐 𝐴𝐴 

𝑀𝑀𝐴𝐴 = 𝑀𝑀𝑜𝑜𝑀𝑀𝑃𝑃𝑎𝑎𝑃𝑃𝑐𝑐𝑀𝑀 𝑜𝑜𝑜𝑜 𝑐𝑐𝑜𝑜𝑐𝑐𝑝𝑝𝑜𝑜𝑐𝑐𝑃𝑃𝑐𝑐𝑐𝑐 𝐴𝐴 

∆𝐻𝐻𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝐷𝐷𝐷𝐷𝐷𝐷  =  11.06 + 103.57(𝑐𝑐𝑐𝑐) + 21.85(𝑐𝑐ℎ) + 48.18(𝑐𝑐𝑐𝑐) + 7.46(𝑐𝑐𝑠𝑠) + 74.67�𝑐𝑐𝑒𝑒� + 24.44(𝑐𝑐𝑐𝑐𝑐𝑐)

+ 11.90(𝑐𝑐𝑐𝑐𝑏𝑏) + 2.04(𝑐𝑐𝑖𝑖) 

(𝑐𝑐𝑖𝑖) = 𝑐𝑐𝑛𝑛𝑐𝑐𝑎𝑎𝑃𝑃𝑛𝑛𝑎𝑎 𝑜𝑜𝑜𝑜 𝑃𝑃𝑐𝑐𝑜𝑜𝑐𝑐𝑎𝑎 𝑜𝑜𝑜𝑜  𝐴𝐴 

𝑀𝑀𝑀𝑀𝑀𝑀 = −0,071 + 8,57 ∗ 10−4∆𝐻𝐻𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐷𝐷𝐷𝐷𝐷𝐷 + 0,127 ∗ 𝑐𝑐𝑐𝑐𝑒𝑒𝑏𝑏𝑏𝑏𝑒𝑒𝑏𝑏𝑒𝑒 

These calculations are later verified by the measurements (see Figure 10). In order to relate GC area 

to partial pressures of compounds the k needs to be determined. The k values of available compounds 

where determined by measuring GC area along a known range of partial pressures. Furan and 2,5-dMF 

are shown in table 1 as example, other available compounds where calibrated in a similar way. The 

selected partial pressure range is shown in the table 1 below. For each partial pressure five GC 

chromatograms where measured and averaged to calculate k.  

Table 1. Calibration curve for GC-FID response factors Furan and 2,5-DMF. (MFC3 =furan, MFC6 = 2,5-dMF).  
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 T, °C MFC set point, ml/min Actual flows, ml/min p, kPa GC area 
 3 6 1 3 6 1 3 6 Σ Furan 2,5-dMF Furan 2,5-dMF 

1 -15 15 93 3 3 93 3 4,9 104 0,391 0,197 2099132 1656597 
2 -15 15 87 5 5 87 5 8,2 100,2 0,657 0,331 3717275 2645168 
3 -15 15 82 7 7 82 7 11,5 100,5 0,917 0,462 5406772 3582291 
4 -15 15 77 9 9 77 9 14,7 100,7 1,1767 0,593 6851400,2 4468662 
5 -15 15 71 11 11 71 11 18,0 100,0 1,447 0,730 8632062,2 5450853 
          (1) (1) 5869168 7613816 

 

Table 2. GC areas obtained for furan and 2,5-dMF.  

 1   2   3   4   5   
Furan 2,5-dMF Furan 2,5-dMF Furan 2,5-dMF Furan 2,5-dMF Furan 2,5-dMF 

1 2175367 1707846 3796185 2720648 5465351 3568007 6821867 4445502 8649663 5454072 
2 2022724 1623073 3679577 2629163 5371569 3584284 6905215 4526139 8620551 5428567 
3 2121815 1646144 3610787 2598448 5463426 3602100 6890470 4470694 8710304 5507786 
4 2066514 1650526 3747601 2667539 5372120 3606691 6789130 4420324 8694484 5467435 
5 2109240 1655396 3752225 2610044 5361394 3550372 6850319 4480651 8485309 5396405 

Average 2099132 1656597 3717275 2645168 5406772 3582291 6851400 4468662 8632062 5450853 

Stdev 2,8% 1,9% 2,0% 1,9% 1,0% 0,7% 0,7% 0,9% 1,0% 0,8% 

0,2 0,4 0,6 0,8 1,0 1,2 1,4 1,6
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Figure 9. Calibration curves of furan and 2,5-dMF; parameters of linear fit: GC area = p,kPa* 5867560; GC area 

= p,kPa* 7610910 for furan and 2,5-dMF respectively (linear fit is quite good in expected pressure range).  

Using similar calibration curves the following table was composed where all available compounds 

where measured, the remaining compounds where calculated.  

Table 3. FID response factors, measured and calculated.  
Retention time Component Measured Calculated 
0,888 Methane 1483804 1289623 
0,888 Ethylene 3086246 2410306 
1,018 Furan 5869168 5733850 
1,109 2-methylfuran  7327391 
1,15 Methanol 1049496 768289,3 
1,253 Benzene 8969409 8969409 
1,267 2,5-dMF 7613816 7317422 
1,53 Toluene 10264063 10562950 
1,86 Ethylbenzene  12156491 
1,893 p-Xylene 11145624 12156491 
1,922 m-Xylene 11145624 12156491 
2,1244 o-Xylene 11145624 12156491 
2,24 Propyl benzene  13750032 
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2,326 SA1*  13750032 
2,415 1,3,5-trimethylbenzene  13750032 
2,48 Styrene  11683633 
2,62 SA2  13750032 
3,024 SA3  13750032 
3,1 Indane  12156491 
3,17 MI1*  14870715 
3,24 MI2  14870715 
3,67 MI3  14870715 
3,72 Indene  11683633 
3,826 Benzofuran  11162299 
3,87 MI4  14870715 
3,96 Tetralin  12629348 
4,18 MIen1*  13277174 
4,267 MIen2  13277174 
4,293 MIen3  13277174 
4,358 MIen4  13277174 
4,41 MIen5  13277174 
4,54 MIen6  13277174 
4,635 MIen7  13277174 
4,816 MIen8  13277174 
4,89 MIen9  13277174 
5,07 Naphthalene  15528511 
5,38 Methylnaphthalene  17122052 
5,476 SN1*  17122052 
5,635 SN2  18715593 
5,772 SN3  18715593 
5,795 SN4  18715593 
5,91 SN5  18715593 

*Where SA stands for substituted light aromatic compounds which includes primarily isomers of methyl- and 
ethyl- benzenes; MI – methylated indanes; MIen - methylated indenes; SN – alkylated naphthalenes. 

A plot of measured coefficients versus calculated ones can be made to verify our approach for 

estimation of k values. The linear correlation with R2 of 0.993 shown on figure 10 below confirms that 

the calculation method described above can be used in our analysis.  
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Figure 10. Measured intensity versus calculated intensity GC-FID channel. 

In order to get the TCD response factors, a similar calibration method was applied. Where again a 

range of five partial pressures is selected and shown in table YY in the appendix. For each partial 

pressure there will be five measurements and those will be averaged to calculate the k values for the 

different compounds in the TCD channel. The k values for TCD are shown below in table 4.  
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Table 4. TCD response factors, measured. 

Compound Measured 

MeOMe 551378 
Methanol 347470 
Ethylene 311918 
Ethane 329003 
Water 159651 
Propylene 383349 
Propane 413073 
CH4 223223 
CO2 287765 
Furan 583345 
CO 258988,6 

Furthermore the GC is calibrated by measuring the retention times of known compounds that are 

expected to be in product stream and comparing these retention times (RT) to those of product peaks.  

A contour map representation of the data allows qualitatively comparing the catalytic tests with 

different conditions. On the figure 11 below the 2D contour maps for pure furan and dimethyl furan 

on theHZSM-5 catalyst are compared.  

 

Figure 11. Containing the GC of a product stream of furan (top) and 2,5-dimethylfuran (bottom) on HZSM-27, 
450 °C, furan 1,2 kPa compared to the RT of known compounds 



23 
 

From these figures it can be seen that the pure furan case has a faster deactivation, less light arenes 

and more bicyclic aromatics as compared to the dimethyl furan case. In the case with dimethyl furan 

we see a longer lifetime increased arenes production and increased BTX production.  

Finally when combining our qualitative and quantitative analysis method and measuring GC-FID and 

GC-TCD along the time on stream (TOS), the following pictures can be constructed, where the three 

main product fractions are separated. The resulting figures are shown below.  

 

Figure 12. LHC, BTX and bicyclic production in kPa of furan to aromatics on HZSM-5 40 

In the fraction LHC products CO and water are the main products of furan aromatization over 

HZSM5 40 zeolite. In the fraction BTX products Benzene and toluene are the main products. In the 

fraction bicyclic products Indene and methyl indene are the main products. For all the tree fractions 

the amount of product is decreasing toward the end corresponding with coking up of the catalyst.  

In order to get insight in total production and consumption these chromatograms are integrated 

over the time on stream (TOS), resulting in total cumulative amount produced, wish in term can be 

used to calculate carbon ore hydrogen selectivity’s. The formulas used for these calculations are shown 

below.  

