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Abstract

In this project, the effect of weight hour space velocity (WHSV) and magnesium impregnation on coke
formation during methanol to aromatics (MTA) reaction was investigated. Nitrogen was used as carrier
gas in combination with a methanol saturator to lead this gas mixture through a packed-bed reactor.
A HZSM-5 catalyst was used in the reactor. The effect of WHSV on coke formation was analysed by
changing the amount of catalyst. Magnesium was impregnated in the HZSM-5 catalyst via incipient
wetness impregnation with different weight percentages of magnesium. The impregnated catalyst was
analysed with XRD, nitrogen physisorption and NH3-TPD. It was found that magnesium impregnation
does not affect the crystalline structure but decreases the acidity of the catalyst. Product analysis
showed that methane has the highest selectivity of the formed gas products and increases at larger
WHSV. It seemed that methane formation is favoured when the catalyst is deactivated. The spent
catalyst is analysed with thermogravimetric analysis (TGA). The TGA data shows that decreasing the
WHSV decreases coke formation, while magnesium impregnation increases coke formation. The
reason for this is higher amounts of catalyst decreases the average coke formation and that lower
acidity leads to carbon build-up, which is responsible for coke formation.
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Introduction

The use of fossil feedstocks has several disadvantages. The main disadvantages of fossil resources for
the future are depletion of fossil resources and their negative effect on the environment (He et al.,
2021). It has been found that methanol is a good alternative for synthesizing aromatics and low olefins
without using oil (Zhu et al., 2019). An important methanol process is the methanol to aromatics
process (MTA), which discovered by Mobil in 1976. This process is part of a general group ,which is
called the methanol to hydrocarbons (MTH) reaction (Li et al., 2021). The importance of this group of
reactions lies in the absence of petroleum resources, as mentioned before. Besides methanol to
aromatics (MTA), also methanol to olefins (MTO), methanol to propylene (MTP) and methanol to
gasoline (MTG) are all processes that are part of the general methanol to hydrocarbon reactions (Li et
al., 2021). All the produced chemicals, aromatics, olefins, propylene, and gasoline are important
(intermediate) compounds in the chemical industry.

Because the mechanism of the MTA-process is complex with multiple reaction steps involved, it is
accepted that the dual cycle hydrocarbon pool is the mechanism involved (Pinilla-Herrero et al., 2018).
The dual cycle hydrocarbon pool is a mechanism in which alkenes and aromatics are used as
intermediates between two inter-related cycles. In this mechanism several reactions are involved, such
as cracking, methylation, dealkylation cyclization and hydrogen transfer. At the acid sites of the
catalyst, methanol is dehydrated and then converted to alkenes, via the reactions mentioned before
(Li et al., 2021). The formed olefins could be converted to aromatics in two different ways. In the first
way olefins are converted to aromatics via hydrogen transfer reaction. In these reactions, alkanes are
formed as a side product. The second way to form aromatics from olefins is with the dehydrogenation
reaction. In this reaction hydrogen is formed. Due to formation of too large molecules deactivation of
the catalyst occurs (Pinilla-Herrero et al., 2018). The reason for this is that those large molecules cannot
diffuse through the pores of the catalyst, which leads to trapping of these molecules. Carbonaceous
deposits are formed, which deactivate the catalyst. This trapping, which leads to coke formation, is
one of the biggest drawbacks of the MTA-process.

The HZSM-5 catalyst has been widely used as catalyst for the methanol to aromatics reaction (Zhu et
al., 2019). The HZSM-5 catalyst used in this project has a SiO»/Al,0s ratio of 23. The catalyst is obtained
from Zeolyst International (product number CB-V2314) (He et al., 2021). The obtained catalyst is
converted from the ammonia-form into the H-form by calcination. The samples were consequently
pressed and sieved to a final sieve fraction of 300-500 um. It is demonstrated that modification of the
catalyst with metal ions (Ag* Zn?*,Ga?* and Ni*) modifies the acidity of the surface area of the catalyst
(Lietal., 2021). From other research it is found that modification changes the selectivity of the catalyst
in such a way that the hydrogenation reaction is favoured over the hydrogen transfer reaction, so that
formation of paraffins is supressed (Pinilla-Herrero et al., 2018).

Based on other research the following could be concluded. Firstly, the unmodified catalyst favours the
hydrogen transfer reaction (Zhu et al., 2019). The reason for this is that the hydrogen transfer index
(HTI index) is higher than for example the HZSM-5 catalyst which is modified with Zn metal ions. The
HTl index is defined as the ratio between C3- and C4-alkanes and C3 and C4-alkenes. The HTI index for
the unmodified ZSM-5 catalyst equals 19.18, while the HTI index for the Zn modified HZSM-5 catalyst
is between 1.87 and 3.54. The high value for the HTI index indicates that the selectivity for alkanes
should be high when the unmodified catalyst is used. Secondly, methane is formed in the MTA-reaction
via thermal degradation of methanol. This is the reason behind methane formation.
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The weight hour space velocity (WHSV) is the weight inlet of methanol as fraction of the weight of
catalyst. The weight inlet flow of methanol is determined with the Antoine Equation and the ideal gas
law (Winkelman, 2020). At equilibrium, the Gibbs energy of both the liquid and vapour phase are the
same. If the liquid and vapour are in equilibrium, the pressure is equal to the vapour pressure. With
the Gibbs Energy Equations, a relation between the vapour pressure and the temperature could be
obtained, the Antoine Equation. For many compounds, the constants in the Antoine Equation are
tabulated. The Antoine equation is only valid for a certain temperature range. The following form of
the Antoine Equation is used (with corresponding values for methanol (Dortmund Data Bank (DDB),
n.d.)):

B
P =104"T+c

A = 8.08097
B =1528.27
C = 239.7

15°C < T <100°C

With the obtained partial pressure, the Inlet weight flow of methanol could be determined. To do this
the ideal gas law is used. The total derivation for determining the inlet weight flow of methanol with
the ideal gas law is shown in appendix A.

