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Abstract: This paper explores the thermal and catalytic pyrolysis of HFC-134a over y-Al,O3 cal-
cined at temperatures of 550 °C (A550), 650 °C (A650), 750 °C (A750), and 850 °C (A850). The
physicochemical properties of catalysts were studied through thermogravimetric analysis (TGA),
Brunauer-Emmett-Teller equation for nitrogen physisorption analysis (BET), X-ray diffraction (XRD),
and temperature-programmed desorption of ammonia (NH3-TPD). The non-catalytic pyrolysis of
HFC-134a showed less than 15% decomposition of HFC-134a. Catalysts increased the decomposition
as A650 revealed the highest decomposition efficiency by decomposing more than 95% HFC-134a for
8 h followed by A750, A850, and A550. The larger surface area and pore volume paired with a low
amount of strong acidic sites were considered as the main contributors to the comparatively longer
catalytic activity of A650.

Keywords: catalytic decomposition; calcination temperature; HFC-134a; pyrolysis; trifluoroethylene;
v-Al,O3

1. Introduction

Global interest in greenhouse gases has risen recently due to global disasters such
as the rising sea level, global warming, irregular global rainfall, etc. Since the 1880s,
the National Aeronautics and Space Administration (NASA) has noted that the surface
temperature has increased by 1.3 °C (~2.7 °F) [1]. The reason behind such disasters is
related to human activities such as the use of greenhouse gases. Although human life
has improved through the use of fluorinated greenhouse gases as refrigerants and in air
conditioning systems [2], these gases have a very high global warming potential (GWP)
compared to the other greenhouse gases [3]. Therefore, many researchers are investigating
their reduction, destruction, and recycling [4]. The Montreal Protocol articulated a complete
ban on the usage of chlorofluorocarbons as refrigerants, with hydrofluorocarbons also
being on the list [5]. Among various hydrofluorocarbons, HFC-134a is the most extensively
used coolant gas and its GWP is 1300 [5]. The Kyoto Protocol highlighted the seriousness
of using HFC-134a and the Kigali amendment to the Montreal Protocol called for the
reduction in its usage [6,7].

At present, techniques for the treatment of HFC-134a are also being investigated and
various technologies, such as thermal combustion, plasma, and pyrolysis have been sug-
gested as potential treatment methods. Thermal combustion is considered an established
technology for the decomposition of HFCs and PFCs and it is also certified by UNFCCC to
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abate HFC-23 [8]. However, its commercialization has some obstacles due to the extremely
high temperature achieved by the use of fuel. It is also challenging to find appropriate
low-cost materials for the reaction chamber. The formation of toxic byproducts, such as
the strongly corrosive HF and dioxin, suggests that post-treatment should be a viable
alternative option [9-11].

Plasma technology is also growing rapidly in the field of decomposition of fluorinated
compounds. It has been reported that 99.9% of HFC-134a and CF, can be decomposed by
the use of plasma technology [12]. Moreover, undesirable byproducts, such as COF; have
been reported to be controlled, and it is considered to be proficient in treating HFC-134a
over a wide range of initial concentrations [13-16]. However, the high initial operating
costs coupled with low energy efficiency restrain the dominance of this technology.

Pyrolysis is an effective technology that can decompose HFC-134a at a lower tem-
perature (750 °C) than plasma technology [17]. Catalytic pyrolysis has proven to be a
safe, practical, and convenient method as it requires a comparatively lower temperature
than other techniques, making the process cost-effective. Research on the catalytic py-
rolysis of HFC-134a showed a high conversion rate when waste concrete was used as a
catalyst at 600 °C and calcium fluoride was found to be the major product [17]. Metal
phosphate catalysts were also applied to the decomposition of HFC-134a and were found
to be successful as catalysts [18]. Researchers also reported the influence of Lewis acidity
on the dehydrofluorination of 1,1,1,2-tetrafluoroethane [19]. The catalytic decomposition
of 1,1,1,2-tetrafluoroethane to yield TrFE using a NiO/Al,Oj catalyst was also reported.
However, the conversion rate using this catalyst was significantly lower [20]. The catalytic
conversion of HFC-134a over y-Al,O3-B was suggested as an effective process, leading
to a high conversion rate [21]. Recent research showed that Mg-doped Alumina exhib-
ited a higher decomposition efficacy than y-Al,O3 for HFC-134a decomposition and the
importance of calcination temperature was also emphasized [22].

