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Abstract: Plastic waste accumulation has been growing due to the increase in plastic generation and
the lack of infrastructure for recycling. One of the approaches is to treat the mixed plastic waste (MPW)
through thermal processes to produce feedstocks for other applications. However, the presence of
polyvinyl chloride (PVC) in MPW would produce HCl during processing and has negative impacts
(emission, catalyst poisoning, etc.). In addition, due to the high heterogeneity of MPW, it is difficult
to generate consistent experimental data. In this study, MPW was homogenized through double
compounding—extrusion and then formed into a sheet to be treated at 400 °C. The solid products
at various mass losses were characterized by heat and chlorine content, Fourier-transform infrared
(FTIR) spectroscopy, and elemental composition analysis. It was found that the thermal degradation
of MPW started at ~260 °C. The chlorine removal efficiency increased with mass loss and reached an
asymptotic value of ~84% at ~28% mass loss, and the remaining chlorine can be attributed to inorganic
sources. A PVC de-chlorination model was developed for MPW using TGA data for PVC and MPW
to determine organic chlorine removal efficiency. These results show that PVC de-chlorination was
not affected by other plastics at this temperature. As the mass loss increases, the heat content first
increases and then decreases. It was found that mass loss is a universal parameter for organic chlorine
removal efficiency and heat content. The elemental composition analysis and FTIR spectroscopy also
shed more light into the chemical changes during MPW thermal degradation.

Keywords: mixed plastic wastes; thermal degradation; organic chlorine removal; kinetic modeling;
heat content; FTIR spectroscopy

1. Introduction

The generation of plastic has been increasing globally, but the plastic recycling infras-
tructure is still lacking [1,2]. The current mechanical recycling technologies require multiple
steps, which is rather costly, and the efficiency is not satisfactory for mixed plastic wastes
(MPW) [3]; for example, the overall plastic recycling rate in the United States was 8.7% in
2018 [4]. The majority of the non-recycled MPW is landfilled, with some being recovered
for energy [5], or they end up in the ocean and inland, which is causing significant damage
to both environment and human health [6]. Therefore, it is essential to find other methods
to deal with the accumulation of MPW.

There is a growing interest in treating MPW and using it as feedstock for various
applications such as catalytic depolymerization and pyrolysis [7-12]. However, for catalytic
depolymerization of MPW, it was found that chlorine from polyvinyl chloride (PVC) could
deactivate or poison the catalysts [13—-15]. The negative impact on the catalyst could be
attributed to exposure to gaseous HCI that causes changes to surface microstructures [16].
Further, the HCI produced during the combustion/pyrolysis could cause corrosion and
emissions that would create negative environmental and public health impacts [17,18].
Since PVC is one of the components of the MPW stream (840,000 tons in the US in 2018 with
neglected amounts being recycled), one of the major hurdles of using MPW as feedstock is
the existence of PVC due to its high level of chlorine [19].
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Various methods of chlorine removal from PVC have been studied. Inoue et al.
studied de-chlorination methods through co-grinding PVC with CaO, Fe;O3, SiO; and
Al O3, followed by water washing to remove the soluble chlorine [20]. However, the
grinding process takes up to six hours, and the water needs to be dried after the processes.
The thermal decomposition of PVC has been also been proven to be able to remove chlorine
and it is less time-consuming [21-25].

