university of faculty of science
/ groningen / and engineering

SSZ-13 catalyst for the
Methanol-to-Olefins process: effect of
reaction temperature, weight hourly
space velocity and methanol partial

pressure

Sara Maljkovic
54043383
Supervisor: Dr. ir. Jingxiu Xie

June 23, 2022

Chemical Engineering
Bachelor Research Project (WBCE901-15)

1



Reaction condition testing for MTO process Bachelor Thesis

Abstract

The Methanol-to-Olefins process allows for an alternative way of lower
olefin (C2 to C4) production over a zeolite catalyst. The aim of this
research was to study the influence of the reaction conditions (reaction
temperature, weight hourly space velocity and methanol partial pressure)
on the catalytic performance and products of the process, using a fixed-
bed reactor. The SSZ-13 zeolite was employed as the catalyst. It was
analysed by X-Ray Diffraction (XRD) and Ammonia-Programmed Tem-
perature Desorption (NH3-TPD) to confirm its chabazite topology and its
acidity. The varying of reaction conditions gave rise to different methanol
conversions and product compositions. When decreasing the WHSV from
1.03 h'! to 0.77 h'!, the catalytic lifetime increased from 3 to 4 hours.
When increasing the methanol partial pressure by 0.1 bar, the lifetime
of the catalyst doubled from 2.5 hour to 5 hours. Catalytic lifetime was
longest for intermediate temperatures (390°C and 430°C), as at high and
low temperatures, catalyst deactivation was the quickest. Aside from the
lower olefins, pentene and paraffins (Cq to C4) were also produced. The
selectivity towards ethylene and propylene increased throughout the reac-
tion, while the selectivity towards butene and pentene decreased thought
out the reaction. The spent catalyst samples were analysed with XRD.
The spent catalyst framework shifted and its crystalinity decreased. The
amount of hydrocarbon material retained within the catalyst after the re-
action was established with Thermogravimetric Analysis (TGA). Reaction
conditions were found to have an important influence on catalyst deacti-
vation rate, retention of hydrocarbon material and product compositions.

1 Introduction

Hydrocarbons were for years, and still are now, obtained from crude oil, and
used mostly as fuel. However, in the late 1970s, the energy and oil crisis in-
cited research on alternative ways to produce hydrocarbons. This is when the
Methanol-to-Hydrocarbon (MTH) process emerged [1]. This process involves the
reaction of methanol, over a zeolite catalyst to obtain hydrocarbons. With cata-
lyst type and reaction conditions, the MTH process was tuned to give rise to the
Methanol-to-Gasoline (MTG) process and the Methanol-to-Olefins (MTO) pro-
cess [2]. The latter was investigated during this research. The desired products
of the MTO process are lower olefins (Cy to Cy), which are the building blocks
of the petrochemical industry. Methanol can today be made from sustainable
carbon feed stocks such as industrial CO5 and municipal waste, allowing for the
MTO process to contribute to a circular carbon economy.

The zeolite ZSM-5 was first employed as catalyst for the MTH process. How-
ever, it was later discovered that by using SAPO-34, lower olefins would be the
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main product of the reaction [2]. Another competitor of SAPO-34 that became
interesting for the production of light olefins was SSZ-13. These two catalysts
are isostructural with a chabazite (CHA) topology. However, SAPO-34 is a sili-
coaluminophosphate zeolite (containing Al, Si, P, and O atoms) while SSZ-13 is
a aluminosilicate zeolite (containing only Al, Si and O atoms). SSZ-13 also has a
lower aluminum content than SAPO-34, with an Si/Al ratio between 20 and 30
[3]. This leads to a stronger acidity for SSZ-13, and in turn a higher catalytic ac-
tivity than SAPO-34 [4]. Therefore, during this research, the commercial SSZ-13
zeolite was used. The activity of a zeolite catalyst is due to both Brgnsted and
Lewis acid sites within the catalytic pores. The conversion of methanol however
happens within the stronger acid sites [2].

Zeolite catalysts are defined as microporous, aluminosilicate materials that are
used to increase the rate of chemical reactions. The building blocks of SSZ-13
are Si04 and AlO, tetrahedra, each connected with an oxygen atom [5]. This
allows for a three-dimensional framework. This framework plays an important
role in the MTO process, as it in part dictates the selectivity towards different
types of olefins. The specific CHA topology, mentioned earlier, consists of alter-
nating SiO4 and AlOy tetrahedrons that form eight-membered rings [3]. As can
be seen from Figure 1, these eight-membered rings are connected and constitute
the windows to the zeolite pores.

Figure 1: CHA framework viewed (a) normal to [001] and (b) along [001] [6].

