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hard coke generation

by low-temperature reaction

on tungsten catalysts via Operando
and in situ techniques
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The coke formation in the catalytic system mainly cause to the catalyst deactivate resulting the
dramatic decreasing of the catalyst performance then the catalyst regeneration was required. In this
study, adding MgO physically mixed with WO,/SiO, catalysts were prepared and compared with the
ones prepared by physically mixing with SiO,. Adding MgO affected the generation of new species
of coke deposited on WO;/SiO, and MgO itself. Comparing the reaction temperature when adding
MgO between at 300 and 450 °C, the different pathway of reaction and the coke formation were
found. At 450 °C, the metathesis reaction was more pronounced and the lower temperature of coke
deposited on WO, /SiO, was found. Surprisingly, the extremely hard coke occurred during reaction
at 300 °C that the maxima of coke formation was found over 635 °C. This due to the fact that the
reduction of reaction temperature from 450 to 300 °C affected the decreasing of the metathesis
activity. Conversely, the increasing of dimerization and isomerization of butenes-isomer was observed
especially 1-butene and iso-butene. Thus, it could suggest that those quantity of them play the
important role to generate the charged monoenyl or cyclopentenyl species by participating with
ethene through the dimerization, resulting in the formation of extremely hard coke.

Abbreviations

DRIFTS Diftuse reflectance infrared Fourier transform spectroscopy
XRD X-ray powder diffraction

XPS X-ray photoelectron spectroscopy

TPD Temperature program desorption

GC-FID  Gas chromatograph-flame ionization detector

Industrially, tungsten metal based catalysts are used in various reactions. One of the most important reaction
is olefin metathesis reaction!°. Metathesis reaction are used to transform the olefin in double bond position
to produce the olefin products that have more value in the petrochemical industries’. Commercially, ethylene
can react with propylene via metathesis reaction to enhance propylene production®. However, isomerization
of 2-butene as side reaction can occur with metathesis reaction. When 2-butene was isomerized to 1-butene
or iso-butene during the metathesis reaction take place, they can pronounce to generate long chain of olefin
hydrocarbon like pentene or hexene in the system by secondary metathesis reaction. Long chain olefins caused
to coke precursor generation and finally they converted to the coke formation depositing on the surface of the
catalyst that mainly affect catalytic performance®. The coke formation in the catalytic system mainly cause to
deactivate the performance and activity of catalysts®®. When the high temperature of coke was generated, its
necessary to increase the regenerated temperature that induced the metal sintering'®. The alternative way to pre-
vent these phenomena are using the catalysts that can convert the 1-butene or iso-butene back to the 2-butene
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by isomerization. Magnesium oxide (MgO) is the most important catalyst that use to catalyze the isomerization
reaction'"!2. Commercially, MgO catalysts may be mixed with metathesis catalysts which originally existed
only metathesis catalyst for performing both double-bond isomerization and metathesis in the same reactor'.
No matter if MgO physically mixed or put it on the top of metathesis catalyst in reactor. Beneficially, it help to
prevent the coke formation and reduce the consumption of coke deposited on the surface catalyst, on the other
hand it changed some phenomena of reaction pathway on the catalyst such as generated soft coke and reduced
the hard coke'. It is the interesting point to deep study and understanding about the phenomena that affect to
the catalytic activity. Operando ultraviolet-visible light spectroscopy (Operando UV-vis) is used to characterize
and observe the species of coke that deposited on the catalyst surface during reaction'®~'”. Using this technique
could monitored the occurrence of coke at real time on the surface of the catalyst while the reaction is occurred.

Acidity plays an important role on the metathesis activity of WO,/SiO, catalysts"'*'*. Ammonia was used
as probe molecule to adsorb on the catalyst then in situ DRIFTS technique is used to classify type of acid sites
which are Bronsted and Lewis acid sites?>?!. With ammonia chemisorption technique led to understand the cor-
relation of types of acidity and catalytic activity of fresh WO,/SiO, catalysts. Moreover, acidity is the parameter
that directly effect to the adsorption of reactants. Many studies have shown that the adsorption strength of the
substance is related to the amount of acid on the catalyst. Therefore, in this research, we try to develop techniques
to analyze the adsorption strength of different catalysts by using in situ DSC combining with in situ DRIFTS*%.

The present study, we attempt to develop the Operando UV-vis technique by installing multiple probes to
measure the coke formation with the different height of the catalyst packed bed in reactor. Noteworthy, inho-
mogeneity of coke formation was inhomogeneous axial deactivation along the packed bed of catalyst. Therefore,
when combined the Operando results of multi-UV-vis probes with the composition of different substances that
measured by GC-FID, it is possible to find some correlation of various parameter that effect to the catalytic
activity and coke formation.