Chlorine removal from wastes has also been studied. Kakuta et al. melted plastic
wastes with a mixture of converter dust and heavy oil bottom component of coal tar to
detach the chlorine from PVC [26]. However, this requires the use of hot water to extract
the produced iron chloride, which requires an additional process to treat the water. Cho
et al. pyrolyzed MPW at 660-780 °C in a fluidized-bed reactor and used various additives
to help remove chlorine in the oil product. It was found that the addition of calcium oxide,
calcium hydroxide, and oyster shells into the feedstock could reduce the chlorine from
350 to around 50 ppm [27]. Park et al. used a continuous two-stage reactor to produce
oil with low levels of chlorine; the reactor consists of an auger followed by pyrolysis in a
fluidized bed device [28]. The auger operates at 300-400 °C, and the HCl produced during
the process is removed by a lime hot filter before the pyrolysis zone, and they used blends
with 4% PVC and 96% low-density polyethylene (LDPE), reducing chlorine content of the
final oil product to 9.25 ppm. This study showed the effectiveness of chlorine removal
through thermal treatment; however, it only focused on PVC and LDPE, and the chemical
insight into the process is also lacking. Therefore, it can be concluded that further work is
required on MPW de-chlorination, which could greatly help to explore its potential use as
feedstock for further applications.

The above review dealt with the removal of HCI due to its negative effects on catalytic
processes and emission control. Most of the chlorine removal approach is through thermally
treating the material to release the chlorine from PVC. Therefore, during the de-chlorination
of PVC in MPW, it is essential to study the chemical changes of MPW during thermal
degradation. The majority of the existing studies on thermal degradation of MPW focused
on MPW pyrolysis [29-33]. These studies mainly focused on the liquid product of MPW
pyrolysis, with the remaining solid product being mostly char. In addition, it is unclear
if there are any interactions between PVC and other plastics in MPW during the thermal
degradation process.

The current study focuses on the thermal degradation and organic de-chlorination
of MPW at 400 °C, which is practical for industrial applications. In this study, thermal
degradation of MPW was investigated by characterizing the solid products at different
extents of thermal treatment, focusing on organic de-chlorination, potential interactions
between PVC and other plastics, process parameter optimization, and chemical changes
during the process.

2. Materials and Methods
2.1. Materials

MPW was provided by Convergen Energy (CE), Green Bay, WI, which originates
from industrial residues in the plastic industry. The MPW was then treated by CE to
remove metal, stone, glass and other inert material. After several stages of processing,
the MPW was shredded into 100 x 100 mm flakes, with density at around 30-50 kg/m3.
The MPW was then sent to our team and shredded into 2—4 mm flakes by a shredder
(Allegheny, model 16-75CX, Allegheny Shreeders, Delmont, PA, USA). The shredded MPW
(shown in Figure S1 in Supplementary Material—Additional Figures and Tables) small
flakes were characterized by FTIR spectroscopy (see Section 2.9). The PVC sample (powder
form) used in the study is directly from Shintech Inc. (Houston, TX, USA). (grade SE-950,
density = 1.494 g/cm?).

Compounding Extrusion. The obtained MPW consists of a variety of plastic com-
ponents and has rather high heterogeneity, which results in a large scatter in the charac-
terization. To prepare a uniform MPW sample, we used a previously developed method
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of compounding—extrusion to significantly increase the homogeneity of the waste ma-
terial [34]. The shredded MPW (6 kg) was manually fed into a co-rotating twin-screw
extruder (Leistritz, L/D ratio of 40, 200 rpm, barrel temperature 160 °C, 4.7 kW motor, base
torque 18%) to form rods (9 mm OD). The rods were milled with a plastic granulator with
a 6 mm sized screen (Sterling BP608, New Berlin, WI, USA). To produce a homogeneous
material, the milled extruded MPW was compounded—extruded a second time, using a
K-Tron weight loss feeder (1 kg/h), to form a uniform rod, and then re-granulated, as
described above.

2.2. Ash Content

The ash content analysis was performed following the ASTM standard for thermo-
plastics, D5630-94. The sample (2 g) in a tared crucible was furnaced (Lindenberg/Blue
type BF51828C-1) at 900 °C, with air flowing for 20 min and then placed in a desiccator for
5 min to cool. The crucible with the residue was weighed to obtain the ash content.