To change the WHSV two parameters could be changed. These parameters are the gas flow of the
carrier gas nitrogen or the amount of catalyst. However, there are restrictions when changing the
temperature of the methanol saturator and the N,-flow. If the N>-flow is too high, no methanol
conversion is obtained. The reason for this is a too low residence time. The methanol is transported
too quickly through the reactor. A low flow rate correspond to a high residence time. This high
residence time leads to high conversion. The problem with a low flow rate is that the total reactant
flow per collection time (every two hours) is too low. This makes it impossible to collect liquid products.
The temperature of the methanol saturator is not a possibility to change the WHSV, because it changes
both the WHSV and the partial pressure. In this way the independent effect of the WHSV cannot be
determined.

Decreasing of the N, flow is not an option, because it leads to a too low reactant flow per collection
time. Also increasing the N,-flow is not possible, because from earlier experiment it is found out that
already at a WHSV of 9 the methanol conversion is low. This is the reason why in this project the
amount of catalyst is used to change the WHSV. To investigate to influence of the weight hour space
velocity, three different values for the WHSV are used. These values are 5, 7 and 9 hr'.The amount of
catalyst that is used in the Packed Bed Reactor (PBR) is 0.35, 0.25, 0.20 g, respectively. The values for
the weight hour space velocities are obtained with an Excel sheet (Figure 1).

A B C D E F G H | J K L M N o P Q R
1 |Antoine equation Pmethanol  0,35387 Bar WHSV
2 Ptotal 1 Bar Mass catalyst 02g
3 |P=104(A-B/(C+T) Fnitrogen 41 mL/min Z5M NaAl;Sigs-nO192'16H,0 (0<n<27)
4 Ftotal= Fmethanol + Fnitrogen n=4 Al/Si=23
5 |Methanol Fmethanol = x
6 A 8,08097 Molar mass MeOH 32,04 g/mol
7B 1582,27 x/(x+41)= Pmethanol/Ptotal
8 |c 239,7 x=(Pmethanol/Ptotal)*(x+Fnitrogen) PV=nRT n=PV/RT
9 [T 40 x=((Pmethanol/Ptotal)*Fnitrogen)/(1-(Pmethanol/Ptotal)) n 0,00091 mol/min
10 Fmethanol 22,455 mlL/min Fmass,MeOH 0,02904 g/min
11 Ftotal 63,455 mL/min Fmass,MeOH 1,74233 g/hr
12 |P 265,427 mmHG
13 0,35387 Bar
14 WHSV=Fmass,MeOH/Weight catalyst
15 WHSV 8,71167 hrr-1

Figure 1: Screenshot Excel sheet WHSV calculations
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The goal of this project is to investigate strategies to supress coking, which is a drawback of the MTA-
process. If from research solutions could be found to supress coke formation, this process could be
successfully commercialized, like MTO and MTP. In this project the influence of the weight hour space
velocity (WHSV) and the modification of magnesium of the catalyst are the used strategies to see what
the effect on coking is. It is expected that decreasing the WHSV, which means increasing the amount
of catalyst, decreases coke formation. Another expectation is that magnesium will change the acidity
of the HZSM-5 catalyst, like other metal ions (Li et al., 2021).

Experimental

Chemicals

The used HZSM-5 zeolite catalyst (SiO,/Al,Os molar ratio of 23) was obtained in the ammonia form
from Zeolyst International (product No. CB-V2314) (He et al., 2021). Methanol (>99,9%, CAS no. 67-56-
1) was supplied by Sigma Aldrich. Nitrogen used as carrier gas was obtained by Linde.

Catalyst preparation

The ZSM-5 catalyst is modified with Mg metal ions. This is done with a technique called incipient
wetness impregnation. Incipient wetness impregnation is the most widely used method for the
preparation of heterogeneous catalysts (Sietsma et al., 2006). During incipient wetness impregnation
the catalyst is impregnated with a solution that contains the precursor, in this case a solution of
MgNOs:6H,0. After impregnation, the product is dried and then further treated. Further treatment in
this case means calcination. After calcination, the impregnated catalyst is sieved to a sieve fraction of
300-500 pm.

The following procedure is followed for the incipient wetness impregnation: A round bottom flask was
taken in combination with a stirring egg. 500 mg of catalyst was weighted and added to the round
bottom flask. The amount of MgNQO3:6H,0 is determined depending on the weight percentage needed.
The amount determined was multiplied by a factor 10 and weighted. The MgNO3:6H,0 was dissolved
in 1.75 mL water. 0.175 mL of this solution was taken and added dropwise to the catalyst while stirring.
The amount of catalyst after impregnation was weighted and then transported to a small flask. The
flask was covered with aluminium foil in which small pores were made. The flask was put in an oven at
120°C and was heated overnight.

Catalyst characterization

The acidity and structure of the HZSM-5 catalyst and the magnesium impregnated catalyst were both
analyses. The analysis of the structure is done both wit X-ray diffraction (XRD) and with N,-
physisorption. For XRD a D8 Advance Powder Diffractometer with Cu Ka radiation was used (He et al.,
2021). It was operated at 40 kV and 40mA. The D8 Advance Powder Diffractometer is combined with
a LYNXEYE detector, which has a 26 scan range of 5-50°. For the XRD analysis samples of 0.200 g were
used. The Nj-physisorption is performed with an ASAP 2420 Surface Are and Porosity Analyzer to
obtain Nitrogen Isotherms at 77.3 K (He et al., 2021). The surface was determined with the Brunauer-
Emmett-Teller (BET) method. This is done by using the adsorption isotherms in the P/Po range of 0.05-
0.25.

The total acidity of the used catalysts is determined with NHs-TPD. The analysis is performed with an
Autochem Il 2920 using ammonia (He et al., 2021). The catalyst samples were placed in the analyser
at 550°C under helium flow (50 mL, 1h) and consequently cooled down to 100°C. Then the catalyst was
saturated with ammonia in helium (1.0 vol%, 50 mL min!) for one hour. The samples were purged with
helium to remove weakly absorbed ammonia.
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In the last step desorption of ammonia takes places in which the samples were heated again to a
temperature of 550°C (temperature ramp of 10°C min2).

The spent catalyst is analysed with thermogravimetric analysis. The thermogravimetric data was
obtained with a TGA 4000 Analyzer (He et al., 2021). The samples were heated from 50 to 700°C
(temperature ramp of 10°C min?) under an air flow of 50 mL min?. The amounts of carbon and
hydrogen on the spent catalyst were determined with an elemental analyser (EuroEA3000, Eurovector,
Italy).