𝑥𝑥𝑖𝑖(𝑐𝑐) =
𝑐𝑐𝑖𝑖𝑐𝑐𝑜𝑜𝑜𝑜

𝑐𝑐𝑖𝑖𝑖𝑖𝑏𝑏
               𝑎𝑎𝑘𝑘(𝑐𝑐) =

𝑐𝑐𝑘𝑘𝑐𝑐𝑜𝑜𝑜𝑜

𝑐𝑐𝑖𝑖𝑖𝑖𝑏𝑏 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑜𝑜𝑜𝑜
∗ �
µ𝑖𝑖
µ𝑘𝑘
� 

Conversion  Selectivity 

𝑋𝑋𝛴𝛴(𝐶𝐶𝑐𝑐𝑏𝑏𝑠𝑠𝑒𝑒𝑏𝑏) = �µ𝑖𝑖 ∗ �(𝑐𝑐𝑖𝑖𝑖𝑖𝑏𝑏 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑜𝑜𝑜𝑜)𝑑𝑑𝑐𝑐
𝑜𝑜
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In order to evaluate the analysis method the carbon balance, the hydrogen balance and the oxygen 

balance are made. When the balances are close to 100% this indicates that indeed all the reaction 

products are analysed. An example of the carbon and hydrogen selectivity of furan +4MeOH on HZSM5 

40 is shown below.  

 

Figure 13. (Left) Carbon selectivity of furan +4MeOH on HZSM-40, 450 °C, furan 1,2 kPa (Right) Hydrogen 

selectivity of furan+4MeOH on HZSM-40, 450 °C, furan 1,2 kPa (notice red is CO for left and H2O for right the 

other chemicals have similar colours) 

In the carbon balance it can be clearly seen that there is quite some coke production (15%) and 

unwanted light hydrocarbon production (15%). The BTX production is approximately 25%. 

Furthermore the total carbon selectivity is close to 100 % indicating that all products are analysed. 

With these cumulative total amount produced a hydrogen balance can be made and looks as followed.  

In the hydrogen balance it can be clearly seen that there is quite a lot of water production about 

55% and 20% of hydrogen goes towards aromatic products, approximately 10 % of hydrogen ends up 

in BTX. Here the total selectivity is again close to 100% indicating that we are indeed analysing all the 

reaction products in our approach. Considering that almost all oxygen is eliminated as water a 

hydrogen balance with 50% going to water can be expected since furan C4H4O than the eliminating 

water will cause about half of the hydrogen to end up in water.  

This quantitative and qualitative time resolved analysis method will be employed to analyse the 

aromatization reaction of furan. First the aromatization was analysed in the presence of methanol at 

different concentrations. This will hopefully provide information about the possible reaction 

mechanisms involved in this reaction and therefore provide a possibility to improve these reaction 

pathways.  

  



25 
 

Results and discussion 

Aromatization of furanics in presence of methanol 

In aromatization of furanic compounds CFP of cellulose co feeding of reactants is a wildly discussed 

method for ´´optimizing´´ the production of desired compounds. For chemical industry the more 

substituted aromatics are more valuable (benzene<toluene<xylene). Idea to co-feed ethylene with 

furan was suggested by Huber and co-workers.[3] They claim that it allows improvement in hydrogen 

to carbon ratios. Employing the assumption that product distribution depends solely on hydrogen-

carbon ratio. Therefore generally compounds like ethylene and hydrogen are co fed to improve this 

ratio. In case of hydrogen the catalyst needs to contain Pt, Pd or Ni species which would allow 

transhydrogenation pathways. On the other hand ethylene can act as dienophile in Diels-Alder reaction 

with furan or some reaction intermediates containing conjugated double bounds. However we think 

there is another possible approaches based on a different kind of chemistry. For instance it is known 

that methanol under these reaction conditions is capable of methylation of aromatics, and therefore 

could be hypothetically employed to enhance more valuable substituted aromatics production. 

Furthermore it is also known that methanol is capable of methylation of furan to methyl furan and 2,5-

dimethylfuran. Therefore also increasing aromatic products value. A third aspect of methanol co - 

feeding is that methanol might be capable of reacting with intermediates, reducing the growth of 

polyromantic species in the microporous system of the zeolite. These three aspects are summarized in 

scheme 4. In an effort to increase product value and decrease production of unwanted products like 

coke, a small co-feeding scoop is made on methanol and ethylene at several molar ratios. Methanol 

and ethylene where selected because of the positive effect on hydrogen/carbon ratio and methanol 

especially because possible methylation of furan, methylation of intermediates or methylation of 

aromatics as shown in scheme 4 below.  



26 
 

 

Scheme 4. Showing hypothesized reaction pathways through which the reaction performance could be 

improved in presence of methanol.  

To check our hypothesis about a possible effect of methanol co-feeding on the process 

performance, we carried out catalytic tests on commercial HZSM-5 (Süd-Chemie, Si/Al 13) catalyst. 

Prior to catalytic runs the physical chemical properties of the zeolite were evaluated. Actual Si/Al ratio 

determined by ICP analysis was 13. We compared the product distribution between the pure furan 

feed and with furan with the addition of two methanol. The cumulative carbon selectivities are shown 

on a Figure 14 we can see that for three main groups of products (light hydrocarbons, monocyclic 

aromatics including BTX and heavier bicyclic aromatics) the carbon selectivity’s are significantly 

different.  
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Figure 14. 2D GC (top) furan over HZSM5 13 (bottom) furan + methanol over HZSM5 13 

In figure 14 are clear differences in the pure furan and furan plus methanol case can be seen. The 

life time of the catalyst improves if methanol is co-fed and more compounds are produced, generally 

the methylated compounds of the original products are seen as well. A blank measurement of pure 

methanol over the catalyst is measured and is shown below.  

 

Figure 15. Conversion of methanol on HZSM5 40 zeolite catalyst.  
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Here it can be seen that pure methanol over the catalyst can be converted towards LHC and little 

amount of BTX. Furthermore a long lifetime of the catalyst is observed where almost no deactivation 

is taking place for the time window we are investigating.  

The carbon selectivity profiles can now be calculated for both the pure furan and furan plus 

methanol case, this is done in order to get insight in the product distribution as a function of the time 

on stream. These profiles are shown below in figure 16.  

 

Figure 16. BTX for furan on HZSM-5 13(Left), BTX for furan +methanol on HZSM-5 13(right)  

From Figure 16 clear difference in BTX production between the pure furan and furan + methanol 

case can be seen. In the case of pure furan there is hardly production of BTX which is verified by low 

carbon consumption. While in the case of furan + methanol there is a lot of BTX production which is 

again verified by high carbon consumption in this case. Furthermore an interesting trend in the p-

xylene production can be detected. Normally the production decreases towards the end of the reaction 

corresponding with the coking up of the catalyst. However for p-xylene there is an increase towards 

the end of the reaction. This could possibly be attributed to the coke formation, the xylenes that are 

produced on the top of the catalyst bed encounter enough active catalyst to isomerize. When the 

catalyst is mostly deactivated, there is no more time to isomerize so the least strictly hindered p-xylene 

is favoured. Thus, we can suggest that the majority of the processes taking place in the furanics 

aromatization reaction possesses strong dependence on the contact time.  

To compare the overall product distribution and the reaction yields, the total cumulative 

production is calculated and is shown below in figure 17. (according to formulas on page 22) 
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Figure 17. A,B and C are the different fractions (LHC, monocyclic and bicyclic) of Furan on HZSM-5 13, D,E and F 

are the different fractions of furan+ methanol on HZSM-5 13 

On Figure 17 the three separate product fractions are visualized, these fractions differ quite some 

between the pure furan and furan with methanol case. For instance in the LHC fraction it can be seen 

that there is a bit more coke formation in the furan with methanol case compared to the furan case. 

Furthermore it looks like the ratio between ethylene and ethane stays similar for those two cases. In 

the monocyclic products there is a clear shift towards more valuable compounds with benzene and 

toluene decreasing while the xylenes and substituted aromatics yields are increasing. When comparing 

the bicyclic product fraction it is clear that there is a lot more selectivity toward bicyclic products in 

the case of pure furan.  

These data suggest that methanol addition leads to significant decrease in the production of bicyclic 

aromatic compounds. Which can be possible attributed to the competition between alkylation and 

condensation processes.  
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To further investigate the possible role of methanol in the aromatization process, we performed a 

number of experiments with different substrates. While stoichiometrical amount of C and H were kept 

the same. We consider the following pathways could take place. First, conversion of methanol to 

ethylene followed by Diels-Alder coupling with furan. To check this pathway we perform an experiment 

with furan and ethylene mixture. Second, furan is first undergoing Friedel-Crafts methylation yielding 

2-methylfuran and 2,5-dimethylfuran which further undergo aromatization. To check this hypothesis 

we carried out reaction with 2,5-dimethylfuran.  

 

Figure 18. Selectivity towards BTX and consumption for the pure furan, furan +ethylene, furan + methanol 

case and 2,5-dimethylfuran case.  

From figure 18 a clear difference between the changing substrate to be co fed into the system is 

observed. When solely looking at the BTX production methanol seems to be most promising while 

ethylene even preforms slightly worse as compared to pure furan in terms of BTX production, however 

it has to be noted that co feeding ethylene has a positive effect on the heavier aromatic production. 

This suggest that the in literature proposed Diels-Alder mechanism might not be an active reaction 

pathway for synthesizing these aromatic product. Furthermore there is also the clear difference 

between 2,5-dimethylfuran and  furan+2methanol. The xylenes production is much higher in the 

methanol co feeding case. This suggest that the methanol is taking part in methylation of intermediates 

and/or methylation of aromatics and not just the in methylation reaction on furan. The zoomed in time 

resolved GC analysis on the furan plus methanol sample is sown below. Here the clear methyl furan 
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and dimethyl furan production can be seen indicating that the first path way where furan is methylated 

is indeed a possible reaction pathway at these conditions.  

Figure 19. Zoomed in time resolved GC analysis for furan + methanol on HZSM5 13.  

