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ARTICLE INFO ABSTRACT

Keywords: Electric arc furnace dust (EAFD) which is accumulated in large amounts world-wide contains hematite (Fe3O3)
PVC and significant quantities of magnetite (Fe3O4). Waste polyvinyl chloride (PVC) also poses a great environmental

Fe304 threat aside to accumulated EAFD. Both of these wastes have shown a great potential for their co-thermal

Ee2013 . treatment for metal extraction, thus minimising their environmental footprint. Herein, an investigation on the
TOlysis . . . . e N .
Ir}t’)n (i]xide thermal degradation behaviour, reaction products, thermodynamics and the decomposition kinetics of PVC and

its stoichiometric mixtures with Fe3O4 and FeoO3 was conducted using non-isothermal thermogravimetric scans.
The kinetic data suggests a significant increase in the average activation energy of PVC de-hydrochlorination
from 122.6 + 24.2 kJ/mol (pure PVC) to 177.0 + 28.0 and 199.0 + 77.0 kJ/mol when stoichiometric quanti-
ties of Fe3O4 and Fep;O3 were mixed with PVC. The inhibiting effect of both Fe304 and Fe;O3 on the degradation
of PVC might be assigned to the capturing of emitted gaseous HCl which is known for its catalytic effect. This
result suggests that EAFDs containing both Fe304 (in large amounts) and Fe;O3 can have an inhibiting effect on
the de-hydrochlorination of PVC resulting in longer processing times or the requirement of higher processing

Non-isothermal kinetics

temperatures for achieving reasonable reaction rates.

1. Introduction

Economic development and advancement is accompanied by a rise in
the rate of waste generation [1]. Among a wide array of different in-
dustries, steel manufacturing can be considered as one of the largest
industrial sectors in terms of production rate. The global annual crude
steel production was 189 million tons in 1950 which increased to 850
and 1809 million tons in 2000 and 2018, respectively [2]. Electric arc
furnaces (EAFs) accounted for 28% of the total steel production in 2018
[2]. This large production rate from EAFs is accompanied by harmful
emissions in the form of small particle size dust which is referred to as
electric arc furnace dust (EAFD). The overall hazard associated with
EAFD lies in its large production rate (1-2% of EAF steel charge) [3], the
presence of toxic heavy metals such as Cd and Pb [3], and the absence of
a sustainable and an environmentally benign recycling route of the
material.

Parallel to accumulated EAFD, there has been a significant increase
in the generation rate of plastic wastes due to its extensive use in all life
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applications [4]. Among thermoplastics, Polyvinyl Chloride (PVC) is
considered one of the most commonly used [5]. A simulation study
performed by Zhou et al. [6] suggests that in China alone, the accu-
mulated PVC waste will reach up to 600 million tons by the end of year
2050. The disposal of this waste has been the concern of many envi-
ronmental engineers. Conventionally, landfilling and incineration of
PVC are the most prevalent routes for disposal. Due to the stable nature
of PVC [7], the former approach can result in the indefinite accumula-
tion of PVC in landfills. The latter, on the other hand, results in the
formation of hazardous emissions such as hydrogen chloride (HCI) and
chlorinated hydrocarbons (dioxins) [8-12]. The adoption of an incin-
eration approach requires finding a sustainable solution to the emissions
that accompany decomposing PVC. This can involve using resistive
material for the construction of the handling equipment, or the
co-thermal treatment of PVC with other materials that can act as emis-
sion fixators [9,12-14]. EAFD has been identified as an excellent
candidate for the fixation of the harmful emissions evolved from
decomposing PVC [4,10-13]. Lee and Song [13], confirmed the
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Table 1
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The most important kinetic models in the differential f(«) and integral g(e) forms [22].