The effect of calcination temperature on the catalysts for the effective decomposition
of greenhouse gases was investigated by Jia et al. [19]. It was found that the decomposition
efficiency of Al,O3 differed at different calcination temperatures as the number of acidic
sites and the phases of Al,O3 were altered by a change in the calcination temperature.
Among AlyOj3 catalysts differing in their phase, 6-Al,O3 was revealed to have the highest
efficiency for the decomposition of HFC-134a. Therefore, a more detailed study of the
different decomposition patterns of HFC-134a over Al,Oj3 calcined at different temperatures
would be very interesting. Furthermore, it is crucial to study the influence of surface
properties and acidic sites on the catalyst lifetime.

Hence, the pyrolysis of HFC-134a over y-Al,O3 calcined at different temperatures,
550 °C (A550), 650 °C (A650), 750 °C (A750), and 850 °C (A850) was investigated in this
study. The acidity, pore size, surface area, and phase of Al,O3 calcined at different tem-
peratures were analyzed using NH3-TPD, BET, and XRD. The decomposition tendency
of HFC-134a over four y-Al,O3 calcined at different calcination temperatures was deter-
mined using a vertical plug flow reactor coupled with a Gas Chromatography and Mass
Spectrometry system.

2. Results and Discussion
2.1. Catalytic Pyrolysis of HFC-134a

The results from non-catalytic and catalytic pyrolysis of HFC-134a at 600 °C over
different y-Al,Oj3 catalysts are shown in Figure 1. It was observed that the non-catalytic
decomposition rate of HFC-134a was lower than 15% at 600 °C. The non-catalytic decom-
position of HFC-134a has also been reported in [17], where it was indicated that a high
reaction temperature (750 °C) is required to facilitate a decomposition rate of more than
99%. The catalytic decomposition of HFC-134a at 600 °C was higher than 99% with all
catalysts at the initial stage of the reaction. High conversion of HFC-134a over all the
v-Al,O3 catalysts was steady until around 5 h of reaction time and then decreased to less
than 20% after 10 h in all cases except A650. The decomposition rate was maintained at
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more than 95% for 8 h over A650. The other v-Al,Oj3 catalysts were found to be deactivated
before 8 h, which resulted in the decomposition of a lesser amount of HFC-134a compared
with A650.

100 —— Non-Catalytic
—@— A550
—A— A650
—v— A750
80 - —m— A850
S
g 60
(4
2
g 40 .
o
20 -
0 AAAAAAAAAAAAAAAAAAAA

Time on stream (h)
Figure 1. Thermal and catalytic conversion rate of HFC-134a over y-Al,Os,

The relative quantities of trifluoroethylene (TrFE, HFO-1123), which is formed as the
main product, and the byproduct carbon dioxide are presented in Figure 2. TrFE forms due
to the elimination of HF from HFC-134a as given in Equation (1). TrFE is a useful and expen-
sive monomer compound that can be used for the production of functional fluoropolymers
(fluoro-rubber and fluoro-plastic) and also used in intermediate material for biologically
active compounds [19,23]. TrFE is an attractive refrigerant because its performance is
comparable to traditional refrigerant (HFC-134a), but interestingly it has extremely low
global warming potential (GWP = 0.3), which makes it an environment-friendly gas [24].
Although TrFE can be generated by other processes such as the hydrodechlorination of
trichlorotrifluoroethane, its cost is proving to be an obstacle, limiting its chances of commer-
cialization [25,26]. It was detected that A750 had the highest selectivity for TrFE followed
by A850, A550, and A650, respectively. Although selectivity was higher with A750, TrFE
production with A650 was higher in total due to a longer conversion time. A similar trend
was also observed in the case of CO;. A750 and A850 produced more CO, than the other
two. CO; might have been formed due to the gas-solid reaction between y-Al,O3 and
HFC-134a, as shown in Equation (2).

CH,FCF; — CHF = CF, + HF 1)

CHZFCF3 + A1203 — C+CO; + H,O + HF + A1F3 (2)
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Figure 2. Formation rate of (a) TrFE and (b) CO, during the catalytic decomposition of HFC-134a.

2.2. Physico-Chemical Properties of Catalysts

Figure 3 depicts the XRD patterns of fresh Al,O; calcined at different temperatures.
The patterns showed the characteristic peaks of y-Al,O3, at 20 46.6°, 60.9°, and 67.1° in all
the prepared catalysts. In addition to y-phase, A850 also showed the characteristic peaks
of 8-Al,O3 at 26 19.5°, 31.3°, 31.6°, 32.7°, 36.6°, 50.9°, 60.2°, and 62.5°.

Figure 4 depicts the XRD pattern of the spent y-Al,O3, which were procured from the
furnace after the progressive catalytic pyrolysis of HFC-134a. The typical XRD patterns of
AlF3, XRD peaks at 20 25.2°, 42.5°, 51.8°, and 58.0°, were observed on all the spent y-Al;,O3
catalysts, suggesting the conversion of y-Al,O3 to AlF; during the catalytic pyrolysis of
HFC-134a which is one of the two main reasons of y-Al,O3 deactivation. Based on the
product distribution and the conversion of y-Al,O3 to AlF3, the catalytic pyrolysis reaction
pathway of HFC-134a over y-Al,O3 can be predicted as given in Equations (2) and (3).