Catalyst activity test
Setup

The used setup could be divided into three different parts: the methanol saturator, a packed bed
reactor and the condenser. In appendix B the piping and instrumentation diagram is shown. The first
part of the setup is the nitrogen storage tank. This tank is used to storage and deliver the carrier gas,
which is in this experiment nitrogen. The amount of nitrogen that flows into the system is controlled
with a flow indicator controller. After the flow indicator controller, the gas line is split into two different
tracks, a bypass track and the tracks that leads to the methanol saturator. The bypass track is used
when no reaction should take place. In the methanol saturator the nitrogen carrier gas transport the
methanol via a heating line to the reactor. The heating line is used to ensure a homogeneous mixture
without condensation. In this part of the setup the first check valve is placed, to ensure that the gas
stream only flows in the direction of the reactor. In the reactor the HZSM-5 catalyst is placed while
operating at a temperature of 450°C. After the reactor, a control valve is placed and after that a second
check valve is placed. The gas stream is then transported to the last part of the setup, which is the
condenser. At the bottom, the liquid product is separated from the vapour product. The vapour
product stream is connected to a three-way valve, in which the other outlet is the vent.

Methanol to aromatics Reaction

The Methanol to aromatics reaction was carried out with the setup described above. Before the
reaction, it was checked if the bypass mode was on. It was also checked if the vent vale worked well.
Then it was checked if the N,-bottle was open and that the right pressure (2 bar) was set. The N>-flow
was set to zero and then the reactor was lowered to remove the U-tube. The used catalyst was
collected, and the tube was cleaned with air and acetone. 0.200 mg of ZSM-5 catalyst (300-500 pum)
was weighted and added to the tube. Grease was added to the end of the tube to ensure air-tightness
and the tube were placed back in the reactor with springs. It was checked if the methanol saturator
was on at a temperature of 40°C. A temperature of 40°Cis used to obtain a partial pressure of methanol
of 354 mbar. This results in a weight hour space velocity of methanol of 9 h'l.

Besides the saturator, also the heater, controllers and coolers were checked if these were on and set
to the right temperature. A leakage check was performed and after this the 2-way ball valve was
opened again. The Np-flow was set to 41 mL/min and the reactor temperature was set to 150°C.
Consequently, the temperature of the reactor was increased to 450°C with an increment of 50°C. After
the valves were changed to normal mode, the pressure drops shortly because of empty spaces that
were filled. After this the reaction was started and every two hours a gas and liquid sample were taken.
A gas sample was taken by turning the vent valve towards the reaction of the gas sample outlet. Before
turning the valve, a syringe was put on the outlet of the valve. When the sample was taken the valve
was turned back to the vent side. A liquid sample was taken with the liquid product valve. A liquid
sample was taken by positioning the vent valve perpendicular to the vent outlet, to stimulate liquid to
come out.
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When the reaction was done addition of methanol was stopped. This was done by setting the valves
to “bypass” mode. Then the heater of the methanol saturator and the heating line were turned off.
The setup was flushed with N; for 15 minutes, and then the temperature of the reactor was set to
20°C. The N,-flow was set to ~8 ml/min and all the other electric devices were turned off.

Results

Characterization catalyst
NH3-TPD

The acidity of the HZSM-5 catalyst and the 3 wt% Mg impregnated catalyst is determined with NHs-
TPD. In figure 2 the NH3-TPD data is shown graphically. The HZSM-5 catalyst shows two peaks at 225°C
and 400°C. This is in line with the values found in literature for the HZSM-5 catalyst (He et al., 2021;
Niu et al., 2020). In literature it is stated that the peak around 200°C corresponds to weak acid sites,
while the peak around 400°C corresponds to strong acid sites. After magnesium impregnation the
acidity of the catalyst decreases extensively. There is no peak around 400°C, which indicates that the
strong acid strength of the catalyst is reduced. The peak corresponding to the weak acid sites is shifted
towards lower temperature, which means that also the weak acid strength is reduced (Niu et al., 2020).
So, the NH3-TPD data shows that magnesium impregnation decreases the acid strength of the HZSM-
5 catalyst.

0,023
0,020
0,018 ——HZSM-5
0,015 3wt%
0,013
0,010
0,008
0,005
0,003 \‘/ /,:-’"
0,000
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 9501000

TCD signlL (a.u.)

-0,003
Temperature (°C)

Figure 2: NH3-TPD diagram of HZSM-5 catalyst and 3 wt% magnesium impregnated catalyst
Nitrogen physisorption

The structure of the magnesium impregnated HZSM-5 catalyst is analysed with nitrogen physisorption.
The total surface are (Sger) is determined with the Brunauer-Emmett-Teller theory. The external area
(Sext) and the micropore area (Smicro) are determined with the t-plot method, and the same holds for
the microvolume (Vmicro). The pore width is calculated both with the BET-method and the BJH-method.
The pore volume and the pore width, which are determined with the BET-method, were only obtained
for the HZSM-5 catalyst and the 1wt% magnesium catalyst. Due to measuring issues, it was not possible
to obtain these data for the other catalysts.
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Table 1: Nitrogen physisorption data of HZSM-5 catalyst and different wt% magnesium impregnated catalysts

P idth
sample Sger Sext Smicro Vpore Vmicro ngi;:;fct)n Pore width BET
2 2 2 3 3
(m*/g) | (m*/g) | (m%/g) | (em/g) | (cm/g) | o), (nm) (nm)

HZSM-5 275 71 203 0,1597 0,099 5,3319 2,32454
l%Mg/HZSMS 318 67 251 0,1887 0,1252 4,1422 2,37432
3%Mg/HZSM5 292 58 234 0,1202 4,7556
5%Mg/HZSM5 294 51 243 0,1195 5,0557
7%Mg/HZSM5 288 51 237 0,1164 4,828

The data in table 1 shows that the total surface area remains constant after magnesium impregnation.
The total surface area of the 1 wt% sample is slightly higher in comparison to the other values, but it
could still be assumed that the total surface area does not change. This is not the case for the external
surface area. The external area decreases from 71 m?/g to 51 m?/g, which is a decrease of 28%. The
reason for this is dispersion of Mg species over the external area. This decrease in external area due
to metal ions impregnated in the catalyst is in line with literature (Niu et al., 2020; Zhu et al., 2019) The
micropore area and micropore volume are not changing after magnesium impregnation. The values of
the unimpregnated catalyst are slightly lower. The reason for this is that the unimpregnated catalyst
is not analysed at the same time as the other samples. The last measured characteristic is the pore
width, which keeps constant too. The constant values of the micropore area, micropore volume and
the pore width indicate that no magnesium blockage occurs in the micropores and that the pore
structure does not change after impregnation with magnesium.