No. Symbol Kinetic model fla) g(a)
Chemical process
1 Fi3 One-third order 1 2
3 l =
E(l —a)3 1-(1-a)3
2 Fs4 Three-quarters order 3 1
4(1 - )4 1-(1-a)4
3 F3/2 One and half order 3 -1
2(1-a)2 1-a)2 -1
4 Fy Second order (1- U,)Z (1- (,)*1 ~1
5 F3 Third order %(1 —a l-a?-1
6 Fy n® order, n > 1 ﬁ(l —a) 1—a) ™ -1
Acceleratory rate equations
7 Ps3/o Mampel power law -1 3
7(17 ai
8 Pin Mampel power law 1 1
202 a2
9 P13 Mampel power law 2 1
3(13 a3
10 P14 Mampel power law 3 1
4a4 a4
11 E; Exponential law Ina
Sigmoidal rate equations
12 Ay, Fy Avrami-Erofeev equation 1-a —In(1 —a)
13 Az Avrami-FErofeev equation 1 2
g(l —a)(—In(1 — (1))§ [~In(1 - (z)]§
14 A, Avrami-Erofeev equation 1 1
2(1 — a)(~In(1 — a))2 [~In(1 — a)]2
15 Az Avrami-Frofeev equation 2 1
3(1 — a)(~In(1 —a))3 [~In(1 —a)]3
16 Ay Avrami-FErofeev equation 3 1
4(1 — a)(~In(1 —a))4 [~In(1 — a)]4
17 Ay Prout-Tomkins equation a(l —a) In [1 a }
—a
Phase boundary reaction
18 Ry, Fo, P; Power law (1- (1)0 a
19 Ry, F1,2 Power law 1 1
2(1-a)2 1-(1-a)2
20 Rs, Fo/3 Power law 2 1
31— a)§ 1-(1- a)§
Diffusion mechanism
21 D Parabola law la a?
2
22 D, Valensi equation [~In(1 —a)]! a+ (1 —a)n(l —a)
23 D3 Jander equation 3 2 1 o 1 )
E(lfa)fi 1-(1-a)3 1-(1-a)3
Table 2. for the effect of each metal oxide present in EAFD on the kinetics of PVC
able

The mean particle size of the feed materials used in
this work before any processing (e.g., mixing, tum-

bling etc.).
Material Particle size, pm
PVvC 158.8 + 18.5
Fe304 31.7 £5.0
Fey03 36.6 + 4.8

formation of zinc, lead, and cadmium chlorides upon thermal treatment
with PVC with recovery percentages up to 96.2, 97.4 and 98.8%,
respectively. A series of papers published by Al-Harahsheh et al. [10-12,
14,15], tackled the metal extraction, kinetics, and thermodynamics as-
pects of the co-thermal treatment of PVC with EAFD. The limitation of
these studies is that they were unable to elucidate the individual
contribution of each metal oxide in EAFD to the fixation of emissions as
well as their effect on the kinetics of PVC degradation. Knowledge of the
individual kinetic effect of each metal oxide phase is important. This is
because the chemistry of EAFD can vary greatly from one site to another
and from one country to another. Thus, establishing a kinetic database

degradation helps in making kinetic predictions for PVC decomposition
mixed with EAFD from different sources with different chemistries based
on their mineralogical composition.

In this study, we present a systematic non-isothermal kinetic study of
the thermal de-hydrochlorination of PVC mixed with stoichiometric
amounts of Fe3O4 and FeyOs; the former is present in EAFD at high
concentrations. The thermal scans were generated at different heating
rates which allows the calculation of the apparent activation energy, the
apparent frequency factor, and the apparent reaction model associated
with the de-hydrochlorination using model free methods. A detailed
identification of the solid pyrolysis products of FesO4-PVC and FeOs3-
PVC mixtures at different temperatures was undertaken using different
solid analytical techniques.

2. Materials and method
2.1. Thermogravimetric analysis and differential scanning calorimetry

Fe304 and PVC powders were obtained from Sigma-Aldrich, while
Fe,03 was obtained from Fisher scientific. Fe304 and Fe;03 powders had
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I, obtained from
Friedman model
data fitting
intercept

Intercept from
Friedman model:

Ie = In(Af (@)

Rearrange

f(a) = exp(lo— In(4))

Frequency factor
from compensation
effect (In(4))
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Plot f () functions in
Table 1 against conversion