6HF + A1203 — 2A1F3 + 3H,0 (3)
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Figure 3. XRD patterns of y-Al,O3 obtained at different calcination temperatures.
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Figure 4. XRD patterns of spent y-Al,O calcined at different temperatures.

Figure 5 and Table 1 illustrate the acidic sites of the prepared catalysts with the help
of ammonia temperature-programmed desorption. According to the previous literature,
the ammonia desorption temperature region was divided into three zones, T < 250 °C,
250 < T <400 °C, and T > 400 °C. These zones were designated as weak acidic sites, moder-
ate acidic sites, and strong acidic sites, respectively [27]. The NH;3-TPD curves of y-Al,O3
indicated that A550 and A850 have a larger amount of strong acidic sites. An escalation
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in the amount of strong acidic sites leads to higher coke formation and a reduction in
the efficiency of the catalyst [19]. The coke amount of all the catalysts can also be seen in
Table 1. It was observed that A850 produced the largest amount of coke followed by A550,
A650, and A750. This coke formation agrees with the sequence of strong acidic sites. Coke
formation is one of the reasons for catalyst deactivation due to pore blockage [28].

(1) A550

Relative intensity (a.u.)

T T T T T T
200 300 400 500 600 700
Temperature (°C)

Figure 5. NH3-TPD deconvolution curves of y-Al,O3 obtained at different calcination temperatures.

Table 1. The NH3-TPD analysis depicting the acidic sites and coke amount in each catalyst.

Amount of Acidic Sites (mmol-NHj3/g-Catalyst)

Catalyst Coke (%)
Weak Moderate Strong Total (Weak + Moderate)/Strong
A550 0.246 0.256 0.445 0.947 1.127 12.40
A650 0.217 0.297 0.343 0.857 1.498 11.78
A750 0.280 0.282 0.300 0.862 1.878 11.47
AB850 0.255 0.263 0.453 0.971 1.144 13.97

A750 possesses the largest amount of weak acidic sites among prepared catalysts.
When observing the ratio between weak acidic sites and strong acidic sites, the ratio in
A750 was also observed to be the highest. Weak acidic sites assist in the formation of TrFE
by the elimination of HF [19]. Figure 6 gives the relationship between weak acidic sites
and the production of TrFE (average TrFE formed till 95% conversion). It was found that
the formation of TrFE was linearly related to the amount of weak acidic sites. The catalyst
having a higher amount of weak acidic sites produced higher TrFE. The formation of CO,
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was also found to be higher in catalysts with a higher amount of weak acidic sites. It is
suggested that the gas-solid reaction (as shown in Equation (2)) is also dependent on weak
acidic sites. Figure S1 in the Supplementary Information shows HFC-134a conversion with
TrFE formation.

0.58
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Weak Acidic Sites

Figure 6. Linear relationship between TrFE formation and weak acidic sites.

The BET surface areas of fresh catalysts are shown in Table 2. It was observed that
the BET surface area of the catalysts decreases with the increase in calcination temperature
as is also reported in the existing study [29]. It suggests that the calcination temperature
causes catalyst aggregation which results in a change in catalyst properties. Y. Ding et al.
concluded that high calcination temperature can collapse and block the pores and also can
cause sintering, which ultimately causes loss in activity [30]. Catalytic performance can
also be affected by pore properties [31,32]. Table 2 indicates that A650 has almost the same
surface area as A550, and has the highest pore volume among other prepared catalysts.
The type IV adsorption isotherm of A650 can be seen in the Supplementary Information as
Figure S2. Alumina calcined at different temperatures and irrespective of the phase was
reported to show type IV isotherms by the classification of IUPAC [19].

Table 2. Surface area and pore volume of each catalyst.

