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Abstract: The preparation, characterization, and catalytic activity test of sulfated
zirconia (SZ) modified with chromium for the hydrocracking of LDPE-based plastic waste
have been investigated. SZ was prepared by wet impregnation method using zirconia
nanopowder (ZrO,) and H.SO, solution. SZ was further modified with chromium (0.5,
1.0, and 1.5% wt.%) by refluxing in aqueous solution of Cr(NOs)s-9H0, followed by
calcination and reduction processes. The prepared catalysts were characterized by SEM-
Mapping and TEM. Hydrocracking of LDPE-based plastic waste was conducted at
various temperatures and various catalysts. In addition, the optimum catalyst was
repeatedly used for the reaction to demonstrate the stability of the catalyst. Liquid
products obtained by hydrocracking were characterized by GCMS. The results showed
that the morphology of the prepared catalysts had different sizes and disordered shapes
after the addition of sulfate and Cr. The effective temperature for hydrocracking was
250 °C. The highest selectivity to liquid product and gasoline fraction were 40.99 and
93.42 wt. %, respectively, and were obtained over Cr/SZ with 1.0 wt.% Cr. Hydrocracking
of plastic waste over the used Cr/SZ catalyst with 1.0 wt.% Cr showed that the Cr/SZ
catalyst was stable and reusable up to three repetitions.
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m INTRODUCTION

Hydrocracking is a method that can be used to

sulfuric acid to increase its acidity. This modified product
is called sulfated zirconia (SZ). Some applications such
as hydrocracking, isomerization, and esterification usually

overcome plastic waste-related problems [1]. It is well-
known that plastic wastes require a very long time to be
naturally degraded [2]. In addition, burning plastic wastes
has a dangerous impact because it can produce
compounds that are potentially carcinogenic [3].
Hydrocracking can be carried out by thermal and catalytic
methods. Thermal hydrocracking requires very high
temperatures while catalytic hydrocracking is carried out
using a catalyst at a relatively lower temperature. Recently,
the catalyst which is widely developed for hydrocracking
process is in the form of a metal oxide such as zirconia
(ZI‘Oz) [4-6].

Zr0O, is a material that is often used as a catalyst in
many studies. This material is very attractive due to its
high thermal stability, low thermal conductivity, and its
resistance to corrosion [7-10]. ZrO, can be modified with

require catalysts that have high acidity and, in this term,
SZ is widely reported to be used as a catalyst [11-14]. The
high acidity of SZ is caused by the presence of Bronsted
and Lewis acid sites [15]. Catalytic properties of SZ can
be determined from the modification method, sulfate
agent, temperature of thermal treatment, and ZrO,
precursor [16]. The crystalline phase of SZ depends on
the crystalline phase of the initial ZrO, precursor used.
It is known that ZrO, has three crystalline phases namely
monoclinic, tetragonal, and cubic phases. These phases
are influenced by calcination temperature [17]. But in
the SZ case, very high temperatures can remove the sulfate
groups from the catalyst [18]. In morphology, the particle
shape of SZ can be affected by some factors such as pH
of solution, the applied precursor, and the calcination
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temperature. The increase of calcination temperature can
also increase the particle separation and decrease the size
of the SZ particles. This factor tends to make SZ form
particle agglomeration [9]. The presence of metal on SZ
can promote particle agglomeration as reported by Aboul-
Gheit et al. [25]. However, it depends on the treatment
process and the precursor used in the catalyst preparation.

Modification of SZ with metals can increase its
catalytic activity and reduce coke formation [19]. Having
high acidity, however, can cause SZ to suffer from
deactivation due to the coke formation at high
temperatures [20]. This deactivation can be overcome by
modifying SZ with metals. Promotion of SZ with
platinum has been widely reported as a catalyst that
exhibits better catalytic activity [21]. However, platinum
is very expensive. Alternatively, researchers use other
transition metals to be impregnated to SZ. Amin et al.
reported that the presence of Ni on SZ can diminish coke
formation and enhance the catalytic activity in
hydrocracking of plastic waste [22]. In addition, this
high
hydrocracking reaction. Thus, we expected that transition

enhancement gives liquid product in the
metals other than Ni would also have a positive impact on
the catalytic performance for hydrocracking reactions. In
this research, Cr was doped to SZ as a promoter. Since
there are only a few reports on the application of Cr/SZ
for the hydrocracking of plastic waste, this research is
expected to provide useful information about the catalyst

activity and selectivity in the hydrocracking process.
m EXPERIMENTAL SECTION
Materials

ZrO, nanopowder was purchased from Hongwu
International  Group Ltd. H,SO, (98%) and
Cr(NO;);-9H,O were purchased from Merck. Low-
density polyethylene (LDPE) waste materials were
collected from the final disposal site in Yogyakarta. H, gas
was supplied by PT. Samator Gas Industri.

Procedure

Catalyst preparation and characterization
Sulfated zirconia was obtained by wet impregnation
method from 10 g ZrO, nanopowder material and 150 mL

of 0.8 M H.SOj solution. The sample was stirred for 24 h,
dried in an oven at 100 °C for 24 h, and calcined at 600 °C
for 4 h, sequentially. The catalyst produced was labeled
as SZ [23].