Methods

Preparation of yWO,/SiO, catalysts. WO,/SiO, catalysts with 5 and 9%wt. of tungsten metal loading s
were prepared by the incipient wetness impregnation of amorphous silica gel (High-purity grade, 35-60 mesh,
pore size 150 A supplied by Sigma-Aldrich) with an aqueous solution containing the desired amount of ammo-
nium metatungstate hydrate ((NH,)sH,W,04,:xH,0, 99.9%, supplied by Sigma-Aldrich) as the tungsten pre-
cursor. The impregnated catalyst was dried for 2 h in ambient air and subsequently in an oven at 110 °C for 24 h,
following by calcination in air higher than 500 °C to improve the stability of tungsten catalysts. There samples
are labelled as 5WO,/SiO, and 9WO,/SiO,.

Preparation of MgO catalysts. Magnesium oxide wasa commercial grade (specific surface area 167 m?/g),
in the form of hollow with 4x5 mm extrudates which have been crushed and sieved to obtain the mesh size
between 25 and 30 then was calcined at in air at temperature higher than 550 °C to remove the impurity.

The prepared catalysts of yWO,/SiO, with different tungsten metal loadings were physically mixed with
silica gel and magnesium oxide in a weight ratio of 1:1. They can be divided in two groups. First, the yWO,/SiO,
catalysts were physically mixed with the silica gel and were labelled as 5WO,/SiO, + SiO, and 9WO,/SiO, + SiO,.
Secondary, the yWO,/SiO, catalysts were physically mixed with the magnesium oxide and were labelled as 5WO,/
SiO, + MgO and 9WO,/SiO, + MgO.

Catalyst characterization. Temperature-programmed oxidation (TPO) measurements were used to
analyze the carbon that deposited on the spent catalyst. 0.30 g of each catalyst was placed in quartz tube under
the 1% O,/He flow and heated with the heat rate 5 °C/min from 25 °C to 950 °C. In case of MgO to prevent
the CO, capture ability, it was pretreated to remove the CO, in He to 700 °C before started the temperature-
programed oxidation to measuring the amount of coke. Oxygen consumption and formation of reaction product
as CO, were monitored by a shimadzu gas chromatograph (GC-2014) equipped with TCD.

Operando UV-vis spectroscopy coupled with GC-FID measurements were performed using 0.8 g of catalyst
in a customized quartz with rectangular fixed-bed reactor (ID =40 mm x 10 mm), weight hourly space velocity
(WHSV) of 2.1 h™". Catalysts were packed in reactor and pretreated with 90 ml/min of N, before reaction testing.
A reactant of 4% ethylene and 2% trans-2-butene balanced in N, was flowed through the catalyst at the difference
reaction temperature 300 and 450 °C to monitor the coke formation during reaction. Operando UV-vis spectra
were corrected every 1 min in reflection mode at top and bottom bed of the catalyst packed bed by using AvaSpec
2048L spectrometer connected to a high-temperature UV-vis optical fiber probe with fiber optic wires. For reac-
tion measurement of coke generated with different probe molecule of trans-2-butene, 1-butene, and isobutene
that contain 4% of olefin balanced in N,, the physically mixed of MgO and 9WO,/SiO, were packed in to the
quartz reactor that using the same pretreatment condition and test the reaction at 300 °C.

In situ DRIFTS (diffuse reflectance infrared Fourier transform spectroscopy) measurements were determined
on the sample holder cup that the probe molecule can flow through the samples. The Praying Mantis High Tem-
perature Reaction Chambers, diffuse reflection accessory from Harrick Scientific Product Inc., with two Potas-
sium Bromide (KBr) windows and one SiO, observation window on the chamber was used in conjunction with
FT-IR from Bruker (vertex-70 spectrometer with a mercury cadmium telluride (MCT) detector kept at — 196 °C
by liquid N, during measurement). Prior to measurement, the fresh and spent catalysts were studied according
to the following procedure: (1) the samples were preheated at 500 °C for 1 h in N, (10 ml/min™") with a heating
rate of 10 °C/min under atmospheric pressure; (2) after pretreatment, the samples were cooled down to 50 °C
and IR spectrum was record as the background spectrum; (3) subsequently, the probe molecule (NH;, ethylene,
trans-2-butene, 1-butene, and iso-butene) were admitted through the sample until equilibrium adsorption. After
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Br@nsted acid (a.u.) | Lewis acid (a.u.) Bronsted acid (a.u.) | Lewis acid (a.u.)
Catalysts (1680 cm™); Type IT | (1621 cm™'); Type I | (1472 cm™); Type I | (1280 cm™'); Type I
SiO, 0.162 0.302 0.024 0.041
5WO0,/SiO, 0.071 0.408 0.708 0.198
9IWO,/SiO, 0.022 0.719 1.528 0.386

Table 1. Quantitave and qualitative of Br@nsted and Lewis acid site results by in situ DRIFTS of ammonia
chemisorption®. *Ammonia adsorption on the DRIFTS cell at 50 °C, 0.1 Mpa (after pretreated in N,; 1 h
550 °C).

purging the physisorbed probe molecules by N, flow for 30 min, the FTIR spectra of adsorbed species on catalysts
were collected simultaneously. Each spectrum was collected by averaging 128 scans with a resolution 2 cm™ in
the 4200-600 cm™! range. All IR spectra of the adsorbed species were obtained by subtracting the background
spectrum by using the OPUS software package (OPUS 7.5, Bruker Optik GmbH 2014).

