Recycling of waste plastics
to liquid fuel mixture over
composite zeolites catalysts

F. Akhmetova®, Y. Aubakirov?,
Zh. Tashmukhambetova?, L. Sassykova?,
H. Arbag?, A. Kurmangaliyeva!

Al-Farabi Kazakh National University,
Almaty, Kazakhstan

2Gazi University, Ankara, Turkey
E-mail: firuza.92@mail.ru

Plastic waste production and consumption is increasing at an alarming rate with the
increase of the human population, rapid economic growth, continuous urbanization, and changes
in lifestyle. In addition, the short life span of plastic accelerates the production of plastic waste
on a daily basis. Plastic waste recycling is carried out in different ways, but in most developing
countries, open or landfill disposal is a common practice for plastic waste management. Plastic
recycling into feedstocks, also known as chemical recycling, is encouraged all over the world. One
such area is the thermal and catalytic thermal degradation of plastics into hydrocarbon fractions,
which can be used as high-quality motor fuel after appropriate processing. Hydrocracking in the
presence of a catalyst is a promising method of converting waste plastic materials to high quality
liquid transportation fuels with decreased amounts of olefins and heteroatoms such as S, N, Cl,
N, and O.

The article deals with the study of hydrocracking of waste plastic into high quality liquid
fuel on various catalysts based on natural zeolite deposits Taizhuzgen. The aim of the work is
to determine the effect of new composite catalysts on the yield of liquid products by studying
the specific surface and porous structure based on natural zeolite modified with Mo salt. It is
established that the modification of natural zeolite with Mo affects the morphology of the
catalyst, therefore, the obtained catalysts have different effects on the yield and composition
of liquid fractions during the hydrogenation thermocatalytic transformation of hydrocarbons.
The highest yield of liquid products (61.56%) was achieved using the 2% Mo/Taizhuzgen zeolite
catalyst, which was chosen as optimal.

Keywords: polymer wastes; hydrogenation thermocatalytic recycling; zeolite; morphology
of catalysts; hydrocracking.
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MnacTMKanbiK KanabiKTapabl ©HAIPY OHe TYTbIHY XasblK CaHbIHbIH, Y/FalObIMEH,
3KOHOMMKAHbIH, KapKblHAbI ©cyimeH, Y34iKci3 ypbaHu3auuanaymeH XaHe emip CanTblHAafbl
oe3repictepmeH apTyaa. CoHbIMeH KaTap, NAAcTUK 3aTTapAbl  KOAA4aHY NAACTUKaNbIK
KangblKTapAblH apTyblHa aKenegdi. [nacTUKanblK KanablKTapabl KauTa eHaey ap TypAai
TacingepmeH Kysere acbipblnagbl, bipak Aamylwbl engepaiH Kenwiniringe awblK Hemece
YWiHAINI Kogere KapaTy NNacTUKaNbIK KanAblKTapPMEH KYMbIC iCTeyAiH aaeTTeri Taxipubeci
6onbin Tabbinagpl. MNACTUKTI LWKMKI3aTKa KailTa eHJAey, COHbIMEH KaTap ofaH nawWaanbl
MOTOpP OTbIHAAPbIH any Herisri macenenepaiH, 6ipi 6onbin Tabblnagbl. MyHAaW cananapabiH
b6ipi — nnacTmaccaHblH, KemipcyTeri dpakuMAnapblHA TEPMUANbBIK KOHE KaTa/NUTUKANbIK
TepMOAECTPYKUMACHI KIHEe 6eHAeydeH KeliH JKofapbl canasbl MOTOP OTblHbl peTiHae
nanganaHoinybl. TMAPOKPEKUHT npoueci TalKy3sreH Tabufn LEoNUTI HerisiHaeri Katanusa-
TOPAbIH KaTblCybIMeH naacTmacca KangblktapbiH S, N, Cl, N xkaHe O cuakTbl ToMeH oneduHaep
MeH reTepoTomaapbl 6ap Kofapbl cananbl CYWbIK KeNiK OTblHAAPbIHA aWHaNAbIPYAbIH
nepcnekTMBanblK agici 6oabin Tabblnagbl.