Thus methanol proved as a promising additive for these types of aromatization reactions, via 

methylation reactions on reactants, intermediates or final products, all resulting in more substituted 

more valuable aromatics. Ethylene has a minor impact, Diels-Alder reaction pathway seems less viable. 

Varying Si/Al ratio  

First we examined an effect of Si/Al ratio on the reaction performance. Si/Al ratio is one of the main 

parameters of zeolites determining location and density of active sites, and is known to affect the 

catalytic properties of zeolites. From the literature we know that activity of the zeolite catalysts is 

associated with [BAS] and [LAS]. The Si/Al ratio is directly related to [BAS] and [LAS] densities, positions 

and strength in the zeolite catalyst. In order to get insight in the effect of Si/Al ratio we characterized 

and analysed a set of commercially available HZSM-5 catalyst with Si/Al ratios varying between 13 and 

200.  

To verify the crystal structure of the commercially available samples XRD analysis was performed. 

In the XRD patterns a clear MFI crystal structure can be recognized for all four of the commercial 

samples. The parameters of unit cell stay the same since no shifts of the XRD reflexes are observed.  
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SEM pictures were also made of the commercial available samples to access the crystal 

morphology. As one of the main concept of the project is that morphology also effect reactivity of the 

catalyst. Therefor ideally the crystal morphology should be similar to clearly see the effect of Si/Al ratio 

on reactivity.  

 

 

Figure 21. SEM pictures of different Al/Si ratios. 

In the SEM pictures a lot of different crystal morphologies can be distinguished, therefore directly 

comparing them will be difficult. However 13 and 200 can be compared due to similar crystal habitats 

in both samples.  

Table 5. Summary of the characterization of zeolites with different Si/Al ratios (based on adsorption and ICP 
data). 

Catalyst Surface 
Area m2/g 

Micropore 
Area m2/g 

External 
surface 

Area m2/g 

Micropore 
volume 
cm3/g 

Si/Al RSD, Al (%) 

HZSM5 13 321,3 281,8 39,5 0,11 13 3 
HZSM5 20 386,7 297,4 89,3 0,15 19 3 
HZSM5 40 329,6 276,1 53,5 0,11 41 4 

HZSM5 200 320,1 282,8 37,3 0,11   
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The adsorption measurements confirms that comparison of HZSM5 13 and HZSM 200 is possible 

since the micropore and external surface areas are similar. However like the SEM pictures already 

suggest the comparison of the other catalyst purely on changing Si/Al ratios is not possible because 

the changing crystal properties. The cumulative BTX production and cumulative furan consumption for 

different ratios Si/Al are calculated and shown below.  

 

Figure 21. Comparison for furan on changing HZSM5 ratios furan consumption (left) and selectivity (right). 

 

Figure 22. Comparison for furan + 10 methanol on changing HZSM5 ratios furan consumption (left) and 

selectivity middle and dimethyl ether production (right) 

From these pictures it is clear that changing the Si/Al ratio has quite a big effect in terms of activity and 

selectivity of the catalyst. For instance in the pure furan reaction HZSM5 13 and HZSM5 40 are 

preforming the best in terms of furan consumption, while HZSM5 20 has the best selectivity towards 

valuable BTX products. In the furan + methanol case HZSM5 20 is preforming best in terms of activity 

and selectivity. Furthermore it can be seen that in the reaction with methanol a lot more BTX is 

produced and an increased life time of the catalyst is observed. The total cumulative carbon 

selectivities can also be calculated and are depicted in figure 23.  
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Figure 23. Carbon selectivity for different Si/Al ration (left) furan, (right) furan + 4 methanol. 

On Figure 23 there is a clear difference between the furan and furan plus methanol case as 

explained in previous section. However when comparing different Si/Al ratios no clear trend can be 

determined. In an effort to try and get insight in the reaction a BTX carbon selectivity and carbon 

conversion comparison is made between the different Si/Al ratios and is shown in Figure 24.  
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Figure 24. Carbon selectivity towards BTX and carbon consumption (left) furan, (right) furan + 4 methanol. 

On Figure 24 we compare the different catalysts in terms of their carbon selectivity towards BTX, 

again a clear difference between the furan and furan + methanol case is observed. The methanol co-

fed reaction generally have a higher BTX selectivity and life time as compared to pure furan reaction. 

However there can no clear trend be distinguished between the different Si/Al ratios. When looking at 

the cumulative carbon conversion it looks like there is a maximum at intermediate Si/Al ratios, 

however since the catalytic properties are not solely influenced Si/Al ratio it is not yet clear ore this is 

a real effect or mealy induced by the changing properties between the commercially available catalysts 

as shown in the SEM pictures (Figure 21).  

Table 6. Summary catalytic results for changing Si/Al ratios. 

Catalyst Coke (%) BTX (%) Benzene (%) Xylenes (%) Life time (min) 
HZSM5 13 20 22 10 2.5 86,5 
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HZSM5 13 + 4 MeOH 22 25 3.5 13 56,6 
HZSM5 20 23 20 4 1 105,2 
HZSM5 20 + 4 MeOH 21 24 2 14 305,4 
HZSM5 40 10 16 6 2 132,1 
HZSM5 40 + 4 MeOH 18 28 3 16 171,8 
HZSM5 200 9 12 5 2 68,9 
HZSM5 200 + 4 MeOH 20 17 1 12 215,6 

Than a comparison between different ratios of methanol on different catalyst is made. In this 

comparison changing ratios of methanol are fed over HZSM5 13 and HZSM-5 20, and the cumulative 

BTX production and cumulative furan consumption are calculated and sown below in figure 25. 

 

Figure 25. Comparison of changing methanol to furan ration on HZSM5 13 and HZSM5 20, cumulative BTX 

production and cumulative furan consumption are shown. 

From the figure 25 a clear difference in the HZSM5 13 and HZSM5 20 case can be distinguished. For 

instance when looking at the cumulative furan consumption in the HZSM5 13 changing the methanol 

content does not have a great impact on the furan consumption, in the HZSM5 20 case increasing 

methanol content does effect the cumulative furan consumption. Furthermore the cumulative BTX 

production is also effected in different ways, for the HZSM5 13 case the lifetime of the catalyst seems 
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to improve with increasing methanol content, where in the HZSM5 20 case the BTX production 

increases with increasing methanol content.  

In order to get insight in the optimal ratio of methanol to co-feed in the system, a comparison in 

the BTX production for different furan to methanol ratios is made on catalyst HZSM5 13. This 

comparison can be seen in figure 26. From this figure it can be seen that furan consumption is more or 

less similar for all the different Si/Al ratio´s, while methanol consumption increases. Benzene 

production seems to decrease with increasing ratio´s while xylenes seem to increase with increasing 

methanol ratio. The results are summarize in the table 7 below.  

 

Figure 26. Carbon selectivity towards BTZ for furan + different ratios of methanol and their carbon 

consumptions on HZSM5 13 (left) and HZSM5 40 (right). 

Table 7 Results summarized for different furan to methanol ratios on HZSM5 13 and HZSM5 20. 

Methanol ratio BTX (%) Benzene (%) Xylene’s (%) Coke (%) Lifetime (min) 
HZSM-5 13      
Furan 15 7 1 20 77,5 
Furan + 1MeOH 25 6 8 15,9 78,0 
Furan + 2MeOH 29 5 12 14,0 77,5 
Furan + 4MeOH 28 4 13 13,5 95,2 
Furan + 10MeOH 29 2.5 16 10,8 97,9 
HZSM-5 20      
Furan 9,76 3,92 1,10 30,7 96,1 
Furan + 2MeOH 22,22 3,67 8,04 14,2 195 
Furan + 4MeOH 23,26 1,86 13,76 23,9 305,4 
Furan + 10MeOH 20,53 0,93 14,36 5,8 310,4 

From the table 7 and figure 26 a general trend can be distinguished where increasing the methanol 

contend leads to an increased lifetime and decreased coke production. Furthermore increasing the 

methanol ratio also has effect on the product distribution. Benzene fraction is going down when 

methanol content is increases and xylene production is going up. This observation is in line with the 

suggested reaction pathways for methanol addition (scheme 4). In these reaction pathway the higher 
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substituted aromatics can be produced by either upgrading the reactants, intermediates ore the final 

reaction products with methanol. Furthermore there is a clear difference between HZSM5 13 and 

HZSM5 20, where HZSM5 13 appears to be more selective towards BTX products while HZSM5 20 has 

the longest lifetime and therefore the highest total carbon consumption.  

The Si/Al ratio has a big impact on this aromatization reaction. The optimal ratio cannot be 

determined due to other morphological changes between the samples. However it seems like the best 

performances is observed for catalyst with intermediate Si/Al ratio. The co feeding of methanol has a 

lot of impact on the reaction as well, where HZSM5 13 and HZSM5 20 both react different. This could 

possibly be explained by the sites being in more close proximity on the HZSM5 13 which could aid in 

the deactivation of the catalyst by coke formation. [31] 

Effect of zeolite morphology 

Crystal size 

We exanimated the effect of the crystal size. Crystal size is one of the main contributing parameters 

to zeolite catalyst activities. Crystal size is directly related to the ratio of internal versus external BAS. 

Generally, internal sites are more selective and less active compared to external sites. If this is also the 

case for our system we would expect larger crystals to be more selective and have a longer live time 

due to less unwanted coke production.  

Figure 27. Showing reaction taking place in the micropores and on the outer zeolite crystal surface 

+

+ + + +

+ + +
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Figure 28. SEM pictures for different crystal sizes (left) large, (middle) medium and (right) Nano. 
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Figure 29. XRD patterns for varying crystal sizes 

Table 8. Summary characterization results for different crystal sizes, adsorption and ICP. 