Superimpose Figure 10

Calculated f(a) at
different conversion
levels

Fig. 1. A schematic diagram showing how the f(a) model is predicted using a combined Friedman-compensation effect approach.
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Fig. 2. TGA/DTG profiles of pure PVC (A), Fe304-PVC (31.6 wt% Fe304) (B) and Fe;03-PVC (29.9 wt% Fe;03) (C) degradation under a nitrogen flow of 100 mL/min

and at a heating rate of 10 K/min.

purities of 99.99% and 99.999%, respectively. Iron oxide-PVC mixtures
were prepared based on the stoichiometric amount of HCl in the PVC
monomer to fully chlorinate Fe304 and Fe;Os into their corresponding
chloride forms (FeCl, and FeCl;3 for FesO4 and FeCl;3 for Fe;O3). Hence,
mixtures of 31.6 and 29.9 wt% of Fe3O4 and FeyO3 with PVC were
prepared. The instrument used for the simultaneous TGA/DSC analysis

was a SDT Q600. Before the analysis, an experiment with an empty
sample holder (ceramic crucible) was performed to produce a baseline
for the heat flow signal. Accurate amounts (10.7 & 0.39 mg (Fe304-PVC)
and 10.3 + 0.49 mg (Fe»03-PVC)) were loaded into the ceramic cruci-
bles and the thermal analysis was performed under a nitrogen flow of
100 mL/min. Different heating rates of 10, 30 and 50 K/min for PVC and
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Fig. 2. (continued).
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Fig. 3. TGA/DSC profiles of pure PVC, Fe304-PVC (31.6 wt% Fe304), and Fe;03-PVC (29.9 wt% Fe,03) under a nitrogen flow of 100 mL/min and a heating rate of 10

K/min.

Fe304-PVC were used. For Fe;03-PVC, however, heating rates of 5, 10,
and 30 K/min were used. This is because the 50 K/min accentuated the
effect of a certain parallel reaction resulting in a larger mass loss at 50 K/
min thus preventing the usage of model free kinetic approach. The
temperature range used in the analysis was 25 to 900 °C.

2.2. Pyrolysis of iron oxides-PVC mixtures

A sample of 0.32 £ 0.0075 g of each mixture was loaded in a 4 mm
diameter quartz tube. The powder was pre-purged with nitrogen (purity:
99.9992%) for at least 15 min to allow the formation of a nitrogen
blanket around the reactants, after which the flow was held at ~5 mL/
min. The pyrolysis temperatures were 400, 550, 650, and 850 °C for
Fe304-PVC and 400, 600, and 850 °C for Fe;O3-PVC. The different
temperature choice for each mixture was made because of their distinct
TGA profiles such that each temperature resembles a plateau after every
stage. The reactants were loaded into the furnace and were held at the
desired temperature for 30 min. The pyrolysis products were taken out
of the reactor, purged with nitrogen, and stored in a desiccator for
further analysis.

2.3. Mineralogy characterisation

The pyrolysis residues were characterised using X-Ray Diffraction
(XRD). Due to the hygroscopic nature of the generated powder, the
sample was covered with plastic tape during the analysis to prevent it
from being exposed to the ambient atmosphere. The analysis was con-
ducted on a Bruker D8 Advance XRD machine. The mineralogy of the

generated phases were studied in the 26 range of 5 — 90° at a step size of
0.02° with a scan time of 1.7 s/step. The radiation source was Cu ka and
the X-ray tube was operated at a current and a voltage of 40 mA and 40
kV, respectively.

2.4. Morphology and chemistry characterisation

The pyrolysis residues were characterised for morphology and
chemistry using FEI Quanta600 MLA scanning electron microscope
(SEM) coupled with energy dispersive spectroscopy (EDS). A small
amount of the pyrolysis residue was sprinkled on a stub covered with a
carbon adhesive layer. Powders on stubs were coated with a 8.2 + 1.4
nm layer of carbon to enhance the electrical conductivity during the
analysis to prevent electron charging. The operating conditions of the
SEM instrument were: spot size of 5.00 and an accelerating voltage of
15.0 kV.

