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Abstract: Recycling of waste plastics is of great significance for human society. The pulverization
of waste film plastics is a key technical link in the development of collaborative utilization of
waste plastics in the steel industry. In this study, waste polyvinyl chloride film plastics were first
heated at different temperatures; then the de-chlorination ratio pulverization and the properties
of the pulverized products closely related to blast furnace injection, such as powdery properties,
combustion and explosiveness, were further analyzed. The weight loss ratio increased significantly
with an increase in temperature and was not obvious between 370 °C and 400 °C. The highest
de-chlorination ratio was approximately 84% at 370 °C, and the relative chlorine content in the
product was 9%. The crushing performance of heat-treated polyvinyl chloride film increased with
increasing temperature. Before 370 °C, there were more pores in the samples, and the surface of the
sample seemed to be damaged with the temperature was further increased. The pulverized polyvinyl
chloride had better fluidity and strong jet flow compared to industrial injection coals. At the same
time, compared with other carbonaceous materials, it also exhibited better combustion performances.
The pulverized polyvinyl chloride belonged to non explosiveness substance despite its high volatile
content. The obtained results demonstrated that the pulverized polyvinyl chloride obtained under
the present conditions could be used for blast furnace injection to some extent.

Keywords: waste polyvinyl chloride (PVC); pulverization; heat treatment; de-chlorination; blast
furnace injection

1. Introduction

Polyvinyl chloride (PVC) is the second-most produced thermoplastic by volume, after
polyethylene. It has the characteristics of easy processing, wear resistance, acid and alkali
resistance, flame retardancy, and excellent electrical insulation. Therefore, it is widely used
in pipes, window framing, floor coverings, roofing sheets, and cables [1,2]. Due to the strong
demand for PVC, China’s PVC production capacity has maintained an annual growth ratio
of 20% since 2000. Notably, it is expected that by the end of 2050, the cumulative PVC waste
in the environment will exceed 600 million tons in China [3,4].

In recent years, the question of the disposal of PVC waste has gained increasing im-
portance in the public discussion. At present, there are four commonly used PVC waste
processing technologies: mechanical recycling, landfilling, incineration, and chemical recy-
cling [5]. The mechanical recycling method involves directly using PVC waste plastics after
simple pretreatment (such as collection, sorting, washing, and grinding of the material) or
mixing them with other polymers to produce blends. This method is simple and feasible,
but requires high quality waste plastics [6]. Landfill treatment is common, but landfilled
waste plastics can cause serious problems, such as land occupation, soil structure damage,
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environmental pollution, and the loss of chemical calorific value of waste plastics [7]. Incin-
eration of waste PVC produces a large amount of HCI, which can damage the incineration
equipment, and increase the investment and operation costs of the incineration and dis-
posal process. In addition, PVC waste incineration will inevitably produce dioxins and
other toxic gases, which will result in environmental pollution [8]. Chemical recycling is the
conversion of PVC back into shorter chains for reuse in petrochemical or polymerization
processes following cracking, gasification, hydrogenation, or pyrolysis [2]. Compared with
other waste plastic processing technologies, this type of recycling has high potential for
heterogeneous and contaminated plastic waste material, where separation is either not
economically viable or not completely technically feasible [6].

The fossil fuel energy-intensive blast furnace ironmaking process of steel industry
operates at high temperature and under high reduction potential with the function of
energy conversion, which can provide an easier path for the collaborative utilization of
waste plastics in large quantity and low cost. Up to the present, the application of waste
plastics in the iron and steel industries has been studied extensively. In 1996, the steel
plant in Germany achieved blast furnace injection of waste plastics for the first time in
the world [9]. After sorting and removing harmful impurities, the waste plastics were
pulverized into plastic particles (smaller than 10 mm) and injected into the blast furnace
having an injection capacity of 70,000 tons per year. Japan first implemented blast furnace
injection of waste plastics in the Keihin plant. In this method, the chlorine-containing
plastics were removed in advance and the rest was crushed and granulated (the maximum
particle size was approximately 6 mm) for being injected into the blast furnace together
with hot air. The experimental injection amount was as high as 200 kg/tHM [10].

Whether waste plastics are used for blast furnace injection or gasification reactions to
produce gas fuel, the particle size of waste plastics is very important. Particle size affects
the reaction rate and conversion efficiency by affecting the mass and heat transfer between
the particles [11]. Different processes have different requirements of the particle size of
the raw material. The blast furnace requires that 80% of the total mass of injection coal
should a particle size smaller than 0.074 mm. However, a smaller particle size increases
the production cost and technical difficulty. Asanuma et al. [12] pulverized a mixture of
various plastics into 0.2-0.4 mm through heat treatment, however, they didn’t pay attention
to the behavior of PVC plastics. Wang et al. [13] obtained low chlorine hydrochar from
PVC by hydrothermal carbonization; however, the hydrothermal treatment equipment of
PVC is significantly eroded by the formed HCI, as it is in the solution state.