Catalyst Surface 
Area m2/g 

Micropore 
Area m2/g 

External 
surface 

Area m2/g 

Micropore 
volume 
cm3/g 

Si/Al RSD, Al 
(%) 

Nano 321,8 272,4 49,4 0,12 29,7 3,9 
Medium 362,3 333,6 28,7 0,14 25,7 6,3 

Large 257,1 251,2 5,9 0,10 19,1 4,2 

From the SEM pictures (figure 27) the clear size difference between the samples is apparent and 

indeed the large crystals are the biggest and the Nano crystals are the smallest. XRD patterns are 

measured to verify crystallinity, a clear MFI crystal structure can be recognized for all three of the 

crystal sizes as shown in figure 29. From table 8 it can be seen that the adsorption measurements 

correspond whit the SEM pictures and indeed indicate the smaller the crystals the higher external 

surface area.  
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Figure 30. Cumulative consumption and production of furan and BTX on the different sized catalysts. 

In figure 30 a clear difference can be seen between the different sized zeolite crystals. Large crystals 

seem to preform best both in terms of cumulative BTX production and cumulative furan consumption. 

Thus it seems like the external BAS are indeed responsible for the coke formation and deactivation of 

the catalyst. While the internal BAS are likely the more stable and more selctive sites. This is in-line 

with our expectations.  

 

Figure 31. Left the total carbon selectivity for the different sizes, Right BTX selectivity and furan consumption 

for the different sizes.  

Table 9. Summary for the deactivation and coking on different crystal sizes.  

Crystal size Coke production  BTX Xylene’s Life time (min)  
Nano 25% 9% 5% 0 
Medium 27% 9% 2.5% 15,3 
Large 18% 8% 3% 77,8 

From Figure 31 and overview table 9 a clear trend can be distinguished where increasing sizes lead 

to increasing BTX selectivity. Furthermore also an increasing carbon consumption is observed for the 

bigger crystals. This could be explained by external BAS sites indeed causing the coke formation, so the 

less eternal BAS a sample has the longer the lifetime and the higher the BTX selectivity.  
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The size effect if further exanimated by comparing microwave synthesized zeolite crystals with 

different sizes. In order to make these different sizes an adjustment on a conventional microwave 

synthesis is tried, where the conventional microwave synthesis and the similar synthesis but whit twice 

the amount of seeds are compared. We expect the synthesis whit double the amount of seeds to yield 

crystals whit approximately half the diameter.  

Microwave synthesis 

Since no clear conclusion on size effect can be made due to interchanging crystal morphologies a 

further study on the effect of size is performed. For this ‘’new’’ size effect measurements a set of 

catalysts needs to be synthesized, where the crystals have a similar shape and aluminium content and 

solely differ in sizes. In order to synthesize these crystals a microwave synthesis is employed because 

literature suggest the faster crystallization in microwave synthesis. Finally two comparable zeolites 

were synthesized which are quite similar and only differ in size, SEM pictures were taken to verify the 

sizes and are shown below in figure 32.  

Figure 32. SEM picture micro (180) and micro (180) 2*seeds. 

From the SEM pictures it is clear that there is a sizes difference between the crystals where indeed 

the synthesis with two times more seeds yielded crystals of approximately half the size of normal 

synthesis. Furthermore the shape of the crystals is quite consistent between both samples.  

Table 10. Summary characterization results for different crystal sizes prepared by microwave synthesis, 

adsorption and ICP. 

catalyst Surface 
Area m2/g 

Micropore 
Area m2/g 

External 
surface 

Area m2/g 

Micropore 
volume 
cm3/g 

Si/Al RSD, Al 
(%) 

Micro (180) 326,5 304,1 22,4 0,12 18,5 13,9 
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Micro (180) 
2*seeds 

267,8 239,5 28,4 0,10   

The ICP characterization is in line with the SEM pictures and indeed shows a higher external surface 

area of about 30 %, for the micro (180) 2*seeds so even though the size difference is small the effect 

on the ratio between external and internal BAS is quite big. (22,4/304,1 = 0,0737 and 28,4/239,5 = 

0,119) If the trend from the previous part continuous we would expect the micro (180) crystals to have 

increased BTX production as compared to the micro (180)2*seeds. The results for the different micro 

wave synthesis are sown below.  

 

Figure 33. Cumulative furan and BTX consumption and production for the micro (180) (A,B) and micro(180) 

whit 2*seeds (C,D) in both the pure furan and furan +methanol reaction. 

From figure 33 a clear difference between the two sizes can be distinguished. For the runs without 

methanol the bigger crystals are worse in terms of furan consumption (figure 32 A) while BTX 

production for both sizes is similar (figure 32 C). If methanol is co-fed the bigger crystal is slightly better 

in terms of furan consumption (figure 32 B), BTX production in this case is also higher for the bigger 

crystal. Finally a comparison of selectivity depending on the time on stream can be made for both 

crystals in both pure furan and furan plus methanol case, this is shown below in figure 34.  
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Figure 34. Carbon selectivity and furan conversion for micro (180) and micro (180) with 2*seeds in both the 

pure furan and furan + methanol reaction.  

In the comparison in selectivities between the micro wave synthesized crystals in figure 34 again a 

clear in co feeding methanol is seen, where both lifetime and BTX production are improved. When 

comparing the micro to the micro 2*seeds in the case without methanol the Micro 2*seeds is 

preforming slightly better in terms of BTX production and conversion. In the case of methanol co-

feeding however the bigger micro crystals are preforming better both in terms of BTX production and 

lifetime. In this case the increase of p-xylene before deactivation of the catalyst is again observed. On 

the figure below the carbon selectivity towards BTX for both catalyst is shown.  

 

Figure 35. Selectivity towards BTX for the microwave synthesis, (left) pure furan (right) furan + methanol.  
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Figure 35 shows a clear difference between both catalysts, in reaction without methanol smaller 

crystals seem to perform better while in the methanol co-fed reaction the effect is the other way 

around and bigger crystals seem to perform better in both BTX production and lifetime.  

This effect could possibly explained by the external sites being more active, so in the pure furan 

case these sites are likely also producing the BTX products where in the furan with methanol addition 

case these external sites likely enhance the coke formation and therefore deactivation.  

In the normal synthesized sizes we likely have a too high carbon loading to see the effect where for 

the pure furan reaction the external sites are beneficial. Both in the methanol co fed and in the pure 

furan reaction on the microwaved crystals we can observe this effect and the external sites appears to 

be more active and less selective, this is in line with our hypotheses.  

Mesoporosity and deactivation of external BAS 

To further investigate other aspects of the zeolite morphology effect we examined the role of 

mesoporosity and selective deactivation of acid sites on the crystal surface. As stated in literature; the 

catalytic results suggest a complex inter- play between the texture and acid properties of the materials, 

in which enhanced mesoporosity may improve the accessibility of the effective acid sites involved in 

the series of steps for the HMF reaction systems. [20] By synthesizing HZSM5 zeolite with a 

mesoporous directing agent the effect of mesoporosity on this system is exanimated.  

The deactivation of external BAS is done to get insight in the performance of the internal BAS but 

also because generally speaking external sites are more active and less selective and will therefore 

most likely causes the quick deactivation of the catalyst. Removal of these external BAS could therefore 

have positive effects on the lifetime as well as increase selectivity. The removal of external BAS is done 

employing two methods found in literature [21] [22]. One employing a ‘’inactive shell’’ of HZSM5 

zeolite containing no Al, which is grown on active HZSM5 zeolite crystals. The other employing a post 

synthesis TEOS treatment on the active HZSM5 zeolite crystals, TEOS won’t penetrate the pores and 

will therefore only deactivate the external BAS.  

XRD patterns are measured typically the mesoporous sample will generally possess less XRD 

crystallinity, for all morphologies a clear MFI crystal structure can be recognized, and is shown in figure 

36. [32] 
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Figure 36. X-ray diffraction patterns and Ar physisorption data for the samples with different morphology 

 

Figure 37. SEM pictures mesoporous HZSM5 zeolite structure. 

Table 11. Summary characterization results for mesoporous zeolite and silylated zeolite, adsorption and ICP. 

Catalyst Surface 
Area m2/g 

Micropore 
Area m2/g 

External 
surface 

Area m2/g 

Micropore 
volume 
cm3/g 

Si/Al RSD, Al 
(%) 

Nano 321,8 272,4 49,4 0,12 29,7 3,9 
Sil@Nano 305,2 244,6 60,6 0,11   

Mesoporous 305,6 66,4 238,9 0,05 15,2 1,7 

From table 11 the clear effect of mesoporosity is apparent, it has the most external surface and least 

Micropore area. Furthermore one would expect the external surface area to go down for the slightly 

bigger  
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Figure 38. Cumulative furan consumption and cumulative BTX production on mesoporous catalyst in both 

pure furan and furan methanol case compared to HZSM5 20 

From figure 38 the influence of mesoporosity can be seen as compared to commercial zeolite 

catalyst with similar aluminium content. In the reaction with only furan both catalyst react in a similar 

fashion, while in the reaction of furan plus methanol the difference becomes apparent. In the reaction 

of furan + 4methanol the HZSM5 20 sample preforms slightly better in terms of cumulative BTX 

production and preforms similar in terms of the cumulative Furan consumption. This could again 

possibly be explained by the more active external BAS sites, which are more dominant in the 

mesoporous sample and are expected to be highly active but not as selective as the internal BAS sites. 

Therefore the mesoporous sample has the lower BTX production (selectivity) and similar Furan 

consumption (activity).  

 

Figure 39. Reaction profiles for the reaction of furan + 4methanol of 2-methylfuren dMF and 

methanol on HZSM5 20 and Meso.  