2.5. Particle size analysis

Since the particle size can have an impact on the contact surface area
between reactants, the particle sizes of the materials used in this work
were measured. The instrument used for the analysis was the Beckman
Coulter LS13320MW laser diffraction analyser with an Aqueous Liquid
Module (ALM). The particle size was measured for the as received ma-
terials used in this work (PVC, Fe30O4, and FeyO3) and are reported in
Table 2.
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Fig. 4. XRD patterns for the pyrolysis of Fe304-PVC mixture (31.6 wt% Fe30,) at different temperatures.

2.6. Thermodynamics simulation

Due to the presence of a large number of possible reduction re-
actions, the interpretation of the kinetic data becomes easier with the
presence of thermodynamics data. FACTSAGE software package was
used to calculate the change in the Gibbs free energy associated with the
relevant reactions during the course of PVC degradation in the presence
of Fe3O4 and Fey03 in the temperature window 20 — 1000 °C. Based on
this data, one can know if a certain reaction lies majorly forward or
backwards (i.e., its equilibrium status).

3. Non-isothermal kinetics and modelling
3.1. Kinetic rate equation

In non-isothermal kinetics, the mass of the sample is monitored while
being heated at a fixed heating rate f. The loss/gain in mass is repre-
sented by the conversion (@) which is given by:

M,— M
M, — M;

(€Y

a

Where M, is the initial mass%, M is the final mass%, and M is the mass%
at any time t.

The rate (r4) of mass loss/gain is thus represented by the derivative
of the conversion with respect to time (42) which is given as the product
of the temperature dependent rate constant k(T) and the temperature
independent conversion function f(a) [16]:

(2)

Fa = ——

dt

The rate constant dependency on temperature can be described by
the Arrhenius function:

fl@)=a"(1 = a)'[=In(1 —a)]’

—E
T) = Aexp| —
k(T) = Aexp ( RT) 3
In which, A is the frequency factor in min™!, E is the activation en-
ergy J/mol, and R is the universal gas constant (8.314 J/mol .K).
The general expression of the conversion function is given by the
empirical equation introduced by Sesték and Berggren [17]:

4

Such that, m, n, and p, are empirically obtained exponents, and
different combinations of them yield different reaction models [18]. By
substituting the values of f(), k(T), and the heating rate = 4 in Eq.
(2), we obtain the following equation:
ra da - A
pdr  p

Eq. (5) shows the derivative form of the rate equation. By rear-
ranging and integrating both sides, we reach at the integral form:

me$m1wﬁmcgﬂ

0

—exp(;—ITf) (a1 = a)"[—In(1 —a)]”) (5)

(6)

g(a)

The most reliable techniques that are able to track the variation in
the apparent activation energy and the frequency factor with conversion
are the model free kinetic methods [19,20].

3.2. Calculation of the activation energy

3.2.1. Model free kinetic methods

Model free methods rely on the principle that at a fixed conversion
level, the rate of degradation is a function of temperature only [18]. This
can be visualised by taking the logarithmic derivative of Eq. (2) with
respect to the reciprocal of temperature at a constant conversion [18]:
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Fig. 5. The change in the Gibbs free energy for the major chlorination and reduction reactions (4 — 28) occurring during the thermal degradation of PVC in the

presence of Fe304 and Fe,O3.

] o L @)

or-' |~ |or— or-!

dln (42) {alnf(a)] N {wn(k(T)) -

a

Eq. (7) tells us that knowledge of the isoconversional activation en-
ergy can be achieved without needing to assume any reaction model,
hence comes the name model-free [18].

Differential model free method. The Friedman method [19] utilises the
differential form (Eq. (5)) of the rate equation with slight adjustment to
the following form:

In (/}Z—;) = In (2—?) = In(Af(a)) — Rb;l : ®

At a specific conversion at a certain heating rate, specific values of

In(%) and 1 are obtained. Hence, a plot of In(%) against 1 at a minimum

—Eq

of three different heating rates, yields a straight line with a slope of =

from which the apparent activation energy is calculated.