The size of these windows explains why catalysts with CHA topology are widely
used for the MTO process. The windows are the entry point to the internal
channel system of the zeolite. For the CHA type framework, the diameter of the
windows and pores is quite small (3.72 A [6]). Smaller molecules, such as ethy-
lene and propylene, will be able to pass through the catalytic channels. Larger
molecules, higher olefins and aromatics, on the other hand will get trapped within
the pores and cavities [2]. SSZ-13 is therefore shape selective towards lower
olefins, which is why it is used for the MTO process.
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The mechanism for the formation of alkenes in the MTO process is continuously
undergoing research. However, the two main steps are as follows; methanol is
first partially dehydrated to dimethyl ether (DME), followed by the formation
of alkenes in a so called “hydrocarbon pool” [2][7]. The hydrocarbon pool refers
to the variety of different hydrocarbons, including aromatics, higher alkenes and
parrafins, formed within the catalyst. This hydrocarbon pool, first proposed by
Dahl and Kolboe [8], became of great importance as the auto-catalytic proper-
ties of the MTO reaction were discovered. By auto-catalytic, it is meant that
the reaction between the C; compounds (methanol and DME) and the hydro-
carbon pool is more favorable than the formation of a new C-C bond from two
C; compounds. The simultaneous dual-cycle concept, shown in Figure 2, was
then introduced. According to these two mechanistic cycles, light olefins are
formed from either the olefin-based cycle, where methylation and cracking of
higher olefins happens or from the aromatic-based cycle where lower olefins can
split off from methylbenzenes (dealkylation) [2][7][9].

nCH3OH N
| St
S5 CH,0H
CH;0H 2 CH,OH

Higher (} (CH3)y
S —— T‘
N )\ alkenes

Alkanes

Figure 2: Dual-cycle mechanism proposed by Dahl and Kolboe [2].

The dual-cycle mechanism also shows that the main side products of the MTO
reaction are alkanes, with propane being the largest contributor [2].

A major problem encountered during the MTO process is catalytic deactiva-
tion due to coke formation, inhibiting the production of olefins. As the reaction,
proceeds, the larger molecules formed within the hydrocarbon pool (aromatics,
polyaromatics) become trapped within the small catalytic pores and block the
acid sites. Gradually, the hydrocarbons are converted into graphitic type coke.
This decreases catalytic activity and leads to deactivation [7].

As mentioned earlier, the selectivity towards lower olefins is in part due to the
the zeolite structure, however the reaction conditions also have an important
influence. By changing the reaction conditions, the methanol conversion and
selectivity towards specific alkenes can be tuned. The goal of this research was
to modify the temperature, weight hourly space velocity and methanol partial
pressure and investigate their influence on the catalytic performance, including
activity, selectivity and stability.
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2 Experimental

2.1 Catalyst preparation and characterization

The commercial zeolite SSZ-13, supplied from ACS materials, was first calcined
at 550°C for 5 hours to obtain the catalyst in its H form. The calcined catalyst
was then pressed under a 2 metric ton load to obtain pellets. These pellets were
crushed using a mortar and pestle and sieved to a sieve fraction of 212 — 425 pum.
This fraction was transferred to a closed vial and was used for testing the reac-
tion conditions.

The catalyst in its H form was characterized by its crystallinity and acidity.
X-Ray powder diffraction (XRD) was used to determine the crystallinity and
framework of the catalyst. The XRD pattern of the sample was recorded be-
tween 5 °and 50°(26 angles) at room temperature [10], on a Bruker D-8 Advance-
Germany Spectrometer, using Cu-Ko radiation (A = 1.5418 A) generated at 40
kV and 40 mA. The obtained diffraction pattern was then compared to the
standard diffraction pattern for CHA-type zeolites. Moreover, to determine the
influence of coke formation on the framework, the spent catalyst sample after
experiment 8 (see Table 1) was analysed with XRD under the same conditions.
The patterns for the fresh catalyst and the spent catalyst were compared.

Ammonia temperature-programmed desorption (NH3-TPD) was used to deter-
mine the number of weak and strong acid sites within the catalyst. A Micromerit-
ics AutoChem II 2920 apparatus equipped with a thermal conductivity detector
(TCD) was used for performing the NH3-TPD measurement. Firstly, 0.1 g of
the sample was treated at 550° C under the Helium atmosphere. Next, ammonia
desorption was carried out (with 10 % vol. NH3 in He stream) from 100 to 600
°C. The TCD signal obtained was plotted against the temperature. The result
was compared to literature to see whether the catalyst exhibited the desired
acidity.

2.2 Reaction condition testing

To test the reaction conditions on the MTO process, the reaction set-up shown
in the P&ID in Figure 3 was used. The main piece equipment is the fixed-bed re-
actor which is surrounded by a cylindrical oven. For this research, a glass reactor
was used, however according to Borodina et al.[10] and Dai et al.[11], a quartz or
stainless steel reactor are usually preferred. The liquid methanol is contained in
a saturator, heated with a water bath and is carried to the inlet of reactor using
a nitrogen (N3) flow. The lines to and from the reactor are at 80°C to ensure full
vaporization of methanol. The products from the reaction are passed through a
cooler and sent to an online gas chromatography (GC) column. In the set up,
multiple by-passes and check valves are present to ensure the safe and desirable
operation of the process. For more details, see the HAZOP study in Appendix A.
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Figure 3: P&ID of reaction set up

A total of nine experiments were conducted for this research. The three re-
action parameters that were changed are: the reaction temperature, the weight
hourly space velocity (WHSV) and the methanol partial pressure. To calculate
the necessary methanol partial pressure, methanol flow rate and WHSV, the
equations presented below were used.

To find the volumetric flow rate of methanol, the partial pressure of methanol
was first found with the Antoine Equation (1).

B
C+T ()

with A = 5.20409, B = 1581.341, C = -33.5 and the temperature T of methanol
saturator in Kelvin.