From figure 39 the clear difference between the Meso and HZSM5 20 catalyst can be seen. While 

in furan consumption and BTX production the catalyst appear to react similar, here the clear difference 

becomes apparent. When the catalyst starts deactivating the furan and methanol begin to react to 

form 2-methylfuran and dMF. In figure 39 it can be seen that Meso produces a lot more dMF and 
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therefore also consumes a lot more methanol. While the HZSM5 20 only methylate’s a large fraction 

of the furan once to form 2-methylfuran. This indicates the Meso sample being more active in the 

methylation reactions of furan.  

 

Figure 40. Left the total carbon selectivity for mesoporous versus HZSM5 20, Right BTX selectivity and furan 
consumption for mesoporous versus HZSM5 20 

From these figures again the same trend can be seen as in the microwaved size section where the 

additional external surface area has a positive effect in the pure furan cases. In the furan plus methanol 

case this effect is again reversed, here the additional external surface area has a negative impact and 

is likely responsible for the coke formation and deactivation of the catalyst.  

In order to verify the deposition of silica in the silylated sample the SEM pictures of the nano and 

sil@nano case are compared. In these figures the size difference indicates the thickness of the 

synthesized silicate layer. The SEM pictures are shown below in figure 40. 

 

Figure 41. SEM picture for the sil@nano (right) and the nano (left). 

Nano Sil@Nano 
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From figure 40 the size difference between the two samples becomes apparent a statistic analysis is 

performed on 50 data point of the crystal size the resulting histogram is sown below in figure 42. 

 

Figure 42. Sil@nano vs nano particle size distribution.  

From figure 41 it is clear that the Sil@nano (177 nm) is bigger compared to nano (145 nm), this 

indicates that the deactivation of external BAS indeed worked and that a layer of silicate with average 

thickness of about 30 nm is deposited. The catalytic performance of both catalyst is analysed by 

preforming the aromatization reaction of pure furan the results are shown below in figure 43 an figure 

43. 

 

Figure 43. Cumulative BTX production for the different morphologies of furan on HZSM5 zeolite. 

Figure 43 shows the impact of the removal of the external BAS can be determined. Removal of 

external BAS has a positive effect on the BTX production and lifetime of the catalyst. This could possibly 

be explained due to the external sites enhancing the formation of coke and thus the deactivation of 

the catalyst this is in line with the results from the changing sizes section. 
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Figure 44. Left the total carbon selectivity for the Nano and silylated at Nano, Right BTX selectivity and furan 
consumption for the Nano and silylated at Nano 

Table 12. Summary for the deactivation and BTX production on different morphologies. 

Crystal size Deactivation  Coke 
production  

BTX Xylene’s Life time 
(min) 

Nano Fast 23% 9.5% 2.5% 50 
Sil@Nano Fast 17% 9% 1% 80 

Here again the similar effect is observed as for the microwaved crystals. For the pure furan case the 

sample with relatively more external sites (Nano) is more selective towards BTX. However the life time 

is not improved for the Nano this hints towards the external sites indeed being responsible for the 

coke formation.  

The mesoporosity and the deactivation of the external BAS allow us to further investigate this 

influence of the internal versus the external BAS. For the silylated at nano the effect is clear and the 

removal of these external sites appears beneficial in carbon consumption and lifetime. This can again 

be explained by the external BAS being more active for the coke formation reaction.  

Stability of the catalyst 

From literature it is known that water is capable of deactivating the active sites, this mechanism is 

shown in scheme 5 below.[33] The stability of the catalyst in the long term is analysed employing our 

computer controlled six way valve, which allows for a programmable switch in feed between reaction 

and regeneration streams. This enables us to analyse multiple reaction/regeneration cycles on the 

catalyst automatically.  
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Reaction regeneration cycles 

The reaction regeneration cycles are analysed in terms of their furan and methanol conversion. This 

can be seen in figure 44 below, here we can see a decrease in furan conversion due to coke blocking 

active sites of the catalyst, after the regeneration furan conversion is again 100 %. 

Figure 45. Conversion cycles of Furan and methanol on HZSM5. Left: furan and methanol conversion. Right: 

carbon BTX selectivities of the reaction.  

A comparison in carbon selectivity’s between the cycles can also be made to verify whether the 

product composition is changing. This comparison is shown in figure 45 above, the changes between 

the cycles are very minor this indicates a high stability of the catalyst. 

Dealumination of zeolite 

In order to analyse the degree of dealumination after a few cycles an Al27 NMR spectra was 

measured after 4 cycles. In this spectra the extra framework aluminium peak is expected to be around 

0 ppm according to literature. When there is no extra framework aluminium peak the catalyst is stable 

and aluminium remains in the active sites. When there is an extra framework aluminium peak this 

indicates the deactivation of the aluminium.  
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Figure 46. Al27 NMR of the cycled catalyst 

In figure 46 there is clearly no peak around 1 ppm indicating that the catalyst does not undergo 

dealumination under the discussed reaction conditions.  
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Conclusion 

Methanol co feeding 

• Methanol co-feeding is an effective strategy to enhance BTX production in furan aromatization 

• We propose that methanol participates in alkylation of the reaction intermediates, aromatic 

compounds and polyaromatic coke species 

Morphology 

• Zeolite morphology plays an important role in the furan aromatization 

• Different processes take place in the micropores and on the external crystal surface 

Catalytic stability 

• The catalyst proved stable over multiple reaction regeneration cycles 

Recommendations 

Active sites 

• Cation modified zeolites: catalysing certain pathways  

• Different locations of BAS: intersection and channels 

• Spectroscopic study of the reaction intermediates 

Morphology 

• More detailed study of the mesoporosity effect 

• Further investigation of external/internal active sites 

• Experiments with in-situ deactivated external BAS 
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Appendix 

TCD calibration  

Table 13; Example of a calibration curve for GC-TCD response factors for Methane and Carbon dioxide. (MFC2 
=CO2, MFC5 = C2H4) 

 
T, °C 

Setpoint, 
ml/min 

Actual flows, ml/min p, kPa 
GC, Area 

 5 2 1 5 2 1 5 2 Σ Methane CO2 Methane CO2 
1 -15 15 99 0,3 1 99,0 0,3 1,1 100,4 1,113 0,348 259007,4 107297,4 
2 -15 15 98 0,5 2 98,0 0,6 2,2 100,8 2,219 0,578 502115,4 169128,8 
3 -15 15 97 0,7 3 97,0 0,8 3,3 101,1 3,318 0,806 749271 235404,6 
4 -15 15 96 0,9 4 96,0 1,0 4,4 101,4 4,410 1,033 981663,6 295467,4 
5 -15 15 95 1,1 5 95,0 1,3 5,5 101,8 5,494 1,259 1218470 358289 
          (1) (1) 223223 287765 

 

Table 14; results Calibration curve GC-TCD on CH4 and CO2 providing response factors 

 1   2   3   4   5   
Methane CO2 Methane CO2 Methane CO2 Methane CO2 Methane CO2 

1 258567 107789 504068 168241 748192 235149 982650 296975 1216021 358065 

2 258380 107803 494842 166830 743214 235342 988167 297400 1219711 358367 

3 263298 108171 504464 172031 742786 234660 968672 292622 1216737 361175 

4 257734 106468 504156 169353 751844 235795 981611 292809 1223073 357493 

5 257058 106256 503047 169189 760319 236077 987218 297531 1216807 356345 

Average 259007,4 107297,4 502115,4 169128,8 749271 235404,6 981663,6 295467,4 1218470 358289 

Stdev 1,0% 0,8% 0,8% 1,1% 1,0% 0,2% 0,8% 0,9% 0,2% 0,5% 
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Figure 44. Calibration curve of Methane; GC area = p,Kpa* 223219 for CO2; GC area = p,Kpa* 287766 (linear 

fit is quite reasonable in expected pressure range) 
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Overview table 

Table 15. Overview table results changing MeOH ratio on HZSM5 13 and HZSM520 

  Furan+ X*MeOH 

  diffrent MeOH ratio's on HZSM5 13 diffrent MeOH ratio's on HZSM5 20 

 Component 
Furan + 

1MeOH 
Furan + 

2MeOH 
Furan + 

4MeOH 
Furan + 

10MeOH 
Furan + 

2MeOH 
Furan + 

4 MeOH 
Furan + 

10MeOH 

main 
products 

 

LHC 38,33 40,52 41,74 41,90 15,14 22,83 37,61 
Coke 12,62 13,97 13,44 10,85 14,27 23,89 5,78 
BTX 24,96 28,85 28,04 29,11 22,22 23,26 20,53 
Napthalene 8,12 6,20 4,35 1,61 6,97 2,06 1,47 

 

CO 0,00 0,00 0,00 1,20 5,82 2,76 1,44 
CO2 4,28 2,84 1,98 0,00 0,00 0,00 0,00 

LHC 

Methane 9,79 6,89 4,63 2,05 2,24 3,67 3,91 
Ethylene 13,71 17,99 20,42 16,49 6,77 9,88 13,50 
Ethane 0,32 0,48 0,50 0,76 0,14 0,20 0,23 
Propylene 13,30 13,41 14,17 15,73 5,90 8,82 19,36 
Propane 1,21 1,75 2,01 6,88 0,10 0,26 0,61 

 C4 0,34 0,89 2,13 6,85 0,00 3,81 1,60 

 

