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AbstractDuring catalytic pyrolysis of HFC-134a over -alumina, the formation of HF and coke causes catalyst deac-
tivation. Catalyst deactivation and product selectivity depend on the contact time during catalytic pyrolysis of HFC-
134a as reported in this paper. -Alumina calcined at 650 oC was used as the catalyst due to its higher quantity of acidic
sites and larger surface area, which are crucial for catalytic pyrolysis. X-ray diffraction (XRD), scanning electron micro-
scope-energy dispersive X-ray spectroscopy (SEM-EDS), and thermogravimetric analysis (TGA) of the catalysts were
performed to determine the influence of contact time and flow rate of HFC-134a. 2 mL/min of HFC-134a balanced
with nitrogen to 25, 50, 100, and 200 mL/min total flow rates was studied at 600 oC. 200 mL/min showed a 9.4 h cata-
lyst lifetime with a small number of by-products. Shorter contact time between HFC-134a and HF with the catalyst
was found to be the key to the longer lifetime of the catalyst. The catalyst lifetime was decreased with an increase in the
HFC-134a input amount. Among 2, 4, and 6 mL/min input of HFC-134a, 2 mL/min showed the longest catalytic activ-
ity followed by 4 and 6 mL/min, respectively. Conversion of -alumina into AlF3 and deposition of coke were responsi-
ble for the deactivation.
Keywords: Catalytic Conversion, Pyrolysis, Contact Time, -Al2O3, HFC-134a

INTRODUCTION

The global temperature has increased rapidly in this past cen-
tury. Scientists around the world have started taking action in an
attempt to solve the issue of global warming, leading to thousands
of publications in that arena. Most of these studies conclude that
the anthropogenic activities, which laid the foundation of the mod-
ern world, are the reason behind this catastrophe [1,2]. Increasing
greenhouse gas (GHG) concentrations are considered to have more
than 50 percent share in elevation of the global average surface tem-
perature of the earth [3]. Among these GHGs, hydrofluorocarbons
(HFCs) are a group of fluorine containing greenhouse gases [4,5]
which replaced chlorofluorocarbons (CFCs) and hydrochlorofluo-
rocarbons (HCFCs). CFCs were found to be ozone-depleting sub-
stances as they generate chlorine atom by photodissociation which
can react with ozone present in the stratosphere [6]. The phasing
out of production and consumption of CFCs as a result of the Mon-
treal Protocol [7] resulted in the usage of HFCs as a substitute for

refrigerants [5]. Among these HFCs, 1,1,1,2-tetrafluoroethane (HFC-
134a) first appeared in the early 1990s as a substitute for the ozone-
depleting dichlorofluoromethane (CHCl2F; HCFC-21). It is one
of the most abundant HFCs with a global warming potential (GWP)
of 1,300 [8]. The emissions of HFCs skyrocketed due to the world-
wide increase in the demand for air conditioning. The rising con-
centration led HFCs to the inclusion in the seven targeted GHGs
by the Kyoto Protocol [4]. In 2016, the Kigali Amendment to the
Montreal Protocol decided to phase down the consumption of
HFCs, eager to avoid emission of 70 billion tons CO2 equivalent
(CO2e) by 2050 [9]. Therefore, technologies for the climate change
mitigation caused by HFCs, especially HFC-134a, are of tremen-
dous importance.

At present, the treatment methods of HFC-134a majorly include
thermal combustion, plasma decomposition, and catalytic decom-
position. Thermal combustion is considered to be the most appli-
cable technology for the decomposition of HFCs and Perfluoro-
carbons (PFCs) so far. It is also certified by the United Nations
Framework on Climate Change (UNFCC) to abate HFC-23 under
clean development project [10], as it is the highly efficient and
simplest treatment method for the HFCs disposal. However, being
that fuel is required for this process, commercialization is difficult.
It is also not easy to obtain inexpensive material for the reaction
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compartment. The compulsory post-treatment is yet another unfor-
tunate hindrance due to the formation of toxic by-products, such
as dioxins, corrosive acids, NOx, etc. [11,12].