To the best of our knowledge, few studies have reported the dry pulverization of waste
PVC film and the application characteristics of the pulverized product in the blast furnace
ironmaking process. In the present research, waste PVC film plastics were pulverized by
heat treatment at different temperatures without using water, and the de-chlorination ratio
and properties of the pulverized products closely related to blast furnace injection as solid
fuel were further analyzed. The process not only help efficiently use the PVC waste plastics
resources in the municipal solid waste, but also avoids bringing a large number of harmful
substances into the next process.

2. Materials and Methods
2.1. Raw Materials

The PVC film plastic used in this experiment was a decoration material, also known as
PVC foam board, widely used in model making and advertising. The thickness was 0.1 cm,
and the chemical composition is shown in Table 1. Before the experiment, the PVC film
was cut into pieces of about 2.0 cm X 2.0 cm for subsequent use. The coke, graphite, and
anthracite were crushed into the size smaller than 180 um and dried at 100 °C for 10 h for
subsequent use.
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Table 1. Proximate and elemental analysis of raw materials.
Material Proximate Analysis (wt %) Elemental Analysis (wt %)

V4 Aq FCq C H o N S Cl

PVC film 70.10 16.57 13.33 33.67 2.68 17.19 <0.3 0.61 33.09
Coke 1.64 12.16 86.20 83.81 1.66 3.85 0.62 0.50 -
Graphite - - 100 - - - - - -
Anthracite 6.4 11.1 81.4 77.71 1.21 8.19 0.55 1.12 -

Note: V4 was the volatile in dry basis, A4, was the ash in dry basis, FCyq was fixed carbon in dry basis.

2.2. Experimental Methods

First, the PVC film pieces were subjected to low temperature heat treatment in Nj
atmosphere; then, the cooled heat-treated products were ground and sieved. The macro-
scopic morphology, microstructure, de-chlorination ratio, and properties for blast furnace
injection of the pulverized heat treatment products were studied.

2.2.1. Low Temperature heat Treatment Experiment

A total of 10 g of PVC film were placed in stainless steel crucibles. The crucible
was a cylinder having a diameter of 5 cm and height of 9 cm. The heating equipment
was a tubular shaft furnace, and its heating element were U-shaped MoSi; rods, which
were arranged around the furnace. During the test, high purity N flow at 3 L/min was
introduced from the bottom of the furnace tube to prevent oxidation in the furnace. The
gas outlet from the top of the furnace tube was connected to the tail gas filtering device
to completely absorb the HCI from the tail gas. The schematic of the setup is shown in
Figure 1. Before the experiments, the furnace temperature was set to a fixed temperature
required for each run (280, 310, 340, 370, 400, 430, and 460 °C). When the furnace reached
the desired temperature, the stainless steel crucible containing the PVC film pieces was
placed into the furnace and heated for 30 min.

11

o AT °

Figure 1. Schematic diagram of the experimental setup. 1: gas cylinder, 2: flowmeter, 3: control

cabinet, 4: furnace body, 5: heating element; 6: crucible; 7: gas inlet, 8: furnace tube, 9: gas outlet,
10: flange, 11: tail gas washing tank.

2.2.2. Pulverization and Screening

After heat treatment, the PVC film samples were cooled to room temperature in an Nj
atmosphere. The weight of the PVC film products was recorded before pulverization to
calculate the weight loss ratio. The crusher crushed the sample continuously with a rotating
speed of 20,000 rpm. The heat treatment products obtained at each temperature were
crushed for 20 s, and the crushed samples were screened using sieves of different sizes (12,
16, 28, 45, 60, 80, and 150 mesh).
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2.2.3. Microstructure Characterization

The microstructure of the PVC film heated at different temperatures was compared
using scanning electron microscope (SEM) images, and the distribution and content of
selected elements in the products were analyzed using an electron probe microanalyzer
(EPMA). The samples for microstructure characterization were cut and drowned in the
resin. The cross section was further polished and sprayed a carbon film before the charac-
terization test.

2.2.4. Thermogravimetric Analysis

The combustion experiment of the carbonaceous raw materials was performed by
thermogravimetric analysis. The equipment used was an thermal analyzer (SDT Q600,
TA Instruments, New Castle, DE, USA). Approximately 10 mg samples were taken and
heated from room temperature to 1000-1250 °C at 10 °C/min in air, with a gas flow rate
of 100 mL/min. The combustion performance of pulverized PVC, coke, graphite, and
anthracite were analyzed.

2.2.5. Powdery Property Analysis

The fluidity and jet flow properties of carbonaceous raw materials were tested by
a multifunctional powder physical property tester (MT-02, SEISHIN, Japan). The particle
sizes of raw materials were smaller than 180 um. The fluidity and jet flow of each sample
were measured three times, and their average values were recorded.

2.3. Evaluation Indicator
2.3.1. De-Chlorination Ratio of Polyvinyl Chloride (PVC) Film ()

To evaluate the de-chlorination of PVC films after heat treatment at different temper-
atures, the chlorine content of PVC raw materials and products after heat treatment was
determined by ion chromatography (IC) designated ion test. The de-chlorination ratio at
different heat treatment temperatures was calculated, using the expression given below:

o= (Mp — Mr)/Mp x 100% 1)

where My was the chlorine amount in the PVC film (%), and Mt was the chlorine amount
in the heated PVC film at a certain temperature.