MeOMe 0,34 0,89 2,13 6,85 0,00 3,81 1,60 
2-methylfuran 0,94 0,76 0,89 0,18 0,62 2,14 0,40 

aromatics 

Benzene 5,72 4,68 3,55 2,58 3,67 1,86 0,94 
dMF 0,15 0,21 0,26 0,06 0,00 1,26 0,25 
Toluene 11,47 11,83 10,51 10,19 10,51 7,64 5,23 
Ethylbenzene 0,23 0,23 0,19 0,30 0,91 0,78 0,43 

p-Xylene 2,65 3,99 4,48 4,84 2,21 4,02 3,94 
m-xylene 3,75 6,13 6,96 8,46 4,03 6,57 7,22 
o-Xylene 1,36 2,21 2,55 3,04 1,81 3,17 3,19 
Propylbenzen
e 0,00 0,00 0,00 0,01 0,01 0,03 0,02 
SA 0,49 1,04 1,45 2,03 1,84 5,02 7,41 
1,3,5-
trimethylbenz
ene 0,02 0,07 0,10 0,16 0,01 0,05 0,16 
Styrene 0,16 0,09 0,06 0,04 0,39 0,11 0,02 
Indane 1,34 1,12 0,80 0,25 3,61 1,92 0,59 
MI 0,41 0,43 0,35 0,18 1,82 1,56 0,72 
Indene 1,96 1,28 0,81 0,07 2,96 0,85 0,11 
MIen 1,57 1,26 0,89 0,20 4,12 1,68 0,61 

 Benzofuran 0,38 0,18 0,11 0,05 0,64 0,08 0,04 
aromatics Tetralin 0,01 0,01 0,02 0,01 0,07 0,13 0,05 

napthalens 

Naphthalene 0,11 0,11 0,09 0,19 0,50 0,12 0,13 
Methylnaphth
alene 3,70 2,26 1,35 0,33 1,59 0,41 0,09 
SNaph 4,32 3,83 2,92 1,09 4,88 1,53 1,26 

consumptio
n 

Furan 6,39 5,32 5,97 5,70 21,37 21,17 21,63 
Methanol 2,19 3,63 6,42 25,04 13,67 31,15 93,75 
Ethylene               
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Table 16. Overview table results for changing ratios of SI/Al and for changing substrates on HZSM5 13  

    Furan Furan+4MeOH HZSM5 13 

    Si/Al ratio Si/Al ratio 
Diffrent 

substates 

  Component  
HZSM5 
13 

HZSM5 
20 

HZSM5 
40 

HZSM5 
400 

HZSM5 
13 

HZSM5 
20 

HZSM5 
40 

HZSM
5 400 

Ethylen
e DMF 

main 
products 

 
 

LHC 12,49 6,65 10,02 1,05 33,77 22,83 27,15 15,46 53,20 14,32 
Coke 20,06 23,65 11,28 9,22 27,23 11,15 14,21 10,67 35,30 37,32 
BTX 22,13 9,76 15,16 11,20 24,88 23,26 27,94 16,84 21,60 30,78 
Napthalene 11,15 9,04 11,16 11,23 3,57 2,06 3,51 0,95 10,82 9,74 

  
CO 17,58 10,64 20,24 19,34 3,34 2,76 2,85 1,73 11,74 1,44 
CO2 2,55 1,47 1,40 1,13 1,22 0,00 0,00 0,00 0,00 0,47 

LHC 

Methane 0,00 0,00 0,00 0,00 1,67 3,67 3,19 1,78 0,00 0,04 
Ethylene 7,74 3,24 5,77 0,37 17,82 9,88 13,03 6,41 43,57 7,13 
Ethane 0,01 0,00 0,00 0,00 0,83 0,20 0,27 0,06 0,60 0,00 
Propylene 4,24 3,41 4,09 0,68 10,01 8,82 10,02 7,20 8,24 6,86 
Propane 0,51 0,00 0,17 0,00 3,44 0,26 0,64 0,02 0,80 0,29 

  C4 0,00 0,00 0,00 0,00 0,00 3,81 4,12 11,95 0,00 -- 

  
MeOMe 0,00 0,00 0,00 0,00 0,00 3,81 4,12 11,95 0,00 -- 
2-methylfuran 0,18 0,33 0,24 0,40 1,38 2,14 1,64 4,61 0,05 0,03 

aromatics 

Benzene 10,07 3,92 6,46 4,62 2,83 1,86 2,64 0,82 8,03 10,91 
dMF 0,00 0,00 0,00 0,00 0,37 1,26 0,92 2,60 0,00 0,26 
Toluene 9,80 4,74 7,14 5,25 8,88 7,64 9,59 3,81 10,26 15,17 
Ethylbenzene 0,27 0,30 0,31 0,40 0,55 0,78 0,46 0,74 0,73 0,19 
p-Xylene 0,84 0,30 0,62 0,37 5,06 4,02 4,67 6,64 1,16 1,37 
m-xylene 1,05 0,55 0,69 0,67 5,73 6,57 7,65 3,13 1,61 2,43 
o-Xylene 0,36 0,24 0,25 0,29 2,37 3,17 3,39 2,44 0,54 0,90 
Propylbenzene 0,00 0,00 0,00 0,00 0,01 0,03 0,02 0,09 0,00 0,01 
SA 0,12 0,44 0,22 0,51 1,65 5,02 4,17 6,35 0,40 0,28 
1,3,5-
trimethylbenzene 0,00 0,00 0,00 0,00 0,09 0,05 0,07 0,00 0,00 0,01 
Styrene 0,24 0,56 0,50 0,50 0,03 0,11 0,04 0,09 0,15 0,10 
Indane 1,13 1,57 1,83 1,97 0,82 1,92 1,63 1,39 1,79 1,04 
MI 0,30 0,71 0,66 1,14 0,45 1,56 1,26 1,45 0,48 0,86 
Indene 3,39 4,59 5,72 5,16 0,58 0,85 0,87 0,14 2,59 2,02 
MIen 1,89 3,95 3,66 5,47 0,60 1,68 1,27 1,56 1,89 1,58 

  Benzofuran 4,61 18,29 12,86 35,54 0,14 0,08 0,07 0,13 2,81 0,11 
aromatics Tetralin 0,00 0,00 0,00 0,00 0,02 0,13 0,09 0,19 0,01 0,06 

Napthalens 
 

 

Naphthalene 0,07 0,28 0,17 0,30 0,02 0,12 0,08 0,07 0,06 2,96 
Methylnaphthalen 6,86 4,48 5,38 5,49 1,02 0,41 0,36 0,09 6,48 3,45 
SNaph 4,22 4,28 5,62 5,44 2,53 1,53 3,07 0,79 4,28 3,34 

consumpti
on 

Furan 5,19 1,76 7,39 2,26 3,68 21,17 11,35 11,52 5,46 6,14 
Methanol         5,50 31,15 17,97 19,74     
Ethylene                 0,438   
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Table 18. Overview table results for different sizes. 

    Furan Furan+MeOH 
    Sizes normal micro micro 
  Component  Nano  Medium Large micro(180) Micro(180)2*seeds micro(180) Micro(180)2*seeds 

main products 

LHC 10,46 3,72 31,61 7,92 14,59 34,34 34,78 
Coke 24,99 73,87 15,33 23,92 34,99 21,98 22,81 
BTX 9,43 9,27 15,79 9,10 15,27 27,43 22,50 
Napthalene 5,51 5,55 9,63 1,11 0,81 0,35 0,32 

  
CO 16,23 2,64 0,00 14,27 14,49 3,37 3,11 
CO2 3,74 2,58 1,71 0,00 0,00 0,00 0,00 

LHC 

Methane 0,00 0,00 19,28 0,00 0,00 2,18 2,61 
Ethylene 3,60 0,67 6,94 4,38 7,02 18,33 18,76 
Ethane 0,00 0,00 0,00 0,00 0,00 0,68 0,53 
Propylene 6,85 3,05 5,29 3,54 7,30 11,06 11,16 
Propane 0,00 0,00 0,10 0,00 0,27 2,09 1,72 

  C4 0,00 0,00 0,00 0,00 0,00 1,72 1,98 

  
MeOMe 0,00 0,00 0,00 0,00 0,00 1,72 1,98 
2-methylfuran 2,16 0,32 0,52 0,55 0,42 0,68 1,48 

aromatics 

Benzene 2,98 3,08 6,87 3,94 6,60 3,67 2,76 
dMF 0,00 0,00 0,00 0,00 0,01 0,43 0,16 
Toluene 3,23 4,40 7,42 4,87 7,66 10,97 8,58 
Ethylbenzene 0,20 0,24 0,36 0,84 0,92 0,57 0,83 
p-Xylene 0,38 0,40 0,88 0,21 0,79 5,10 5,34 
m-xylene 0,21 0,90 0,46 0,00 0,00 5,56 4,11 
o-Xylene 2,62 0,50 0,16 0,07 0,22 2,13 1,71 
Propylbenzene 0,00 0,00 0,00 0,00 0,00 0,01 0,01 
SA 0,31 0,27 0,23 0,20 0,24 1,39 1,91 
1,3,5-trimethylbenzene 0,00 0,08 0,00 0,15 0,03 0,01 0,02 
Styrene 0,70 0,00 0,68 0,39 0,44 0,05 0,08 
Indane 1,38 0,07 1,83 1,99 1,25 1,15 1,18 
MI 0,33 0,00 0,57 0,72 0,39 0,58 0,69 
Indene 4,02 0,38 5,68 5,30 3,72 0,83 0,84 
MIen 3,31 0,37 3,82 5,40 2,51 0,92 1,13 

  Benzofuran 19,42 1,30 14,30 29,27 9,20 0,07 0,12 
aromatics Tetralin 0,00 0,00 0,00 0,00 0,00 0,03 0,06 

naphthalene 

Naphthalene 0,46 0,00 0,17 0,16 0,08 0,03 0,03 
Methylnaphthalene 2,50 3,29 4,67 0,01 0,00 0,01 0,01 
SNaph 2,54 2,26 4,78 0,94 0,73 0,31 0,28 

consumption 

Furan 0,17 1,41 0,87 0,87 2,38 4,48 3,48 
Methanol           6,89 5,66 
Ethylene               
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Table 19. Overview table results for different morphologies. 