In situ DSC (difference scanning calorimetry) measurements were carried out using C-600 Calvet Calorim-
etry, SETARAM Instrumentation to characterize the adsorption energy of difference probe molecule by pulse
chemisorption techniques. The 200 mg of fresh and spent catalyst of WO,/SiO, catalysts were loaded to gas
circulation cell and installed into the furnace that cover with perfect insulation. The energy consumption was
studied according to the following procedure: (1) the samples were pretreated before measurement at 500 °C
under N2 atmospheric pressure; (2) after pretreatment, the samples were cooled down to the 50 °C; (3) After
the output signal was stabled, the difference probe molecule were pulse fed to the sample and measured the total
heat evolved by high sensitivity of 3D Calvet sensor at 30 yW/mW and 0.10 uW of resolution. All the results of
total energy were calculated and converted by CALISTO software.

All the characterization techniques of experimental devices were shown by the following steps.

Before testing the catalytic activities.

® Measuring the type of acidity by in situ DRIFTS techniques (probe molecules: ammonia).
® Measuring the adsorption energy by in situ DSC (fresh catalysts).

Catalytic activities testing.
® Real time monitoring the surface reaction by Operando UV-vis spectroscopy coupled with GC-FID.
After testing the catalytic activities.

® Measuring the adsorption energy by in situ DSC (spent catalysts to compared with the fresh catalysts).
® Measuring the species and quantities of coke formation on the spent catalyst by TPO techniques.

Results and discussion

In situ DRIFTS with NH; adsorption technique. In order to understand the respective role of Lewis
and Bronsted acidic sites in studied metathesis catalysts, in situ DRIFTS with NH; adsorption technique was
carried out and the results are shown in Table 1. The quantity and species of Lewis and Brensted acid sites can
be divided into four groups that related to the positive adsorption bands of NH,* bending vibrations. The posi-
tive adsorption bands were found at 1680, 1621, 1472, and 1280 cm™!!>212>24 The former assigned the bending
vibration of NH," species at 1472 cm™ and 1680 cm™ resulting adsorbed of NH; on Si-OH and W-OH groups
on the position of Brensted acid site, while N-H bands bending vibration of molecularly adsorbed of NH; at
1280 cm™ and 1621 cm™ were attributed to Lewis acid sites®”. Considering the DRIFTS spectra of the WO,/
SiO, catalyst with different tungsten metal loading, the Bronsted acid sites at 1472 cm™ (Bronsted type I), Lewis
acid site at 1280 cm™ (Lewis type I) and 1621 cm™ (Lewis type II) were generated at 9% of tungsten metal
loading that caused of the agglomeration of tungsten metal oxide on the silica supported, correlating well with
the literatures®~*’. However the Bronsted acid site at 1680 cm™ (Bronsted type II ) decreased when increasing
tungsten metal loading®.

Catalytic analysis and general aspects of Metathesis reaction. The 9WO,/SiO, catalyst was firstly
considered to test the reaction and monitor the possibility of different reaction pathways with 4% ethene and
2% trans-2-butene as the reactants. The experiment was designed to use the temperature programing from 50 to
500 °C with heating rate 1 °C/min. The composition of substance was detected by GC-FID. The conversion and
selectivity profiles as a function of reaction time are shown in Fig. 1. When temperature raised up to 180 °C, the
isomerization reaction was starting occurred and the mainly products were cis-2-butene and 1-butene. After the
temperature programing increase to 200 °C, iso-butene and some of C** products were generated in the catalytic
system cause to dimerization reaction. Then metathesis as the main reaction was occurred when the temperature
increase to 320 °C which consistent with the previous research of olefin metathesis on tungsten metal oxide that
required high temperature for catalytic reaction'*%.
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Figure 1. Difference reaction pathways on 9WO,/SiO,. The temperature programmed from 50 to 500 °C for
reaction testing to observe the depending reaction pathways. The experiment was tested with 4% ethene and 2%
trans-2-butene on 9WO,/SiO, catalyst (WHSV =0.21 h™'; P=0.1 MPa).

Reaction S )
Catalysts temperature (°C) | Conversion (%)" | Propene | 1-But iso-But Cis-2-But 2-P Ces > Cst
Sio, 12.1 0.18 59.44 - 39.84 0.54 -
MgO 28.1 0.11 49.38 1.59 48.65 0.27 -
5WQO,/Si0, + SiO, 21.5 0.18 40.31 0.30 58.97 0.16 0.08
9IWO,/SiO, +Si0, | 300 289 0.21 39.03 0.81 59.75 0.11 0.09
5WO,/
$i0, + MgO 39.2 1.08 37.21 0.76 60.54 0.28 0.13
9WO,/
$i0, + MgO 41.1 1.81 36.81 1.12 59.34 0.72 0.20
Sio, 15.2 0.35 41.08 - 56.70 1.87 -
MgO 58.5 0.12 45.12 2.01 51.19 1.56 0.00
5WO0,/Si0, + SiO, 32.2 7.83 52.81 0.89 36.24 2.09 0.14
9IWO,/SiO, +Si0, | 450 47.8 10.01 44.09 1.20 41.51 2.94 0.25
5WO,/
$i0,+ MgO 60.1 10.69 46.26 1.14 39.51 2.20 0.20
9WO,/
$i0,+ MgO 63.8 11.12 39.53 1.32 44.42 3.19 0.42

