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Website: www.neptjournal.com Organic junk contamination is one of the serious environmental concerns throughout today’s world.

Heavy usage of throwaway plastics devastates nature by obstructing rainwater drainage. From
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A(ezgsgted- 14-11-2021 To reflect the vastly increased amount of various waste plastics, a scaled hybrid plasma gasification
' reactor is being introduced, which uses an advanced pyrolysis process to break down the plastic

Key Words: waste. The design is simple, transportable, easy to handle, and required very little repair work on

long-period usage. Thermochemical investigations are carried out at temperatures ranging from 400
to 600 degrees Celsius, with heating rates ranging from 15 to 22 degrees Celsius per minute, yielding
76-88 percent pyrolysis oil, 10-23 percent syngas, and 4-15 percent chars as besides. It occurs when
the molecular architecture of polymers is separated, resulting in the creation of Synthesis gas, which
is then condensed into synthesis petroleum fuel. The highest yielding of oil utilizes gas and solid
char is determined at 550°C, 600°C, and 450°C respectively, according to the computed pyrolysis
kinetic parameter on oil recovery from various waste plastics. The mono-graphic analysis is also used
to classify different waste residual char. The model reduces the volume of waste plastic by 89.2%,
lowering the detrimental impacts on all living things while simultaneously producing a synthesis of

Hybrid plasma gasification
Energy recovery
Degradation
Pyrolysis
Alternative fuel

petroleum fuel as a by-product that may be utilized as a replacement or addition to traditional fuel.

INTRODUCTION

Households and hospitals generate a large amount of plastic
waste from single-use items. It’s no secret that single-use
plastic has a harmful effect on the environment. Plastic trash
degradation takes between 8 and 1200 years. As a result,
it forms a layer over the land surface that acts as a shield
to rainfall sinking into the land. Furthermore, it produces
hazardous gases into the surroundings as a result of constant
solar radiation and heat, which causes health problems for
living creatures so it is also partially accountable for envi-
ronmental warming (Dutta & Paul 2019). In India, around
2,73,84,000 kg of plastic waste is generated every day
(Manuja et al. 2020). Today, plastic waste management has
become a major concern in developed countries (Gupta et
al. 2015). It has been reported that by 2022, India’s annual
plastic consumption will increase from 15 million tonnes to
24 million tonnes annually. As a result of synthetic polymers
made from petroleum as raw material (Salandra 2018),
India’s plastic manufacturing industries have grown over
the past seven degenerations. Polyethylene Terephthalate,
Polyethylene, High-Density Polyethylene, Acrylonitrile
butadiene styrene, Low-Density Polyethylene, Polyvinyl
Chloride, Polypropylene, Polystyrene, polyamide, and

polybutylene terephthalate are some of the most important
synthetic plastic polymer products. These products generate
52% of the plastic waste that ends up in rivers and on land.
As aresult, India’s single-use plastic waste management is
a major concern. For hospital waste, however, there are no
international standards for the classification of the waste.
World Health Organization (WHO) estimates that 20 percent
of plastic hospital wastes are potentially unsafe materials
that may contain a transferrable, poisonous, or irradiated
element (Fang et al 2020). From the perceptive of ecological
preservation and preventing infection, it has innumerable
implications to improve the appropriate and safe treatment
and disposal of medical waste plastics.

The thermolysis process also knowns as gasification or
pyrolysis, is one of the most important chemical recycling
technologies for waste plastic. In this process splitting fre-
quency involve a temperature at which plastic molecules
vibrates is directly proportional to the temperature of the
molecules and a high temperature and restriction of oxygen
cause material breakdown, which might result in syngas,
liquids, or wax as the ultimate product, depending on the
conditions of pyrolysis (Rahimi & Garcia 2017). For the
recycling of plastic waste, experts have devised and tested
a variety of methods. Mechanical recycling techniques are
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ideal, but plastic trash must be homogeneous and uncontam-
inated during the recycling process for it to be successful
(Puncochar et al. 2012).