    Furan Furan+4MeOH 
    morphologies Morphologies 
  Component  Sil@nano Meso Sil@13 Sil@20 Meso 

main products 

LHC 9,94 34,83 25,51 31,49 21,88 
Coke 15,94 18,76 34,45 31,73 20,68 
BTX 8,63 13,38 22,03 23,52 23,02 
Naphthalene 7,03 7,86 4,31 3,55 3,72 

  
CO 12,69 0,01 7,10 5,39 3,21 
CO2 2,80 7,55 0,00 0,00 0,00 

LHC 

Methane 0,00 12,53 0,91 1,54 2,72 
Ethylene 4,39 6,11 14,53 18,45 9,32 
Ethane 0,00 0,02 0,40 0,87 0,24 
Propylene 5,55 15,82 8,01 8,17 9,25 
Propane 0,00 0,35 1,65 2,46 0,35 

  C4 0,00 0,00 0,01 0,00 0,53 

  
MeOMe 0,00 0,00 0,01 0,00 0,53 
2-methylfuran 1,83 0,33 0,60 0,62 3,35 

aromatics 

Benzene 3,51 4,87 5,33 4,49 2,49 
dMF 0,00 0,00 0,05 0,05 1,21 
Toluene 3,83 6,73 9,70 9,29 9,42 
Ethylbenzene 0,41 0,59 0,59 0,77 1,04 
p-Xylene 0,44 0,50 5,03 6,53 3,31 
m-xylene 0,39 0,91 1,51 2,39 5,29 
o-Xylene 0,44 0,36 0,46 0,82 2,51 
Propyl benzene 0,00 0,00 0,00 0,00 0,04 
SA 0,58 0,43 0,26 0,39 2,84 
1,3,5-trimethylbenzene 0,00 0,00 0,00 0,00 0,09 
Styrene 0,67 0,47 0,13 0,09 0,06 
Indane 1,83 1,24 0,56 0,64 2,27 
MI 0,61 0,57 0,19 0,26 1,38 
Indene 5,19 3,44 0,90 0,87 1,30 
MIen 4,56 2,16 0,70 0,82 1,49 

  Benzofuran 25,37 7,34 0,33 0,19 0,27 
aromatics Tetralin 0,00 0,00 0,00 0,00 0,17 

Naphthalene’s 
 

Naphthalene 0,48 0,12 0,06 0,08 0,04 
Methylnaphthalene 3,25 4,13 2,81 1,94 0,88 
SNaph 3,30 3,61 1,45 1,53 2,80 

consumption 

Furan 0,39 4,00 2,98 2,25 16,75 
Methanol     1,86 1,95 15,49 
Ethylene           

  

mailto:Sil@nano
mailto:Sil@13
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Synthesis 

Large crystals Si/Al 25 
Seeding gel 
1TPAOH: 3 NAOH: 20 TEOS: 370.8 H2O 
1.75 gram 40% TPAOH and 13.8 gram NAOH 
are dissolved in 21.3 gram water and mixed. 
4.79 gram Silica is than added in portions under 
stirring. The resulting mixture is shaken for one 
hour at room temperature. Age at 100 ̊ C for 16 
hour. 

 
Syntheses gel 
3.3 NaOH: 1.2 Al(i-Opr)3 : 30 TEOS : 958 H2O 
2.56 gram Al(i-Opr)3  and 0.88 NAOH are 
dissolved in 86.78 gram water and mixed.  25.5 
gram Silica is than added in portions under 
stirring. The resulting mixture is shaken for one 
hour at room temperature.  50 gram seeding 
gel is added to the mixture and it is stirred for 
one hour. 

 
Crystallization 
Vessel: 50mL PTFE-lined stainless steel 
autoclaves 
Temperature: 180°C 
Time: 40 hours 
Agitation: none 
 
Product recovery 
The product is recovered by Buchner filtration, 
and thoroughly watched with distilled water. It 
is dried at 110˚C for 24 hours and pulverized in 
an agate mortar. Than calcined at 550 °C. 
Followed by tree centrifuge-decantation cycles 
using a 1 M ammonium nitrate solution. 
Followed by calcining at 550 ° 

 
Medium Crystals Si/Al 25 
3 TPOH : 1 NAOH: 1 Al(O-iPr)3 : 25 TEOS: 1500 
H2O 
4.5033 gram of TPOH, 0.2598 gram of NaOH 
50% and 79.1057 gram of distilled water are 
mixed, than 0.6041 gram of Al(O-iPr) is 
dissolved while stirring, finally 15.6071 gram of 
tetraethylorthosilicate (TEOS, 40% Merck) is 
dropwise added. 
Aging 
Temperature: 20°C 
Time: 3 hours 
Agitation: yes 
 

Crystallization 
Vessel: 100mL PTFE-lined stainless steel 
autoclaves 
Temperature: 150°C 
Time: 72 hours 
Agitation: none 
 
Product recovery 
Washing by tree centrifuge-decantation cycles 
with distilled water. Followed by drying in 
vacuum oven at 80 °C. Followed by calcining at 
550 °C. Followed by tree centrifuge-
decantation cycles using a 1 M ammonium 
nitrate solution. Followed by calcining at 550 °C 

 
Nano crystals Si/Al 25 
14.4 TPAOH : 720 H2O : 2 Al(OiPr)3 : 2 NaOH: 50 
TEOS: 2 NaNO3 

25.6 gram of Tetrapropylammonium hydroxide 
(TPAOH, 40%), 0.56 gram of NaOH (50%), 0.6 
gram NaNO3 and 30.0 gram distilled water are 
mixed than 1.44 gram of Al (OiPr)3  is added 
while stirring finally  36.9 gram 
tetraethylorthosilicate (TEOS, 40% Merck) is 
dropwise added. 
 
Crystallization  
Vessel: 100mL PTFE-lined stainless steel 
autoclaves 
Temperature: 150°C 
Time: 72 hours 
Agitation: none 
 
Product recovery 
The product is recovered by 3 centrifugation-
decantation cycles using distilled water. It is 
dried at 110˚C overnight. Followed by calcining 
at 550 °C. Followed by tree centrifuge-
decantation cycles using a 1 M ammonium 
nitrate solution. Followed by calcining at 550 
°C. 
 
Mesoporous crystals Si/Al 25 
5 TPABr: 10 NaOH: 1 Al(O-Ipr)3: 25 TEOS: 0.4 
TPHAC: 3600 H2O 
3.71 gram TPABr, 1.17 gram NAOH and 0.69 
gram TPHAC are added to 95.1 gram water and 
mixed. Than 0.3 Al(O-IPr)3 is added and the 
solution is stirred till Al(O-IPr)3 is fully dissolved. 
Finally 7.65 gram TEOS is dropwise added to 
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the solution under stirring. The solution is aged 
for 2 hours at room temperature. 
 
Aging 
Temperature: 20 °C 
Time: 2 hours 
 
Crystallization 
Vessel: 100 mL PTFE-lined stainless steel 
autoclaves 
Temperature: 150°C 
Time: 120 hours 
Agitation: yes 

 
Product recovery 
Washing by tree centrifuge-decantation cycles 
with 1 M ammonium nitrate solution. Followed 
by tree centrifuge-decantation cycles using 
distilled water. Than drying in vacuum oven at 
80 °C. Followed by calcining at 550 °C. 
 
Silicalite Si/Al 25 
7 TPOH: 20 TEOS : 9500 Water and  2gram 
Nano crystals Si/Al 25 
3,972 Gram of TPOH and 191 gram of distilled 
water are mixed, than 4.650 gram of TEOS is 
dropwise added under stirring. Finally 2 gram 
of Nano crystals Si/Al 25 are added. 
Aging 
Temperature: 80 °C 
Time: 3 hours 

 
Crystallization 
Vessel: 2*100 mL PTFE-lined stainless steel 
autoclaves 
Temperature: 100°C 
Time: 24 hours 
Agitation: None 
 
Annealing 
0.5 portion (one 100 ml autoclave) 
Time: 288 hours 
Temperature: 170 
Agitation: none 
 
Product recovery 
Washing by tree centrifuge-decantation cycles 
with 1 M ammonium nitrate solution. Followed 
by tree centrifuge-decantation cycles using 
distilled water. Than drying in vacuum oven at 
80 °C. Followed by calcining at 550 °C. 

 

Large crystals 2nd attempt Si/Al 25 
Seeding gel 
1 TPAOH: 0.5 NAOH: 5 Ludox (40%): 74.5 H2O 
2.347 gram 40% TPOH and 0.265 gram NAOH 
are dissolved in 9.685 gram water and mixed.  
8.0 gram Ludox (40%) is dropwise added under 
stirring. The resulting mixture is aged at 100 ˚C 
for 16 hour. 
 
Synthesis gel 
1.8 NAOH: 0.6 NaAlO2 : 15 ludox(40%)  : 383.7 
H2O 
1.2 gram NaAlO2 and 1.709 NAOH are dissolved 
in 135.74 gram water and mixed.  54.96 gram 
ludox (40%) is than added in portions under 
stirring. The resulting mixture is shaken for one 
hour at room temperature.  9.69 gram seeding 
gel is added to the mixture and it is stirred for 
one hour. 
 