Integral model free method. Instead of performing the integration on the
conversion function from 0 to «, performing it on small segments be-
tween a9 and a; (such that a; — ap = 0.02) allows numerical in-
tegrations to be performed accurately. A numerical integration method
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was applied by Ortega [20] leading to the following final equation:

" (Tl é To) - (ﬁ)

Such that F(a) is the indefinite anti-derivative of f(ia), and T, and Ty

_ E a
RT

9

are the temperatures corresponding to conversions a, and a;, respec-
tively. Tq, is the average temperature and is given as follows:

T, + Ty

Tuvg = )

(10)
Using thermograms recorded at a minimum of three different heating

rates, a plot of In (TlﬂjTo) against Tig yields a straight line with a slope of

—% from which the apparent activation energy can be calculated.

3.3. Calculation of the frequency factor using the compensation effect

This method relies on the principle that values of In(A) and E,
whether they are correct or not are linearly correlated [21]. This relation
can be built by fitting the experimental rate data to different reaction
models f(a) (differential) or g(a) (integral). In this case, Eq. (11) was
used and hence the differential form f(a) of the reaction model was used.

In (i—fﬁ) — In(A) - %

The most common reaction models are presented in Table 1. When a

an
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Fig. 6. XRD patterns for the pyrolysis of Fe,O3-PVC mixture (29.9 wt% Fe,03) at different temperatures.

set of In(A) is obtained against a set of E, these values are plotted against
each other. The mathematical formula of the linear regression line
should correspond to this equation:

In(A), = aE; + b 12)

Such that, a and b are constants, while In(A); and E; are each value
generated using each reaction model. When the compensation chart is
built, isoconversional values of E, obtained from the model free methods
mentioned earlier can be substituted in Eq. (12) to extract their corre-
sponding isoconversional values of In(A),. More elaboration on this
method is presented in detail in Vyazovkin [21].

3.4. Prediction of the reaction model f(a)

Extracting the mathematical formula of the reaction model for
complex mass loss where many concurrent and sequential reactions are
taking place is difficult. Since apparent activation energy and frequency
factor are reported here, the reaction models reported for the de-
hydrochlorination stage with and without Fes04 and Fe;O3 will also
be apparent ones. Rearranging the intercept I, = In(Af(a)) generated
from the Friedman model to Eq. (13) allows calculating the value of f(a)
at each conversion level. The value of [nA, can be substituted from those
obtained from the compensation effect presented above.

f(a) = exp(l, — InA,)

The calculated f(a) values are then plotted against conversion with
all the reaction models shown in Table 1 thus allowing tracking the
change in f(a) with conversion. A schematic diagram showing how the
f(a) function was predicted by combining the Friedman model and the
compensation effect is presented in Fig. 1.

(13)

4. Results and discussion
4.1. Thermal behaviour of PVC and iron oxides-PVC mixtures

4.1.1. Thermal behaviour of pure PVC pyrolysis

The TGA and differential thermogravimetric (DTG) profiles of pure
PVC degradation are presented in Fig. 2(A). PVC decomposes following
three degradation stages. The first two overlapped stages having an
onset temperature of 272 °C and a mass loss of 65% are mainly attrib-
uted to the de-hydrochlorination of PVC and the emission of gaseous HCL
[23]. However, a portion of this loss is also associated with the evolution
of Hy [24], benzene, toluene, and other hydrocarbons [25]. This ac-
counts for the increased mass loss above the theoretical content of HCI
(58.3 wt%) in the PVC monomer. After the first two stages, the PVC
chain is almost entirely stripped from its chlorine content [25]. The
reaction describing the first two stages might thus be written as follows:

(-CH,-CHCI-CH,-CHCI-), = (-HC=CH-CH=CH-), + 2HC1 (€9)]

The solid residue left after the first two stages is polyene [23].
Formed polyene sequences then start degrading at 423 °C (third stage)
into unsubstituted aromatics, alkyl aromatics and solid char [26]. Hy has
also been reported to evolve from this stage as well [24]. The third stage
could be written according to the following chemical reaction [24]:

@

A residual mass of about 6% remains in the crucible after the thermal
cracking of the PVC backbone, which as mentioned earlier, is charac-
terised to be char [26]. Both the PVC de-hydrochlorination and the
polyene thermal cracking stages show endothermic events with the
former showing larger one (Fig. 3, peaks 1 and 4).

