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Abstract The presence of organic compounds in wastes,

namely polymer based compounds, is considered a poten-

tial relevant source of energy. However, the presence of

polyvinyl chloride (PVC) in their composition, causes

recycling problems when a thermal process is considered

for the wastes treatment [1] preventing its use on processes

which the main goal is the energy recovery (Zevenhoven

et al. in Fuel 81:507–510, 2002; Kim in Waste Manag

21:609–616, 2001). A possible solution should consider a

first step for chlorine removal, through a pyrolysis process

previously to a subsequent thermal treatment, for energetic

valorization. The present work assesses a possible process

for treating PVC-containing wastes in an environmentally

friendly way. It is based on the effective de-chlorination of

PVC-containing wastes through a pyrolysis process at low

temperature before the carbonaceous residue (chlorine free

fraction) being subjected to a subsequent thermal treatment

for energetic valorization with the production of a synthesis

gas (syngas). In the end of the process concentrated

hydrochloric acid or other chlorine solutions and a syngas,

with high energetic potential are obtained. The synthesis

gas produced can be used in turbines or gas engines,

replacing the gases obtained from fossil non-renewable

resources. The validation of the proposed treatment of

PVC-containing wastes in pilot scale has also been

performed.

Keywords Pyrolysis � Thermal degradation �
PVC-containing waste � Energetic valorization

Introduction

Poly (vinyl chloride) (PVC) is the most commonly polymer

used in the industry presenting a wide range of applications

in different sectors of activity. However, its high chlorine

content causes considerable environmental problems,

constraining the employment of the traditional recycling

and waste treatment procedures or technologies. As con-

sequence of its versatility and range of applications, the

annual PVC world production reaches 22 million tons [4]

with high amounts of PVC-containing wastes being con-

sequently, generated. Although these wastes exhibit high

energetic potential, for both energy and alternative fuels

production, the main fraction is disposed on landfills, with

high environmental impact caused by phthalate and heavy

metals leach out.
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Polymers can be recycled by three different methods:

mechanical recycling, chemical recycling and energy

recovery [5–8]. The mechanical recycling involves physical

processes for the separation of the plastic wastes mixtures

such as crushing, melting or granulation. Chemical or

feedstock recycling include processes that assures the

depolymerization of plastics, such as the pyrolysis and the

hydrolysis, where the thermal and the chemical decompo-

sition, respectively [4]. Energy recovery may takes place in

the form of electricity, heat or steam, through the burning of

the waste, as in the case of incineration [6, 8].

Pyrolysis is one of the applied techniques for energetic

valorization and is defined as a process of irreversible

chemical modification of compounds, under the action of

heat and in the absence of oxygen, causing thermal deg-

radation [1]. The reactions involved in this process are

normally endothermic and the characteristics of the

obtained products are function of the waste composition

and of several operating factors, such as the temperature,

the pressure and the reaction or residence time in the

reactor.

Several authors [2–4, 9–12] consider pyrolysis as the

most promising technique for energy recovery from PVC-

containing wastes, through the thermal degradation of the

chlorine molecule. PVC pyrolysis involves significant

cross-linked reactions that lead to the formation of poly-

aromatic structures (possibly chlorinated) and a carbona-

ceous residue (char) [13]. Thus, it is possible to break down

this molecule, allowing the chlorine recovery in the form of

hydrochloric acid or chloride [14], with potential economic

benefits.

However, the presence of poly(vinyl chloride) in the

composition of wastes, confines their management by

thermal valorization processes as consequence of envi-

ronmental concerns and corrosion of the equipments. In

fact, the high levels of chlorine are responsible for the

formation of hydrochloric acid, chlorine gas and dioxins

with high environmental impact [15]. Therefore, the

application of a previous thermal pyrolysis treatment,

removing the chlorine from the PVC-containing wastes

shall be a suitable step previously to an energy recovery

process. After the elimination of chlorine, the pyrolysis

products can then be used as fuels, preventing the pro-

duction of hazardous products in the subsequent step [16].