Antoine Equation: logioPyvieonn = A —

Total pressure: Piotar = Preon + Py (2)
with Pioia) = 1 bar.
Total flow rate: Pviotal = Purrcon + Pun, (3)

Methanol flow rate: Durrcon = Pviotar * Prreon (4)
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The ideal gas law was used to find the total molar flow rate of methanol to
the reactor.

Ideal gas law: Piotar * PVsoras = ®molipra * R * T (5)

Methanol molar flow rate:  ®molyrcor = Pmoliorar * Prreor (6)
Methanol mass flow rate: ~ ®mpyeon = Pmolyreon * M(MeOH) (7)
with M(MeOH) = 32.04 g/mol.
Pmpye
WHSV — __—""McOH (8)

catalyst mass

The units of the methanol mas flow rate are in g/h and the catalyst mass in
grams, leading to a WHSV with units of h.

A summary of all experiment can be seen in Table 1. Note that the experi-
ment at 470°C was repeated three times to check for reproducibility.

Experiment | Temperature (°C) | Catalyst loading (mg) | WHSV (h-1) | MeOH partial pressure (bar)
1 430 300 1.03 0.165
2 390 300 1.03 0.165
3 470 300 1.03 0.165
4 430 200 1.54 0.165
5 430 400 0.77 0.165
6 350 300 1.03 0.165
7 430 530 1.03 0.266
8 470 300 1.03 0.165
9 470 300 1.03 0.165

Table 1: Summary of all experiments

First, the thermocouple in the reactor was removed and the reactor was taken
out of the oven. The reactor was filled with a little bit of quartz wool, followed
by the desired amount of catalyst (see table 1). The reactor was placed back
inside the oven and the cleaned thermocouple was inserted inside. The water
bath was heated to the desired temperature (24.5°C for 0.165 bar and 34.5°C for
0.266 bar). The valves were turned to allow only Ns flow through the reactor.
The Ny flow was set to 20 ml/min. To check for any leaks, the valve leading to
the GC was closed and the system was pressurized to 60-80 mbar by turning the
N, flow off. If after 5 minutes there was no pressure drop, the valves were opened
and the system was allowed to stabilize. The oven temperature was then set to
the desired temperature (set point was 80°C higher than actual temperature in
reactor) and left to heat up for an hour. While heating of the reactor, the GC
sequence for the experiment was built. Once the reactor had reached the desired
temperature, the Ny flow was allowed through the methanol saturator and after
five minutes, the online GC was started. For each experiment, a sample was
injected every 40 minutes. If after 6 hours on stream, the GC still showed lower
olefins in the product stream, the reaction was left over night. The spent catalyst
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was collected the next day in a vial to keep for analysis. For each experiment
the same procedure was repeated, only varying the parameter that needed to be
changed. The temperature was varied by changing the oven temperature, the
WHSV was varied by changing the catalyst loading and the methanol partial
pressure was varied by changing the temperature of the methanol saturator.

2.3 Product Analysis

As mentioned above, the gaseous products were analysed using an online GC.
For each injection, the relative area of each component detected by the flame
ionizing detector (FID) was looked at. To distinguish the propylene and propane
areas, the ratio of the two detected by the thermal conductivity detector (TCD)
was used. These areas were then plotted per experiment to give rise to the graphs
shown in “3 Results and Discussion”. All the calculations regarding methanol
conversion and product selectivities are show below.

100 — Relative Areaye.onq — Relative Areapyr

MeOH C ion: 9
e onversion 100 9)

Relative Areagefin
MeOH Conversion
Relative Areagiiane

11
MeOH Conversion (11)
Butene isomer relative area

Olefin Selectivty:

(10)

Alkane Selectivity:

Butene Isomer Selectivity: (12)

Total butane area

To determine the coke content on the spent catalysts, thermogravimetric analysis
(TGA) was performed. For TGA, the spent catalyst sample was first heated up
from room temperature to 600°C (ramp of 10°C/min). It was then held at 600°C
for an hour, under air flow. TGA was done for the spent catalyst of Experiments
1 through 7.

3 Results and Discussion

3.1 Catalyst Characterization
3.1.1 X-Ray Powder Diffraction

An XRD analysis of the commercial fresh catalyst was performed to confirm
its structure and crystallinity with that of the CHA-type framework zeolite. Ac-
cording to ACS Materials LLC [3], the relative crystallinity of the zeolite is above
90%, with its characteristic peaks being at 9.38°, 12.78°, 20.42°, 22.86°, 24.56°,
30.34° and 30.74° (260 angles) [6]. The XRD patterns of a reference CHA zeolite
and the H-SSZ-13 sample used for the research are compared in Figure S1 in
Appendix B. When the two are overlapped, it can be seen that the amount and
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general position of the peaks are the same for both patterns. However, all of the
H-SSZ-13 sample peaks are shifted to the right. This peak shift could indicate
that the unit cell dimensions of the tested sample are slightly different than for
the ideal CHA zeolite [12]. However, as it is a systematic shift, it can still be
confirmed that the tested H-SSZ-13 sample posses a CHA topology.

To see how the framework and crystallinity are affected by the MTO reaction,

the XRD patterns of the fresh and spent catalyst after experiment 8 (see Table
1) are compared in Figure 4.

14000
12000
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8000

Intensity
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2000

0 10 20 30 40 50 60
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Pristine catalyst =~ ——Spent catalyst (470°C)

Figure 4: XRD patterns of the fresh catalyst and spent catalyst at 470°C.