Chromium (0.5, 1.0, and 1.5 wt.%) was added by
reflux technique to the calcined SZ support using
aqueous solution of Cr(NOs);-9H,O at 90 °C for 4 h. The
obtained samples were dried in the oven at 100 °C for
24 h, calcined at 600 °C for 4 h, and then reduced at 400 °C
for 3 h in H, gas stream (10 mL/min) [24]. The obtained
catalysts were labeled as Cr1/SZ, Cr2/SZ, and Cr3/SZ
which correspond to SZ with 0.5, 1.0, and 1.5 wt.% Cr,
respectively. Surface morphology of the catalysts was
characterized by SEM-Mapping (JEOL, JSM-6510). The
morphology of catalysts was also characterized by TEM
(JEOL JEM-1400).

Hydrocracking experiment

Plastic pyrolysis was conducted at 300-400 °C for
4 h using a pyrolysis reactor (Fig. 1). The plastic was
washed, dried, and cut into small pieces before being put
into the reactor. The obtained liquid was hydrocracked
by using a hydrocracking microreactor (Fig. 2). The
catalyst sample was placed in the catalyst container while
the pyrolysis product was in the feed container of the
hydrocracking microreactor then the reaction was
observed for 1 h with the feed/catalyst ratio of 100 in H,
gas stream (10 mL/min). The catalytic activity and
selectivity tests were done at various temperatures (250,
300, and 350 °C), using various catalysts (ZrO,, SZ,
Cr1/SZ, Cr2/SZ, and Cr3/SZ), and over the reuse of the
optimum catalyst. The type of plastic was investigated by
FTIR (Shimadzu Prestige-21). The obtained liquid from
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Fig 1. The schematic diagram of the plastic pyrolysis
apparatus
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Fig 2. The schematic diagram of the hydrocracking
microreactor

the hydrocracking process was characterized by GCMS

e 10 pm CrK

(Shimadzu QP 2010S). The conversion yield was
calculated by using the following equations:
weight of liquid product

Liquid product (wt.%) = x100% (1)

weight of feed
Cokeproduct (wt.%) =
weight gain of catalyst hydrocracking «100% (2)
0

weight of feed
Gas product (wt.%) =100% — wt.%(liquid + coke) (3)

m  RESULTS AND DISCUSSION
Catalyst Characterization

The SEM images of ZrO,, SZ, Cr1/SZ, Cr2/SZ, and
Cr3/SZ catalysts are presented in Fig. 3. SEM results

10 pm o K

Fig 4. Mapping of (a) SZ, (b) Cr1/SZ, (c) Cr2/SZ, (d) Cr3/SZ

Latifah Hauli et al.



Indones. I. Chem., 2020, 20 (2), 422 - 429

425

.‘ g

Fig 5. TEM images of (a) ZrO,, (b) SZ, (¢) Cr1/SZ, (d) Cr2/SZ, (e) Cr3/SZ

showed the particle agglomeration with different sizes
and disordered shapes on the ZrO, surface after the
addition of sulfate and Cr [20]. This agglomeration was
possible due to sulfate and Cr dispersion on the ZrO,
surface. The presence and distribution of sulfate and Cr
could be detected by Mapping as shown in Fig. 4. Mapping
results presented that sulfate on ZrO, and Cr on SZ could
be distributed evenly on the surface. It indicated that
sulfate and Cr were successfully impregnated on ZrO.,.
TEM images of ZrO,, SZ, Crl/SZ, Cr2/SZ, and
Cr3/SZ catalysts are presented in Fig. 5. TEM results also
showed the presence of particle agglomeration after the
addition of sulfate and Cr which could be caused by heat
treatment [10]. It also showed that there were no visible
metallic Cr aggregates. The black areas might represent
groups of the accumulated particles [25]. However, this
observation also exhibited the morphology of the catalysts
with different sizes and disordered shapes for each catalyst.

Catalyst Activity and Selectivity

Fig. 6 shows an IR spectrum of the plastic waste used
in this study. IR spectrum was taken in the range of 4000-
500 cm™. The results show that the absorption bands at
2924 and 2855 cm™' were attributed to the stretching
vibration of the C-H bond. The absorption band at
1458 cm™ corresponds to the bending vibration of CH, [26].
The absorption band at 1373 cm™ was assignable to the
bending vibration of CHs, exhibiting the characteristic of
LDPE [27]. The absorption bands at around 730-717 cm™

were attributed to the rocking vibration of CH,. The result
of this characterization strengthened the type of plastic
used in this study.