Table 2. Conversion and product selectivity of SiO,, MgO, WO,/SiO, + SiO, and WO,/SiO, + MgO catalysts
of reaction temperature at 300° and 450 °C (WHSV =0.21 h™'; P=0.1 Mpa)®. *WHSV; weight of reactants were
calculated from mixed reactant of 2% trans-2-butene and 4% ethene balanced in N, (P=0.1 Mpa). *Conversion
were calculated base on trans-2-butene consumption.

From the reaction pathways on tungsten silica supported catalyst function to the temperature, we decided
to study the reaction temperature at 300 °C and 450 °C. As mentioned above at 300 °C was not functioned to
the occurrence of the metathesis reaction, which was an advantage that allowed us to study in the framework
of isomerization and dimerization (the initial reaction of oligomerization). Then, adding MgO to the catalytic
system, it is easier to demonstrate the phenomena that occurred on both of isomerization on MgO and WO,/
SiO, catalysts. Thus, for monitoring the effect of adding MgO, reaction testing of yWO,/SiO, have been divided
to two groups. First, as silica gel is barely acidic, yWO,/SiO, was physically mixed with silica gel to employ for
comparison purposes. The conversion and selectivity obtained on the various catalysts after 5 h reaction time
are summarized in Table 2. Comparison of the difference tungsten metal loading at reaction temperature 450 °C
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Figure 2. Temperature programmed oxidation. The results of spent catalysts with different tungsten metal
loading and physically mixed with SiO, and MgO after 5 h of reaction. (a) The TPO of reaction testing at
temperature 450 °C. (b) The TPO of reaction testing at temperature 300 °C. (c) The TPO of 9WO,/SiO, + MgO
at the various reaction temperature from 300-450 °C to monitoring the extremely hard coke generated
depending on reaction pathways. (d) The quantitative comparison of coke that deposited on the catalysts that
shown the low, middle, and high temperature coke.

indicated that increasing of tungsten metal loading affect to the increasing of the cis-2-butene and C;* products in
the reaction system due to the more pronounced of acidity on the catalyst (Table 1). Correlating with the acidity
and the activity, the improvement of metathesis reaction was increase with increasing of acidity on WO,/SiO,.
However, it also affected to increase the isomerization of trans-2-butene followed with secondary metathesis
reaction to generate C;* products.

Second, yWO,/SiO, was physically mixed with MgO and the reaction was tested at 450 °C. It is clearly seen
that the admixed MgO with the yWO,/SiO,. resulted in much higher conversion of trans-2-butene compared to
the one physically mixed with silica gel due to its isomerization function. It is noticed that when comparing the
isomerization sites on yWO,/SiO, with MgO, the isomerization sites on the yWO,/SiO, were not strong enough to
convert 1-butene and cis-2-butene to trans-2-butene. Therefore, the increasing of isomerization active species was
beneficially helped to increase opportunities of trans-2-butene converted to 1-butene. On the other hand, MgO
could convert 1-butene back to 2-butene and increase the possibility of propene production. When considering
from pathway of reaction, 1-butene can react with 2-butene and other 1-butene to form the C;* by secondary
metathesis reaction. Thus, occurring of secondary metathesis affected the additional propylene in the reaction
system as shown in Table 2. For reaction testing at 300 °C, it was consistent to the catalytic activity at 450 °C as
admixed MgO in the catalyst system provoked the conversion and propylene selectivity.

Characterization of coke formation on catalysts. The carbon deposit on surface of both yWO,/SiO,
and MgO catalyst was investigated by temperature-programmed oxidation (TPO). The CO, profiles are illus-
trated in Fig. 2. For observing the coke formation on each catalyst, yWO,/SiO, and MgO were prepared with
different particle size that could easier to separate by sieving. From the literature, yWO,/SiO, catalyst had one
species of coke formation around temperature of 450-550 °C. Coke formation mostly deposited on yWO,/SiO,
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catalyst meanwhile there was a slightly deposited on MgO'. As can be seen in Fig. 2a, coke formation on yWO,/
SiO, catalyst physical mixed with MgO had two species when reaction was tested at 450 °C. One was the main
coke formation at around 450-550 °C as the same pattern like the system of yWO,/SiO, + SiO, catalyst. However,
there was the lower peak at temperature around 280-340 °C, represented to soft coke formation. From the above
discussion showed the ability of MgO could catalyze isomerization reaction that cause of the increasing of Cs*
product in the reaction system. Correlating the reaction pathway and coke formation, it can be concluded that
when the reaction system comprised with higher molecule weight of olefin, its provoked the opportunity of coke
formation on the catalyst. Comparing between 5WO,/Si0, and 9WO,/SiO, both catalysts comprised with the
same species of coke depositing. Indeed, higher tungsten metal loading provoked coke formation due to higher
acidity and higher conversion. Accordingly, coke content was related proportionally with the activity.