Based on thermogravimetric analysis, it is assumed that

the degradation of PVC occurs between 200 and 400 �C

[2, 17]. At 250 �C, the decomposition of PVC is already

initiated, reaching a maximum at approximately 300 �C. At

350 �C the amount of chlorine present in PVC waste is less

than 0.1 which means that, at this temperature, 99.5 % of

the whole chlorine has already been released [2]. At the

end of the process of chlorine removal, a residual amount

of chlorine remains on the waste [14].

The C–Cl bonds in the structure of PVC have a rela-

tively lower binding energy than the C–C and C–H bonds,

which justifies that the bonds of chlorine are the first to be

broken, thus starting the thermal degradation of PVC. The

de-chlorination of PVC is a free radicals chain reaction

therefore requiring low activation energy to start, occurring

at low temperatures [9, 11, 18, 19].

The present work aims the development of a new two-

step procedure for the treatment of PVC-containing wastes,

enabling its energetic valorization. Several pyrolysis

experiments were performed at low temperatures in order

to study the thermal de-chlorination process of the PVC

molecule (first step) and the subsequent energetic valori-

zation of the chlorine-free remaining fraction (second

step). The treatment results in the production of chlorine

products and of a synthesis gas with high energetic

potential, which shall be used to replace natural gas or

other fossil fuels. The validation of the proposed treatment

at a pilot scale has also been performed in the aim of the

present research.

Experimental Work

Kinetic Model Development

In order to determine the relationship between the rate of

PVC de-chlorination and the temperature of the thermal

treatment, TGA tests have been performed in a DTA/TGA

2960 TA instruments equipment for different temperatures

and under an inert atmosphere (helium).

These experiments have been conducted up to 5 dif-

ferent maximum temperatures: 250, 275, 300, 325 and

400 �C, with a heating rate of 10 �C/min, until the final

temperature is reached. At each of the selected tempera-

tures, a stage of 360 min has been done to verify the

reaction evolution. Heat flux (weight corrected heat flow in

W/g) and weight of sample, have been continuously

recorded. The amount of sample used in the DTA/TGA

tests ranged from 29.8 to 44.9 mg.

The material used for the DTA/TGA tests was a com-

mercial pure PVC powder (#VICIR S 950), a vinyl chloride

homopolymer (C2H3Cl), produced by a suspension poly-

merization process and with 56.7 % chlorine.

For the analysis of the chemical composition of the

commercial PVC used in the experiments and the carbo-

naceous residues formed after the pyrolysis and the ener-

getic valorization step, a TruSpec Elemental Determinator,

model TruSpec CHN (Leco), with a burn time of 452 s and

a Philips Analytical sequential X-ray fluorescence (XRF)

Spectrometer model X’Unique II, were used. To determine

the lower heating value (LHV) or the lower calorific value
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(LCV) a calorimeter, model AC500 Calorimeter (Leco)

was used.

Pilot Scale for Validation of the Process

The experiments at the pilot plant were conducted using a

real sample of PVC-containing waste from a Northern

Portugal textile industry. Table 1 presents the composition

of the selected PVC-containing waste. As can be seen, the

main constituent corresponds to PVC (45 %), with the

second position being held by the plasticizer (29.1 %).

Presently this type of material is classified as hazardous

waste due to the high levels of chlorine and is land filled.

Table 1 PVC-containing waste composition

Component % (w/w)

PVC 45

Plasticizera 29

Polyester 14

Calcium carbonate (CaCO3) 6

Expansion agentb 4

Soybean oil 1

Titanium dioxide (TiO2) 1

a 1,2-Benzenedicarboxylic acid
b Azodicarboamide

Fig. 1 Scheme of the pilot

scale used for the tests, with the

reactor (A), the column for

fixation of chlorine released (B),

the column for second phase

(C), outlet tubes of gases on the

cover of the reactor (D), the

temperature controller (E),

vacuum pump (F),

thermocouple indicator (G)

and bench support (H)
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Pilot Plant

In order to validate the experimental data obtained at the

DTA/TGA tests and laboratory experiments, a scale up was

undertaken with the construction of a pilot scale plant. The

plant (Fig. 1) includes, as main components, a reactor

where the pyrolysis (stage 1) and the energetic valorization

(stage 2) processes occur, and three liquid columns where

the fixation of the released chlorine proceed in the form of

HCl (hydrochloric acid), CaCl2 (calcium chloride) or NaCl

(sodium chloride), in function of the aqueous solution used.