Thermolysis or gasification is an alternative to burning
treatment that has been extensively investigated (Pinto et
al. 2002, Sekiguchi & Orimo 2004), with several patents
already in place. Even now, thermal plasma technology is a
well-known technology, and its research is ongoing. Metal-
lurgical processing, synthesizing, and coating processes are
all well-known applications for this technique (Sekiguchi
and Orimo 2004). In the plasma process, an electron breaks
the molecules as travel through a high electrical field, which
causes dissociation, ionization, and, excitation of the origi-
nating material. This creates exciting molecular species, ionic
and active radical forms that trigger the chemical plasma
reaction (Tendero et al. 2006, Fridman et al. 2008).

Considering safety concerns, the most important use of
thermal plasma waste treatment is the obliteration of hazard-
ous materials (Pun ocha etal.2012, Samal 2017), instead of
conventional recycling or mechanical recycling techniques.
Compared to the standard pyrolysis process, thermal plasma
pyrolysis provides many advantages. As a result of a high
amount of energy for the thermolysis process, it produces a
high temperature. As a result of the rapid heating of the ma-
terial, certain significant reactions occur that do not emerge
in the traditional pyrolysis approach (Heberlein & Murphy
2008). As a result of the higher temperature, it generates more
syngas (a volatile substance including CO, H,, CH,, C,H,,
and other hydrocarbons) with a lower tar content, which may
be utilized immediately to drive gas turbine power plants or
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stored for use in other applications. Organic carbon solids
waste may be transformed into valuable gaseous fuel by us-
ing the thermal plasma method, as demonstrated in previous
bench-scale studies (Mumbach et al. 2019).

The research investigation focused on a hybrid plasma
gasification reactor system for waste plastic as organic ma-
terial. The main areas that have been presented for studies
are gathered detailed details on the characteristics of waste
plastic materials in the pyrolysis process. On hybrid plasma,
pyrolysis to evaluate the pyrolysis oil recovery rate and kin-
ematics parameters with varied temperature variances in dif-
ferent waste plastic. On conduct comparative investigations
of residual weight analysis using a variety of temperature
ranges from the pyrolysis process. And investigate waste
char slag from various organic carbon solids waste during
hybrid plasma pyrolysis.

MATERIALS AND METHODS
Setup and Procedure

Experimental setup equipped with a hybrid heating technol-
ogy on the combination of the bottom electric heater with
advanced cylindrical plasma heater for batch gasification
reactor. The reactor has a volumetric capacity of eight kg
per hour of organic waste materials. Fig. 1 shows the sche-
matic diagram of a hybrid plasma gasification reactor. The
hybrid plasma gasification reactor vertical type, heating
furnace height of 0.80 m, and diameter of 0.25 m. A screw
feeder-powered motor feeds small bits of organic waste from
top feeding storage raw material storage, and then into the

Coolant outlet

;

Condensation unit

Breather value

Coolant inlet

Product outlet port

<«— Thermal insulated wall

Fig. 1: Schematic diagram of hybrid plasma gasification reactor.
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plasma gasification unit. An optional inert (nitrogen) gas port
for supply to the reactor chamber with a control pressure
valve for the removal of oxygen for the pyrolysis method.
The inner part of the plasma heater is revealed in Fig. 2. The
plasma heater’s surface is composed of stainless steel and
has two layers. To prevent heat loss, both sides of the plasma
heater are coated with refractory clay. Fig. 2 shows a graphite
electrode set at an equal distance between stainless steel
half-circular rings anodes fixed within the plasma heater in
such a way that voltage from the power source can generate
high temperature at the feeder point without damaging the
heater pipe in the reactor. A molten liquid sterling motor
and a sterling motion unit are employed at the bottom of
the furnace, coupled with an 800 W modified electric heater
attached at the bottom of the reactor, due to the high viscosity
of the liquid state.

Thermal insulator

Material's flow line

Plasma Formation
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Waste from the reactor chamber is collected via a waste
slag/char outflow. The pressure sensor is used to determine
the stability of the reactor, while the temperature sensor is a
K-type thermocouple. For the condensation process, pressur-
ized syn-gases are fed into the condenser. The condensation
of synthesis gas takes place in a liquid heat exchanger. Fig. 1
depicts the coolant inlets and outflow port. Subsequently, it
is stored in the final collector container through the product
outlet valve. The temperature profile up to 600°C was used
to investigate the temperature distribution in the reactor
chamber during pyrolysis without raw material and a ther-
mal plasma system. Fig. 3 shows a temperature distribution
profile. The temperature was measured in an empty reactor
chamber at a 15°C time interval. Fig. 4 shows the placement
of the thermocouple and it’s used for the measurement of
temperature during the experiment.