Makana TaitskysreH Tabufu LEONUT KeH OpbiHAAPbl HerisiHaeri Typai KaTaausaTopnap
KaTbICbIHAA MacTMaccanapablH, TMAPOKPEKUHIIH 3epTTeyre }aHe Kofapbl Canasbl CYMbIK OTbIH
anyfa HerisgenreH. ymbICTbIH, mMakcaTbl Mo Ty3bimeH MoAuUKaUUANaHFAH Tabufu ueonut
HerisiHAeri »KaHa KOMNO3WTTi KaTanu3aTopaapAblH, MEHLWIKTI 6eTi MeH KeyeKTi KypblNbiMbIH
3epTTey apKbl/bl CYMblK OHIMAEPAiH WbIFbIMbIHA dCepiH aHbiKTay 6onbin Tabblnagbl. Tabusn
LeonuTTi Mo Ty3biMeH MoauduKauumanay KaTanusatopablH, MopdonoruacbiHa acep eTeTiHi
aHbIKTaNAbl, COHAbIKTAH afblHFAaH KaTanusaTopnap KemipcyTeKTepAiH rMaporeHusaumuanblk
TepMOKaTaIUTUKANbIK eHAeyae CyWblK GpakuuanapabiH, WbIFbIMbl MEH KypambiHa ap TypAi
acep eTeai.

TyliiH ce3pep: nosMmep KaiAblKTapbl; TMAPOreHU3aunANbIK TePMOKaTaNU3AIK eHAey;
LLe0INT; KaTanM3aTop MOPPONOTUACHI; TMAPOKPEKMHT.
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MpoussoacTBo U notpebneHne NAACTUKOBbLIX OTXOL0B PACTET TPEBOMKHbLIMM TEMMAMMU C
YBE/MYEHNEM YUCNEHHOCTU HaceneHus, BbICTPbIM 3KOHOMMUUYECKMM POCTOM, HenpepbiBHOMN
ypbaHusaumein n nsmeHeHmamm B obpase *u3HU. MepepaboTka NaacTUKa B Cbipbe, TaKxke
M3BECTHOE KaK XMMuYeckasa nepepaboTka, noouwpaeTca Bo Bcem mupe. OAHON U3 TaKux
obnacteit agnsetca Tepmuyeckas W KaTaNUTMYeCKas TepMOLECTPyKUMA naactMacc Ha
yrnesopopoaHbie GppakumMm MoryT 6biTb MCMNOAb30BaHbl B KayecTBe BbICOKOKAYECTBEHHOTO
MOTOPHOrO TOM/AMBA MOC/E COOTBETCTBYlOWEN nepepaboTkU. MAPOKPEKUHT B NPUCYTCTBUMU
KaTanv3aTopa ABAAETCA MNepCrneKkTUBHbIM METOLOM NPEeBpalLeHns OTXOA40B NaacTMacc B
BbICOKOKAYeCTBEHHbIE KMAKME TPAHCMNOPTHblE TOMAMBA C MOHMMKEHHbIM COAepsKaHuem
oneduHOB 1 reTepoaTomos, Takux Kak S, N, Cl, N u O.

CTaTbd NOCBAWEHA WCCNEL0BAHUIO TUAPOKPEKMHTa OTpaboTaHHbIX MNiacTmacc B
BbICOKOKa4YeCTBEHHOE KMAKOE TOMAMBO HA Pa3/iMYHbIX KaTanM3aTopax Ha OCHOBE MPUPOAHbIX
LEONMTOB MecTopoXAaeHui TaiKysreH. Llenbto paboTbl ABAAETCA onpegesieHne BAUAHUA
HOBbIX KOMMO3WTHbIX KaTa/NM3aTOPOB Ha BbIXOL MWAKUX NPOAYKTOB MyTemM WCCAefOBaHWA
yAENbHON MNOBEPXHOCTM W MOPWUCTOM CTPYKTYpbl Ha OCHOBE MNPUPOAHOrO LEOAUTa,
moandULMpPOBaHHOrO conbto Mo. YcTaHOBAEHO, 4YTO MoaudMKauma NPUPOLHOro LeonnTa
conblo Mo o0KasbiBaeT BAMAHWE Ha MOPGONOTUI0 KaTaam3aTopa, MNO3TOMY MOAyYeHHble
KaTannM3aTopbl MO-PasHOMY BAMAIOT Ha BbIXOA4 WM COCTaB XUAKUX dpakuuin  npwu
rmaporeHn3auMnoHHOM TePMOKaTaIMTUHECKOM NpeBpaLLeHnn yrneso40po408.