It was interesting that when the reaction was tested at 300 °C, three maxima peaks were observed. The
additional species of coke formation at temperature oxidation around 645 °C was found on the spent yWO,/
SiO, + MgO catalyst (Fig. 2b). It was clear that the extreme hard coke formation preferable occurred at lower
temperature of reaction (300 °C) when adding MgO physical mixed yWO,/SiO, Accordingly, the increasing of
reaction temperature from 300 to 450 °C induced to decrease the carbon deposited on temperature oxidation
at 645 °C and disappeared after increase the reaction temperature over 400 °C as can be seen in Fig. 2c and the
quantitative comparison of hard coke can be seen in Fig. 2d.

As discussed above at 300 °C of reaction, only isomerization and dimerization reaction on both site of yWO,/
SiO, and MgO were occurred. Thus, to investigate the phenomena of soft coke formation, the selected reaction
temperature was chosen at 300 °C due to disposing of metathesis function on yWO,/SiO, in the system. Since is
reported in literature that the dimerization reaction was played a greater role to generate the C;* from butene itself
or co-dimerization of ethene?®?, This is in accordance with our results which can be seen from the increasing
of Cs* product but did not produced more the quantities of propene as in case of testing the reaction at 450 °C.

In order to further understanding about the coke formation on studied catalysts along with the height of the
catalyst packed bed, Operando UV-vis was carried out and the results are shown in Fig. 3. The spectrum band
around wavenumber 12,500-23,000 cm™ represented to charged and neutral poly-aromatics. And the spec-
trum around wavenumber 23,000-27,000 cm™ was assigned to the charged poly-alkylated benzene and charged
alkylated naphthalenes. Meanwhile the spectrum at 30,000-35,000 cm™ assigned to the charged monoenyl/
cyclopentenyl species'>!¢. Coke formation was monitored at the top bed of 9WO,/SiO, + MgO during reaction
at 300 °C and the results showed that the high quantity of the charged of poly-alkylated benzene and monoenyl/
cyclopentenyl species was occurred'® (Fig. 3a). In conversely, the spectrum band charged and neutral poly-aro-
matic slight increase after 4 h on stream. It was interesting that at bottom bed was generated the different pattern
of coke formation. As the metathesis reaction was not occurred at this temperature, thus the occurrence of the
high quantity of the charged of poly-alkylated benzene and monoenyl/cyclopentenyl species cause of the role of
isomerization and dimerization. These attributed the extreme hard coke formation on the surface catalyst that
revealed by TPO results. When increasing the reaction temperature to 450 °C, the spectrum band around wave-
number 12,500-23,000 cm™! that represented to charged and neutral poly-aromatics were slight increase from
top bed then considerable increased at bottom bed which can observed from the spectrum intensity (Fig. 3a)'>""".

Furthermore, we have to further investigate the other parameters such as kind of C4-feed stream that affected
to coke formation on the WO,/SiO, + MgO catalyst. Thus, we try to find that correlation by using the isomer of
C4-feed stream as the reactant including trans-2-butene, 1-butene, and iso-butene. Each C4-alkene balanced
with N, was fed into the reactor to observe the coking pattern with Operando UV-vis (Fig. 3b). Combining
the results from Fig. 3a,b 1-butene and iso-butene as the reactant showed the same pattern with the 4% ethene
and 2% trans-2-butene. Iso-butene were reacted and generated coke faster than 1-butene. Meanwhile 1-butene
generated the charged and neutral poly-aromatics slight increase on the top bed of catalyst then affected the
movement of coke precursors to the bottom bed and generated the coke formation at wavenumber around 10,000
to 15,000 cm™. Interestingly, when trans-2-butene, was fed, the pattern of coke formation was difference from
those ones, coke accumulation was not occurred on the along of catalyst pecked bed. These contributed that the
catalytic system that fed only trans-2-butene, without ethene interaction it's almost impossible to generate the
coke at 300 °C (Fig. 3b).

The strength of adsorption that combining between in situ DSC and DRIFTS was calculated from the ratio
between the adsorption energy and amount of pulsed chemisorption of the probe molecules on fresh and spent
catalysts. This value could suggested the ability of difference substances that adsorb on the catalyst surface after
the reaction was occurred (Table 3)?2. The adsorption ability of reactant and product trended to increase, espe-
cially using iso-butene as the probe molecule. At reaction temperature 300 °C, yWO,/SiO, + MgO catalyst was
noticeable increase of strength of adsorption which consistent with operando UV-vis results.