Dielectric component

Anode Electrode

Cathode Electrode

Fig. 2: Inside view of plasma heater.
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Fig. 3: Empty chamber temperature distribution profile.
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Fig. 5 depicts the entire bench-scale 8 kg hybrid plasma
gasification reactor setup with filtered syngas and a pyrolysis
oil collector. Completely operational electric operated appa-
ratus featuring 650°C thermally brake temperatures, single
phase 230 V AC electrical heater, and a plasma heater system.
A cylinder container with a tapering bottom half shell makes
up a plasma heater. It is made up of four squared graphite
electrodes that serve as the cathode in an electrical system
with a high current DC source transformer.

Materials

The organic garbage (waste plastic) was obtained from the

Akhilesh Kumar Dewangan et al.
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Fig. 5: (a) Pyrolysis oil collector unit (b) View of reactor setup.

Kalinga Institute of Medical Science (KIMS) and the munic-
ipal corporation of Bhubaneswar, Odisha. Selected, it’s been
divided into seven separate sterilized and dried waste plastic
grads. For the aim of the experiment, each waste sample
plastic was obtained in an identical mass ratio. Various forms
of plastic were gathered for pyrolysis/gasification are shown
in Fig. 6. Table 1 shows several types of waste plastic, as
well as their generic kind and plastic-type indication. Indi-
vidual types of plastic trash may be seen in the experiment.
Following classification, the items are chopped into small
pieces ranging from 10 to 40 millimeters in length using a
cutter machine.

Vol. 21, No. 3, 2022 ® Nature Environment and Pollution Technology
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Table 1: List of collected waste plastic Materials (Puncochér et al. 2012, Deng et al. 2008, Lin et al. 2010, Klemes et al. 2020, Qin et al. 2018).

S 1. Mark Code Type of plastics Waste plastic materials

No.

1 PET AN Polyethylene Terephthalate Saline bottles, juice containers, Mineral water bottles,
l}_) soft drink bottles, vacutainers, photographic film

2 HDPE ’2\' High-density polyethylene one-off dustbin pouch, milk pouch, Packaging sheets,
Z¢_) or pouch

3 PVC ’3\, Polyvinyl Chloride Tube for blood and Urine, Sample collector bottle
s

4 LDPE N Low-density polyethylene Sample collector small bag, Disposable gloves, trash bag
s

5 PP Q, Polypropylene Disposable masks-shoe-covers & caps, cytotoxic drugs

5 .

£¢_) packaged, dustpans worn one, Syringes body and plunger

6 PS N, Polystyrene ET Tube, Suction’s tube & bags, Plastic cover for light
Z?_) handles,

7 PE, PA, ABS, PBT /\ Polyethylene, polyamide, acrylonitrile  Plastic Bag Warmer Patients ID Bands, Gloves, Intrave-
ZZ_) butadiene styrene, polybutylene tereph-  nous tubes, and sets,

thalate

RESULTS AND DISCUSSION

Oil Recovery Rate with Calculated Pyrolysis Kinetic

Parameter

According to an oil recovery investigation, increasing reactor
temperatures reduces oil recovery time. As a consequence

Hospital waste Plastic

waste Bottle

Fig. 6: Various forms of gathered waste plastic for gasification.

of the shorter time that volatiles spends in the reaction

chamber, carbon bonding separation with high molecular
heaviness composition occurs, increasing the concentration

of the pyrolysis oil generated. The kinetic parameters were

derived using the Arrhenius plot technique during every oil
recovery process. Fig. 7 shows the oil recovery rate from

Nature Environment and Pollution Technology ® Vol. 21, No. 3, 2022
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Fig. 7: Oil recovery rate for PET at a heating rate of nearly 18°C/minutes.
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Fig. 8: Graphical calculation of activation energy for PET.

PET it takes 22, 31, 69, and 114.8 min at 600, 550, 500, and
400°C respectively. Fig. 8 shows a graphical calculation of
activation energy based on kinetic parameters for PET.