2.3. Sample Preparation for Thermal Degradation

To prepare a uniform sample for thermal degradation, 100 g of granulated MPW was
evenly distributed on a tray made from carbon steel sheet (details in Section 2.4). The
sample was then covered by the aluminum foil with an 8 kg steel weight that was placed
on top of the sample and inserted into an oven at 210 °C to melt the sample and to produce
a uniform sheet (228 x 228 x 3.8 mm); the sample was then cooled for over an hour under
nitrogen and used for subsequent experiments.

2.4. Experimental Setup for Thermal Degradation

Specimens (147 x 89 x 3.8 mm) of MPW sheet (~20 g) were cut from the prepared sheet
and placed in a heated reactor chamber inserted in a muffle furnace at 400 °C for residence
times between 0 and 900 min with a nitrogen purge. Limited experiments at 300 and
450 °C were also carried out in the same setup (detailed in Figure S2 in Supplementary
Material—Additional Figures and Tables).

The reactor (detailed in Figure 1) was made from carbon steel sheets (1.3 mm thick), which
consists of two parts: (i) a lid with a handle and a 19.05 mm diameter stainless steel NPT female
straight adapter that were both welded to the lid; and (ii) a box (254 x 254 x 25.4 mm) where
the sample was placed. The reactor was sealed with a high-temperature graphite gasket,
with a vent on the top of the cover to release all the volatile gases produced during the
process. After a pre-determined residence time, the reactor was taken out of the furnace
and cooled by forced convection, and the vent was sealed during the process to avoid any
potential oxidation. The initial and final masses of the sample were noted to determine the
mass loss for each experiment.

‘ ‘ Vent

Nitrogen

| Handleﬂ i Vent %
Sample
EEe=—=3 =

Muffle Furnace

Figure 1. Reactor schematics.
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2.5. Elemental Composition Analysis

For elemental composition analysis (C/H/N/O), a Costech ECS 4010 CHNSO Ana-
lyzer was used. The MPW samples at various mass losses were prepared by pulverizing the
sample in a Hardgrove Grindability Tester (Preiser Scientific Z90-9300-01) followed by high-
shear grinder (stainless steel blades and 24,000 rpm) with the help of liquid nitrogen. In the
analysis, the sample was burned in the combustion chamber of the analyzer, and the gases
were then separated in a GC separation column and detected by a thermal conductivity
detector, which generates a signal proportional to its amount of elemental composition.

2.6. Thermogravimetric Analysis (TGA)

According to Section 4.2, the heating rate of MPW inside the reactor is around
30 °C/min. Therefore, TGA of PVC powder (~5 mg) was carried out from 25 to 400 °C with
a heating rate of 30 °C/min and remained isothermal for 60 min in a nitrogen atmosphere
(30 mL/min). The results were analyzed by the Pyris v13 software (Perkin Elmer, Waltham,
MA, USA).

2.7. Heat Content

A bomb calorimeter (Parr 6100) was used to measure the heat content of the MPW
sample (~1 g). According to ASTM D4208-18, 2% Na;COs solution (5 mL) was added in
the bottom of the vessel to help dissolve the HCI produced during the combustion. The
vessel was then filled with oxygen and submerged motionless inside a jacket filled with
2000 g distilled water. A fuse wire ignited the sample, and the water temperature then
increased in the jacket and was continuously recorded until it stabilized. The heat content
of the MPW sample was calculated according to the temperature difference.

2.8. Chlorine Content

After the completion of the sample combustion in the bomb calorimeter, the vessel
was kept for 15 min to aid in HCI dissolution. The vessel pressure was released gradually
over 2 min, then opened, and its internal surface was washed entirely with de-ionized
water and transferred into a 100 mL beaker, keeping the total volume in the range of
80-90 mL. Then, 2 mL of ionic strength adjuster (5 M NaNO3) was added to the beaker. The
chlorine content of the solution was measured using an Oakton Ion 700 Cl-meter following
the ASTM standard D4208-18. The chloride ion-selective electrode was calibrated using
three standard solutions that include 1, 10 and 100 ppm chloride, which were prepared
by diluting a 1000 ppm chloride standard, stirring it by a magnetic stirrer while adding
2 mL of ionic strength adjuster. The calibration was performed using this standard solution
every 1-2 h to minimize experimental errors. The calibrated electrode was used to measure
the concentration of chloride in the solution, and the chlorine content of the solid sample
was calculated accordingly.