As described above, it can conclude that the increasing of tungsten metal loading affected the increasing of
acidity that could improve the catalytic activity resulting in the increasing of coke formation. From the catalytic
activity testing combining of Operando and in situ characterization techniques led to deep understanding the
phenomena of coke formation on the WO,/SiO, that physically mixed with MgO. The additional MgO not only
enhanced the conversion of trans-2-butene because of isomerization reaction but also increased the amount
of coke formation on the catalyst especially for soft coke formation. In this perspective, it should be proposed
the occurrence of extremely hard coke that results of the decreasing role of metathesis under 320 °C due to
the increasing of the dimerization to form the long chain of hydrocarbon and finally converted to the coke
agglomeration on the surface of catalyst. So, increasing of adsorption ability of iso-butene and 1-butene with
conjugated of ethene effect to generate the charged monoenyl or cyclopentenyl species eventually generated the
extremely hard coke. Then those coke precursor molecules were easier to continue react with ethene because
it’s necessary to remove one molecules of hydrogen when compared with butene that necessary to remove of
three molecules (Fig. 4).
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Figure 3. Operando UV-vis spectroscopy with multi probes. The Operando spectrum results of top and bottom
of catalytic packed bed. (a) The 9WO,/SiO, + SiO, and 9WO,/SiO, + MgO with different reaction temperature at
300 and 450 °C. (b) The spectrum results of reaction testing with various reactant as 1-butene, iso-butene, and

trans-2-butene which 4% of alkene balanced in N,.

Conclusions

Association of magnesium oxide with tungsten oxide silica supported catalyst effected to increase the isomer of
butenes in the system. The reaction temperature at 450 °C of WO, /SiO, catalyst was comprised with metathesis,
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Catalysts® Strength of Adsorption®

First Second | Reaction Temperature (°C) | Ethene ‘ trans-2-But 1-But iso-But
Fresh catalyst

5WO,/Si0, | SiO, 1.35 2.01 1.71 2.01
5WO0,/SiO, MgO 1.42 2.75 2.44 2.67
9WO0/Si0, | S0, | 0.98 1.53 243 1.68
9IWO,/SiO, MgO 1.06 1.94 2.94 1.87
Spent catalyst*

5WO0,/Si0, | SiO, 1.87 2.20 1.62 322
5WO0,/Si0, MgO 300 2.74 2.68 2.53 421
9WO,/Si0, | SiO, 1.77 197 2.38 2.83
9IWO,/SiO, MgO 3.06 2.64 3.08 4.29
5WO0/Si0, | Si0, 1.56 1.86 241 2.76
5WO0,/SiO, MgO 450 1.68 2.16 2.78 3.02
9WO/Si0, | SiO, 1.03 1.91 2.66 3.11
9WO,/SiO, MgO 1.17 2.31 3.14 3.57

Table 3. Strenght of adsorption with the various probe molecules that adsorbed on the WO,/SiO, + SiO,

and WO,/Si0O, + MgO catalysts. Compared between fresh and spent catalysts with different of reaction
temperature. *First and second catalysts were mixed by physically process. ®Strenght of adsorption; Ratios of
adsorption energy (J-g catalyst™) from in situ DSC measurements and DRIFTS Area (a.u. -g catalyst™') (area
integrated at wavenumber 1660-1720 cm™; isolated C=C and C=C conjugated with aryl) from in situ DRIFTS
measurements. *Spent catalysts; 8 h of time on stream (TOS).

IWOSI0, + MgO (300°C)
Top Bed

Acenaphthene
omerization CpHyo
(2™ Isomerization
ste on MgO) i
Metathesis 2 @
Isomerization
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CeH, CioHs

Butene

Figure 4. Schematic of possible reaction pathways at reaction temperature 300 °C. The proposed mechanism of
hard coke generation from dimerization on WO,/SiO, + MgO catalyst.

isomerization and dimerization which were generated more products of C5*, resulting in the increasing the
amount of coke deposited on catalysts. Addition of MgO physically mixed with WO,/SiO, catalyst initiated the
soft coke at temperature 260 °C when the reaction was tested 450 °C. However, reaction testing at 300 °C exhibited
the extremely hard coke that could be the charged monoenyl or cyclopentenyl in the catalytic reaction system.
It is necessary to burn out at temperature over 645 °C. It was noticed that when adding MgO physical mixed
tungsten oxide silica supported catalyst, the operating temperature should be avoid in the range of 280-320 °C
at atmospheric pressure due to the production of the new phenomena that generated the extremely hard coke
and increased the quantities of coke deposited in the system resulting in the requirement of high temperature for
catalyst regeneration and might need more frequent regeneration procedures as compared to the catalyst system
at higher operating temperature. High temperature of regeneration effect to the cause of sintering of metal and
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maybe deformed the structure of catalyst. Therefore, it is necessary to study these phenomena to prevent the
agglomeration of extremely hard coke and find an appropriate range of operating temperature.
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References

1.

2.

13.
. Thitiapichart, T. & Piyasan, P. Influence of MgO physically mixed with tungsten oxide supported silica catalyst on coke formation.

15.