KnioueBble cnosa: nosiMmepHble OTXOZAbl; FMAPOreHU3aLMoOHHasA TepMoKaTaIuTUYecKasn
nepepaboTKa; LEeonnT; MopdoNorUa KaTaan3aTopoB; TMAPOKPEKMHT.
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1. Introduction

Plastics play an important role in our daily life, and our
ever-growing dependence on them is justified by their
versatility, low weight and low cost of production compared to
other classic materials such as wood, concrete and metal [1].
The production of plastic materials such as polyethylene (PE),
polypropylene (PP), polystyrene (PS), polyethylene
terephthalate (PET) and polyvinyl chloride (PVC) is increasing
every vyear[2] due to their consumption in packaging,
construction, agriculture, electrical and electronic devices and
healthcare applications [3].

The current state of raw material processing, also known
as chemical processing or tertiary processing, is aimed at
converting polymer waste into original monomers or other
valuable chemicals. These products are useful as raw materials
for a variety of downstream industrial processes or as
transportation fuel. There are three main approaches:
depolymerization, partial oxidation, and cracking (thermal,
catalytic, and hydrocracking) [4]. Thermal degradation of
plastics is of great concern in connection with the processing of
raw materials, as they are converted into gas, liquid (oil) and
solid products, each of which can be used as a source of energy
and/or chemical raw materials. Plastic waste can be a valuable
alternative source of energy production [5,6]. The composition
and yield of pyrolysis products directly depend on the reaction
conditions (temperature, heating rate, pressure, presence of a
catalyst, etc.), as well as on the structure of the aspirated
material [7-10]. The interaction between materials in food
waste has a significant impact on the selection of individual
components of the liquid product [11-13].

Catalysts play an important role in hydrocracking of
plastics. A bifunctional catalyst is usually needed for this

purpose. The presence of an acidic function, as well as a
hydrogenation-dehydrogenation function, is usually necessary
to achieve significant conversion, high yield and high quality of
liquid products, and to reduce the amount of coke deposits [3].
It is well known that porous materials such as zeolites, carbon,
meso-porous materials, and other molecular sieve materials
are one of the most popular catalytic materials that are widely
used in the oil refining and chemical industries. Due to the rapid
reduction of workings and the high demand for environmental
protection, it is urgent to develop new high-performance
catalysts, especially with porous materials [14]. At a lower
temperature (400°C) virtually similar results were obtained
with both catalysts, while at a higher temperature, 430°C, the
Mo-containing zeolite catalyst was more active in converting
polyethylene to reaction products [15,16]. New catalysts based
on the natural zeolite of the Taizhuzgen Deposit modified by
Mo (VI) salt will be actively and selectively used for the process
under study [17].

The aim of the work is to study the effect of new composite
catalysts on the yield of liquid products by studying the specific
surface area and porous structure based on natural zeolite
modified modified by Mo (VI) salt [18].

2. Experiment

2.1 Preparation of catalysts

Zeolite at the “Taizhuzgen” field was crushed with a sieve
up to 0.25 mm in size. Zeolite (10 g) was mixed with 500 mL of
1M NH Cl solutionon a water bath using a mechanical stirrer for
18 h (three times for 6 h). After washing the Taizhuzgen zeolite
with NH,CI, NH,* and CI" ions remain inside the zeolite. Zeolite
was filtered from NH,Cl solution and washed with distilled
water till the compete removal of Cliions. Absence of chlorine

© 2021 Authors
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ions was confirmedusing a reaction with a 0.1 mol/LAgNO,.
Filtered zeolite was dried till the constant mass in a drying oven
SNOL 75/350 (AB UMEGA, Lithuania) at 100°C.To remove
ammonia gas and keep H* ions, zeolite was heated in the reactor
at 100°C (1 h), 200°C (1 h), 300°C (1 h) and 500°C (1 h).

To prepare four catalysts with a different Mo concentration
(0.5, 1.0, 1.5 and 2.0% w/w), different volumes of a solution of
(NH,),Mo0,0,,-4H,0 were added to zeolite, which was then dried
at 100°C till the constant mass and stored in a desiccator

with CaCl,.