Isotherm plots

In figure 3 the isotherm plot of the unmodified zeolite catalyst is shown. The plot shows type |
isotherms at low relative pressures, while at higher relative pressures type IV isotherms are visible by
increasing nitrogen uptake (He et al., 2021). The type | isotherm plot indicates a microporous material,
while the type IV isotherm indicates capillary
condensation in larger mesopores (non-microporous
contributions). This leads to a hysteresis loop which
closes at a relative pressure of around 0.4 (Sing, 1982) .
This small hysteresis loop shows that slit-shaped inter-

120

100

crystalline voids (interparticle spaces) are present in the 80 -
structure of the HZSM-5 catalyst (He et al., 2021).
In figure 4 the isotherm plots of the impregnated °0 —e— Adsorption
catalysts are shown. The four different samples with
different weight percentage of magnesium show all the 40 Desorption
same trend. In comparison with the unimpregnated

20

catalyst, the type | isotherm is not visible in the isotherm
plot. The reason for this is that the measurements of the
impregnated catalysts the relative pressure range is 0
between 0.05 and 1. Because the measurements were

not started at a relative pressure of 0, the type 1 isotherm
is not visible. Figure 3: Isotherm plot of HZSM-5 catalyst

Quantity Adsorbed/desorbed (cm3/g STP)

Relative Pressure (p/p°)
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The type 4 isotherm is visible in all the impregnated catalysts, which indicates that the slit-shaped inter-
crystalline voids are also present in the impregnated catalysts (He et al., 2021). The isotherm plots
shows that the crystalline structure is not changed after magnesium impregnation.
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Figure 4: Isotherm plots of different wt% magnesium impregnated catalysts
Pore size distribution plot

In figure 5 the BJH desorption pore size distribution plot is shown. These plots are used to calculate
the meso-pore size distribution (He et al., 2021). Mesopores are pores that have a pore width between
2-50 nm (Rouquerol, 1994). From literature it is found that the peak around 4 nm in the pore size
distribution is an artifact (He et al., 2021). The 1 wt% sample shows a peak around 3 nm. This peak
indicates that the 1 wt% sample has small mesopores. From the other graphs it could be concluded
that no large mesopores are formed due to magnesium impregnation.
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Figure 5: Pore size distribution plot of different wt% magnesium impregnated catalysts

X-Ray diffraction (XRD)

The morphology of the HZSM-5 catalyst and the
impregnated catalysts is analysed with X-ray diffraction
(XRD). The obtained XRD-diagrams are shown in figure 6
The comparison of the impregnated catalysts show similar
peaks, which indicates that the different amounts of
magnesium impregnated into the zeolite catalyst did not
influence the structure.

The peaks of the impregnated catalysts (B-E) show also
similar peaks to the unimpregnated catalyst (A). So, in
general magnesium impregnation, no matter the amount
of magnesium, does not influence the structure, which is
in line with the nitrogen physisorption data.

In figure 7 the theoretical plot of a HZSM-5 catalyst is
shown (Structure Commission of the International Zeolite
Association (IZA-SC), 2017). This graph corresponds to a
highly crystalline MFI-type zeolite. Comparison of this
graph with the graphs of the impregnated catalyst, shows
that no new diffraction peaks are observed. This indicates
that impregnation of magnesium do not destroy the MFI
structure of the HZSM-5 catalyst and that the magnesium
particles are highly dispersed in the zeolite catalyst. This
is in line with observations in literature (Niu et al., 2020).
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Figure 7: Theoretical XRD-pattern of HZSM-5 catalyst

Catalytic performance WHSV
Gas chromatography

Samples of the obtained gas products were collected every two
hours, which were then analysed with gas chromatography. The
concentration of the compounds was determined with a reference
sample. The concentrations (as percentage) of the components in
the reference sample are known, see table 2. Combining these
values with the areas of the components in the reference sample,
the concentrations of the product samples could be determined.
The selectivity of the components is defined as the concentration
of the component as a fraction of the total concentration. The
determined selectivity’s of the components in the product samples
are shown in table 3.

Table 2: Concentrations in reference

sample

Concentrations in reference %

co2 17,9
Ethylene

0,509
Ethane 1,5
Propylene 0,512
Propane 1,49
H2 54,399
CH4 20,7
co 2,99

Table 3: Selectivity’s of gas products at different WHSV values a) WHSV=9, b) WHSV=7, c) WHSV=5

Experiment 1 Experiment 2 Experiment 3

Compound| 2h(a) | 4h(a) | 6h(a) | 2h(b) | 4h(b) | 6h(b) | 2h(c) | 4h(c) | 6h(c)

Methane | 0,464 | 0,541 | 0,589 | 0,425 | 0,472 | 0,473 | 0,415 | 0,448 | 0,509

Ethylene | 0,356 | 0,308 | 0,268 | 0,343 | 0,315 | 0,304 | 0,347 | 0,321 | 0,295

Ethane 0,019 | 0,014 | 0,013 | 0,024 | 0,016 | 0,012 | 0,028 | 0,022 | 0,017

Propylene | 0,154 | 0,132 | 0,127 | 0,138 | 0,144 | 0,164 | 0,136 | 0,151 | 0,136

Propane | 0,007 | 0,005 | 0,003 [ 0,070 [ 0,053 | 0,047 | 0,073 | 0,058 | 0,044
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Figure 8: Block diagram of gas products at different WHSV values a) WHSV=9, b) WHSV=7, c) WHSV=5

The data in table 3 is shown graphically in the block diagrams in figure 8. The block diagram shows that
the results of all the sampels are quite consistent. The methane selectivity is the highest (40-50%) and
increases over time. Methane formation is caused by thermal degradation of methanol (Shoinkhorova
et al., 2021). The increasing selectivity over time indicates that the thermal degradation of methanol
increases over time. In literature it is stated that methane formation is favorable at higher WHSV for a
MTH reaction with a nano-HZSM-5 catalyst (Zhao et al., 2014). The diagram shows that at higher
WHSV the methane selectivity is higher. So the obtained data is in line with literature.