2.9. FTIR Spectroscopy

The spectra of unprocessed MPW (hundreds randomly selected pieces), double ex-
truded MPW, and thermally treated MPW samples at different mass losses were obtained
using a Nicolet-iS5 FTIR spectrometer, in the range of 600 to 4000 cm ™! wavelength, with
an attenuated total reflectance accessory (ZnSe crystal, iD5); 64 scans were performed for
each test, and baseline corrections were performed for the spectra. The spectral data were
analyzed using OMNIC v9.8 software (Thermo Fisher Scientific, Waltham, MA, USA) and
Aldrich, Hummel, and Nicolet spectral libraries.

3. Heat Transfer Modeling

As discussed in Section 2.4, for the thermal degradation experiments, the setup in-
cludes a sample placed in the reactor that was inserted into the muffle furnace. The reactor
and sample (initially at 25 °C) were placed into the muffle furnace (pre-heated to the
desired temperature), gradually reaching the furnace temperature. Heating was performed
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by convection from the furnace walls to the reactor walls, followed by sample heating, a
combination of convection and conduction. As the sample temperature was not measured
in real time, the temperature transients of the reactor and sample were calculated through
heat transfer modeling. The details of the heat transfer model development are provided in
Supplementary Material—Heat transfer Model Development.

The temperature of the sample could be calculated by the following equation:

T*(t)zl—( —?‘z)eé )

where T*(t) is defined as T*(t) = %ﬁ), and where T(t) represent the temperature of the

sample, T, represents the temperature of the reactor wall. 7 is the characteristic time of

. ksmcy, . . .
the sample, defined as 7; = %, where m is the sample mass,  is the convective heat

coefficient, cp, is heat capacity of the sample, As is the thermal conductivity of the sample
and [ is the length of the sample. 7; for the sample was calculated to be 484.2 s.

4. Results and Discussion
4.1. MPW Composition

The shredded MPW was characterized by FTIR spectroscopy. It was shown that the
major components in the blend are polyethylene-terephthalate (PET), polyethylene (PE),
polyethylene vinyl acetate (PEVA), polypropylene (PP), and polyamide nylon.

4.2. Mass Loss and Temperature Transient

The mass loss of MPW at 400 °C was measured, and the temperature transient was
calculated according to Equation (1) (Figure 2). This shows the calculated temperature
transient and mass loss vs. time at 400 °C (in logarithmic scale) for the 400 °C experiments.
The temperature increases with time. With most of the transient, the temperature increases
linearly with time, at around 30 °C/min. After around 8 min, when the temperature reaches
~260 °C, the mass loss starts to increase due to the release of volatiles. This behavior can
be attributed to the thermal degradation of PE or PVC, since these polymers would start
to decompose at similar temperatures [21,35], while PP, PEVA and PET would only start
decomposing at higher temperatures in the absence of oxygen [35-37]. The mass loss
increases as time increases and reaches around 83% after 900 min.

100% 500
o E —
80% { = T 5~ 4002
2 . |——Temp & p
260% - s 300
£40% - %ﬁ@ 200 §
= o o 5
o - &P 100 5

0% Qm""' L) LB LL) L) LR LL 0

1 10 100 1000

Time (min)

Figure 2. Temperature transient and mass loss vs. time (in logarithm scale) of MPW at 400 °C.