2.3.2. Crushing Performance Index (¢)

To compare the crushing performance of PVC heat treatment products under different
conditions. and considering that the product having particle size less than 0.18 mm is
easy to be used for thermochemical reaction, the proportion of crushing products having
a particle size less than 0.18 mm in the total material mass is defined as the crushing
performance index, and its expression is given below:

@ =Wp18/W @

where Wy 13 was the mass having particle size smaller than 0.18 mm in the heat treatment
product (g), and W was the total mass of the heat treatment product (g).

2.3.3. Combustion Performance Index (Sy)

To compare the combustion performance of pulverized PVC heat treatment product
and various carbonaceous materials, the combustion performance index was introduced to
characterize the combustion performance of each carbonaceous material, and its value was
calculated using the following formula [14]:

SN = (DTGmax X DTGmean)/(Ti2 X Tf) (3)
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where Sy was the combustion performance index, min~2-°C~3; DTGpax was the maximum
weight loss rate (%/min); DTGmean Was the mean weight loss rate (%/min); T; was the
ignition temperature (°C); and T was the burnout temperature (°C). Notably, the greater
the Sy value, the better the combustion performance of the fuel, and vice versa.

3. Results and Discussion
3.1. Low Temperature Heat Treatment Experiment of Polyvinyl Chloride Film

The PVC film was subjected to constant temperature heat treatment at 280, 310, 340,
370, 400, 430, and 460 °C for 30 min. The morphology of the PVC obtained at different
temperatures is shown in Figure 2. It can be seen that the PVC film shrank from film pieces
to strips and the formed strips closely gathered together. At 280 °C, the PVC film in the
center was light yellow, indicating that the temperature was not high enough. The PVC
film was not carbonized. With the increase in temperature, the light-yellow part of the heat
treatment products gradually disappeared, and the volume reduction was more.

(d)

Figure 2. Morphology of PVC film heated at different temperatures: (a) PVC film pieces, (b) 280 °C,
(c) 310 °C, (d) 340 °C, (e) 370 °C, (f) 400 °C, (g) 430 °C, (h) 460 °C.

The relationship between the heat treatment temperature and the weight loss ratio of
the PVC samples is shown in Figure 3. It can be seen that the weight loss ratio of PVC film
was very low at 280 °C. With the increase of temperature, the weight loss ratio continued
to increase, and a flat region began to appear at 370 °C. After 400 °C, the weight loss ratio
increased immediately with increasing temperature. The two weight loss stages (<370 and
>400 °C) of the PVC films were also accompanied by different reactions. In the first stage,
the main reaction was the removal of HCl from the PVC film. With increasing temperature,
the internal energy of PVC film increased, the fracture of the C-Cl bond intensified, and
the amount of removed HCl increased. It was also accompanied by the volatilization
of small molecular substances during thermal degradation; thus, the weight loss ratio
increased significantly [15]. After 400 °C, the weight of the PVC film entered the second
loss stage, the cracking of the main chain (crosslinked polyene) in the PVC film intensified,
many small molecular compounds were produced, and the weight loss ratio increased
sharply. At 370-400 °C, the change in the weight loss ratio was very small, which meant no
decomposition reaction occurred.

Figure 4 shows the de-chlorination ratio of the PVC film and the chlorine content
in the product at different heat treatment temperatures. It can be seen from the figure
that at a temperature lower than 370 °C, the de-chlorination ratio increased significantly
with the increasing temperature. When the temperature was 370 °C, the de-chlorination
ratio reached a maximum value of 84%. After 370 °C, the de-chlorination ratio decreased,
portraying a stable trend at approximately 80%. The C-Cl bonds in the structure of PVC
have a relatively lower binding energy than the C-C and C-H bonds. Therefore, the C-Cl
bond in the PVC broke first with the increasing temperature. Moreover, the HCI released
from PVC can catalyze the de-chlorination reaction; therefore, the ratios of de-chlorination
portrayed an increasing trend [16]. After 370 °C, hydrocarbons were mainly produced, and
the de-chlorination ratios decreased slightly and then showed a stable trend [17]. Notably,
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the chlorine content in the product was negatively correlated with the de-chlorination
ratio. The chlorine content obviously decreased before 370 °C and gradually increased
after 370 °C. At 370 °C, the chlorine content of the product was approximately 9%. Some
chlorine should have been trapped in the residue as a result of interaction with the additives
in the PVC film sample [18]. It can be concluded that the most suitable heat treatment
temperature for the de-chlorination of PVC film in the present experimental condition was
approximately 370 °C.

60

PVC-plastic |
N, 3L/min g
0 Holding time: 30min

40 |-

Weight-loss ratio(o.)/%

20 | 4

ob— v ey s s
260 280 300 320 340 360 380 400 420 440 460 480

Temperature/°C
Figure 3. Relationship between heat treatment temperature and weight loss ratio of PVC film.
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Figure 4. Chlorine content and de-chlorination ratio of PVC film at different temperatures.