Plasma technology is also growing rapidly in the field of decom-
position of fluorinated compounds. Fascinating results in the liter-
ature suggest high decomposition (up to 99.9%) is possible [13].
Moreover, unwanted byproducts like COF2 are also reported to be
controlled and it is considered proficient for HFC-134a treatment
over a wide range of initial concentrations [14,15]. Even so, this tech-
nology is expensive and less energy efficient, which causes restraints
in its dominance [12].

For the decomposition of HFCs and other fluorinated com-
pounds including PFCs, NF3, SF6, catalytic pyrolysis was proven to
be a safe, more practical, and convenient method as it requires a
comparatively lower temperature than other techniques, which
makes this method cost-effective as well [16,17]. Nearly 100% HFC-
134a was destructed at 600 oC when concrete waste was employed
as a catalyst [18]. Metal phosphates were also studied as the cata-
lysts and promising results strengthened the concept of catalytic
pyrolysis when the conversion reached 100% at only 500 o with-
out any hazardous byproducts [16].

In the search of a more economical path, the catalytic activity of
five catalysts was studied. -Alumina was reported to have the high-
est activity among the used catalysts [19]. The catalytic activity of
-alumina is supported by other studies on catalytic pyrolysis as
well [20,21]. The alumina catalyst rapidly deactivates due to its con-
version to AlF3 [19]. To increase the stability of alumina catalysts,
metal-doped alumina based catalysts were studied in which Ce
[22], Ni [23], and Mg [24] are some of the reported metals which
perceived catalyst lifetime when introduced in alumina and con-
vert HFC-134a into trifluoroethylene (C2HF3, TrFE). Trifluoroeth-
ylene is an important organic molecule used as a precursor for
fluoro-plastics and fluoro-rubber [25], co-monomer [26] as well as
future refrigerant due to its low GWP [27].

So far, there is no study available which shows the significance
of contact time in catalytic decomposition of HFC-134a, which is
a very important step for gas phase reactions. Therefore, this arti-
cle is focused on the catalytic pyrolysis of HFC-134a at various space
velocities, in other words, the contact time of HFC-134a over -
alumina. Our goal was to determine which space velocity or con-
tact time is responsible to get the least number of products to
achieve highly pure trifluoroethylene by the catalytic decomposi-
tion of HFC-134a. Also, how it will have an effect on catalyst life-

Fig. 1. Schematic diagram of the pyrolysis system used for the stud-
ies [24].

Table 1. Contact time and GHSV at used flow rates

Total flow rate
(mL/min)

Mixing amount
(HFC+N2) (s) (mLg1

cat h1)
025 2+230 8.64 01,250
050 2+480 4.32 02,500
100 2+980 2.16 05,000

200
2+198
4+196
6+194

1.08 10,000

Contact Time  
Volume of catalyst 60

Flow rate
------------------------------------------------------- GHSV   

Flow rate 60

Catalyst weight
------------------------------------

time as higher space velocity will lower the possibility of the gas-
solid reaction and HF-attack on the catalyst. Different flow rates of
input gases were used to select the best achievable conditions for
our goal. XRD, TGA, and SEM-EDS were used to identify the
changes in the catalyst. To determine the conversion rate, GC/MS
was used to study the samples of the product gas.

MATERIALS AND METHODS

1. Raw Materials
-Alumina was purchased from Alfa Aesar (USA). The -alu-

mina was employed after calcining for 2 h at 650 oC in the air. After
the calcination, the catalyst was crushed and then sieved to extract
particle size between 1.0-1.7 mm. The surface area of the fresh cat-
alyst was found to be 187 m2/g. The acidic sites were also studied
for the fresh catalyst. The amount of weak, intermediate, and strong
acidic sites was quantified as 1.776, 2.345, and 2.623 mmol-NH3/g-
catalysts, respectively. HFC-134a was acquired from RIGAS Co.
Ltd. (Korea). CaO was purchased from Junsei Chemicals (Japan).
2. Experiment Details