Fig. 9 shows the oil recovery rate from HDPE takes
26, 31, 69.8, and 115.5 min at 600, 550, 500, and 400°C
respectively. However, the pattern of oil recovery percent-
age increase with time for PET and HDPE. Fig. 10 shows a
graphical calculation of activation energy based on kinetic
parameters for HDPE.

Fig. 11 shows the oil recovery rate from PVC takes 38,
43,84, and 132 min at 600, 550, 500, and 400°C respectively.
The pattern of oil recovery increment from PVC concerning
time is similar up to 70% of oil recovery as PET, HDPE, and
LDPE showed, but in this case, the oil recovery rate decreases
after 70% oil recovery. Fig. 12 shows a graphical calculation
of activation energy based on kinetic parameters for LDPE.

Fig. 13 shows the oil recovery rate from LDPE takes 23,
34,72, and 117 min at 600, 550, 500, and 400°C respectively.
However, the pattern of oil recovery percentage increase
with time for PET and HDPE. Fig. 14 shows a graphical
computation of activation energy based on kinetic param-
eters for LDPE.

Fig. 15 shows the oil recovery rate from PP takes 24, 33,
64, and 113 min at 600, 550, 500, and 400°C respectively. The
pattern of oil recovery from PP is similar to 80% oil recovery
like that of PET, HDPE, and LDPE, and beyond that, the
trend does not match. Fig. 16 shows a graphical calculation
of activation energy based on kinetic parameters for PP.

Fig. 17 shows the oil recovery rate from PS takes 19, 27,
44, and 92 min at 600, 550, 500, and 400°C respectively.
The pattern of oil recovery is similar to a nearly straight
line till 80% oil recovery but the oil recovery rate decreases

Vol. 21, No. 3, 2022 ® Nature Environment and Pollution Technology
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Fig. 9: Oil recovery rate for HDPE at a heating rate of nearly 18°C/minutes.
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Fig. 10: Graphical calculation of activation energy for HDPE.
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Fig. 11: Oil recovery rate for PVC at a heating rate of nearly 18°C/minutes.
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Fig. 12: Graphical calculation of activation energy for PVC.
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Fig. 13: Oil recovery rate for LDPE at a heating rate of nearly 18°C/minutes.
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Fig. 14: Graphical calculation of activation energy for LDPE.
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afterward. Fig. 18 shows a graphical calculation of activation
energy based on kinetic parameters for PS.

Fig. 19 shows the oil recovery rate from a mixture of
various plastics, where the mixture is prepared by taking the
equal weight of each kind of plastic. It takes 28, 37, 82, and
135 min at 600, 550, 500, and 400°C respectively. The pattern
of oil recovery is similar to a nearly straight line till 80% oil
recovery but the oil recovery rate decreases afterward. Fig. 20
shows a graphical calculation of activation energy for mixed
plastics based on kinetic parameters.

The oil recovery pattern is comparable to all prior tests,
although the results for 550°C and 600°C are virtually iden-
tical to earlier trials. In all cases, oil production began when
the temperature of the reactor core reached 380°C, with

OIl recovery (Percentage)

0 20 40
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sluggish oil recapturing in the first stage and increasing when
the temperature of the reactor was above 450°C. Oil recovery
was extremely quick at high operating temperatures. At lower
temperatures, polypropylene and polyethylene terephthalate
break down, followed by hydrogen abstraction and random
scission. In the early stages, degradation is caused by pol-
ystyrene end chain scission followed by scission, resulting
in increased gas production such as hydrogen and methane.
Increases in process temperature cause deterioration, which
is followed by scission formation of larger quantities of
extended chain hydrocarbon, resulting in higher liquid yield
in all cases.

The Arrhenius plot is generated and shown in the above
figures. Each plot in the figures shows S-shape curves which

60 80 100 120
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#—600°C —®—5509C —®—500°C —@—400°C

Fig. 15: Oil recovery rate for PP at a heating rate of nearly 18°C/minutes.