3.2. Pulverization of Polyvinyl Chloride after Heat Treatment

The pulverization experiment was performed to crush and screen the heat treatment
products of the PVC film. The influence of temperature on the crushing performance index
of the products was determined. The optimal heat treatment conditions of PVC film could
be obtained by considering the aforementioned de-chlorination results at the same time.

After being heated at various temperatures, the PVC film was crushed and sieved
into different particle sizes. As shown in Figure 5, with an increase in temperature, the
proportion of powder having a small particle size, such as 0.10 mm, gradually increased.
At the temperature higher than 340 °C, the proportion of powder with the size larger than
0.25 mm became very little, which was around 2.50 to 3.00%. In the present work, the
mass proportion of powder having particle size less than 0.18 mm was defined as the
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crushing performance index to roughly illustrate the particle size of the crushed products
in total. The variation of the crushing performance index with temperature is shown
in Figure 6. Notably, the crushing performance index was small at lower temperatures,
such as 0.3 at 280 °C. Before 340 °C, the temperature had a significant influence on the
crushing performance index. With increasing temperature, the crushing performance
index increased rapidly due to obviously improved embrittlement by pyrolysis compared
to the initial polymer state. The crushing performance index (>0.9) tended to be stable
after 340 °C. Because the de-chlorination ratio of the PVC film reached its peak at 370 °C,
this temperature of 370 °C was considered to be ideal for obtaining the optimal crushing
performance of the PVC film. For the convenience of the following description, PVC heat
treatment products at 370 °C were denoted as PVC370. Furthermore, the proximate analysis
of newly obtained PVC370 was performed in dry basis and the content of fixed carbon,
volatile matter, and ash of PVC370 were 19.56%, 54.75%, and 25.69%, respectively.

] >1 6m
L] 171 6mm
L 0.671
[ =——= = = —Jo. ;”gfngmm
L__10.25°0.4mm
] 0. 18™0. 25mn
0.1°0. 18mm
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Figure 5. Particle size distribution of crushed PVC film heated at different temperatures.
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Figure 6. Crushing performance index of PVC film heated at different temperatures.

3.3. Microstructure Analysis of Polyvinyl Chloride after Heat Treatment

SEM images of the PVC film heated at various temperatures are shown in Figure 7.
Many unevenly sized pores could be observed at 280 °C. The width of the large pores was
approximately 200 pm, and the width of the small pores was around 30 um. This indicated
that only a part of the volatiles in the PVC film was released at 280 °C and it was mainly the
lateral chain in the PVC macromolecules being broken [19]. As the temperature increased,
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the pore size of the samples became larger, which indicated that the amount of volatiles
that diffusing outward increased [20]. Before 370 °C, there were more pores in the samples,
and they were deeper. At 370 °C, the samples had much larger pores, with the size of
approximately 400 um. When the temperature was further increased, the surface of the
sample seemed to be damaged. Many small pores were connected together and became
shallower, and some disappeared at 430 °C. Notably, at 460 °C, the cracks began to appear,
and the carbon matrix structure was much denser. Only a small part of the main chain in
the PVC film broke before 370 °C. After 400 °C, a large number of carbon frameworks were
thermally cracked into smaller molecular substances and volatilized, which resulted in the
denser residual carbon matrix [21].

Figure 7. Scanning electron microscope (SEM) images of heated of PVC film at different temperatures:
(@) 280 °C; (b) 310 °C; (c) 340 °C; (d) 370 °C; (e) 400 °C; (f) 430 °C; (g) 460 °C.

The PVC film sample heated at 370 °C was analyzed using EPMA to investigate the
existing state and content of chlorine in the product. Figure 8 shows the distribution of Ca,
Cl, and O. Cl was evenly distributed in the matrix around the holes on the sample surface
(as shown in Figure 8b). Notably, Cl was widely distributed in the carbon matrix, indicating
that residual chlorine was trapped in the residual matrix, which was difficult to remove.
The Ca content in the sample was distributed in small pieces and concentrated at the edge
of the hole (as shown in Figure 8c). Generally, some additives are added into the pure
raw polyvinyl chloride material during the production of commercial polyvinyl chloride.
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However, the PVC manufacturers are reluctant to tell the exact chemical composition of
the additives. In the present work, the used PVC film sample contained a little CaCO3
additive. Cl also appeared where the Ca was distributed, but not in the place where Ca
was most concentrated.

Lapem

LU

LRI FE 1ERI TR

HEETT T -0 omms HEEEEENTTTT a0 0 O
o4 541 60D B3E GEE D134 1282 1430 1578 1726 1BT4 2022 X170 2319 2867 2615 ITE3 146 120 T3 Je6 439 511 586 659 TR MOS BT ¥5) N0OS 1096 1171 1M5 1316

Figure 8. Mapping analysis of heated PVC film (370) by EPMA: (a) original image; (b) Cl element
distribution; (c) Ca element distribution; (d) O element distribution.