Some of the peaks from the spent catalyst overlap with the peaks from the fresh
catalyst, however at the 26 angles of 18°, 25°and 29°, the spent catalyst peaks are
shifted to the left. This indicates that the framework of the H-SSZ-13 catalyst is
affected by the MTO reaction. This is due to the formation of aromatic molecules
that are trapped within the catalytic pores. As explained by J.Goetze et al.[13],
the size of the retained hydrocarbons is comparable to the size of the zeolite
cages. The presence of these hydrocarbon within the zeolite causes its lattice
structure to expand during the reaction. Moreover, the intensity of the peaks
is smaller for the spent catalyst. This shows that crystallinity of the catalyst
decreases after the reaction. In Li et al.[14], it is explained that the crystallinity
of the zeolite material deceases with increasing coke content as the spent catalyst
contains not only H-SSZ-13 but also hydrocarbon material produced during the

Page 9



Reaction condition testing for MTO process Bachelor Thesis

reaction. The retention of hydrocarbons within the pores therefore affects both
the framework and crystallinity of the catalyst.

3.1.2 Ammonia Temperature-Programmed Desorption

Ammonia Temperature-Programmed Desorption (NH3-TPD) is an analytical
technique used to determine the amount and the strength of the acid sites present
within a zeolite catalyst. After being adsorbed within the pristine sample of
H-SSZ-13, ammonia is desorbed during a constant temperature increase (from
100°C to 600°C)[10]. The TCD signal obtained as a function of temperature is
plotted in Figure 5. Two desorption peaks are visible on this figure. A narrower
peak around 200°C and a wider peak at 500°C. The peak at lower temperatures
corresponds to ammonia that was either physically adsorbed or held by weak
acids. The peak at higher temperatures corresponds to ammonia desorbed from
stronger acid sites. According to Zhu et al.[15] and Borodina et al.[10], this is
the expected NH3-TPD results for the H-SSZ-13 zeolite. Furthermore, the acid
site density found for the tested sample is 0.95 mmol/g which is slightly higher
than expected by Borodina et al.[10].

0.03
0.025
0.02
0.015

0.01

TCD signal

0.005

100 200 300 400 500 600

Temperature (°C)

Figure 5: TCD signal for NH3-TPD as a function of temperature for the fresh
catalyst.
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3.2 Variation of Reaction Parameters

Two types of gaseous products are observed after the experiments, olefins and
parrafins, with olefins being the desired products. The alkene products consist of
Cs to Cy olefins, while the alkane products consist of C; to C4 parrafins. However,
with different reaction conditions, the distribution of said products varies. The
data extracted from the GC is presented in the following sections.

3.2.1 Influence of Reaction Temperature

The reaction temperature was varied according to the experiments presented in
Table 1. The experiment at 470°C was repeated three times to check for repro-
ducibility. It is important to know how reproducible an experiment is, so its
experimental accuracy can be determined. To show this, the methanol conver-
sion from all three experiments conducted at 470°C is plotted in Figure 6.

Conversion

0.0 2.0 4.0 6.0 8.0 10.0

Time on stream (h)

——Exp 1:470°C —e—Exp8:470°C —e—Exp 9:470°C
Figure 6: Methanol conversion for each experiment at 470°C.

For all three data sets, the conversion is highest at the start of the reaction, but
then drops quite suddenly after about 2 hours on stream. This is called a “de-
layed breakthrough” trend [2]. The conversion curves for each experiment are not
completely overlapped, meaning that there is some deviation between the results.
The major difference in data points are at the beginning of the reaction and after
3.5 hours on stream, during the conversion decline. The percentage of deviation
between the methanol conversion for each experiment can be seen in Figure 7.
At 3.5 hours on stream, the deviation between Experiments 8 and 9 is highest,
reaching 33%, while the deviation between experiments 1 and 9 reaches 25%. Af-
ter 4 hours on stream, the deviation between Experiments 1 and 8 reaches 11%.
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Experiment 1 and 8 are therefore closest in terms of reproducibility, however all
experiments have quite a high degree of difference between them, leading to the
conclusion that the experiment is not reproducible. To check whether this lack
of reproducibility is due to human error during the experimental procedure or
possibly due to the effect of higher temperature on the stability of the products,
the experiment at a lower temperature (390°C) could have been repeated.

40
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20

15
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Percentage of deviation (%)

(} 1
0.0 2.0 4.0 6.0 8.0 10.0

Time on stream (h)

—e—Between experiments 1 and 8
Between experiments 1 and 9
—e—Between experiments 8 and 9

Figure 7: Methanol conversion deviation (in %) between all experiments per-
formed at 470°C.