A decomposition study of HFC-134a was done at 600 oC using
a plug flow reactor made with an SUS-316L tube loaded with alu-
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mina catalyst connected to the GC/MS. The setup of the pyrolysis
system is shown in Fig. 1. The amount of alumina catalyst used in
the reactor was 1.2 g, whereas the flow rate of 2, 4, and 6 mL/min
of HFC-134a was introduced in the reactions. Nitrogen was used
to maintain the required total flow rate of 25, 50, 100, and 200
mL/min. Table 1 shows the different total flow rates used in this
study as well as HFC-134a and N2 proportions. Mass flow control-
lers (Kofloc, Kojima Instruments Inc.) were used to control the gas
flow. A thermocouple was used to monitor the reaction tempera-
ture. CaO was used to capture the HF produced after the pyroly-
sis before sending the sample to GCMS for analysis.

The sample was analyzed by using Shimadzu GC/MS (QP2020)
equipped with GS-GASPRO column, National Institute of Stan-
dards and Technology (NIST) MS library was used to identify the
peaks in MS chromatogram, and GCMSsolution used to study
peaks and calculate the peak area. To determine the conversion
rate, calculated peak areas of input and output gas were applied in
Eq. (1).

Conversion (%)=(1Aout/Ain)×100 (1)

where Ain denotes the peak area of input gas (HFC-134a) and
product gas is mentioned as Aout.
3. Characterization

The catalyst phase was identified by high-resolution X-Ray dif-
fractometer (model: D/Max-2500V, Rigaku) within the 2 scan
range of 10-80o. Field emission scanning electron microscope/energy
dispersive spectrometer (model: JSM-6701F/X-Max, Jeol) was prac-
ticed to examine the morphology, texture, and chemical compo-
sition of the catalyst surface. The coke content was analyzed by
thermogravimetric analyzer (model: TGA55, TA Instruments).

RESULTS AND DISCUSSION

1. Effect of Contact Time on Catalyst Lifetime
The main reaction by which HFC-134a is decomposed is an

elimination reaction as shown in Eq. (2) where it breaks into tri-
fluoroethylene and hydrofluoric acid (HF). The contact time was
controlled by the total flow rate of HFC-134a, which was the reac-

tant gas and nitrogen which was used as balance gas. Fig. 2 shows
the decomposition tendency of HFC-134a by using 1.2 g -alu-
mina as the catalyst at 600 oC with 2 mL/min HFC-134a balanced
by nitrogen to the total flow rates of 25, 50, 100, and 200 mL/min.
The contact time and gas hourly space velocity at different flow
rates are given in Table 1. There is an inverse relationship between
contact time and flow rate because the contact time decreases with
an increase in the flow rate. The conversion of HFC-134a was more
than 95% at all the contact times at the initial stage. But the stabil-
ity of the catalyst was highly affected. The shortest contact time is
at 200 mL/min, maintained the conversion for the longest time
and the catalyst lifetime decreased with the increase in contact
time. The catalyst lifetime in this study is considered as the time
when the conversion was decreased to 95%. It was observed that
the catalyst lifetime increased from around 1 h with 25 mL/min
flow rate to 9.4 h at 200 mL/h total flow.

Yaghobi stated that generally high space velocity is recom-
mended for the catalytic process if it does not decrease catalyst
lifetime and conversion [28]. Açıkalın et al. stated that residence
time (contact time) is an important factor in pyrolysis as it effects
the gas-solid reaction [29]. This means by increasing the flow rate
of input gas, the contact time of formed HF and HFC-134a itself
with the catalyst becomes short. HF and HFC-134a can react with
alumina and convert it into aluminum fluoride, which can deacti-
vate the catalyst as shown in Eq. (3) and (4). So, with a higher flow
rate deactivation of catalyst delays.