Micro zone analysis was further conducted on the sample, as shown in Figure 9. The
corresponding element content was obtained at the selected position on the sample, as
listed in Table 2. It can be seen that the carbon matrix of the sample contained a large
amount of C element and less O, Cl, and Ca elements. There were many Ca and O elements
in the white zone, such as point 2, indicating that the white zone was mainly a compound
of Ca. By comparing the amounts of Cl and Ca elements of point 2, it could be concluded
that part of the Ca existed in the form of compounds combined with Cl, and the remaining
Ca existed in the form of CaCOj3 or CaO.
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Figure 9. Micro zone analysis of heated PVC film (370 °C) by EPMA: (1) point 1; (2) point 2.

Table 2. Chemical composition of selected points (at%).

Point No. C (0] Cl Ca
1 87.68 6.69 2.76 2.87
2 55.52 23.37 2.93 17.88

3.4. Analysis of Pulverized Polyvinyl Chloride for Blast Furnace Injection

The injection of pulverized coal into a blast furnace can replace coke, reduce the cost
of pig iron, and enrich reducing gas. It has become the prevailing technology in the blast
furnace ironmaking process [22]. In the present study, the pulverized polyvinyl chloride
after heat treatment was proposed to replace the coal or coke. With the help of the new
technology, the consumption of fossil fuel can be reduced and the waste plastics will also
be recovered. Therefore, it is meaningful to systematically study the powdery, combustion,
and explosive characteristics of the pulverized polyvinyl chloride.

(1)  Analysis of powdery properties of pulverized polyvinyl chloride

In a system containing powder, the particles of the powder are interrelated, and some
special flow characteristics appear when the particles rub against each other. Therefore,
the study of fluidity and jet flow is of great significance for the processing, transportation,
storage, and packaging of powder. Studying these parameters can also provide practical
reference for the metallurgical, chemical, and other industries, which consume powdery
raw materials. The fluidity and jet flow of pulverized polyvinyl chloride and two injection
coals were measured. The fluidity performance of the powder included four factors: natural
slope angle, compression ratio, scoop angle, and uniformity. The compression ratio was
obtained by the loose density and tap density, and the other factors were directly measured
by the test. Additionally, the jet flow characteristics, including the crash angle, angle of
difference, dispersity, and fluidity, were also studied. The crash angle, angle of difference,
and dispersity were obtained directly from the test. Based on the principle of the Carr
index [23], the properties of pulverized polyvinyl chloride (i.e., PVC370) and two injection
coals in transportation, storage, and production were evaluated, and the results were listed
in Table 3. As seen in the table, PVC370 showed better fluidity performance than the two
kinds of injection coals. The natural slope angle of PVC370 was the smallest, indicating that
the relative friction between the materials of this sample was small, which was conducive
to improve the flow performance. The jet flow performance of PVC370 was weaker than
those of the injection coals, but it still reached the strong jet flow degree. This indicated
that the powdery properties of pulverized PVC product after heat treatment could meet
the injection requirements of blast furnace ironmaking operation to partially replace coal
or coke.
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Table 3. Powdery properties of pulverized PVC370 and injection coal.
Physical Property Pulverized PVC Heat Treatment Product Injection Coal 1 Injection Coal 2
Tap-density (g/mL) 0.611 0.89 0.801
Compression ratio (%) 24 21 33
Natural slope angle (°) 22.3 37 26.2
Crash angle (°) 17.6 19 11
Angle of difference (°) 4.7 18 15.2
Scoop angle (°) 22.8 43 15.5
Dispersity (%) 26.9 25 33.9
Uniformity (Dgg/Djp) 6.55 5.94 7.86
Fluidity index 87 75 76
Degree of fluidity Good Good Good
Jet flow index 68 82 81
Degree of jet flow Strong Very strong Very strong

(2) Combustion properties of pulverized polyvinyl chloride

The weight loss curves of PVC370 and other carbonaceous materials during combus-
tion are shown in Figure 10. The corresponding reaction performance parameters were
obtained according to the weight loss curve, as shown in Table 4. It can be seen from
the figure that coke, graphite, and anthracite lost the weight in only one stage. Graphite
almost lost all the weight at the temperature of 997 °C. The weight loss ratio of coke was
approximately 83% at the temperature of 880 °C. The weight loss ratio of anthracite was
approximately 87% at the temperature of 749 °C. Compared with other carbonaceous mate-
rials, PVC370 was more prone to react. The weight loss curve of PVC370 can be divided
into three stages: (1) 264-508 °C (weight loss ratio 42.58%); (2) 508-586 °C (weight loss
ratio 3.36%); and (3) 586703 °C (weight loss ratio 7.20%). The weight loss of the first stage
consisted of the devolatilization and combustion of small molecules, and the removal of
HCl], and the second stage mainly consisted of the combustion of the residual carbon back-
bone. The combustion of PVC370 was almost completed in the third stage; therefore, the
rate of weight loss decreased [24]. The order of initial combustion temperatures increased
as follows: PVC370 (264 °C) < anthracite (446 °C) < coke (533 °C) < graphite (660 °C). The
maximum reaction rate of PVC370 was similar to that of anthracite and higher than those
of graphite and coke. The combustion performance index (Sp) of each carbon material
was calculated using Equation (3). The combustion performance index of PVC370 was
significantly higher than those of the other carbon materials. Coke and graphite had almost
the same combustion indexes, and both were much smaller than those of the other two
carbonaceous materials. The combustion characteristic indexes decreased in the sequence
of PV(C370 > anthracite > coke > graphite.
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Figure 10. Combustion curves of each carbonaceous material: (a) weight loss curves, (b) weight loss
rate curves.
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Table 4. Combustion characteristic parameters of different samples.