Because of the fact that the methane selectivity increases, the selectivity’s of the other components
decreases over time. The diagram shows that the selectivity of the olefins is higher in comparison to
their paraffins . This is not in line with the charachteristic of the H-ZSM5 catalyst. In literature it is found
that this catalyst has a hight HTl-ratio (Zhu et al., 2019). This indicates that the selectivity of the
paraffins is higher than the selectivity of the olefins. However, the results show a opposite trend. This
could be explained by the mechanism of the dual cycle carbon loop. In the first step methanol is
converted to olefins, while in the second step the olefins are converted to aromatics in two different
ways in which hydrogen or paraffins are formed. A high selectivity of olefins indicates that the
conversion of the olefins to aromatics is low. A second reason could be that the dehydrogenation
reaction is favoured over the hydrogen transfer reaction. However, this is not in line with literature,
which says that the hydrogen transfer reaction is favoured for the unmodified catalyts. So, low
conversion of the olefins is the most plausible reason for the high olefin selectivity. The selectivity of
ethylene is almost twice as large as the selectivtiy of propylene. This indicates that ethylene formation
is favoured over propylene formation.

GC-FID liquid products

Besides the gas samples, also samples of the liquid products were taken every two hours and
consequently analyzed with GC-FID. With the obtained areas the selectivity is determined. The
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selectivity is defined as the area of the component as fraction of the total area (with exclusion of the
solvent area). In table 4 the selectivities of the samples are shown.

Experiment 1 Experiment 2 Experiment 3
2h(a) | 4h(a) 6h(a) [2h(b)| 4h(b) | 6h(b) | 2h(c) | 4h(c) | 6h (c)
BTX 0,077 | 0,63 0,254 |0,767 | 0,447 | 0,424 | 0,226 | 0,291 0,64
Benzene 0,008 | 0,204 | 0,717 |0,138| 0,261 | 0,273 | 0,282 | 0,342 | 0,288
derivatives
Methylindene 0,053 | 0,000 0,000 |O0,000{ 0,000 | 0,018 | 0,000 | 0,042 | 0,037
Naphtalene

.. 0,772 | 0,166 0,029 |[0,096] 0,292 | 0,284 | 0,492 | 0,325 | 0,034
+derivatives

The raw data of the samples showes that many components are formed. All these components were
divided into four groups: BTX (Benzene, toluene and xylene), benzene derivatives, methylindene and
napthalene with inclusion of its derivatives. The obtained data of the selectivites is shown graphically
in figure 9.
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0,5
0,4
0,3
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0,1
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(a) 4h (a) 6h (a) 2h (b) 4h (b) 6h (b) 2h (c) 4h (c) 6h (c)

Samples after time interval

Selectivity

EBTX M Benezene derivatives Methylindene Naphtalene +derivatives

Figure 9: Selectivity’s of all liquid products divided into different groups at different WHSV values a) WHSV=9, b) WHSV=7, c)
WHSV=5

The graphs in figures 9 do not show a clear trend in selectivity’s over time. The first sample in figure 9
shows a remarkably high selectivity of naphthalene and its derivatives. This value does not correspond
with the values of the other samples. However, the selectivity of naphthalene + derivatives decreases
over time. This is also the case for the measurements of the third experiment (c), but not for the
measurements for the second experiment (b). A reason for this could be the high BTX selectivity after
two hours. This value is large in comparison to the other BTX selectivity’s. A reason for the decreasing
naphthalene +derivatives selectivity could be that these components are involved in coke formation,
which increases over time.
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The selectivity of methylindene in figure 9 is in all the samples quite low (after 4h the selectivity is
zero). The reason for this could be the same as for the naphthalene +derivatives group. All these
molecules are large in comparison to the other components which makes it more likely to get stuck in
the pores of the catalyst. In the measurements of experiment 3 (c) the methylindene selectivity is
increasing slightly. However, a reason for this could be the decrease in selectivity of the naphthalene.
Although this increase, the selectivity is still low.

The selectivity’s of BTX and the benzene derivatives do not show a clear picture. This is especially the
case for experiment 1 (a). However, the selectivity of the benzene derivatives is quite constant for
experiment 2 (b) and experiment 3 (c). This is not the case for the BTX selectivity. However, this could
be caused by the change in selectivity of the naphthalene group.

To get a clearer picture of the BTX and benzene derivatives fraction also the selectivity’s of these
groups are determined. In this case the selectivity is determined with the concentration of the BTX
group and the benzene derivatives group as total concentration. The results are shown in table 5 and
the corresponding graph is shown in figure 10.

Table 5: Selectivity’s of BTX-components and benzene derivatives at different WHSV values a) WHSV=9, b) WHSV=7, c)

WHSV=5
Experiment 1 Experiment 2 Experiment 3
Selectivity 2h(a) | 4h(a) | 6h(a) [ 2h(b) | 4h(b) | 6h(b) | 2h(c) | 4h(c) | 6h (c)
Benzene 0,058 0,197 0,045 0,162 0,053 0,023 0,033 0,013 0,050
Toluene 0,096 0,288 0,080 0,383 0,202 0,123 0,080 0,101 0,218
Xylene 0,284 0,271 0,137 0,302 0,376 0,462 0,331 0,348 0,422
Benzene
derivatives (C9) 0,410 | 0,110 | o,612 | 0,106 | 0,302 0,325 0,453 | 0,444 | 0,272
Benzene
derivatives (ClO) 0,152 0,135 0,126 0,046 0,066 0,067 0,102 0,093 0,039

The graph in figure 10 shows that the selectivity of both benzene and C10 benzene derivatives is low
in comparison to the other components. Both selectivity’s are quite constant, this could indicate that
the bigger C10 benzene derivatives could be involved in coke formation. The selectivity of toluene is
slightly higher and in general quite constant. Only the samples 4h (a) and 2h (b) show a higher
selectivity for toluene. The selectivity’s of xylene and C9-benezene derivatives are the largest of all
components. The values are fluctuating, but the combined selectivity of these two components is
constant. The graph shows that in most of the samples the BTX selectivity is higher than the selectivity
of the benzene derivatives.
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Figure 10: Selectivity’s of BTX-components and benzene derivatives at different WHSV values a) WHSV=9, b) WHSV=7, c)
WHSV=5

The last type of selectivity that is analysed is the selectivity of the BTX group. The selectivity’s of the
components are shown in table 6 and the corresponding graph is shown in figure 11.