2.2 Hydrogenation

The hydrogenation was carried out in the installation
(Figure 1) operating in a periodic mode under a pressure of
0.5 MPa, at a temperature of up to 450°C andcontinuous stirring
for 15 min. The installation consisted of a stainless steel
(X18N10T) reactor with a volume of 150 mL. The reactor was
heated using an alternating current heater controlled by a
transformer and an ammeter. The temperature control in the
reactor was carried out using a chromel-drop thermocouple.
The readings were recorded on the KSP-4 device with a
calibrated scale for the boiling points of water (100°C), melting
of tin (232°C), lead (327°C) and zinc (427°C). Thepressure in the
hydrogenation unit was created using nitrogen and measured
using a gauge. A mixture of the polymer (7 g), a catalyst (0.28 g)
and the paste-forming agent (7 g) was loaded into the reactor,
then the reactor was checked for tightness, purged with
nitrogen, a pressure of 0.5-0.6 MPa was set, after which the
heating device was turned on. Caps for the plastic bottles
produced by Bericap Kazakhstan LLP, collected from drinks
produced by the Coca-Cola Almaty Bottlers LLP) and crushed to
the particle size of 3-6 mm were used as a polymer material.
Heavy residue of the crude oil from Kumkol petroleum reservoir
after its distillation to 350°C was used the paste-forming agent.
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Using a pressure gauge during hydrogenation, a pressure
change was recorded due to an increase in temperature, gas
separation and the presence of volatile components. The reactor
heating was turned off 30-40 min after starting the process
(when the pressure decreased), and the system was cooled to
room temperature. The gas formed in the process was collected
in a gasometer with a saturated NaCl solution. The amount of
gas formed was calculated from the pressure difference.

The distillation of the liquid product with separation to
different temperature (0-180°C, 180-250°C, 250-320°C)
fractions was carried out at the installation (Figure 1). For this
purpose, a condenser with a receiver was connected to the
nozzle of the reactor cooled to room temperature. During the
distillation, the reactor was heated, and different temperature
fractions were collected. After cooling the unit, the remaining
residue was removed from the reactor.

Each experiment was conducted three times under the
same conditions. The deviation between the results of the
experiments did not exceed 2%.

2.3 Characterization

Samples of activated zeolite and Mo(VI)/zeolite catalysts
were analyzed on the JSM-6460LV (JEOL, Japan) scanning
electron microscope.

Analysis of liquid distillates using gas chromatography
with mass spectrometric detection (GC-MS) was performed on
the 6890N/5973N (Agilent, USA) instrument. Liquid sample (0.2
uL) was introduced at 500:1 split and 240°C to the HP-INNOWax
(Agilent, USA) 30 m x 0.25 mm column (film thickness 0.25 um).
Oven temperature was programmed from 50°C (maintained for
5 min) to 240°C (maintained for 10 min). Total analysis time was
34 min. Detector scanned ions in m/z range 10-350 amu.
Identification of peaks was conducted using NIST'08 mass
spectral library.
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Figure 1 — Scheme of the installation used for catalytic hydrogenation of polymer waster [19]

BecTHuMK KasHY. Cepua xummyeckasa. —2021. — Ne2



F. Akhmetova et al. 15

Table 1 — Chemical composition of Taizhuzgen zeolite, %

Sio, TiO, ALO, Fe,0, FeO Mno, MgO Ca0 Na,0 K,0 S0, H,0

65.15 0.23 14.25 0.90 0.54 0.10 0.74 3.16 2.17 2.74 0.05 9.97
Table 2 — Elemental composition of Taizhuzgen zeolite

Element 0] Si Al K Ca Fe Na Mg Ti Mn

Concentration, mass.% 49.26 34.62 7.62 3.11 1.78 1.49 1.30 0.51 0.19 0.12

3. Results and Discussion

The main chemical compounds of natural zeolites are SiO,
and AL O, .Y-type zeolites have SiO,/AlO, ratio about 2-3, X-type
zeolite -3-6. The ratio of oxides of Taizhuzgen natural zeolite
corresponds to the X type: SiO,/Al,0,=4.57 (Table 1),and itis an
active catalyst for catalytic cracking [18]. Elemental composition
of Taizhuzgen zeolite contain Si, Al, K, Ca, Fe, Na, Mg, Ti, Mn
whichareactive valence transition metals (Table 2).

SEM images of activated Taizhuzgen zeolite and 2% Mo/
Taizhuzgen zeolite catalyst are presented in Figures 2 and 3,
respectively. The sizes of most particles of activated zeolite
were 711.4-1820 microns. The catalyst based on 2% Mo(VI1)/

zeolite had uneven surface morphology of small particles — size
of most particles ranged from 755.6 to 1800 nm. In general,
large-dimensional granular properties are observed for the
catalyst particles. Modification of the activated zeolite surface
leads to edge alignment and uneven porosity. Consequently,
the zeolite particles are enlarged as a result of the modification
with molybdenum (VI).