A small column was added (column C in Fig. 1) to test

the burning of the gas in two situations, one in which the

gas is directly burned when it exits from the reactor and

another one in which the gas is burned after passing

through an aqueous solution removing possible oil vestiges

that might clog the burner, adversely affecting the burning

process (Fig. 3).

The reactor is heated by three electrical heating ele-

ments (2.5 kW 9 3), able to reach temperatures of about

950 �C.

Throughout the whole process, temperature and pressure

are monitored and controlled. Thermocouples allow the

temperature measurement in real time in two distinct zones

of the reactor (Fig. 2). The zone near the grid (T2), where

waste is supported, and the other closer to the gas exit (T1).

The pressure measurement is performed in the reactor and

in each column, using pressure gauges.

As it is mandatory that the pyrolysis process occur in an

anoxic environment (i.e., in the absence of oxygen or other

oxidizing agent), all the air is sucked before starting the

experiments, producing a vacuum atmosphere inside the

reactor (-0.5 bar).

It was dimensioned a safety valve (Fig. 3) for the reactor

cover that opens when the pressure reaches a critical value

(1.5 bar above atmospheric pressure) which can jeopardize

the integrity of the installation.

This plant was carefully projected as complete tests

could be performed without undesirable stops occur due to

clogging caused by residue formation during process. An

expedite and quick cleaning process was also foreseen.

As it is being mentioned, the first phase of the process

(pyrolysis at low temperature) release gas, mud and oils,

the last two in very small amounts. Since the original

purpose of the process is to remove the chlorine of PVC-

containing waste, all the products resulting from the pro-

cess represent a high risk of corrosion to installation

materials.

Stainless steels are usually applied due to its mechanical

properties [20], surface aspect and good resistance to cor-

rosion and oxidation caused by the action of atmospheric or

chemical agents [21], and in the case of austenitic steels,

they are capable to maintain these properties at high tem-

peratures [20]. Considering this, the stainless steel AISI

304 was the chosen material for the reactor and for most of

the components mounted on the connection setup.

Due to the high demand of temperature ranges, isolation

and sealing joints were also carefully addressed,Fig. 2 Detail of the two zones of thermocouples input (1 and 2)

Fig. 3 Cover of the reactor

with gas burner (A, C) gas

burner on the column (B) and

safety valve (D)
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supporting, not only the temperature, but also the high

pressures inside the reactor. In this case it was applied

ceramic fiber blanket (Fiberfrax �-Unifrax) as isolating

agent and for the sealing joints graphite with a middle

stainless steel mesh, were used.

The material chosen for the columns was acrylic

or Poly(methyl methacrylate) mainly because of its rea-

sonable toughness, rigidity and transparency [22]. This

allows the visualization of the solution inside the column

and all the visual changes that might occur, as well as

monitoring the decomposition of material, through the gas

bubbling on the aqueous solutions.

Results and Discussion

Kinetic Model for the Thermal Decomposition of PVC

The kinetic model was developed with the results of the

DTA/TGA experiments realized to five different tempera-

tures, in Fig. 4 is presented the curve obtained at 400 �C.

The kinetic model was developed, considering only the

data obtained when the temperature was stabilized.

Through the analysis of the DTA/TGA curve presented

in Fig. 4, it is possible to conclude that the release of

chlorine starts at 256 ± 2 �C. No mass release was

detected until the starting temperature of the PVC thermal

decomposition cycle is achieved.

With all the experimental data obtained, a multivariate

regression of ln (q) was deduced as function of 1/T and ln

(| HCl |). A very good fit has been obtained for all

experimental points after the desired temperature has been

reached, with the exception of the experiments up to

400 �C, in which the decomposition rate is much higher

than expected. Nevertheless, even for this case, the points

obtained during heating cycle, until the temperature of

340 �C gave a good correlation with the proposed model.