The effect of temperature in the hydrocracking
process over Cr2/SZ catalyst is shown in Table 1. It can be
seen that the higher temperature used in the hydrocracking
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Fig 6. IR spectrum of LDPE-based plastic waste

Table 1. Products for hydrocracking of LDPE-based
plastic waste over Cr2/SZ

Temperature (°C) Yield (wt.%)
Liquid Coke  Gas
250 40.99 0.01 59.00
300 30.13 0.55 69.32
350 11.43 0.93 87.65
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process the fewer the liquid product. The higher
temperature caused the higher formation of the coke and
gas produced. This can be proven by seeing the yield of
the coke and gas at the highest temperature level, which
were 0.93 and 87.65%, respectively. It can be assumed that
the coke that was produced covered the active sites of the
catalyst thus it lowered the formation of the liquid
product [31]. Based on the results, it was concluded that
the effective temperature for the hydrocracking of LDPE
was 250 °C. The selectivity in liquid products at various
temperatures is presented in Fig. 7. It shows that the
higher temperature used in the hydrocracking process
could decrease the selectivity for gasoline fractions and
instead increase that of diesel.

The hydrocracking of LDPE-based plastic waste was
conducted in the presence of ZrO,, SZ, Cr1/SZ, Cr2/SZ,
and Cr3/SZ as catalyst. The yields of products for various
catalysts are summarized in Table 2. It can be seen from
the table that the presence of sulfate and Cr on ZrO, could
increase the yields of the liquid products. The high yield
of the liquid products can be brought by the catalyst
acidity. The impregnation of sulfate on ZrO, and that of
Cr on SZ can increase the acidity because of the
contribution of Brensted and Lewis acid sites. Variations
in metal concentrations in the SZ catalyst also gave the
difference in the liquid products in which the highest
metal concentration could reduce the liquid product. As
reported in a previous research [24], the acidity of catalysts
is also decreased by the modification of excess metal to SZ.
The acidity values of the catalysts was the smallest with
the highest metal concentration. This factor certainly
could influence the decreasing catalytic activity in the
highest metal concentration. The highest liquid product
was obtained by Cr2/SZ catalyst, being 40.99%. The table
also shows the decrease of solid products by the presence
of Cr on SZ. Modification of SZ with Cr has been proven
to reduce coke formation, preventing the deactivation of
the catalyst as discussed before. Catalytic hydrocracking
proceeds through a carbonium ions mechanism [28].
Carbonium ions could be formed by the interaction of
olefins with acidic sites. This stage was stated as the
initiation stage. This stage could also occur for paraffin
compounds that lost a hydride ion [29]. Sie reported a new
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Fig 7. Selectivity in liquid products over Cr2/SZ at
various temperatures

Table 2. Products for hydrocracking of LDPE-based
plastic waste over various catalysts at 250 °C

Catalyst Yield (wt.%)
Liquid  Coke Gas
ZrO, 17.39 0.36 82.25
Sz 28.72 0.34 70.94
Crl/SZ 33.48 0.01 66.51
Cr2/SZ 40.99 0.01 59.00
Cr3/SZ 37.51 0.01 62.48

mechanism for paraffin cracking over acid catalysts [30].
Such
rearrangement to produce protonated cyclopropane ions
(with a more stable state than their linear form). The
carbonium intermediates were protonated with hydrogen

activated paraffin  hydrocarbons undergo

and broken down into short chains of branched
hydrocarbons (gasoline fraction) and long chains of
straight hydrocarbons (diesel fractions). Carbonium
intermediate with an increasing number of carbon atoms
would crack more easily.

The selectivity values in the liquid product for the
hydrocracking of LDPE waste over all catalysts are shown
in Fig. 8. All of the catalysts showed that the selectivity
for the gasoline fraction was higher than that of diesel.
However, the presence of sulfate and Cr on ZrO, could
increase the selectivity towards the gasoline fraction (Cs-
C12) and decrease that of the diesel fraction (C;3-Cy),
representing the desired result. The highest selectivity for
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Fig 8. Selectivity in liquid products over various catalysts

Table 3. Products of LDPE waste hydrocracking over
reused Cr2/SZ

Catalyst Yield (wt.%)

Liquid Coke Gas
Fresh 40.99 0.01 59.00
1* reuse 32.71 0.02 67.28
2" reuse 32.54 0.11 67.35
3" reuse 30.93 0.17 68.90

the gasoline fraction, which was 93.42%, was obtained
over the Cr2/SZ catalyst.

The results of the repeated use of Cr2/SZ for the
hydrocracking of LDPE are given in Table 3. The results
show that the liquid products decreased gradually with
the repeated use, but the Cr2/SZ catalyst was still active
even after three repetitions. The yield of the solid products
were also getting higher as a result of the reuse. The
selectivity values are presented in Fig. 9. The used Cr2/SZ
catalyst for hydrocracking was also able to decrease the
selectivity to gasoline fraction and increase that of the
diesel fraction, because of the formation of high yields of
solid products due to the non optimal condition of the
plastic cracking process.

m CONCLUSION

The morphology of the prepared catalysts with the
addition of sulfate and Cr showed the different sizes and
disordered shapes of the «catalysts. The effective
temperature for hydrocracking was demonstrated to be
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Fig 9. Selectivity in liquid products over reused Cr2/SZ

250 °C and the result also showed that the higher
temperature in the hydrocracking process could
decrease the selectivity for the gasoline fractions and
instead increase that of diesel. The highest liquid
product and gasoline fraction selectivity were obtained
over Cr2/SZ, being 40.99 and 93.42 wt.%, respectively.
Cr2/SZ catalyst was stable and reusable up to three
repetitions.
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