CH2FCF3CHF=CF2+HF (2)

CH2FCF3+Al2O3C+CO2+H2O+HF+AlF3 (3)

6HF+Al2O32AlF3+3H2O (4)

2. Effect of Contact Time on Product Selectivity
The relative amount of products was found by calculating the

ratio between the peak areas of products and peak area of input
HFC-134a ,which can be seen in Fig. 3. Another effect of contact
time was observed that at the total flow rate of 25 mL/min (lon-
gest contact time), carbon dioxide was formed as a major product
in the first hour of the reaction and a very small amount of triflu-
oroethylene was produced. It suggests that during the first hour,
due to longer contact time, HFC-134a was mainly decomposed
with gas-solid reaction with alumina catalyst as given in Eq. (3)
instead of catalytic elimination of HF (Eq. (2)). It was also interest-
ing to observe that when the catalyst started to deactivate, differ-
ent byproducts were also detected, including tetrafluoromethane,
hexafluoroethane, trifluoromethane, pentafluoroethane, 1,1,1-trifluo-
roethane, 1,1,2-trifluoroethane with the total flow rate of 25 mL/
min. It is assumed that radical reactions are occurring as side reac-
tions at a low total flow rate (long contact time). The same by-prod-
ucts during the catalyst deactivation period were observed with
50 mL/min total flow rate, but trifluoroethylene was found to be
the main product with a large amount of carbon dioxide through-
out the reaction.

When the total flow rate was set as 100 mL/min and 200 mL/
min, only trifluoroethylene and carbon dioxide were found as prod-
ucts and later showed higher trifluoroethylene and lower carbonFig. 2. Conversion of HFC-134a at different total flow rate at 600 oC.
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dioxide. It was observed that carbon dioxide has a direct relation
with the contact time as its yield increased with the increase in con-
tact time. In the case of trifluoroethylene, it was clearly seen that its
yield was increased with the total flow rate, which means contact
time at 100 and 200mL/min total flow rate is enough for the produc-
tion of trifluoroethylene but not enough for other products. These
results show that the contact time of input gas with the catalyst is
very crucial for the selectivity between the elimination of HF and
gas-solid reaction. Yang et al. [30] studied the contact time effect on
catalytic pyrolysis of cellulose and concluded that contact time of
reactant with catalyst had a huge impact on product formation;
they also observed that longer contact time leads to the formation
of CO2. Other studies [28,31,32] also stated that product selectiv-
ity is dependent on contact time.

According to the literature [29,33], longer contact time causes
secondary reactions like repolymerization or thermal cracking or
re-condensation. In our studies, the various by-products formed at
a lower flow rate can be produced by the above-mentioned reac-
tions. Scheme 1 explains the reaction mechanisms for observed
by-products. It was suspected that substantial thermal-cracking of
HFC-134a took place at longer contact times. This thermal-crack-
ing was responsible for generating numerous radicals. These radi-
cals recombined and formed different by-products.

3. HFC-134a Flow Rate
After determining the effect of contact time through the total

flow rate, we studied the effect of HFC-134a input. As shown in
Fig. 4 the flow rate of HFC-134a used was 2, 4, and 6 mL/min bal-
anced with nitrogen gas to a total flow rate of 200 mL/min, which
showed the highest catalyst lifetime and lower number of prod-
ucts. It was observed that the catalyst lifetime decreased with an
increase in the input amount of HFC-134a in the reactor. The life-
time of 4 mL/min HFC-134a flow rate was found to be 4.7 h, and
for 6 mL/h flow rate the conversion was maintained for 1.9 h and
both of them were significantly lower than 2 mL/min (9.4 h). It
can be seen that the lifetime of the catalyst depends upon the con-
centration of input gas. Trifluoroethylene and carbon dioxide were
detected as products in both reactions.

Interestingly, in the case of 2 and 4 mL/min HFC-134a flow
rate, as the HFC-134a input was doubled, the catalyst lifetime was
reduced by half. In this case, the decomposition capacity of the
catalyst (HFC-134a flow rate×catalyst lifetime) remained the same
for both cases. From this observation, it can be concluded that
there is a specific input amount that can result in high decomposi-
tion capacity in a short time. This decrease in process time can be
environmentally crucial as well as economically beneficial by sav-
ing balance gas and energy.
4. Physicochemical Properties of the Catalyst

The results of the XRD analysis of fresh and used catalysts are

Fig. 3. Formation of products at 600 oC with different total flow rate.
(a) CO2, (b) TrFE.

Fig. 4. Conversion at different flow rates of HFC-134a with a total
flow of 200 mL/min at 600 oC.