Table 6: Selectivity's of BTX components at different WHSV values a) WHSV=9, b) WHSV=7, c) WHSV=5

Selectivity 2h(a) | 4h(a) | 6h(a) | 2h(b) | 4h(b) | 6h(b) | 2h(c) | 4h(c) | 6h (c)
Benzene 0,133 | 0,260 | 0,174 | 0,191 | 0,083 | 0,038 | 0,075 | 0,029 | 0,072
Toluene 0,219 | 0,381 | 0,304 | 0,452 | 0,321 | 0,202 | 0,181 | 0,220 | 0,316
P-xylene 0,313 | 0,235 | 0,327 | 0,227 | 0,415 | 0,534 | 0,489 | 0,518 | 0,403
M-xylene 0,335 | 0,124 | 0,195 | 0,130 | 0,182 | 0,225 | 0,255 | 0,233 | 0,208

The graph shows that the WHSV does not influence the selectivity of the BTX-components. The
selectivity’s are overall quite constant. The selectivity of benzene is the lowest and decreases slightly
at lower values for the WHSV. The selectivity of meta-xylene is also constant and is lower than the
selectivity of para-xylene. This is indicating that para-xylene is favoured over meta-xylene. The
selectivity’s of para-xylene and toluene are fluctuating more than the other two components. The
graph shows that the para-xylene selectivity is higher at lower values for the WHSV.
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Figure 11: Selectivity's of BTX components at different WHSV values a) WHSV=9, b) WHSV=7, c) WHSV=5
Thermogravimetric analysis (TGA)

The spent catalyst is analysed with thermogravimetric analysis (TGA). In figure 12 the obtained TGA
data is shown graphically. The graphs shows the weight loss of the catalyst over a certain temperature
range. The plot shows that there are two ranges in which weight loss occurs. The first range is around
100°C, which corresponds to weight loss due to loss of water. This indicates that the HZSM-5 catalyst
has an affinity for water. In the temperature range of 300-500°C the graph is horizonal, indicating that
there is no weight loss. After 500°C there is a second temperature range in which weight loss occurs.
This temperature range corresponds to decomposition of coke deposition (Niu et al., 2020).

During the experiment two layers are formed, a black layer and a grey layer. For the WHSV of 5 both
layers are analysed separately, which means that the combined layer (like the blue and orange lines)
should be between the yellow and grey line. The grey line correspond to the grey part of the spent
catalyst. This line shows that the grey part undergoes less coking in comparison to the black part
(yellow line). There is a difference of around 6 wt% weight losses, indicating the large difference in
coke formation between the parts of the spent catalyst. After removal of the weight% of the catalyst
is 97 wt%. Comparing this value with the end values after coke removal shows that the weight
percentage of coke is around 11 wt% for WHSV of 9, and 8 wt% for a WHSV of 7. The average line
corresponding to a WHSV of 5 should end around 91-92 wt%, which correspond to a coke weight
percentage of around 6 wt%. The graph and these values show that deceasing the WHSV, and thus
increasing the amount of catalyst, results in decreasing coke formation. The reason for this is the higher
amount of catalyst at lower WHSV values. The TGA measures the average coke formation, and on
average to coke formation is lower when the amount of catalyst is higher (larger part with lower coke
formation). Decreasing coke formation when decreasing the WHSV is in line with literature. This is also
the case in the MTG process (Wan et al., 2018).
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Figure 12: TGA diagram of spent catalysts at different WHSV values

Catalytic performance with magnesium impregnated catalyst
Gas chromatography

The obtained gas products are analysed with gas chromatography. With the obtained data the
selectivity’s of the formed gas products are obtained. These data are shown in table 7. The
corresponding graphs are shown in figure 13. The graph shows that for the 3 wt% catalyst the methane
selectivity is increasing after four hours, and then decreasing again. The 5 wt% shows the same trend
as the samples of the WHSV experiments, in which the methane selectivity is increasing over time. The
methane selectivity of both impregnated catalysts is higher than the selectivity’s of the samples in the
WHSV experiments. From literature it is found that methane formation is favourable at deactivated
catalysts which are dominated by weak acid sites (Zhao et al., 2014). From the NHs-TPD data it is
obtained the after magnesium impregnation the total acidity of the catalyst decreases. This could be
areason for the higher methane selectivity. The graph shows that no paraffins are formed, which could
be an indication for low aromatics formation via the dehydrogenation reaction. The selectivity’s of the
first two samples are quite similar for both catalysts. Only the samples after six hours differ a lot from
each other.

Table 7: Selectivity's gas products of the two different catalysts with weight percentages of 3wt% and 5wt%

Compound 2h 4h 6h 2h 4h 6h
Methane 0,520 0,701 0,574 0,517 0,590 0,826
Ethylene 0,241 0,160 0,061 0,238 0,195 0,119

Ethane 0,009 0,000 0,000 0,000 0,000 0,000

Propylene 0,231 0,139 0,365 0,245 0,215 0,055

Propane 0,000 0,000 0,000 0,000 0,000 0,000
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Figure 13: Selectivity's gas products of the two different catalysts with weight percentages of 3wt% and 5wt% magnesium

GC-FID liquid products

The liquid samples of the experiment with the impregnated catalyst is analysed in the same way as the
liguid samples of the experiments with changing WHSV. Due to measuring issues, it was not possible
to obtain data for all the samples. Nevertheless, the data of the samples that could be measured are
shown in table 8 and figure 14. From figure 14 no general trend could be determined. In comparison
to the values for the WHSV experiments, the BTX selectivity is much lower. A reason for this could be
de decreased total acidity of the catalyst after magnesium impregnation, as shown in the NHs-TPD
data. In literature it is stated that strong acid sites are crucial for high methanol conversion and high

yield of aromatics (Zhang et al., 2015).