16.

17.

18.
19.

20.

21.

22.

23.
24.
25.
26.

27.

28.

29.

Huang, S. et al. The effect of calcination time on the activity of WO,/AL,O5/HY catalysts for the metathesis reaction between ethene
and 2-butene. Appl. Catal. A 323, 94-103. https://doi.org/10.1016/j.apcata.2007.02.004 (2007).

Yang, X.-L., Gao, R., Dai, W.-L. & Fan, K. Influence of tungsten precursors on the structure and catalytic properties of WO,/SBA-15
in the selective oxidation of cyclopentene to glutaraldehyde. Phys. Chem. C 112, 3819-3826. https://doi.org/10.1021/jp710409g
(2008).

. Zhao, Q,, Chen, S.-L., Gao, J. & Xu, C. Effect of tungsten oxide loading on metathesis activity of ethene and 2-butene over WO,/

SiO, catalysts. Transit. Met. Chem. 34, 621-627. https://doi.org/10.1007/s11243-009-9239-3 (2009).

. Chaemchuen, S., Phatanasri, S., Verpoort, E, Sae-ma, N. & Suriye, K. The structure-reactivity relationship for metathesis reaction

between ethylene and 2-butene on WO,/SiO, catalysts calcinated at different temperatures. Kinet. Catal. 53, 247-252. https://doi.
org/10.1134/50023158412020024 (2012).

. Bhuiyan, T. I et al. Metathesis of 2-butene to propylene over W-mesoporous molecular sieves: A comparative study between

tungsten containing MCM-41 and SBA-15. Appl. Catal. A 467, 224-234. https://doi.org/10.1016/j.apcata.2013.07.034 (2013).

. Debecker, D. P. et al. Aerosol route to nanostructured WO;-Si0,-Al,0; metathesis catalysts: Toward higher propene yield. Appl.

Catal. A 470, 458-466. https://doi.org/10.1016/j.apcata.2013.06.041 (2014).

. Hoveyda, A. H. & Zhugralin, A. R. The remarkable metal-catalysed olefin metathesis reaction. Nature 450, 243-251. https://doi.

org/10.1038/nature06351 (2007).

. Bartholomew, C. H. Mechanism of catalyst deactivation. Appl. Catal. A 212, 17-60 (2001).

. Guisnet, M. & Magnousx, P. Organic chemistry of coke formation. Appl. Catal. A 212, 83-96 (2001).
10.
11.
12.

Forzatti, P. & Lietti, L. Catalyst deactivation. Catal. Today 52, 165-181 (1991).

Baird, M. J. & Lunsford, J. H. Catalytic sites for the isomerization of 1-butene over magnesium oxide. J. Catal. 26, 440-450 (1972).
Jiang, W. et al. Effect of MgO on WO,/SiO,-catalyzed light olefin metathesis using different feedstocks. Mol. Catal. 442, 49-56.
https://doi.org/10.1016/j.mcat.2017.08.019 (2017).

US8586813.pdf.

World Acad. Sci. Eng. Technol. 9, 2 (2015).

Ma, L. et al. The typefaces in the manuscript must be uniform and conform to norms. Italics are usually used for variables DRIFTS
and temperature-programmed technology study on NH3-SCR of NO over Cu-SSZ-13 and Cu-SAPO-34 catalysts. Appl. Catal. B
Environ. 156-157, 428-437. https://doi.org/10.1016/j.apcatb.2014.03.048 (2014).

Goetze, J. et al. Insights into the activity and deactivation of the methanol-to-olefins process over different small-pore zeolites as
studied with Operando UV-vis spectroscopy. ACS Catal. 7, 4033-4046. https://doi.org/10.1021/acscatal.6b03677 (2017).

Goetze, ]. & Weckhuysen, B. M. Spatiotemporal coke formation over zeolite ZSM-5 during the methanol-to-olefins process as
studied with operando UV-vis spectroscopy: A comparison between H-ZSM-5 and Mg-ZSM-5. Catal. Sci. Technol. 8, 1632-1644.
https://doi.org/10.1039/c7cy02459b (2018).

Huang, S. et al. Metathesis of ethene and 2-butene to propene on W/AlL,O;-HY catalysts with different HY contents. J. Mol. Catal.
A: Chem. 226, 61-68. https://doi.org/10.1016/j.molcata.2004.09.026 (2005).

Maksasithorn, S. et al. NaOH modified WO,/SiO, catalysts for propylene production from 2-butene and ethylene metathesis. Chin.
J. Catal. 35, 232-241. https://doi.org/10.1016/S1872-2067(12)60760-8 (2014).

Vorakitkanvasin, S., Phongsawat, W., Suriye, K., Praserthdam, P. & Panpranot, J. In situ-DRIFTS study: Influence of surface acidity
of rhenium-based catalysts in the metathesis of various olefins for propylene production. RSC Adv. 7, 38659-38665. https://doi.
0rg/10.1039/c7ra06181a (2017).