Scheme 1. Reaction mechanisms for the by-products.
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shown in Fig. 5. Peaks of -alumina were found in fresh catalyst
calcined at 650 oC, which we also observed in our previous stud-
ies [24,34]. In all used catalysts, the peaks of -AlF3 (JCPDS: 01-
080-1007) were detected with the characteristic peaks at 2 (hkl)
25o (012), 42o (113), 52o (024), and 58o (116). It was suggested that
the conversion of -alumina to inactive AlF3 through reactions
explained in Eqs. (3) and (4) is the reason for the loss in the cata-
lytic activity of the catalyst. Peak intensity (area and height) of four
major peaks (hkl: 012, 113, 024, and 116) of used catalysts was
monitored and added as Table S1 in Supplementary Information
to determine the damage to -alumina. The catalyst used with 200
mL/min was found to have slightly lower peak intensity than the
catalysts used with lower flow rate. It was observed that catalysts
were faintly more damaged in a shorter amount of time with lower
flow rates; on the other hand, longer time was taken by the cata-
lyst decomposition with higher flow rates. It is suggested that a higher
flow rate is decreasing the contact time for HF or HFC-134a to
react with -alumina, hence slowing the deactivation of the cata-
lyst. Tsenga and Chao [35] also performed a quantitative analysis
of anatase and rutile in a sample with the help of XRD intensity
on the basis of literature [36]. The researchers stated that the peak
intensity of rutile was decreased with the increase in intensity of
anatase and vice versa. This change in intensities occurred with
the conversion of anatase to rutile as the temperature increased.

Higher peak intensity of AlF3 was also observed when the HFC-
134a input was increased to 4 mL/min. The higher HFC-134a
input resulted in a higher amount of HF, which caused fluorina-
tion of alumina quicker and deactivation occurred earlier than
2 mL/min flow rate of HFC-134a. 4 mL/min damaged more cata-
lyst than 2 mL/min HFC-134a input in shorter amount of time.

The conversion of -alumina into AlF3 can be reduced by regen-
eration of the catalyst. Jeon et al. [37] claimed that AlF3 was not

Fig. 5. XRD spectra of fresh and used catalysts.

Fig. 6. TGA spectra of fresh and used catalysts.
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detected in used catalyst when -alumina was impregnated with
phosphate for the hydrolytic decomposition of PFCs. They sug-
gested that the catalyst was regenerated under applied conditions
and the reaction given in Eq. (4) was moved backwards. On the
other hand, Han et al. [19] reported than in the absence of phos-
phate, AlF3 was observed in used catalyst after the hydrolytic de-
composition of HFC-134a. More studies are required in this field
to maximize the catalytic performance of -alumina.

Fig. 6 gives the weight loss of the fresh and used catalysts through
TGA. The catalyst deactivated quickly at the flow rate of 25 mL/
min and the largest coke amount was formed (11.4%±1% wt) fol-
lowed by 50 mL/min (7.4%±1% wt), 100 mL/min (5.8%±1% wt)

Fig. 7. SEM images of fresh and used catalysts for different flow rates at magnification 5,000×.

and 200 mL/min (6.2%±1% wt). In our previous studies, it was
also observed that the catalyst lifetime is linked to the coke amount
produced in the course of the reaction to a great extent [24]. This
observation strengthens the suggestion given earlier in this paper
that the chances of a gas-solid reaction are greater with longer
contact time (25 and 50 mL/min) than shorter (100 and 200 mL/
min). The high amount of coke, CO2, and also AlF3 were observed
with longer contact time and all of them were significantly reduced
with shorter contact time. This means shorter contact time can be
applied to reduce catalyst deactivation through coke formation,
which results in a longer lifetime of the catalyst. Among different
input amounts of HFC-134a, the coke amount decreases with a
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decrease in catalyst lifetime. This suggests that at shorter contact
time, catalyst deactivation occurs mainly due to fluorination of the
catalyst and it is independent of the input amount of HFC-134a.