The methanol conversions, as a function of time on stream, for all tested tem-
peratures from Table 1 are also compared in Figure 8. Note that the data from
the first experiment at 470°C is used in this plot and for all following discussion.
The conversion at 470°C is slightly lower and decreases faster than the conver-
sions at 390°C and 430°C. For the three highest temperatures, similar to what
is shown in Figure 5, the conversion at the start of the reaction is the highest
and above 80%. The conversion at 430°C reaches the maximal conversion of
100%. The conversion at 350°C however, is only maximal for an 1 hour before
dropping drastically to less than 10%. Multiple previous publications report
similar results at lower temperatures [10][16][17]. This short catalytic life time
at 350°C can be explained by taking a look at the dual-cycle mechanism seen
in Figure 2. It has been proven by Z.Shi et al.[18] that at lower temperatures,
the olefin-based cycle is dominant and at higher temperature the arene-based
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cycle is dominant. At lower temperatures, such as 350°C, the dealkylation of
the polymethylbenzenes in the aromatic-based cycle is not possible [19]. These
species then accumulate, meaning there are less aromatic species in the hydro-
carbon pool to be methylated, causing the catalytic pores to be blocked and
consequently causing deactivation. On the contrary, at 470°C, the catalytic life-
time is lower due to the faster rate of coking [17]. As at higher temperature the
aromatic-based cycle is preferred, the polyaromatic coke precursors are formed
quicker [10].

1
0.9
0.8
0.7
0.6
0.5

0.4

Conversion

03
0.2
0.1

0

0 2 4 6 8 10
Time on stream (h)

==350°C =e=390°C =—=430°C 470 °C

Figure 8: Methanol conversion as a function of time on stream for all tested
reaction temperatures.

Alongside the methanol conversion, the products obtained during the MTO re-
action are analysed as well. The composition of the product stream after 1.3 and
8 hours, for each temperature, is shown in Figure 9. A few interesting aspects
about the product distribution can be observed in this figure. First, at shorter
times on stream there are more products, including parrafins, than at higher
times on stream, which is in accordance with the decreasing conversion. The
main alkene products are indeed Cy to Cy4 olefins, with some Cj olefin at higher
temperatures. The main alkane side product is propane, which is in agreement
with U.Olsbye et al.[2]. The alkane products are only present at the start of the
reaction. This is because they are formed through hydrogen transfer, which is
favored at shorter times on stream [20]. After 8 hours, the only products in the
product stream are ethylene and propylene (and methane at 470°C). This shows
that even after a longer times on stream, the catalyst is not completely deacti-
vated. Even though the catalytic channels may be completely blocked, H-SSZ-13
retains some activity due to the presence of active sites on its surface [21].
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Figure 9: Product composition of the gas stream for each tested reaction tem-
perature.

Lastly, as ethylene and propylene are the main olefin products, their selectivity
is discussed in more detail below. In Figure 10, the ethylene to propylene ratio
for each tested temperature is plotted. As a general trend, the ethylene to propy-
lene ratio increases with increasing reaction temperature and increasing time on
stream. At the lowest temperature, 350°C, the ratio stagnates around 0.6, after
a sudden peak after 1 hour on stream. At the highest temperature, 470°C, the
ratio keeps rising up to 2.8 at 7 hours on stream. The ratio drops to zero after
this as there is no more propylene being produced. The ratios in Figure 10 re-
veal that at lower temperatures propylene is favored and at higher temperatures,
ethylene is favored. This is again due to the favored mechanistic cycle at lower
versus higher temperatures, as propylene is the main product of the olefin-based
cycle and ethylene is the main product of the aromatic-based cycle (see Figure
2) [2][7]. As at higher temperatures the aromatic-based mechanism is favored,
the increase of selectivity towards ethylene is justified and is in line with Shi
et al.[18]. Moreover, the largest difference between these ratios is at the longer
times on stream, meaning that ethylene is favored after a longer time on stream,
when the catalyst is reaching complete deactivation. The detailed selectivities
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for each olefin product can be found in Appendix C.2.1.

35 r

1.5

Ethylene to Propylene ratio
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—o—350 celsius =—e=390 celsius =—e=430 celsius 470 celsius
Figure 10: Ethylene to propylene ratio as a function of time on stream.

At 390°C, 430°C and 470°C the methanol conversion is very similar. However,
the main difference between these reaction temperatures is in their olefin prod-
uct distributions. Depending on which olefin is desired, the optimal reaction
temperature can be selected.
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3.2.2 Influence of Weight Hourly Space Velocity (WHSV)

The WHSV is defined by Equation (8) in “2.2 Reaction condition testing”. This
equation shows that for the same methanol mass flow rate, the WHSV decreases
with increasing catalyst loading. Three experiments regarding WHSV were pre-
formed (see Table 1). Similar to the reaction temperature experiments, the
methanol conversion indeed varied with WHSV. From Figure 11, it is seen that
the methanol conversion increases with decreasing WHSV. For both 1.03 h™* and
0.77 h!, the conversion reaches maximal conversion at the start of the reaction.
At 1.03 ht, the conversion drops after 3 hours on stream while at 0.77 h™' the
conversion drops after 4 hours on stream. At the highest WHSV of 1.54 h™!, the
conversion only reaches 80% at its maximum and drops after 2 hours on stream.
Therefore, it is seen that with decreasing WHSV, the catalytic lifetime increases.
Catalyst lifetime is dependent on the contact time, which is defined as the mass
of the catalyst divided by the methanol flow rate. When the WHSV decreases,
the contact time increases. This is because as the catalyst loading increases, so
does the amount of active sites present within the catalyst. There are then more
active sites by where methanol can be converted to product. The conversion is
therefore higher at higher contact times. This is explained by Kaarsholm et al.
[22] and the trend confirmed by Wu et al.[16].

1
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Figure 11: Methanol conversion for all tested WHSVs as a function of time on
stream.