Crystallization 
Vessel: 100 mL PTFE-lined stainless steel 
autoclaves 
Temperature: 180°C 
Time: 40 hours 
Agitation: none 
 
Product recovery 
The product is recovered by 3 centrifugation-
decantation cycles using distilled water. It is 
dried at 110˚C overnight. Followed by calcining 
at 550 °C. Followed by tree centrifuge-
decantation cycles using a 1 M ammonium 
nitrate solution. Followed by calcining at 550 
°C. 
 
Medium 2nd attempt 
3 TPAOH: 1 NaOH: 1 NaAlO2: 25 Ludox (40%): 
1500 Water 
4,69 Gram of TPAOH 0,265 gram NaOH 0,264 
gram NaAlO2  and 75,09 gram of distilled water 
are mixed, than 11,43 gram of Ludox(40%) is 
dropwise added under stirring. 
Aging 
Temperature: 20 °C 
Time: 4 hours 
 
Crystallization 
Vessel: 2*100 mL PTFE-lined stainless steel 
autoclaves 
Temperature: 150°C 
Time: 72 hours 
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Agitation: None 
 
Annealing 
0.5 portion (one 100 ml autoclave) 
Time: 288 hours 
Temperature: 170 
Agitation: none 
 
Product recovery 
Washing by tree centrifuge-decantation cycles 
with 1 M ammonium nitrate solution. Followed 
by tree centrifuge-decantation cycles using 
distilled water. Than drying in vacuum oven at 
80 °C. Followed by calcining at 550 °C. 
 
Distributed Al 
Seeding gel 
TPAOH: TEOS: H2O 
5.2 gram of TEOS, 3.2 gram TPAOH and 1.84 
gram of H2O are mixed. 
Aging 
Temperature: 80 °C 
Time: 24 hours 

 
Crystallization 
Vessel: 100 mL PTFE-lined stainless steel 
autoclaves 
Temperature: 170°C 
Time: 72 hours 
Agitation: none 

 
Synthesis Gel Si/Al 50 
SiO2: 0.02 Aluminum nitrate: 0.25 TPAOH: 8.3 
H2O 
37.57 gram 40% Ludox solution, 1.87 aluminum 
nitrate, 32.86 gram 40% TPAOH solution and 
33.16 
Gram H2O are mixed. 
Aging 
Temperature: 80 °C 
Time: 24 hours 

 
For reaction Synthesis gel and 5 wt% of 
calcined seeds are mixed. 

 
Crystallization 
Vessel: 100 mL PTFE-lined stainless steel 
autoclaves 
Temperature: 170°C 
Time: 72+92 hours 
Agitation: 

 

Synthesis Gel Si/Al 25 
25 SiO2: 1 Aluminium nitrate: 6.25 TPAOH: 
207.5 H2O 
37.66 gram 40% Ludox solution, 3.79 
aluminium nitrate, 31.71 gram 40% TPAOH 
solution and 32.33 Gram H2O are mixed. 
 
Aging 
Temperature: 80 °C 
Time: 24 hours 
 
For reaction Synthesis gel and 5 wt% of 
calcined seeds are mixed. 

 
Crystallization 
Vessel: 100 mL PTFE-lined stainless steel 
autoclaves 
Temperature: 170°C 
Time: 72+92 hours 
Agitation: 

 
Different degree of mesoporosity 
Mesoporous with half TPHAC 
5 TPABr: 10 NAOH: 1Al (o-ipr)3: 20 TEOS : 0.2 
TPAAC: 3600 H2O 
1.96 gram TPABr, 1.24 gram NAOH, 0.307 gram 
Al(o-ipr)3, 7.670 gram TEOS, 0.367 gram TPAAC 
and 95.26 gram H2O are mixed. 
Aging 
Temperature: 20 °C 
Time: 2 hours 

 
Crystallization 
Vessel: 100 mL PTFE-lined stainless steel 
autoclaves 
Temperature: 150°C 
Time: 120 hours 
Agitation: 
 
Mesoporous with 3/2 TPHAC 
5 TPABr: 10 NAOH: 1Al (o-ipr)3 : 20 TEOS : 0.6 
TPAAC: 3600 H2O 
1.96 gram TPABr, 1.21 gram NAOH, 0.309 gram 
Al(o-ipr)3 , 7.68 gram TEOS, 1.04 gram TPAAC 
and 95.26 gram H2O are mixed. 
Aging 
Temperature: 20 °C 
Time: 2 hours 
 
Crystallization 
Vessel: 100 mL PTFE-lined stainless steel 
autoclaves 
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Temperature: 150°C 
Time: 120 hours 
Agitation: 
 
TEOS treated (silylated) 
HZSM5 Si/Al 20 
3 gram of calcined HZSM5 Si/Al 20 is added to 
75 ml of hexane than 4 wt% of TEOS is added 
(0.45 ml) 
this mixture is refluxed and stirred for one 
hour, subsequently hexane is evaporated and 
the zeolite is dried at 220°C and calcined at 
550°C. This cycle is repeated tree times. 

 
HZSM5 Si/Al 40 
3 gram of calcined HZSM5 Si/Al 40 is added to 
75 ml of hexane than 4 wt% of TEOS is added 
(0.45 ml) 
this mixture is refluxed and stirred for one 
hour, subsequently hexane is evaporated and 
the zeolite is dried at 220°C and calcined at 
550°C. This cycle is repeated tree times. 

 
Microwave synthesis 
25 SiO2:1 Al: 20 TPAOH: 2000 H2O:20 NaOH 
7.05 gram 25 SiO2, 0.5 gram Al, 24,95 gram 
TPAOH, 67.46 gram H2O , 4.16 gram NaOH 
where mixed. 
 
25 SiO2:1 Al: 30 pentaetrithol: 2000 H2O:20 
NaOH 
5.71 gram 25 SiO2, 0.44 gram Al, 8.18 gram , 
67.46 gram H2O , 4.16 gram pentaetrithol , 3.51 
gram NaOH where mixed. 
 
Crystallization 
Vessel: 80 mL PTFE-lined in microwave holder 
Heating program 
5:00 to 160 °C 
2:30:00 140 °C 
Agitation: yes 
 
Large crystal 
Seeding gel 
47.19 gram H2O, 1.38 gram NaOH, 11,7 gram 
TPAOH, 39725 gram ludox 
 
Aging  
Stirred for 1h at room temperature 
 
Annealing 
16 h  

100 °C 
 
Synthesis gel 
3.92 gram Al(OH)3, 7.04 gram NaOH, 272.4 H2O 
are mixed and 113,1 gram ludox is added 
dropwise. 
 
Aging  
Stirred for 1h at room temperature 
 
Synthesis 
Normal, 80 gram synthesis + 4gram seed 
Micro, 80 gram synthesis + 4gram seed 
 
Normal crystallization for comparison 
40 h at 180 °C 

 
Micro wave Crystallization 
00:05:00 140 °C 
24:00:00 140 °C 
Set again because still gel  
00:05:00 160 °C 
20:00:00 160 °C 
00:10:00 50 °C 

 
Changing Seed concertation 
B) 80 gram synthesis + 4gram seed  
C) 80 gram synthesis + 8gram seed (4 gram 
removed to keep total at 84 gram) 

 
Crystallization 
00:05:00 180 °C 
22:00:00 180 °C 
 
D) 80 gram synthesis gel + 2 gram seeds 

 
Changing Si/Al ratio 
Si/Al 40  
Synthesis gel; 0.3185 gram Al(OH)3, 1,76 gram 
NaOH, 68,1 gram H2O, 28,27 gram Ludox 
80 gram synthesis + 4gram seed  
Set for 24 h at 180, set again for 18 h at 180°C 
 
Micro synth Si/Al 13 
6.458 gram TPABr, 0,5524 gram Al(OH)3, 1,73 
gram (NH4)2CO3, 0.7556 gram NaOH, 0.164 
gram KOH, 15.42 gram Ludox and 60.13 gram 
H2O 

 

Aging 
Overnight at room temperature 
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 Crystallization 
72h at 170°C, set again for 24 h at 170°C 

 
Micro synth Si/Al 20 
6,44 gram TPABr, 0,3030 gram Al(OH)3, 1,73 
gram (NH4)2CO3, 0.7512 gram NaOH, 0.156 
gram KOH, 15.42 gram Ludox and 60.134 gram 
H2O 

 
Aging 
Overnight at room temperature 

 
Crystallization 
72h at 170°C, set again for 24 h at 170°C 
(yielded an amorphous product) 

 
Micro synth Si/Al 40 
6,44 gram TPABr, 0,2060 gram Al(OH)3, 1,73 
gram (NH4)2CO3, 0.8088 gram NaOH, 0.175 
gram KOH, 15.42 gram Ludox and 60.134 gram 
H2O 

 
Aging 
Overnight at room temperature 

 
Crystallization 
72h at 170°C, set again for 24 h at 170 °C 
(yielded an amorphous product) 

 
Giant crystals 
8TPABr:123NH4:2 Al(OiPr)3:59 SiO2: 1040 H2O 

 
Crystallization solution; 14.704 gram TPABr, 
75.431 gram NH4, 3.69 gram Al(OiPr)3, 80.44 
gram SiO2, 64.59 gram H2O are mixed. 

 
For 100 µm crystals 160 Ml set for 
hydrothermal synthesis at 180°C for 7 days 
(reactor exploded so new mixture set again) 

 
For 300 µm crystals 80 ml solution + 80 ml H2O 
set for hydrothermal synth at 180°C for 7 days 
(reactor exploded so new mixture set again) 

 
50 ml crystallization solution is set at 180°C for 
7 days 

 
29 gram solution + 20 gram H2O is set at 180°C 
for 7 days 
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