-2.00E+00

-2.50E+00

2 -3.00E+00
€ 3 508+00
é =t

-

= -4.00E+00

-4.50E+00

-5.00E+00

1.00E-03 1.10E-03 1.20E-03

PP y =-4627.4x+2.0702

R*=0.9568

1.50E-03 1.60E-03

1.40E-03
1/T (Temperature in kelvin)

1.30E-03

Fig. 16: Graphical calculation of activation energy for PP.
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Fig. 17: Oil recovery rate for PS at a heating rate of nearly 18°C/minutes.
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Fig. 18: Graphical calculation of activation energy for PS.

means that the kinetics of the reaction follows the nucleation
and grain growth model and Johnson and Mehl (Sarkar & Ray
1990) equation: In[-In(1-alpha)] = n In(k’) + n. The calculat-
ed value of activation energy for polyethylene terephthalate
(PET) is 40.84 kJ.mole kJ.mol ! and exponential factor 11.488/
second; similarly, high-density polyethylene (HDPE) is 37.91
kJ.mole™!, exponential factor 6.896/second; Low-density
polyethylene (LDPE) is 40.84 kJ.mole™, exponential factor
11.487/second; Polyvinyl chloride (PVC) is 31.88 kJ.mole™’,
exponential factor 2.124/second; Polypropylene (PP) is 38.47
kJ.mole™'e exponential factor 7.926/second; Polystyrene (PS)
39.58 kJ.mole ™' exponential factor 12.150/second; and Mixed
39.51 kJ.mole™! exponential factor 7.784/second.

Wu et al. (1993) recorded lower valves of 233-326
kJ.mol! for HDPE, 194-206 kJ.mol™" for LDPE, 184-265
kJ.mol ™! for PP, and 172 kJ.mol ™! for PS. Again, Sorum et

al. (2001) identified commercial-grade activation energy as
445.1 kJ.mol! for HDPE, 340.8 kJ.mol"' for LDPE, 336.7
kJ.mol ™! for PP, and 311.5 kJ.mol™' for PS respectively.
Similarly, Diaz-Silvarrey and Phan (2016) found activation
energy waste as HDPE 375.59 kJ.mol™', LDPE 267.61
kJ.mol™!, PP 261.22 kJ.mol ™", PS 192.61 kJ.mol ™, and PET
197.61 kJ.mol! respectively.”

The activation energy (40.89 kJ .mol ™) is far smaller
compared to that above. This demonstrates the benefit of the
plasma reaction which reduces energy activation (Sabat 2014,
Rajputet al. 2016). The semi-batch pyrolysis thermal reactor
is more impactful in the terms of disposal of waste plastic.

Residual Weight Analysis

The weight fractions of all plastic samples vary with temper-
ature in this investigation. It has been determined that LDPE

Vol. 21, No. 3, 2022 ® Nature Environment and Pollution Technology
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and PET have distinct weight fraction curve patterns. Fig.
21 also illustrates a distinct pattern of the curve after 52°C
and 500°C at a rate of 18°C for PS and PP, respectively. This
indicated the normal thermal degradation process during
pyrolysis (Mumbach et al. 2019).

Characteristics

Pyrolysis oil

During the investigation, we obtained the product as pyrolysis
oil from various waste plastic elements. Fig. 22 depicts the
collection of pyrolysis oil in containers and waste plastic
samples with oil extraction. Fig. 23 depicts the collection
of a waste plastic sample with oil extraction.

In terms of pyrolysis oil’s characteristics, we tested all
collected samples for density at 28 °C using the I1SO-1183

Oll recovery (Percentage)

0 20 40 60
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method, kinematic viscosity at 23°C using the ISO-3104
method, flash point using the ISO 2719 standard method,
fire point using the ISO 2592 method, calorific value using
a bomb calorimeter, pour point using the ISO 3016 testing
method, and ash content using the ISO 3451 testing method.
Table 2 shows lists all of the physical characteristics of waste
plastic pyrolysis oil with petroleum diesel and petrol. Table
2, showing the comparison of (Renewable diesel and petrol)
parameter properties of all plastic pyrolysis oil, indicated that
it can be a substitute as a furnace oil for the power plant or
as an industrial diesel. Mixed pyrolysis oil can be blended
with diesel/ petrol and used for automobile cars.