Materials Peak T; (°O) T¢ (°C) Tm (O DTGmax (%/min) SN x 10° tg (min)
1 264 513 467 7.16 456.58 24.78
PVC370 2 542 606 572 0.71 1.56 6.38
3 606 703 680 1.60 4.46 9.78
Anthracite 1 446 749 628 7.14 136.10 30.43
Graphite 1 660 997 934 6.12 40.87 33.83
Coke 1 523 880 760 3.95 37.25 35.84

Note: Try was the temperature corresponding to the peak of the weight loss rate, t; was the reaction time.

(3) Explosive property of pulverized polyvinyl chloride

In the blast furnace ironmaking process, the injection coal is ground into the grain size
80% less than 0.074 mm to improve the combustion rate. However, the pulverized coal after
fine grinding has a large specific surface area, which is prone to explosion during or after
the grinding. Therefore, blast furnace injection is very concerned with the explosiveness of
coal, especially for highly volatile bituminous coal [25]. The explosiveness of coal is in direct
proportion to the level of volatile matter. The higher the volatile content, the stronger the
explosiveness of pulverized coal [26]. The volatile content of PVC heat treatment products
is higher than that of bituminous coal, so it is necessary to study its explosiveness.

Generally, the explosiveness of pulverized coal is reflected by the length of flame.
The flame length of pulverized coal is measured by long tube explosion performance
tester. In practical engineering applications, it is generally believed that if the length of
the return flame formed by the detonation of the measured pulverized coal is greater
than 600 mm, the coal can be classified as highly explosive. If it is between 400~600 mm,
the coal has medium-intensity explosiveness, and if it is less than 400 mm, the coal has
weak explosiveness. If there are only rare sparks or no sparks at the fire source, it exhibits
non-explosiveness [27,28]. The return flame length of coal injected into the blast furnace is
between 20~50 mm, which can realize safe injection [26]. The test results of explosiveness
of PVC370, anthracite, mixed coal, and bituminous coal are shown in Table 5. It can be seen
that return flame length of PVC370 and anthracite was almost zero and was much smaller
than traditional bituminous coal although the volatile content of PVC370 was much higher.
This was a very interesting experimental result. It might be related to the flame retardants
that added into PVC during its production to prevent fire for safety [29]. Furthermore,
the ignition point of PVC370 was 326 °C, which was lower than 398 °C for anthracite
and 334 °C for mixed coal. The combustion characteristics of PVC370 were better than
anthracite, and PVC370 was non-explosive. Therefore, PVC370 was more suitable for blast
furnace injection than anthracite if the chlorine amount injected into blast furnace together
with pulverized PVC was controlled to meet the requirements of total chlorine load of blast
furnace ironnaking operation.

Table 5. Results of explosiveness of carbonaceous materials.

Materials T/°C L/mm Va/%
PVC370 326 0 54.75
Injection anthracite 398 0 74
Injection mixed coal 334 30 18.18
Bituminous coal [30] 293 >700 33.25

Note: T was the ignition point temperature, L was the explosion flame length.

4. Conclusions

(1) The PVC film samples slowly shrank in volume with increasing temperature from
280 °C to 460 °C. The de-chlorination ratio increased significantly with increasing
temperature before 370 °C. The de-chlorination rate was up to 84% at 370 °C, and the
chlorine content in the product was 9%. The de-chlorination ratio decreased slightly
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as the temperature continued to rise, then showed no change. The pulverization
performance increased with the temperature. Overall, the optimum heat treatment
temperature of the PVC film was 370 °C.

(2) Pores would form during the heat treatment of PVC film samples due to the emission
of volatile. Before 370 °C, there were more pores in the samples, and they were deeper.
At 370 °C, the samples had much larger pores, with the size of approximately 400 pm.
When the temperature was further increased, the surface of the sample seemed to
be damaged. The microstructure of the PVC heat treatment product obtained above
400 °C was denser. Some of the Cl remained in the residual matrix or combined with
Ca, and it was difficult to remove this part of Cl.

(3) After heat treatment at 370 °C (i.e., PVC370), the fluidity of pulverized polyvinyl
chloride was better than the two kinds of injection coals. The jet flow was weaker
than that of the injection coals, but it still reached a strong degree. PVC370 had
a lower initial combustion temperature and higher combustion rate than other car-
bonaceous materials. PVC370 was classified as a non-explosive substance despite its
high volatility.

(4) The low temperature heat treatment of PVC can help remove chlorine and improve
the pulverization performance of thermoplastic PVC film. The pulverized PVC heat
treatment product can meet the relevant requirements of blast furnace injection to
replace coal or coke from the powdery, combustion, and explosive points of view
based on present study.