4.3. Organic Chlorine Removal

As mentioned above, the existence of chlorine is one of the major hurdles of using
MPW as feedstock for various applications. Figure 3a shows the chlorine content in
MPW with time at 400 °C, with an initial value of ~3280 ppm, decreasing due to thermal
degradation of PVC [18]. Although the initial chlorine content seems rather low, it has been
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Chlorine Content (ppm)

Organic Chlorine

reported that 50 ppm of HCI could poison the catalyst at temperature as low as 200 °C [15].
The chlorine content reduces to ~800 ppm at ~20 min, after which it gradually increases. It
was found that during thermal degradation, all the chlorine from PVC is released as HCI,
which also indicates that this approach could remove chlorine from organic-chlorinated
bound material with high chlorine content [21]. Xu et al. [17] suggested that the behavior
observed in Figure 3a can be attributed to two types of chlorine, organically bound that can
be released entirely, and inorganically bound that is not released at these temperatures [38].
After the release of all organically bound chlorine (at ~20 min), as the thermal degradation
proceeds, more organic material is released to the gas phase, but the chloride remains in
the sample (attributed to mineral chlorine), increasing its fraction accordingly.

4000 100% Eﬁ §
3000 $-2 8% S 80% gg@% '
2000 ) S 5 60%
- ( o p—f (o]
% ’: % 2 0% 0300 °C
1000 - ) SR 0400 °C
# = 20%
Q
a b
O pon R o T TR 0% T T T
1 10 100 1000 0% 20% 40% 60% 80% 100%
Time (min) Mass Loss
120%
>
pove | R b
5 80% 1 @
B 60% | L5 0300 °C
g 40% 4 mieE 0400 °C
o B8 c
0% & : : :

0% 20% 40% 60% 80% 100%

Mass Loss

Figure 3. (a) Chlorine content vs. time (logarithmic scale) of MPW at 400 °C; (b) chlorine removal
efficiency of MPW at 300 and 400 °C vs. mass loss; and (c) mineral-free organic chlorine removal
efficiency of MPW at 300 and 400 °C vs. mass loss.

Figure 3b depicts the total chlorine removal efficiency as a function of mass loss.
Most of the results are for 400 °C with some results performed for 300 °C in the same
experimental setup, showing that the de-chlorination process depends on mass loss re-
gardless of temperature and residence time. Figure 3b shows that the chlorine removal
efficiency increases with mass loss, reaching an asymptotic value of ~84% at ~28% mass
loss, and the remaining 16% Cl is attributed to inorganic sources (various salts such as
KCl, Na(l, etc.) [39]. This indicates that regardless of reaction temperature and residence
time, mass loss is the universal parameter for organic chlorine removal. Although all of
the organic chlorine has been released at ~20 min, it has been reported that the inorganic
chlorine could also deactivate the catalyst or contribute to the formation of dioxins at higher
temperatures [40-42]. Therefore, it is also essential to removal the inorganic chlorine from
the MPW, and water washing is a promising method of inorganic chlorine removal since
the majority of them are water-soluble [43,44].

Ash content of untreated MPW samples was measured, yielding rather consistent
results (2.1% £ 0.02%) with less than 1% uncertainty. The results of Figure 3b were re-
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plotted for organic chlorine removal efficiency on a mineral-free basis, shown in Figure 3c.
The results indicate that the removal efficiency reached 100% at around 28% mass loss.
The results of chlorine removal efficiency, shown in Figure 3b, are applicable only for the
studied MPW, and for a different plastic mixture, this analysis would need to be repeated.
Generally, it is expected that the qualitative behavior of organic chlorine removal from
MPW should be similar to what was observed in this study.

4.4. Kinetic Modeling of MPW Organic De-Chlorination

To obtain further insights into the de-chlorination process of MPW during thermal
degradation, we developed a kinetic model for MPW de-chlorination. According to the
limited results from our previous work, no interactions between PVC and its surrounding
materials in the wastes at 400 °C were observed during thermal degradation [17]. Therefore,
it was assumed that the de-chlorination of MPW can be modeled according to the kinetic
model of PVC de-chlorination.