Table 8: Selectivity's of all liquid products divided into different groups corresponding to the two catalysts with different
weight percentages of 3 wt% and 5 wt% magnesium

3 wt% 5 wt%
2h 4h 6h 2h 4h 6h
BTX 0,236 0,031 0,211 0,044
Benezene derivatives 0,466 0,300 0,299 0,956
Methylindene 0,000 0,477 0,113 0,000
Naphtalene +derivatives 0,298 0,191 0,377 0,000
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Figure 14: Selectivity's of all liquid products divided into different groups corresponding to the two catalysts with different
weight percentages of 3 wt% and 5 wt% magnesium

This lower BTX selectivity is also visible in figure 15. In figure 15 the selectivity’s of the BTX components
and the benzene derivatives are shown. Due to the measuring issues no relevant results are obtained
for the BTX and benzene derivatives selectivity. The last selectivity that is determined is the selectivity
of the BTX-components. The data is shown in table 10 and in figure 16. The 3wt% samples show that
the Para-xylene selectivity is the highest, which was also the case for the WHSV experiments. For the
rest there are no relevant results because there are not enough data points.

Table 9: Selectivity's of BTX-components and benzene derivatives corresponding to the two catalysts with different weight
percentages of 3 wt% and 5 wt% magnesium

Selectivity 2h 4h 6h 2h 4h 6h
Benzene 0,016 0,013 0,028 0,000
Toluene 0,088 0,020 0,134 0,044
Xylene 0,240 0,061 0,252 0,000
Benzene derivatives (C9) 0,432 0,426 0,438 0,879
Benzene derivatives (C10) 0,224 0,480 0,148 0,077

Bachelor research project Mark Eling 19



Effect of WHSV and Magnesium impregnation on ZSM-5 catalyst coke formation during MTA-process

3 wt%

1,0
o |
206
G
@ 04
v I

0,0 ||

4h

6h
Samples after time interval

M Benzene derivatives (C10)
Benzene derivatives (C9)

H Xylene

H Toluene

B Benzene

1,0

y
o
00

’

0,6
0,4
0,2
0,0

Selectivit

5 wt%

—

L

I
2h

4h

Samples after time interval

M Benzene derivatives (C10)

Benzene derivatives (C9)

m Xylene
M Toluene

W Benzene

Figure 15: Selectivity's of BTX-components and benzene derivatives corresponding to the two catalysts with different weight
percentages of 3 wt% and 5 wt% magnesium

Table 10: Selectivity's of BTX-components corresponding to the two catalysts with different weight percentages of 3 wt%

and 5 wt% magnesium

Selectivity 2h 4h 6h 2h 4h 6h
Benzene 0,048 0,138 0,000 0,000
Toluene 0,262 0,216 0,217 1,000
P-xylene 0,524 0,398 0,757 0,000
M-xylene 0,167 0,248 0,026 0,000
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Figure 16: Selectivity's of BTX-components corresponding to the two catalysts with different weight percentages of 3 wt%
and 5 wt% magnesium
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Thermogravimetric analysis (TGA)

In figure 17 the thermogravimetric curves of the impregnated catalysts are shown. The graph shows
that there are again two ranges in which weight loss occurs. The first range is again around a
temperature of 100°C, caused by removal of water in the catalyst. The second range of weight loss is
the same as for the unimpregnated catalysts. After weight loss due to water removal the weight% of
the catalyst is decreased to 97 wt%. In the temperature range of 500-700°C a weight loss of 13% is
visible for both catalysts, compared to the 97 wt%. From these TGA data it could be concluded that
different weight percentages of magnesium in the HZSM-5 catalyst does not influence the coke
formation. In comparison to the unimpregnated catalysts (weight loss equals 6-11%), the coke
formation is even higher after impregnation with magnesium. This could indicate that impregnation of
the catalyst has a bad impact on coke formation. The used catalyst was totally black, and no grey parts
were visible. This is also an indication for higher coke formation. The higher coke formation is in line
with the higher methane selectivity for the impregnated catalyst in comparison with the results of the
WHSV experiments. As mentioned before, in literature it is stated that methane formation is
favourable at deactivated catalysts which are dominated by weak acid sites (Zhao et al., 2014). A
reason for the higher coke formation after magnesium impregnation could be the lower acidity of the
catalyst. The lower acidity decreases the methanol conversion (Zhang et al., 2015) which could let to
carbon build-up, and thus to higher coke formation.
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Figure 17: TGA diagram of the two catalysts with different weight percentages of 3 wt% and 5wt%

Discussion

The results of the gas and liquid products show that they could only be analysed with gas
chromatography to determine the selectivity’s of the formed products. However, the selectivity’s of
the products do not give a complete picture of the product formation. Besides the selectivity, the yield
of the products is necessary to give conclusions and justifications. This could be solved by
implementing internal standards in the GC-measurements. The methanol conversion is also important
data that is missing in this experiment. Methanol conversion is especially important to determine the
effect of changing the WHSV or the acidity of the catalyst. If the products samples do not show any
methanol present, this indicates that full conversion is obtained. However, this does not say anything
about the methanol conversion inside the catalyst (at the acid sites). From the results of the
magnesium impregnation, it seems that the methanol conversion is lower, but there is no hard
evidence for that. Another aspect that reduces the significance of this report is the number of data
point. Three data point is not enough to determine data trends.
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Also, in case of measuring issues, which was the case for the GC-FID measurements of the liquid
samples, three data samples are not enough in case of measuring problems.

Future perspectives

Further research regarding the influence of the WHSV on the coke formation is recommended. As
mentioned in the discussion, implementing the methanol conversion and product yield data points are
giving a much better picture of the effect of the WHSV on the coke formation. Also, a wider range of
WHSV values could be analysed, to see if the effect of WHSV does not influence the amount of coking
after a certain range. In research magnesium is combined with other modifications, such as
phosphorous and zinc (Zhu et al., 2019). Further research could be done to determine if magnesium
could decrease the coke formation.

Conclusions

In the first part of this project the effect of WHSV on the coke formation is determined. The analysis
of the gas products with gas chromatography shows that methane has the highest selectivity (40-50%).
Methane is formed via thermal degradation of methanol. The methane selectivity increases when the
WHSV increases, which is in line with literature. The selectivity of the olefins is much higher in
comparison to the paraffins, which could indicate that the conversion of olefins to aromatics is low.
The selectivity’s of the liquid products does not show a clear trend. However, if the naphthalene and
methylidene products are neglected, the selectivity of benzene and C-10 benzene derivatives is low. A
reason for the low C-10 derivatives selectivity’s could be that these components are involved in coke
formation. The BTX-selectivity shows that p-xylene is favoured over m-xylene. At lower WHSV the p-
xylene selectivity increases. The TGA data shows that coke formation decreases at lower WHSV. This
is in line with literature. The reason for this is that at lower WHSV more catalyst is used, which
decreases the average coke formation, which is measured during TGA. In literature it is found that
methane selectivity is favoured when the catalyst is deactivated. So, a higher methane selectivity at
higher WHSV is in line with the TGA data.