Catalyst Surface Area (m? g—1) Pore Volume (cm3 g~1)
A550 1412 £0.3 0.821
A650 140.8 £ 0.3 0.847
A750 130.5 + 0.3 0.758
A850 119.8 £ 0.3 0.817

The catalytic decomposition of HFC-134a over A650 was maintained at a higher
conversion rate for a more extended period than the other y-Al,O3 catalysts. This superior
performance of A650 is suggested to be due to its larger BET surface area, larger pore
volume, and a smaller amount of strong acidic sites as compared to others. The strong
acidic sites lead to accelerated coke formation and the lifetime of the catalyst tends to be
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decreased by the coke accumulation in the pores of the catalyst. Although the surface area
of A550 was observed to be similar to A650, A550 showed a larger number of strong acidic
sites, which accelerated the coke deposition resulting in a loss in activity and cause catalyst
deactivation as shown in Figure 1. Contrarily, the strong acidic sites in A750 were less than
A650 and weak acidic sites were significantly higher, the surface area and pore volume of
A750 were detected to be smaller than A650. All these surface characteristics are considered
to be the contributing factors that play a major part in prolonging the catalyst lifetime of
A650 because the deactivation due to pore blockage from coke and AlF3 formation will take
a longer time. The above results suggest that the usage of A650 for the catalytic pyrolysis
of HFC-134a is more efficient than the y-Al,Oj3 catalysts calcined at other temperatures.
Pore properties were also reported to have an effect on catalytic activity [33].

3. Experimental Section

HFC-134a was purchased from RIGAS Co. Ltd. (Daejeon, Korea) and commercial
v-Al,O3 was purchased from Sasol, (Hamburg, Germany). CaO was used as HF capture
and was acquired from Junsei Chemicals, (Tokyo, Japan). The catalysts were calcined at
temperatures 550, 650, 750, and 850 °C for 2 h in the air by using a muffle furnace. After
the calcination, the catalysts were crushed and sieved to make particles size between 1.0
and 1.7 mm.

The catalytic pyrolysis of HFC-134a over y-Al,O3 calcined at different temperatures
was carried out by a vertical plug flow reactor coupled with a gas chromatography-mass
spectrometry system as shown in the previous study [22]. The entire system was comprised
of a gas supply, reactor, HF trap, and the gas chromatograph—mass spectrometer. For the
catalytic pyrolysis reaction, y-Al,O3 (1.2 g) was taken as the catalyst bed and 100 mL/min
of the mixture gas (2 mL/min HFC-134a and 98 mL/min nitrogen) was delivered to the
system. The flow rates of HFC-134a and nitrogen were controlled by individual mass flow
controllers. After the system was stabilized at 600 °C, the catalytic pyrolysis commenced
by the initial supply of HFC-134a reactant gas. The gas hourly space velocity was 1667 h~!
and the weight hourly space velocity of the system was calculated as 5000 mL g~ !c,ch 1.
The product gas, which emanated from the reactor, was transferred to a valve GC/MS
system (7890A/5975C inert, Agilent Technology, Santa Clara, CA, USA) through an HF trap
containing CaO. Each peak on the GC/MS chromatogram was identified by associating
it with that in the MS library (NIST 08th). The conversion rate (%) of HFC-134a was
determined using Equation (4).

Conversion rate (%) = (1 — Aout/Ajn) x 100 4

where Aj, and Agyt are the peak area of HFC-134a in the reactant gas and the product
gas respectively.

Pore volume and surface area were measured from nitrogen sorption isotherms at
77 K using Barrett-Joyner-Halenda (BJH) desorption method and Brunauer-Emmett-Teller
(BET) method, respectively. Nitrogen sorption isotherms were obtained with an Autosorb-
iQ 2ST/MP apparatus (Quantachrome Instruments). All the samples were degassed for
one hour at 300 °C before measurements. Ultima IV system (Rigaku) was used to study
the structure of the catalysts by XRD over a 26 scan range of 10-80° at 40 kV and 40 mA.
The coke amount on catalysts was analyzed by TGA (Perkin Elmer) at the temperature
range of 40-800 °C with 10 °C/min heating rate in the air. NH3-TPD was conducted by
Micromeritics Autochem II 2920 analyzer (Norcross) to quantify the acidic sites of the
catalysts. The desorption NHj3 was analyzed from 100 to 700 °C at a rate of 10 °C/min.

4. Conclusions

v-Al,O3 was calcined at 550, 650, 750, and 850 °C and was used as a catalyst for the
pyrolysis of HFC-134a. A650 was able to maintain the decomposition rate for more than
95% for 8 h whereas, the decomposition rate was found to be less than 15% without the
catalyst. It was observed that A650 has a low amount of strong acidic sites, larger surface
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area, and bigger pore volume which aided in maintaining the HFC-134a decomposition
for a longer interval. A linear, direct relationship was found between the formation of
TrFE and the weak acidic sites. A750 holds the highest amount of weak acidic sites and
was able to produce the highest amount of TrFE. Similarly, the coke amount followed the
same sequence as strong acidic sites, suggesting the influence of strong acidic sites on
coke formation. A850 with the highest amount of strong acidic sites produced the largest
amount of coke.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/catal11091021/s1, Figure S1: HFC-134a conversion rate and TrFE formation rate, Figure S2:
The N; adsorption isotherm of A650.
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