Our previous work developed a comprehensive kinetic model for PVC thermal degra-
dation [21], consisting a four consecutive-reaction mechanisms:

k

PVC(s) = S1 + ayHCI(g) + - (R1)
Si(s) 3 S, + apHC(g) + - (R2)
S2(s) 3 85+ azHCI(g) + - (R3)
S3(s) % 54 + a,HCI(g) + - (R4)

where S;, k;, a; are solid products, reaction coefficients, and stoichiometric parameters for
HCI of i-th reaction, respectively; and symbol g denotes gas phase. The rate coefficient k;
can be determined by:
E,.
ki = Ajexp (— 5=+ 2
where A;, is the pre-exponential factor, E;, denotes the activation energy of i-th reaction,
and R is the gas constant. T(t) is the temperature of the sample, which can be determined
from the temperature model in Section 3.
The reaction rates of the solid materials are:

dx
PVE = —kyxpyc 3)
dt
de.
—1
— =ri1ki_1xs, , —kixs, | 4)
dt
dxs,
T = 7’nknxSn_l @)
where xpyc = CCP’; VCCU ,and xg. = vaSlc,a , ¢ is the concentration of the specific material, r; is

the stoichiometric parameters for S; of i-th reaction.
The mass loss B can be calculated as:

B=1—(ypvc +ys, +...+Ys,), (6)

where y is the mass fraction of the solid material during the reaction. Details of the mass loss
model development are presented in our previous work [45]. The fitting was performed by
varying A;, E;; and «; to achieve the best fit. This model was used to fit PVC TGA results
(as indicated in Section 2.6). The heating rate was set at 30 °C/min, as for the MPW thermal
degradation experiments described above. Figure 4a shows the temperature transient,
the experimental TGA data (in mass loss) and model results, indicating an excellent fit
between them. The mass loss started at around 260 °C, and the initial fast increase can be
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Mass Loss

80%

60%

40%

20%

0%

attributed to the release of HCl. Figure 4b shows the reaction rate both for the experimental
results and model, with excellent fit. The rate reduced significantly after all the HCl was
released (at ~700 s). Xu et al. showed that that the majority of gaseous products is HCl in
the beginning, with benzene, naphthalene and other organic compounds being produced
with lower rates [21] at a later time.

500 0.8 500
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- = =Model § é 0.2 - - -MOpdel §

- —-Temp [ 1002 -~ Temp 100 2
! ! ! O 0.0 T T T T 0
1000 1500 2000 2500 0 500 1000 1500 2000 2500

Time (s) Time (s)

Figure 4. (a) Mass loss results and temperature transient of PVC by TGA; and (b) rate results and
temperature transient of PVC by TGA.

Since the PVC degradation is not affected by other materials at this temperature, PVC
was used as a degradation model to predict the organic chlorine removal efficiency during
MPW degradation. For MPW, the reaction rate of HCl release can be written as:

dxpc
T = a1Xpyc + ApXg, + a3Xs, + A4Xs, (7)

The detailed model development process and parameters determined by [21] were
used with slight modification with activation energies due to experimental errors. Since the
parameters obtained from fitting the TGA data represent the mass fractions, a scalar was
applied to adjust the values for chlorine removal efficiency. To note, Figure 5 shows the
organic chlorine removal efficiency with the model data, showing a good fit between the
two. The model showed in the current experimental setup that all of the organic chlorine
from MPW was released after ~20 min.

100% & @

80% 1 © Exp '

g |

260% 1 ----Model

M

—40% A '

> |

£20% A o

g-é ]

6 0% '_I—F"Qnm—l—l-rﬂﬂm_

1 100 10,000

Time (s)

Figure 5. Experimental and modeling results of organic chlorine removal efficiency vs. time (loga-
rithmic scale) for MPW.

The kinetic parameters used to obtain the model shown in Figures 4 and 5. are
summarized in Table 1. The activation energies of the first two reactions are 113.2 £ 1.8
and 117.0 =+ 0.3 k] /mol, respectively. These results were close to the data by [46], where the
activation energy of PVC thermal degradation was found to be 116.5 k] /mol at temperatures
lower than 280 °C.
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Table 1. Kinetic parameters for PVC degradation model.