Considering this, the kinetic model has been calculated

only for points where temperature was lower than 340 �C.

It is assumed that, for higher temperatures, as shown in the

curve of DTA/TGA in Fig. 4, other reactions might occur.

The obtained model is [23]:

ln q ¼ 31:3� 16100

T
þ 1:020 ln½HCl� with r2 ¼ 0:9912

This allows considering that the decomposition of PVC

reaction (C2H3Cl ? HCl ? C2H2) is a first order reaction

with activation energy of 133,800 ± 760 J/mol, a value

very close to ones obtained in others works reported [9].

The statistical treatment of the obtained results led to the

establishment of the kinetics of thermal de-chlorination,

indicating that, almost all chlorine is removed from the

pure PVC, at the temperature of 340 �C.

Through the carbonaceous residue analysis (Table 2), it

was possible to conclude that this trial had a removal rate

of 99.9 % (w/w) of chlorine. The de-chlorinated fraction

obtained at 340 �C is mainly constituted by carbon pre-

senting only a residual chlorine content of 0.07 %.

The carbonaceous residue, previously obtained during the

de-chlorination test was subjected to the DTA/TGA analysis

at temperatures up to 500 �C (Fig. 5), in which it was iden-

tified an important loss of weight that occur at approximately

491 �C. This reaction is instantaneous, promoting the

Fig. 4 DTA/TGA curve

obtained for PVC sample heated

up to 400 �C
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complete sample combustion, highlighting the interest in the

use of the de-chlorinated fraction for energetic valorization.

Pilot-Scale Validation of the Process

Pilot scale tests were performed to validate the kinetic

study performed in DTA/TGA experiments, which led us

to conclude that the de-chlorination of PVC molecule

occurs at 340 �C. The plant was prepared to treat up to

500 g of residues. The all process consists in a sequence of

two phases: the first one is the de-chlorination of PVC

molecule (at 400 �C) and the second one consists in the

energetic valorization (at 800 �C) of the carbonaceous

residue obtained in the first phase with the synthesis gas

production. An industrial PVC containing waste (Fig. 6)

was used to validate the results obtained with pure PVC.

The residence time, for the two phases of the process

(*160 min), in the reactor was determined through the

monitoring of pressure. The reaction starts in vacuum

(0.5 bar below atmospheric pressure), increases during the

process of gas releasing after which it starts to decrease. It

is assumed that the reaction is completed when the pressure

reaches the atmospheric pressure. During the reaction, a

pressure of 0.5 bar (above atmospheric pressure) is the

minimum required for the synthesis gas, produced

meanwhile inside the reactor, to be forced and bubble the

30 L of aqueous solution within the columns 2–4 in Fig. 1.

Figure 7 shows the temperature profile of the test for

both phases. The first stage was carried out at 400 �C and

with a heating rate of 20 �C/min. The residence time of the

residue in the reactor is approximately of 160 min, being

the time of each stage 80 min.

During the first phase of de-chlorination of PVC-con-

taining waste, the pH was measured in continuous in col-

umn 2, and the profile is presented in Fig. 8.

As it was already mentioned, the procedure is divided in

two stages. The first stage is a low-temperature pyrolysis or

carbonization, for the de-chlorination of the PVC-con-

taining waste, where the released chlorine is recovered in

the column in the form of hydrochloric acid, sodium

chloride or calcium chloride. After the first stage is com-

pleted, a second stage takes place. When the internal

pressure decreases to 1 bar it is assumed that the reactions,

on phase one, were completed.