The product compositions for each tested WHSV are shown in Figure S2 in Ap-

pendix C.1.1 and follow the same trend as for the temperature experiments. The
selectivity for each olefin at each WHSV can be seen in Figure S5 in Appendix
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C.2.2. With decreasing WHSV, the selectivity towards ethylene decreases while
the selectivity towards butene and pentene increases. In this next section how-
ever, the selectivity of alkenes versus alkanes is investigated. Figure 12 displays
the lower olefin and paraffin selectivities for each tested WHSV.
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Figure 12: Comparison of paraffin and olefin selectivities for each tested WHSV.

From the figure above it is observed that the selectivity towards parrafins de-
creases over time and the selectivity towards olefins increases. The formation
of alkanes, which is due to intermolecular hydride transfer [20], is therefore fa-
vored towards the beginning of the reaction. At the lowest tested WHSV, 0.77
h!, the alkane selectivity stays at 90% for 1 hour on stream instead of instantly
decreasing (which is the case for 1.54 h™' and 1.03 h''). This is because at lower
WHSV, there is a higher conversion of methanol, and therefore a higher portion
of parrafins are obtained. This is in line with Wu et al.[16] and Shi et al.[18],
where it is stated that with the higher methanol conversion at lower WHSVs
also comes lower selectivity for olefins. Within the C; to C4 alkanes, the selec-
tivity towards propane is the largest, with an initial selectivity between 66% and
75% depending on the WHSV. This correlates with the fact that propylene is
produced in the highest amount amongst the olefins.
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3.2.3 Influence of Methanol Partial Pressure

The see the effects of methanol partial pressure on the catalytic performance
and product stream composition, two partial pressures were compared (0.165
bar and 0.266 bar). As the partial pressure of methanol increases, the methanol
flow rate does too. At the same catalyst loading and higher partial pressure,
the WHSV would also change. Therefore to make sure that only the partial
pressure is varied, the catalyst loading was adjusted (see Table 1). This ensured
that for both partial pressure experiments, the WHSV was at 1.03 h™!. As with
the temperature and WHSV, the methanol conversion is plotted as a function of
time on stream and shown in Figure 13.
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Figure 13: Methanol conversion for each methanol partial pressure as a function
of time on stream.

From Figure 13, it is seen that at higher methanol partial pressure, the conver-
sion of methanol is higher and stays higher for longer. At a partial pressure of
0.165 bar, the conversion is maximal until about 2.5 hours on stream, while at
0.266 bar, the conversion is maximal for 5 hours on stream. The maximal con-
version time doubles as the methanol partial pressure increases by 0.1 bar. This
increase in conversion is understandable as a higher partial pressure signifies a
higher methanol flow rate. A higher concentration of methanol is going through
the reactor, therefore more of it can be converted, which is consistent with Wu
et al.[23]. Another aspect to be mentioned is the rate at which the conversion
decreases. At 0.165 bar, the conversion of methanol drops quite drastically to
below 10% after those 2.5 hours, yet at 0.266 bar, the conversion drops at a
slower rate. Even after 12 hours on stream, the conversion at 0.266 bar only
barely drops below to 20%. This can be explained by the higher catalyst load-
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ing at 0.266 bar, and so the higher amount of catalytic sites and longer contact
time. Overall, the general conversion trend of partial pressure in analogous to
the trends for reaction temperature (higher conversion at higher temperatures)
and WHSV (higher conversion for lower WHSV).

The product stream composition follows the same trend as for the reaction tem-
perature and the plots can be seen in Figure S3 in Appendix C.1.2. Within the
olefins products, the selectivity towards the Cy - Cy alkenes varies between the
two tested methanol partial pressures. At 0.165 bar, the selectivity towards ethy-
lene is higher and the selectivity towards butene and pentene are lower. However,
at 0.266 bar, the ethylene selectivity is lower and that of butene and pentene are
higher. The complete olefins selectivties are shown in Figure S6 Appendix C.2.3
and are similar to that of decreasing WHSV.

As mentioned, the butene selectivity increases with increasing methanol par-
tial pressure. So far, butene has been discussed as one olefin. In reality, there
are three butene isomers that are present in the product stream. The two consti-
tutional isomers that are present are 1-Butene and 2-Butene. For the 2-Butene
isomer, there is possibility of either a cis or trans orientation. The three butene
molecules that occur in the product stream are presented below in Figure 14.

W /\/ \—/
1-Butene Trans-2-Butene Cis-2-Butene

Figure 14: Butene isomers present in product stream.

The selectivity for each isomer is shown as a function of time on stream in Figure
15 and is calculated with Equation (12) from “2.3 Product Analysis”.

For both methanol partial pressures, the C, isomer selectivities follow a simi-
lar trend and have similar values. The selectivity towards 1-Butene decreases
with time on stream while the selectivity towards 2-Butene increases. 1-Butene
is less stable than 2-Butene [24], which explains why it becomes less favored
as the reaction proceeds. As for the trans and cis isomers, the Trans-2-butene
selectivity is higher than the Cis-2-butene selectivity. After rising at the begin-
ning of the reaction, these selectivities seem to stagnate at around 40% and 25%
respectively. For the trans isomer, there is less steric hindrance then for the cis
isomer. The cis isomer therefore experiences more bond angle distortion [24].
Due to this, the cis molecule is less stable than the trans molecule. As the trans
molecule is more stable, it becomes the more favored isomer, leading to its higher
selectivity. This selectivity trend within the Cy4 olefin is the same for all reaction
temperatures and WHSVs.
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Figure 15: Butene isomer selectivity as a function of time on stream for each
methanol partial pressure.