Waste Char

After the examination, we got char as a waste of the plastic
pyrolysis of the different plastic waste materials. Under the

80 100 120 140

Time (min)

@—600°C —®—550°C —@—500°C —@—400°C

Fig. 19: Oil recovery rate for mixed plastics at a heating rate of nearly 18 °C/minutes.
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Fig. 20: Graphical calculation of activation energy for mixed plastics.
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micrographic observation of the individual plastic material
of char, SEM images of plastic char are shown in Fig. 24
(@), (b), (¢), (d), (e), and (f)

Polyethylene Terephthalate (a) char is being seen with a
15X magnification at 1200 um and 150X magnification at 600
um respectively. We observed that some carbon black sub-

Weight Fraction
©c o o o 9
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o
e

o
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stance was present in char. It indicates the presence of printed
paint and marks on PET-type plastic waste material that has
not completely decomposed during thermal pyrolysis.

Low-density polyethylene (b) char is being seen with a
15X magnification at 1200 um and 150X magnification at
600 um respectively. We observed the absence of carbon

400 450 500

Temperture (°C)

—8—PET —@—LDPE —®— Mixed Plastic

——HDPE —®—PVC & PP —@—PS

Fig. 21: Comparative residual weight analysis with the temperature at a rate of 18 °C for specific and mixed plastic waste.

d = f g

Fig. 23: Waste plastic sample with oil extraction by thermal plasma pyrolysis (a)PET, (b)LDPE, (c)HDPE, (d)PP, (e)PS, (F)PVC, (g) ABS, PA, PBT.
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Fig. 24: (c) Microscopic view of High-density polyethylene waste char.

Nature Environment and Pollution Technology ® Vol. 21, No. 3, 2022
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Fig. 24: (f) Microscopic view of polystyrene waste char.

Vol. 21, No. 3, 2022 ® Nature Environment and Pollution Technology
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Table 2: The physical characteristics of various plastic pyrolysis oils.
Physical properties Pyrolysis Oil from different types of plastic waste Petroleum
PET HDPE LDPE PVC PP PS Mixed Diesel Petrol
Density @ 26°C [g.cm™] 0.88 0.87 0.76 0.82 0.84 0.83 0.91 0.84-0.86 0.82-0.86
Kinematic viscosity [mm?.s™'] 3.92 4.86 4.97 5.82 4.16 2.85 6.02 3.04-4.83 1.12-3.27
Flash point [C°] 28.2 47.8 40.0 39.0 30 27.1 32 52-94 42-108
Calorific value [MJ.kg™] 27.8 415 39.8 21.6 40.8 43.0 40.01 35.7-42.7 34.2-46.48
Pour point (C°) -18 -5 -9 4 -9 -67 5 0.0 - 55 0.0-50
Ash content [wt %] 0.002 0.04 0.02 0.04 0.002 0.006 0.01 - -
black substance present in char. It indicates the material has REFERENCES

completely decomposed during the pyrolysis process.

High-density polyethylene (c) char is being seen with
a 15X magnification at 1200 um and 150X magnification
at 600 um respectively. We observed about 3.68% - 3.97%
carbon black substance with ash and large bonding molecular
particles present in char. It is quite low. It means that HDPE
materials decomposed during the pyrolysis process.

Polyvinyl Chloride (d) char is being seen with a 15X
magnification at 1200 pm and 150X magnification at 600
um respectively. We observed about 28.86% - 30.28%
carbon black substance with ash and compact bonding
molecular particles present in char. It indicates the presence
of additive added into PVC that is commonly composed of
the inorganic residual compound for the improvement of
properties of PVC.

Polypropylene (e) char is being seen with a 15X mag-
nification at 1200 yum and 150X magnification at 600 um
respectively. We observed a random uniform structure of
molecular bonding present in char. It indicates that the ma-
terial degraded during the pyrolysis operation.

Polystyrene (f) char is being seen with a 15X magni-
fication at 1200 um and 150X magnification at 600 um
respectively. We observed that char has a consistent struc-
ture of molecular bonding. It indicates that the material was
degraded during the pyrolysis operation.

CONCLUSION

Hybrid plasma pyrolysis is most effective in the terms of
activation energy i.e., nearly about 40.89 kJ.mol! generating
yielding of 76-88% pyrolysis oil, 10-23% syngas, and 4-15%
chars as a product. The calorific value of pyrolysis oil is about
39-41 M1J per kg, indicating that it has the highest potential
energy value as an alternative for petroleum-based diesel
and petrol. The current investigations show that there are a
plethora of options for developing hybrid plasma gasification
technologies that apply to organic waste plastic materials
disposal treatment with material and energy recapture.
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