Suzuki, K., Nishio, T., Katada, N., Sastre, G. & Niwa, M. Ammonia IRMS-TPD measurements on Bronsted acidity of proton-formed
SAPO-34. Phys. Chem. Chem. Phys. 13, 3311-3318. https://doi.org/10.1039/c0cp00961j (2011).

Takkawatakarn, T., Suriye, K., Jongsomyjit, B., Panpranot, J. & Praserthdam, P. Influence of acidity on the performance of silica
supported tungsten oxide catalysts assessed by in situ and Operando DRIFTS. Catal. Today https://doi.org/10.1016/j.cattod.2019.
08.062 (2019).

Suzuki, K., Sastre, G., Katada, N. & Niwa, M. Ammonia IRMS-TPD measurements and DFT calculation on acidic hydroxyl groups
in CHA-type zeolites. Phys. Chem. Chem. Phys. 9, 5980-5987. https://doi.org/10.1039/b711961e (2007).

Vuong, T. H. et al. Efficient VO,/Ce,-xTi,O, catalysts for low-temperature NH;-SCR: Reaction mechanism and active sites assessed
by in situ/Operando spectroscopy. ACS Catal. 7, 1693-1705. https://doi.org/10.1021/acscatal.6b03223 (2017).

Verpoort, E, Bossuyt, A. R. & Verdonck, L. Olefin metathesis catalyst. Part II. Activation and characteristics of a “molecular”
tungsetn unit on silica. Mol. Catal. A Chem. 2, 75-82 (1995).

Rodriguez-Ramos, I., Guerrero-Ruiz, A., Homs, N., Piscina, P. R. & Fierro, J. L. G. Reactions of propene on supported molybdenum
and tungsten. Mol. Catal. A Chem. 2, 147-154 (1995).

Maksasithorn, S., Praserthdam, P, Suriye, K. & Debecker, D. P. Preparation of super-microporous WO;-SiO, olefin metathesis
catalysts by the aerosol-assisted sol-gel process. Microporous Mesoporous Mater. 213, 125-133. https://doi.org/10.1016/j.micro
mes0.2015.04.020 (2015).

Golombok, M. & Bruijn, J. D. Dimerization of n-butenes for high octance gasoline components. Ind. Eng. Chem. Res. 39, 267-271
(2000).

Metzger, E. D., Brozek, C. K., Comito, R. J. & Dinca, M. Selective dimerization of ethylene to 1-butene with a porous catalyst. ACS
Cent. Sci. 2, 148-153. https://doi.org/10.1021/acscentsci.6b00012 (2016).

Acknowledgements
We would to thank the SCG Chemical Co., Ltd., Thailand and The Thailand Research Fund (TRF) and Research
and Researcher for Industry (RRi) for financial support.

Author contributions
T.T. wrote all manuscrpit and all experiament testing. PP. and S.P. wrote and checked the manuscript. J.P. and
S.W. participated in the discussion of the results.

Scientific Reports |

(2021) 11:8071 | https://doi.org/10.1038/s41598-021-86949-x nature portfolio


https://doi.org/10.1016/j.apcata.2007.02.004
https://doi.org/10.1021/jp710409g
https://doi.org/10.1007/s11243-009-9239-3
https://doi.org/10.1134/s0023158412020024
https://doi.org/10.1134/s0023158412020024
https://doi.org/10.1016/j.apcata.2013.07.034
https://doi.org/10.1016/j.apcata.2013.06.041
https://doi.org/10.1038/nature06351
https://doi.org/10.1038/nature06351
https://doi.org/10.1016/j.mcat.2017.08.019
https://doi.org/10.1016/j.apcatb.2014.03.048
https://doi.org/10.1021/acscatal.6b03677
https://doi.org/10.1039/c7cy02459b
https://doi.org/10.1016/j.molcata.2004.09.026
https://doi.org/10.1016/S1872-2067(12)60760-8
https://doi.org/10.1039/c7ra06181a
https://doi.org/10.1039/c7ra06181a
https://doi.org/10.1039/c0cp00961j
https://doi.org/10.1016/j.cattod.2019.08.062
https://doi.org/10.1016/j.cattod.2019.08.062
https://doi.org/10.1039/b711961e
https://doi.org/10.1021/acscatal.6b03223
https://doi.org/10.1016/j.micromeso.2015.04.020
https://doi.org/10.1016/j.micromeso.2015.04.020
https://doi.org/10.1021/acscentsci.6b00012

www.nature.com/scientificreports/

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to P.P.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports|  (2021)11:8071 | https://doi.org/10.1038/s41598-021-86949-x nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Identification of extremely hard coke generation by low-temperature reaction on tungsten catalysts via Operando and in situ techniques
	Methods
	Preparation of yWOxSiO2 catalysts. 
	Preparation of MgO catalysts. 
	Catalyst characterization. 

	Results and discussion
	In situ DRIFTS with NH3 adsorption technique. 
	Catalytic analysis and general aspects of Metathesis reaction. 
	Characterization of coke formation on catalysts. 

	Conclusions
	References
	Acknowledgements