3.3 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was preformed for Experiments 1 through
7 to compare the amount of coke formed in each case. TGA shows the weight
loss of the spent catalyst as a function of increasing temperature. The higher
the weight loss %, the more hydrocarbon material is retained within the cata-
lyst. The catalyst weight loss for all experiments is plotted in Figure 16. For
TGA analysis, there are three parts of the plot that are important. First, the
weight drop from room temperature to about 100°C. This section corresponds
to the weight loss due to the evaporation of water from the sample. Next, the
weight loss from 100°C to 500°C corresponds to the decomposition of what is
called "soft coke”. This soft coke refers to the large aromatics confined within
the catalyst [25]. This type of coke still has a high hydrogen content and does
not lead to catalyst deactivation. Lastly, from 500°C to 600°C, the weight loss
corresponds to the decomposition of hard coke, which is formed from soft coke
via dehydrogenation. It therefore has a lower hydrogen content and is the reason
for catalyst deactivation [26].

In Figure 16 (c), the weight loss of the spent catalyst is shown for the two
tested methanol partial pressures (0.165 bar and 0.266 bar). For the sample
tested at 0.266 bar, the slope of the weight loss between 100°C and 500°C is
steeper than for the sample tested at 0.266 bar. This means that at a higher
methanol partial pressure there is more soft coke formed than at lower partial
pressure. From 500°C to 600°C, the slopes for both curves appear to be equal.
The amount of hard coke is therefore assumed to be the same for both partial
pressures. Even though there is a higher amount of soft coke at 0.266 bar, it
does not lead to deactivation, which is in line with the longer catalytic lifetime at
the higher tested partial pressure (see Figure 13 in “3.2.2 Influence of Methanol
Partial Pressure”) This trend is also confirmed in Hu et al.[27].
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Figure 16: TGA results in terms on weight loss for all experiments.

In Figures 16 (a) and (b), the difference in weight loss is not as prominent.
At a higher WHSV (1.54 h™!) there is a slightly higher catalyst weight loss be-
tween 100°C and 500°C, indicating a higher amount of soft present. However,
the slope indicative of the amount of hard coke is equal for all WHSVs. This
poses an intrigue on the shorter catalytic lifetime at higher WHSV, as it is not
explained by a difference in coke content. Hu et al.[28] explains that by increas-
ing WHSV, the coking rate increases, meaning that even if the same amount of
hard coke is formed for each experiment, the speed at which it is formed has an
effect on catalytic deactivation.

As for the TGA results of the reaction temperature experiments, the weight
loss between 100°C and 500°C is approximately the same for all reaction tem-
peratures while between 500°C and 600°C, the weight loss increases with de-
creasing temperature. This indicates that the amount of soft coke formed for
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each reaction temperature is similar, but the amount of hard coke increased with
lower temperatures. It seems that even though the shorter catalytic lifetime at
470°C is due a faster rate of coking (see section ”3.2.1 Influence of Reaction
Temperature”) | it does not mean that a higher amount of coke is formed. In
general, the influence of the reaction temperature on the phenomena of coking
is quite complex [27]. Certain studies (Borodina et al.[10]) report that coking
increase with increasing temperature, while others (Grgnvold et al.[29]) report
that coking increases with decreasing temperature. In this research the aspect
becomes even more complicated as the repeated experiments at 470°C are not
reproducible. However, what is visible is the difference in physical appearance
of the spent catalyst after each experiment. At lower temperatures, the spent
catalyst appears to have a lighter brown color while at higher temperatures it
appears a darker brown, almost black color. This suggests that at different tem-
peratures, the hydrocarbon species formed and trapped within the catalyst are
different [27].

4 Conclusion

During this research, the influence of different reaction conditions on the MTO
process and its catalyst were investigated. First, the H-SSZ-13 commercial cat-
alyst used during the research was analysed with XRD and NH3-TPD. Using
XRD, it was confirmed that the catalyst has a framework and crystallinity as-
sociated with the CHA topology. NH3-TPD allowed for the confirmation of the
expected strong and weak acid sites within the zeolite.

Furthermore, by changing the reaction temperature, WHSV and methanol par-
tial pressure, the methanol conversion, catalytic lifetime and product composi-
tions were found to vary. Methanol conversion increases quite straightforwardly
with decreasing WHSV and increasing methanol partial pressure. However, when
varying the reaction temperature, the methanol conversion was best at interme-
diate temperatures (390°C and 430°C). At 350°C and 470°C, the conversion was
maximal for a shorter period of time. The three experiments at 470°C were
also not reproducible, leading to the results being different each time the ex-
periment was repeated. Within the olefin products, for all reaction conditions,
propylene was favored at the beginning of the reaction. Ethylene selectivity how-
ever increased with time on stream. Butene and pentene selectivities increased
with lower WHSVs and higher methanol partial pressure and were highest for
intermediate reaction temperatures. This correlates with the catalytic life time
trends. Furthermore, the major side products of the reaction were indeed found
to be alkanes. The paraffin products however become less favored as the reaction
proceeded, with their selectivities dropping to below 10% after a few hours on
stream. Lastly, for all experiments, the selectivity towards Trans-2-butene is the
highest for all butene isomers and rises at the start of the reaction while the
selectivity towards 1-Butene decreases throughout the reaction.
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Lastly, the spent catalyst after reaction was analysed by XRD and TGA. The
XRD analysis of the spent catalyst at 470°C identified that the framework of the
catalyst is slightly shifted due to the formation of larger hydrocarbon molecules
within the zeolite. Its crystallinity also decrease due the coke formation. The
effect of the reaction conditions on the coking phenomenon on the first 7 ex-
periments was analysed with TGA. The retained hydrocarbon material within
the catalyst was distinguished between soft and hard coke. The trends between
coke content allowed for the explanation and understanding of the catalytic life
time trends for all tested conditions. Therefore, depending on the desired olefin
product, the catalytic life time can be tuned by selecting the ideal reaction con-
ditions.
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Appendix A Hazard and operability study