Author Contributions: G.W. designed the experiments and results analysis, acquired the funding
and prepared the draft. S.L. and H.Z. performed the experiments and prepared the original draft.
J.W. and Q.X. administrated the project, supervised the experiment and reviewed the manuscript. All
authors have read and agreed to the published version of the manuscript.

Funding: The work was supported by the National Natural Science Foundation of China, grant
numbers 51804024, U1960205 and the Fundamental Research Funds for the Central Universities,
grant number FRF-IC-20-09 and the State Key Laboratory of Advanced Metallurgy of University of
Science and Technology Beijing, grant number 41621002.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data presented in this study are available on request.

Acknowledgments: The authors wish to acknowledge the contributions of associates and colleagues
at University of Science and Technology Beijing of China and the financial support of National Natural
Science Foundation of China and State Key Laboratory of Advanced Metallurgy of University of
Science and Technology Beijing.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Xu, S.L.; Li, D.G,; Yu, X.J.; Zhang, Y.L.; Yu, Y.Z.; Zhou, M.; Tang, S.Y. Study on pentaerythritol-zinc as a novel thermal stabilizer
for rigid poly(vinyl chloride). J. Appl. Polym. Sci. 2012, 126, 569-574. [CrossRef]

2. Janajreh, I; Alshrah, M.; Zamzam, S. Mechanical recycling of PVC plastic waste streams from cable industry—A case study.
Sustain. Cities Soc. 2015, 18, 13-20. [CrossRef]

3. Li Y.F; Wu, XM. Development of production technology of PVC and its market analysis. China Chlor-Alkali 2008, 10, 1-3.

4. Zhou, Y.C,; Yang, N.; Hu, S.Y. Industrial metabolism of PVC in China: A dynamic material flow analysis. Resour. Conserv. Recy.
2013, 73, 33-40. [CrossRef]

5. Sadat-Shojai, M.; Bakhshandeh, G.R. Recycling of PVC wastes. Polym. Degrad. Stabil. 2011, 96, 404—415. [CrossRef]

6. Kim, R; Laurens, D.; Kevin, V.G. Mechanical and chemical recycling of solid plastic waste. Waste Manag. 2017, 69, 24-58.

7. Zhang, ].P; Zhang, C.C.; Zhang, ES. A novel process for waste polyvinyl chloride recycling: Plant growth substrate development.
J. Environ. Chem. Eng. 2021, 9, 105475. [CrossRef]

8.  Buekens, A.; Huang, H. Comparative evaluation of techniques for controlling the formation and emission of chlorinated

dioxins/furans in municipal waste incineration. . Hazard. Mater. 1998, 62, 1-33. [CrossRef]


http://doi.org/10.1002/app.36826
http://doi.org/10.1016/j.scs.2015.05.003
http://doi.org/10.1016/j.resconrec.2012.12.016
http://doi.org/10.1016/j.polymdegradstab.2010.12.001
http://doi.org/10.1016/j.jece.2021.105475
http://doi.org/10.1016/S0304-3894(98)00153-8

Polymers 2022, 14, 1689 14 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.
29.

30.

Babich, A.; Senk, D.; Knepper, M.; Benkert, S. Conversion of injected waste plastics in blast furnace. Ironmak. Steelmak. 2016, 43,
11-21. [CrossRef]

Asanuma, M.; Ariyama, T.; Sato, M.; Mural, R.; Nonaka, T.; Okochi, L.; Tsukiji, H.; Nemoto, K. Development of waste plastics
injection progress in blast furnace. ISIJ Int. 2000, 40, 224-251. [CrossRef]

Herndndez, ].J.; Aranda-Almansa, G.; Bula, A. Gasification of biomass wastes in an entrained flow gasifier: Effect of the particle
size and the residence time. Fuel Process. Technol. 2010, 91, 681-692. [CrossRef]

Asanuma, M.; Terada, K.; Inoguchi, T.; Takashima, N. Development of waste plastics pulverization for blast furnace injection. JFE
Tech. Rep. 2014, 19, 110-117.

Wang, Q.; Wang, E.L. Kinetic analysis of the pyrolysis of hydrochar derived from PVC and its thermochemical behaviors in a blast
furnace. Ind. Eng. Chem. Res. 2021, 60, 5102-5113. [CrossRef]

Li, X.G.; Ma, B.G,; Li, X,; Hu, Z.W.; Wang, X.G. Thermogravimetric analysis of the co-combustion of the blends with high ash coal
and waste tyres. Theramochim. Acta. 2006, 441, 79-83. [CrossRef]

Pasek, R.J.; Chang, D.P.Y,; Jones, A.D. Investigation of thermal decomposition of chlorinated polymers. Hazard. Waste Hazard.
Mater. 1996, 13, 23-38. [CrossRef]