The catalyst is characterized with XRD, TPD-NH; and nitrogen physisorption. The XRD and nitrogen
physisorption data shows that the crystalline MFI structure of the catalyst is not changed after
magnesium impregnation. The NHs-TPD data shows that the total acidity of the HZSM-5 catalyst has
decreased after magnesium impregnation.

The analysis of the formed gas products after the measurements with the magnesium impregnated
catalyst shows that the methane selectivity is higher in comparison with the values of the WHSV
experiments. The reason for this could be the lower acidity of the impregnated catalyst, which
decreases the methanol conversion. No paraffins are formed, which could be an indication for low
olefin conversion to aromatics. Due to measuring issues during the liquid product samples no relevant
data was obtained. The TGA data shows that magnesium impregnation increases coke formation. This
is probably caused by the lower acidity, which decreases the methanol conversion. This led to carbon
build up, and consequently to coke formation.

Further research could be done in determining the methanol conversion and determining the yield of
the product via internal standards. Also increasing the data point and the number of experiments is
recommended to get better and more reliable results.
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Appendix

Appendix A: Derivation WHSV calculations

n

PMEOH = 354‘ mbar
Piotar = 1000 mbar
Fyo, = 41 mL/min

Frotal = Fmeon + Fn2
Fyeon = x mL/min
Fiotar = x + 41 mL/min
Piotat = Pueon + Pyz = 1 bar

Fyeon _ Pumeon

Ftotal B Ptotal
X 354
x+41 1000

x = 0.354(x + 41)
0.646x = 14.514
x = 22.467 mL/min
Fyeon = 22.467 mL/min
Fiotar = 22.467 + 41 = 63.467 mL/min
PV =nRT

VP 22467 %1076 10°
RT 8314 %298

= 9.068 * 10~* mol/min

Frassmeon = 9068 % 107*  32.04 = 0.02904 g/min

Fmass,MeOH =174 g/hT‘

Fmass,MeOH — 1.74
Mcatalyst 0.200

WHSV = =8.7hr 1!
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Appendix B: Piping and instrumentation diagram (P&ID)

T-101

Waer bah

8 9 10 $-101
< I~
V-105 V-106

R-101

14

T-104

Vent

Gas product

Liquid product

T101 R101  V-101 w102 V-105 V06 T202  s101 Y103 vaea v-108 T-104 w107 o0
Nitrogen Packed Vakve 3-way Safety Check Methanol Condenser 3W® Check Vawefor  Liquid 3-way Ga
storage bed  connected valvefor valve valve  saurator valve for yape Iquid product valve for product
tank reactor  toFID  normal normal product sample  gas S

and and product

bypas bypass and vent

mode mode

Appendix C: Hazard and Operability study (HAZOP)

No. Deviation Possible causes Consequences Action required
1 No N,-flow N,-tank valve is No reaction occurs Check before experiment if N,
closed tank valve is open. Also check the
flow meter.
2 Less Np-flow Leakage Less methanol is Check for leakages at N; tank.
transported to the
Wrong value set to reactor Check if setting on flow meter are
flow meter right
3 More Np-flow Wrong value set to Methanol in absorber is | Lower the setting on the flow
flow meter splashing around, too meter.
much methanol is
N,-flow pressure is transported to reactor Lower the pressure at N, tank
too high (around 2 bar)
4 Higher Wrong settings T >550°C reactor melts Lower temperature of heater
temperature heater
heater of
reactor
5 Lower Wrong settings Wrong reaction Increase temperature of heater
temperature heater conditions
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to the reactor or

broken

outlet streams.

heater of
reactor
6 Before reaction | Wrong positioning of | Methanol absorber Change position of the vales to
valves are in valves cycle is not blocked the “bypass” mode
“normal” mode (methanol is
transported to reactor
before reaction should
start)
7 Higher Heater is at a too The saturation of Set the heater of the methanol
temperature of | high value methanol in the N,- saturator to the right
methanol stream is too high temperature
saturator
8 Lower Heater is at a too The saturation of Set the heater of the methanol
temperature of | low value methanol in the N,- saturator to the right
methanol stream is too low temperature
saturator
9 Safety valve Pressure increase Breaking of glassware, Open safety valve
closed especially at glas-glas
surfaces
10 Lower pressure | Leakage No pressure gradient in | Find leakage with “leakage test”.
system First check if methanol in the
saturator bubbles when “normal
mode” of the valves is used. If
this is the case, there is no
leakage in the methanol saturator
cycle.
Then go back to “bypass” mode
and close safety valve. Set the
flow meter to ~8 ml/hr and check
if the pressure keeps constant. If
this is the case, there is no
leakage in the part between the
methanol saturator and the
safety valve. If the pressure
equals 0, there is a leakage,
because the pressure in the
system is the same as outside the
system. This means that there is
no overpressure
11 Higher pressure | Blockage Breaking of glassware Set the N,-flow to zero and stop
heating. Try to find where the
blockage is located and remove
the blockage.
12 Vent valve is Vale is not opened Too high pressure. Open the vent valve, this valve is
closed again after a gas Glassware could break always open. Only when taking
sample was taken gas samples this valve is closed.
13 Gas flows back Check valve is No gas comes out the Remove the broken check valve

and replace the old valve

Bachelor research project Mark Eling

27




Effect of WHSV and Magnesium impregnation on ZSM-5 catalyst coke formation during MTA-process

back to the
methanol High gas flow stream in
saturator the methanol saturator
(wrong
direction)
14 Methanol Valves for “normal” Methanol is transported | Replace the valves
bubbles under and “bypass” mode to the reactor while this
“bypass” mode | are broken should not be the case
15 Gas comes out Safety valve is The safety valve does Replace the valve
vent stream or broken not stop the gas flow to
product stream the condenser
while safety
valve is closed
16 No cooling of Cooler is set to No liquid product Check if the temperature

condenser

wrong temperature
Condenser is broken

Cooling water flow is
too low

because the
components are not
condensed

controller is at the right
temperature. Also check if the
cooling water stream and the
cooler itself is on.

If this is all the case condenser or
cooler is broken and has to be
removed
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