Our previous study [34] observed that a high amount of coke
was formed after the deactivation of the catalyst. It was suggested
that 25 mL/min flow rate provided a longer contact time for HF to
react with -alumina to form AlF3 early in the reaction (Eq. (4)).
The gas-solid reaction between HFC-134a and -alumina formed
CO2, as shown in Fig. 3(a), is also responsible for the production
of AlF3, as given in Eq. (3). The -AlF3 was formed due to cata-
lyst deactivation, which is the strong Lewis acid [38]; there is a
possibility that it can also lead to the formation of coke and poly-
meric by-products [25]. Xi et al. also reported that due to strong
Lewis acidic sites, the AlF3 catalyst produces coke and causes deac-
tivation [39]. On the other hand, with 200 mL/min the formation
of AlF3 is slower, hence lesser amount of coke is observed. It is
important to mention that formation of trifluoroethylene by the
elimination of HF from HFC-134a is dependent on weak Lewis
acidic sites [25].

Fig. 7 shows SEM images of fresh and used catalyst; it is very
clear that the morphology of catalyst is changed, which indicates
the deactivation of the catalyst. Crystals of AlF3 are visible in all
the used catalyst samples after the reaction due to the conversion
of -alumina into AlF3. The crystals of AlF3 can be seen covered in
carbon (coke) produced during the reaction. The elemental com-
position from the EDS is given in Table 2 with the coke amount
determined from TGA. In fresh catalyst, Al and O were the only
elements detected in EDS. Whereas in the used catalysts, F, C, and
Al were detected but O was absent from all the samples. It was
interesting to see that, like TGA, the catalyst used with 25 mL/min
flow rate showed a larger amount of coke in EDS after a shorter
catalytic lifetime than 200 mL/min. The distribution of atoms can
be seen in Fig. S1 in supplementary information. Al and O atoms
are evenly dispersed on the surface of the fresh catalyst. Sporadic
dispersion of atoms was found on the surface of the spent cata-
lyst. Some surfaces have a higher concentration of C where others
have higher Al and F. AlF3 was also found on the surface of the
used catalysts when Ga doped -Al2O3 with and without the pre-
treatment of sulfuric acid was used for the hydrolytic decomposi-
tion of HFC-134a [40].

CONCLUSION

This study focused on the effect of the contact time of the input

gas mixture by controlling the total flow rate as well as the input
amount of HFC-134a on the catalyst lifetime and the selectivity of
the product in the catalytic pyrolysis. Among the different investi-
gated total flow rates with 2 mL/min HFC-134a, 200 mL/min
showed the longest lifetime and least number of by-products while
having the lowest contact time. Shorter contact time delays cata-
lyst deactivation. The shorter contact time minimizes the reaction
of HF and HFC-134a with the catalyst as well as the decomposi-
tion of HFC-134a through the radical mechanism. When the input
amount of HFC-134a was increased, no change in product selec-
tivity was observed. The catalyst lifetime decreased with the in-
crease in the HFC-134a amount. 2 mL/min flow rate of HFC-134a
was found to maintain the conversion for longer than 4 and 6 mL/
min. TGA, XRD, and SEM-EDS of the used and fresh catalysts
were performed. It was concluded that the drop in catalyst life-
time was observed due to the deactivation of the catalyst. -Alu-
mina can be converted to AlF3 by reacting with HF formed during
the decomposition. It was also stated that coke formation due to
gas-solid reaction between HFC-134a and -alumina is also responsi-
ble for catalyst deactivation.
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Table S1. Peak areas and intensities of major AlF3 peaks in used catalyst for 2 mL/min HFC-134a flow rate

hkl
25 mL/min (8.64 s) 50 mL/min (4.32 s) 100 mL/min (2.16 s) 200 mL/min (1.08 s)

Intensity Peak Area Intensity Peak Area Intensity Peak Area Intensity Peak Area
012 97,196 1,656,706 97,517 1,665,401 93,043 1,577,239 94,995 1,561,473
113 16,932 0,385,244 17,073 0,384,555 17,534 0,379,387 16,854 0,359,151
024 21,999 0,490,590 22,386 0,490,855 21,654 0,472,312 21,008 0,455,138
116 12,562 0,349,967 12,381 0,326,670 12,531 0,311,961 12,140 0,298,338
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Fig. S1. EDS image of fresh and spent catalysts.