In this research, the effect of the Mo concentration in the
catalyst on the yield of products and products of the process of
hydrogenation of polymer waste was studied. According to the
experimental results (Table 3), the highest yield of liquid
products (61.56%) is achieved using the 2% Mo/Taizhuzgen
zeolite catalyst. The highest yield of the lightest fraction

Figure 2 — SEM micrographs of activated Taizhuzgen: a) x1000; b) x5000; c) x30000

Figure 3 — SEM images of 2 % Mo/Taizhuzgen zeolite catalyst: a) x1000; b) x5000; c) x30000
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(<180°C) was achieved using the catalyst containing 1% Mo.
Catalyst containing 1.5% Mo provided the highest yield of the
180-250°C fraction — 21.44%. Losses during the experiments
were caused by the evaporation of water from the composition
of the starting materials, as well as the distillation of synthetic
liquid products. Thus, 2% Mo/Taizhuzgen zeolite catalyst was
used as an optimal catalyst because it provided the highest
yield of liquid products.

The group hydrocarbon content of fractions with a boiling
point <180°C, 180-250°C, 250-320°C obtained after
thermocatalytic hydrogenation treatment of polymer wastes in
the presence of 2% Mo/Taizhuzgen zeolite catalyst was
compared (Figure 4). Highest concentrations of alkanes (54.9%)
and aromatics (27.13%) were determined in the fraction 250-
320°C, isoalkanes (33.5%) — in the fraction 180-250°C, alkenes
(6.1%), cycloalkanes (22.0%) and cycloalkenes (5.35%) — in the
fraction <180°C.

The material balance was calculated under optimal
conditions of in the hydrogenation thermocatalytic processing
of polymer residue and Kumkol fuel oil (Table 4).

60 -

m(-180°C

= 180-250°C
250-320°C

50 -

40 -

20 -

N 'm

Alkanes

Isoalkanes ‘ Alkenes ‘Cycloalkanes Cycloalkenes | Aromatics

Hydrocarbons ‘

Figure 4 — Composition of distillates obtained using 2% Mo/
Taizhuzgen zeolite catalyst

Table 3 — Characteristics of products obtained in the process of thermocatalytic hydrogenation of polymer waste

Yield of liquid products, mass.% Yield of gas-  Yield of solid L
0ss,
Catalyst P ,MPa es, waste,
° ° ° mex mass.%
<180°C 180-250°C 250-320°C z mass.% mass.%
0.5% Mo/Taizhuzgen zeolite 13.21 14.11 7.27 34.59 3.8 18.19 13.13 34.09
1% Mo/Taizhuzgen zeolite 17.52 8.79 6.58 32.89 5.9 18.19 10.91 38.01
1.5% Mo/Taizhuzgen zeolite 15.07 21.44 6.74 53.25 6.2 23.26 10.50 12.99
2% Mo/Taizhuzgen zeolite 12.44 19.12 30.00 61.56 5.1 15.31 10.80 12.33
Table 4 — Material balance of the process with 2% Mo/Taizhuzgen zeolite
No Income: Weight, g Mass.% Yield: Weight, g Mass.%
1 Plasticwastes 7.00 50.0 Fraction 0-180°C 1.75 12.44
2 Fuel oil 7.00 50.0 Fraction 180-250°C 2.68 19.12
Fraction 250-320°C 4.20 30.00
Gas 2.14 15.31
Solid residue 1.51 10.80
Loss 1.72 12.33
Total 14.00 100 Total 14.00 100

4. Conclusions

Thus, among the studied catalysts for the process of
thermocatalytic  hydrogenation of  polymer  waste,
61.56% was a maximum vyield of liquid products achieved using
a Taizhuzgen zeolite catalyst with Mo concentration 2%.
The gasoline fraction obtained using this catalyst mainly
consisted of alkanes, aromatics and cycloalkanes, diesel fraction
- alkanes, isoalkanes and cycloalkanes, heavy fraction — alkanes

and aromatics. It is established that by modifying natural
zeolite, Taizhuzgen with Mo salt affects the morphology of the
catalyst and, as a result, affects the yield and composition of
liquid fractions obtained from polymer waste in different ways.
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