E,; (kJ/mol) A P
Reaction 1 113.6 £2.3 2.08 x 108 0.90
Reaction 2 1113+ 1.1 459 x 108 0.47
Reaction 3 1403 +2.3 1.59 x 1010 0.77
Reaction 4 1449 +2.1 3.48 x 107 0.44

From these data, it can be concluded that PVC degradation at 400 °C was not affected
by other polymers present in the blend. This conclusion is significant since an excellent
prediction of the HCl release from any given MPW composition of PVC degradation is
much easier to study. This conclusion is based on a heating rate of 30 °C/min reaching
400 °C, and with other process conditions, this may not be the case.

4.5. Elemental Composition Analysis

As indicated above, at 28% mass loss, the organic chlorine was removed entirely to
the gas phase. If further thermal processing is required, for example for pyrolytic products,
the elemental composition of the solid material can shed light on the chemical changes of
MPW. The elemental composition (C/H/N/O) of the thermally treated MPW sample at
various mass losses (between 2.3% to 90.7%) was measured and detailed, and the results
are tabulated in Table S1 in Supplementary Material —Additional Figures and Tables.

The C/H/O results were plotted in molar, mineral-free basis, and normalized by the
initial value of carbon and plotted in Figure 6a. They show that the molar composition of C
and H both slightly increased at lower mass loss, and after ~45% mass loss, the H molar
composition in solid product reduces faster compared to C. Oxygen (O) is released to the
gas phase at the initial stages of the thermal treatment and at around 28% mass loss (where
chlorine is already eliminated), most of the O is also released to the gas phase.
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Figure 6. (a) Normalized mineral-free C/H/O composition of thermally treated MPW (mol) vs. mass

loss; (b) mineral-free H/C ratio in MPW solid product; (c) mineral-free O/C and O/H ratio in MPW

solid product.



Energies 2022, 15, 6058

10 of 14

Heat Content (MJ/kg)

— N W B W
o O o o o

0

The H/C in the solid product was calculated and is plotted in Figure 6b. The H/C
ratio starts at ~1.8 and gradually decreases with mass loss; from 40% mass loss, the H/C
decreases steeply, reaching the value of ~0.4 at 92.6% mass loss. This means that significant
dehydrogenation occurs above 40% mass loss. Figure 6c portrays the results for O/C and
O/H ratios, showing significant release of O, indicative by the steep changes in the O/C
and O/H ratios in solid phase, starting at ~0.19 and 0.1, respectively, both reaching zero at
~40% mass loss.

4.6. Heat Content

The heat content (HC) provides further insight into the changes in MPW occurring
during the thermal treatment. Further, HC was correlated with the elemental composition
of the thermally treated MPW samples as proposed in the literature [47]:

HC = agxy + acxc +apoxp + anxy (8)

where ap, a¢, 2o, ay are the calorimetric parameters of the corresponding elements, and
XH, Xc, X0, XN are the weight fractions of the corresponding elements at each mass loss.
The parameters in Equation (8) were fitted by non-linear least square analysis, with
oy = 1685 MJ/kg, ac = 2594 MJ/kg, ap = —12.60 MJ/kg, and ay = 3.500 M]/kg.
Figure 7a shows the experimental results and the correlation of thermally treated MPW
HC at different mass losses; the HC first increases with mass loss due to the release of
volatiles containing oxygen, reaching a maximum value of ~44 MJ/kg at ~30% mass loss,
after which it is decreased due to the release of hydrocarbons and the increase in mineral
content in the remaining solid. The retained energy in the solid (mineral-free basis) was
calculated (Figure 7b), illustrating the continuous decrease in the retained energy with
mass loss. There was no energy loss up to ~7% mass loss. When all the organic chlorine
was released at 28% mass loss, there was still ~89% of energy retained in the solid product.
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Figure 7. (a) Heat content vs. mass loss of MPW and (b) retained energy vs. mass loss of MPW on a
mineral-free-basis.