Afterwards, the carbonaceous residue resulting from the

first stage is energetically valorized, by the increase of the

Table 2 Comparison between the chemical composition (w/w %) of

PVC sample used and the carbonaceous residue obtained from

pyrolysis at 300 and 340 �C by XRF

Pure

PVC

Carbonaceous residue

300 �C

Carbonaceous residue

340 �C

Carbon 38.4 84.3 89.0

Hydrogen 4.9 8.9 7.0

Chlorine 56.7 1.7 0.07

Fig. 5 DTA/TGA curve of

carbonaceous residue heated up

to 500 �C

Fig. 6 Industrial PVC-containing waste used in the pilot plant tests
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furnace temperature up to 800 �C. The main reaction

product is a synthesis gas with fuel power (Fig. 9), which

may, after treatment, be used in substitution of natural gas

or other fossil fuels. The produced gas is mostly composed

of hydrogen, carbon monoxide and methane (Table 3).

The gas volume release on phase 1 and 2 was, respec-

tively, of 21 and 29 L for an initial amount of residues of

250 g. As a result of the treatment process in the first phase

an aqueous solution of hydrochloric acid with a *2 pH

was obtained.

Fig. 7 Temperature profile

performed for the two stages of

the process and for an initial

residue charge of 250 g

Fig. 8 Evolution of pH during

the test of low temperature

pyrolysis, first step that

constitute a total time of 80 min

Fig. 9 Syngas burning (resulting from energetic valorization of the chlorine-free carbonaceous residue at 800 �C): a directly and b after passing in the column

Table 3 Composition of the gas resulting from high temperature

pyrolysis of the chlorine-free carbonaceous residue at 800 �C, the

remaining 15 % corresponds to other hydrocarbons

% (v/v)

Hydrogen 40

Carbon monoxide 17

Methane 11

Carbon dioxide 5

Steam 12
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After both stages were completed, 15.8 % of residue

(in wt%) remains within the reactor. This residue was

analyzed to obtain its chemical composition (Table 4).

This final residue still has good characteristics to be used

in energetic valorization processes at temperatures higher

than those that were tested in the present study (Table 5).

To estimate the process treatment energetic costs, it was

necessary to obtain the total time that the heating elements

were activated in each stage. Knowing that the total power

of the heating elements is 7,500 W and assuming that the

price for KWh is 0.10 Eur, it is possible to estimate that the

energetic costs of the all process treatment are of 2.96 Eur/

kg of residue.

Conclusions

In this work, the kinetics of the reaction of thermal

decomposition of PVC were studied and led to the devel-

opment of a kinetic model, with the expression ln

q = 31.3 – 16.100/T ? 1.020 ln C (HCl). This model was

obtained for decomposition temperatures lower than

340 �C, in which almost all chlorine is removed from pure

PVC through the chemical reaction described, with an

activation energy of 133,800 J/mol.

It was demonstrated that a pyrolysis treatment at 340 �C

is able to remove almost all of the chlorine present in the

PVC-containing wastes, thereby facilitating the subsequent

energetic valorization process to produce a synthesis gas

with high energetic potential.

The chlorine release during pyrolysis treatment at

340 �C can be fixed in the form of an aqueous solution of

hydrochloric acid, calcium chloride or sodium chloride,

making this route attractive concerning environmental

benefits, avoiding the deleterious effect of toxic com-

pounds emissions to the atmosphere.

In order to validate the laboratory tests, a pilot plant was

constructed to perform experiments using PVC-containing

wastes from a local textile industry. A careful choice of the

materials used is required to overcome the problems that

might be associated with corrosion of materials, isolation and

temperature maintenance inside the reactor and costs effec-

tiveness. Entry and leakage control of gases must also be

addressed, as on one hand, pyrolysis is a process that must

occur in anoxic environment and cannot be contaminated

with oxidizing agents, and on the other hand, the produced

gases cannot leak to atmosphere, considering their toxicity.

Our results showed that in a complete test, for each

250 g of industrial waste, 50 liters of gas are produced, of

which 29 L correspond to added value gas, being produced

11.6 L of hydrogen, 4.9 L of carbon monoxide and 3.2 L

of methane.

It is possible to conclude that the implementation of the

described process for the treatment/valorization of the

PVC-containing wastes has many advantages as it pro-

motes the generation of value-added products, namely

concentrated hydrochloric acid, carbon-rich residue (car-

bonaceous residue—char) to produce heat and a synthesis

gas for turbines or gas engines as a substitute of natural gas.
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