No. | Guide Word | Parameter | Deviation Causes Consequences Safeguards Action Required
Nitrogen No nitrogen Check pressure Shut off system
1 No Flow No flow tank is flow, so no and flow and change
empty methanol flow indicators nitrogen tank
Pressure is too
Shut off system
Low low, not enough Check pressure .
2 Less Pressure Leakage . and check lines
pressure methanol lead indicators
for leakage
to the reactor
Pressure build-
. . Shut off system
High Blocked up in system, Check pressure
3 More Pressure “ ! R and check all
pressure valve can cause bursting indicators
valves
of reactor
Desired reaction
conditions aren’t | Check temperature | Turn on/ replace
Low Heater .
4 Less Temperature . reached (methanol of inlet stream all necessary
temperature | malfunction :
may not reach and reactor oven heaters
boiling point)
Risk of damagin .
. . 518 | Check temperature | Turn off/ replace
, High Heater equipment and .
5 More Temperature - . . . of inlet stream all necessary
temperature | malfunction melting glass
and reactor oven heaters
reactor
Methanol, olefins Check valves Make sure
Blockage and catalyst can are installed to check valves
6 Reverse Flow Backflow . 8 ALy .
in system | end up in nitrogen allow only one are installed
lines way flow and working

Appendix

Table 2: HAZOP Table

X-Ray Diffraction pattern
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Figure S1: XRD patterns of a standard CHA zeolite and the SSZ-13 sample

The orange pattern represents the reference CHA framework while the blue pat-
tern represents the tested H-SSZ-13 sample.
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Appendix C Figures and Results

C.1 Product Distributions
C.1.1 Product Composition for WHSV experiments
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Figure S2: Product compositions for each tested WHSV.
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C.1.2 Product Composition of methanol partial pressure experiments

100 100 -

80 r 80 |

60 60 L

40 |

Product composition (%)

20 +

Product composition (%)

13h 8h

Methane  m Ethane w Ethylene = Propane
m Propylene = Butane = Butene m Pentene

1.3h 8h
Methane ®Ethane  w Ethylene ® Propane
m Propylene = Butane ~ mwButene  mPentene

(a) 0.165 bar (b) 0.266 bar

Figure S3: Product compositions for each tested methanol partial pressure.

Note that the graphs at 430°C, 1.03 h™' and 0.165 bar are the same graph as
they correspond to the results of Experiment 1 (from Table 1).
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C.2 Olefin selectivities

C.2.1 Olefin selectivities for reaction temperatures
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Figure S4: Lower olefin selectivities as a function of time on stream for each

reaction temperature.
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C.2.2 Olefin selectivities for WHSVs
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Figure S5: Lower olefin selectivities as a function of time on stream for each
WHSV.
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C.2.3 Olefin selectivities for methanol partial pressure

70 60
60 50 |
<50 X
~— v40 L
> =30 ¢
5 30 b
<20 220 ¢
[ [
“ 10 20 ¢
O L L 1 1 J O L L L 1 ]
0.0 2.0 4.0 6.0 8.0 10.0 0.0 2.0 4.0 6.0 8.0 10.0
Time on stream (h) Time on stream (h)
—-0.266 bar —-0.165 bar ~-0.266 bar  —-0.165 bar
(a) Ethylene Selectivity (b) Propylene Selectivity
25 - 6 -
:\;20 /\35 -
N =)
~4
2" z
2 =3 b
) =
o 10 =
= 3ol
Q [}
5 n
1 F
0 1 1 +- ’y 0 1 1 + + ry
0.0 2.0 4.0 6.0 8.0 10.0 0.0 2.0 4.0 6.0 8.0 10.0

Time on stream (h)

Time on stream (h)
~-0.266 bar  —=0.165 bar

~-0.266 bar —=0.165 bar

(c) Butene Selectivity (d) Pentene Selectivity

Figure S6: Lower olefin selectivities as a function of time on stream for each
methanol partial pressure.
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C.3 Alkane selectivities

C.3.1 Parrafin and olefin selectivities for all temperature experiments
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Figure S7: Comparison of paraffin and olefin selectivities as a function of time

on stream for each reaction temperature.
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C.3.2 Parrafin and olefin selectivities for all methanol partial pres-
sure experiments
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Figure S8: Comparison of paraffin and olefin selectivities as a function of time
on stream for each methanol partial pressure.
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