4.7. FTIR Characterization

The infrared spectra (after baseline corrections) of the thermally treated MPW samples
at various mass losses are shown in Figure 8a. The IR spectra provide an insight into the
molecular structural changes of MPW upon treatment. Multiple bands that are related
to O-H, C-H, C=0, C=C, CH3;, cis—C-H stretching and other bands were observed. The
strongest bands observed ion the range of 2800 to 3000 cm ! are attributed to C-H stretching
bands that may belong to methyl (2960 and 2870 cm ') [48] and methylene groups (2916
and 2850 cm 1) [49] in PP and PE. The cis-C-H out-of-plane bands at 720 to 727 cm !
could be attributed to alkyl groups [50].
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C=0.

Figure 8b1 shows the absorbance of the three C-H stretching bands vs. mass loss,
indicating a similar behavior, where the absorbance of these groups increased with mass
loss until ~40% mass loss, after which it decreases monotonically to 0 at ~83% mass loss,
indicative to the disappearance of these groups, which resembles the carbon behavior in
Figure 8b.

The bands at 1461 and 1598 cm ™! can be attributed to C=C bands from aromatic
rings [49]. The initial 1461 cm ! absorbance of the C=C bands, shown in Figure 8b2,
originate primarily from aromatic rings in PET [51]; it increases due to the formation of
single and double aromatic rings and then decreases with the release of these aromatics, as
mass loss increases.

The O-H stretching bands (3100 to 3600 cm~ 1) and the carbonyl (C=0) bands (1690 to
1750 cm~!) were also observed in the heated MPW samples [49]. The C=0 bands originate
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from the ester linkage in PET and PEVA of MPW [52]. The continuing reduction in OH and
C=0 aligns well with the observation from FTIR spectra, indicating that all oxygen was
released at ~40% mass loss, mainly due to the release of H,O and CO, (Figure 8b3).

5. Conclusions

The thermal degradation of MPW was successfully studied to provide data and insight
into the processes involving organic chlorine removal and chemical changes. This was
accomplished by homogenization of the MPW by compounding—extrusion to produce a
uniform material that was then thermally treated at 400 °C for up to 900 min. A PVC
de-chlorination model based on four consecutive reaction mechanisms was developed.
It was found that one set of parameters could be used to portray the TGA results of
PVC de-chlorination and MPW organic chlorine removal efficiency, showing that PVC
de-chlorination was not affected by other plastics in the MPW at this temperature. The
organic chlorine was fully released at ~28% mass loss, with the remaining attributed to
inorganic sources, which can be removed through water washing. The heat content of the
treated MPW reached a maximum value of ~44 M]/kg at ~30% mass loss, after which it
was decreased. A correlation of heat content based on C/H/N/O was also developed. It
was found that at ~28% mass loss, when all the organic chlorine is released, there is still
~89% energy retained in the solid product. In addition, the results indicated that mass loss
is the universal parameter for both organic chlorine removal efficiency and heat content for
MPW thermal degradation.

FTIR spectroscopy showed the reduction in O-H stretching bands associated with
dehydration and the formation of C=C aromatic bands during MPW thermal degrada-
tion. The elemental composition analysis indicated that in the mineral-free basis, C/H/O
reduced with mass loss, with hydrogen reducing much faster than carbon and oxygen,
and all the oxygen was released at ~40% mass loss. Overall, the present work studied the
de-chlorination of PVC in MPW, showing that the process was not affected by other plastics
at 400 °C; and after thermal treatment, the properties of the studied MPW can be predicted
by its mass loss and elemental composition, which greatly help with its potential to be used
as feedstocks for energy and other applications.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/en15166058 /51, Figure S1: MPW material after shredding; Figure S2:
Temperature transient and mass loss of MPW vs. time@300°C; Table S1: C/H/N/O composition
results in treated MPW. References [53-56] are cited in the supplementary materials.
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