Yu, J.; Sun, L.X.; Ma, C.; Qiao, Y.; Yao, H. Thermal degradation of PVC: A review. Waste Manag. 2016, 48, 300-314. [CrossRef]
Cao, B,; Sun, YK,; Gun, ].J.; Wang, S.; Yuan, ].P.; Esakkimuthu, S.; Uzoejinwa, B.B.; Yuan, C.; Abomohra, A.E.F,; Qian, L.L.; et al.
Synergistic effects of co-pyrolysis of macroalgae and polyvinyl chloride on bio-oil /bio-char properties and transferring regularity
of chlorine. Fuel 2019, 246, 319-329. [CrossRef]

Kim, S. Pyrolysis kinetics of waste PVC pipe. Waste Manag. 2001, 21, 609-616. [CrossRef]

Mcneill, I.C.; Cole, W.J.; Memetea, L. A study of the products of PVC thermal degradation. Polym. Degrad. Stabil. 1995, 49,
181-191. [CrossRef]

Sugano, M.; Hara, M.; Ichikawa, R.; Shitara, N.; Saitoh, Y.; Kakuta, Y.; Hirano, K. Inhibition of chlorinated organic compounds
production by co-pyrolysis of poly (vinyl chloride) with cation exchanged coal. Fuel 2015, 151, 164-171. [CrossRef]

Li, B.Q.; Zhang, B.J.; Tian, FJ.; Liao, H.Q. Increasing oil and decreasing water copyrolysis of coal with coke-oven gas by adding
waste plastics. J. Fuel Chem. Technol. 1999, 5, 385-388.

Naito, M.; Takeda, K.; Matsui, Y. Ironmaking technology for the last 100 years: Deployment to advanced technologies from
introduction of technological know-how, and evolution to next-generation process. ISI] Int. 2015, 55, 7-35. [CrossRef]

Zhang, P. Application of Carr index method in comprehensive evaluating properties of coal powder. China Powder Sci. Technol.
2000, 6, 33-36.

Zhang, Y.P.; Salovey, R. Pyrolysis of poly(vinyl chloride). . Polym. Sci. 1974, 12, 2927-2941.

Pu, YK.; Hu, J.; Jia, F. Experimental studies of explosion characteristics of bituminous coal dust-air mixtures injected in blast
furnace. Explos. Shock. Waves 2000, 20, 303-312.

Zhang, C.L.; Yang, ].L.; Xiang, D.W,; Yang, L.B. Analysis of influence factors of pulverized coal use in blast furnace injection. Coal
Qual. Technol. 2016, 64-67.

Jin, L.Z,; Jin, YH.; Zhang, ].Y.; Wang, L.Y. Experimental study on lower explosion limit and length of return flame when blasting
Luan barren coal into blast furnace. Chin. Saf. Sci. J. 2005, 61-64. [CrossRef]

Du, G; Ying, Z.W. Effect of preheating on explosiveness of mixed pulverized coal. China Metall. 2007, 9-12. [CrossRef]

Basfar, A.A. Flame retardancy of radiation cross-linked poly(vinyl chloride) (PVC) used as an insulating material for wire and
cable. Polym. Degrad. Stably 2002, 77, 221-226. [CrossRef]

Yu, C.Y,; Sheng, ].W,; Li, S.B. Research and application of injection high volatile matter bituminous coal in a large proportion way
in 2000 m> BF of Nanjing Steel. Metall. Collect. 2014, 41-44. [CrossRef]


http://doi.org/10.1179/1743281215Y.0000000042
http://doi.org/10.2355/isijinternational.40.244
http://doi.org/10.1016/j.fuproc.2010.01.018
http://doi.org/10.1021/acs.iecr.0c06316
http://doi.org/10.1016/j.tca.2005.11.044
http://doi.org/10.1089/hwm.1996.13.23
http://doi.org/10.1016/j.wasman.2015.11.041
http://doi.org/10.1016/j.fuel.2019.02.037
http://doi.org/10.1016/S0956-053X(00)00127-6
http://doi.org/10.1016/0141-3910(95)00064-S
http://doi.org/10.1016/j.fuel.2015.02.036
http://doi.org/10.2355/isijinternational.55.7
http://doi.org/10.16265/j.cnki.issn1003-3033.2005.11.015
http://doi.org/10.13228/j.boyuan.issn1006-9356.2007.06.003
http://doi.org/10.1016/S0141-3910(02)00037-X
http://doi.org/10.19537/j.cnki.2096-2789.2014.04.012

	Introduction 
	Materials and Methods 
	Raw Materials 
	Experimental Methods 
	Low Temperature heat Treatment Experiment 
	Pulverization and Screening 
	Microstructure Characterization 
	Thermogravimetric Analysis 
	Powdery Property Analysis 

	Evaluation Indicator 
	De-Chlorination Ratio of Polyvinyl Chloride (PVC) Film () 
	Crushing Performance Index () 
	Combustion Performance Index (SN) 


	Results and Discussion 
	Low Temperature Heat Treatment Experiment of Polyvinyl Chloride Film 
	Pulverization of Polyvinyl Chloride after Heat Treatment 
	Microstructure Analysis of Polyvinyl Chloride after Heat Treatment 
	Analysis of Pulverized Polyvinyl Chloride for Blast Furnace Injection 

	Conclusions 
	References