Polyene — H; + volatiles + char
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Fig. 7. (A) Back scattered image of a large Monoclinic crystal of Rokuehnite (FeCl,.2H,0) along with EDS mapping formed in the post pyrolysis residue of Fe,03-PVC
mixture at 600°C and (B) Monoclinic crystal lattice of Rokuehnite (FeCl,.2H,0) obtained from Crystallography Open Database (COD) and graphed using VESTA

software [32,33].

4.1.2. Thermal behaviour and reaction products of FesO4-PVC pyrolysis

The addition of a stoichiometric amount of Fe304 to PVC resulted in a
significant change to the thermogravimetric profile of the PVC degra-
dation. The decomposition of the Fe304-PVC mixture follows five
degradation/reduction stages, instead of three as in the case of pure PVC
(Fig. 2(B)).

The first stage starting at 274 °C is attributed to the de-
hydrochlorination of PVC (HCl evolution) and the emission of HyO

10

from the chlorination of Fe30,4 (Reaction 3) [24]. It is evident from the
profile presented in Fig. 5(D) that the chlorination of Fe3O4 by HCl is
thermodynamically favourable where it shows negative Gibbs free en-
ergy values up to a temperature of 580 °C. The profiles presented in
Fig. 3 suggest that the addition of Fe3O4 to PVC did not significantly
affect the onset de-hydrochlorination temperature. However, this
addition did hamper the decomposition speed thus creating higher sta-
bility than in the case of pure PVC. Further evidence of this hampering
effect is presented in the kinetic Section 4.2.1. The chlorination reaction
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at different heating rates.
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can be written as follows:

Fe304 + 2HCI — FeCl, + Fe,0O3 + H,O, AH = - 108.0 kJ/mol at T = 300 °C

3

Despite the exothermic nature of this reaction, no exothermic peak
was detected from the DSC measurement (Fig. 3). This can be assigned to
the highly endothermic nature of PVC de-hydrochlorination which
could mask the exothermic chlorination event (Fig. 3, peak 1). None-
theless, the chlorination of Fe304 by HCI is confirmed from the XRD
pattern presented in Fig. 4 for the pyrolysis of the Fe304-PVC mixture at
different pyrolysis temperatures. It is clear that the iron chloride species
appears in the hydrate form (Rokuehnite; FeCly-2H20) with low in-
tensity peaks, while no Lawrencite (FeCly) peaks can be seen at 400 °C
(Pattern B). However, as the temperature of the pyrolysis increases to
550 and 650 °C, more prominent peaks of FeCly-2H50 are seen and the
peaks associated with FeCl, start to appear showing very high intensity
at 650 °C (Fig. 4, Pattern D). The formation of FeCl, was also detected
under the SEM for the 650 °C residue where FeCl; crystals appeared in
the form of thin cylindrical discs (Fig. S1 supplementary material).
These discs could not be seen in the residue at a temperature of 400 °C
which agrees with the absence of FeCl, peaks in the 400 °C XRD pattern
in Fig. 4. In the works performed by Kanungo [27] and Louvain et al.
[28] the de-hydration behaviour of FeCly-4H,0 was studied. Kanungo
[27] reported that the de-hydration takes place in three steps where two
water moles are lost in the first step followed by losing one mole in each
of the following steps such that the material is completely de-hydrated at
a temperature of 183 °C at a heating rate of 6 °C/min under flowing
nitrogen. A similar behaviour was reported by Louvain et al. [28]
whereby the mass loss associated with the de-hydration of FeCly-4H;0
was completed at about 180 °C under nitrogen and at a heating rate of
5 °C/min. Louvain et al. [28] even managed to isolate FeCly-2H0 and
exposed it to a thermogravimetric scan. In that work [28], FeClz-2H20
showed a clear mass loss which peaked at 134 °C. Such a mass loss can
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potentially be assigned to the de-hydration. Hence, the peaks associated
with FeCly-2H50 appearing at high temperatures in Fig. 4 can poten-
tially be regarded to the hydration of FeCly present in the post pyrolysis
residue; the increased amount of FeCly-2H,0 with temperature can be
attributed to the increased amount of formed FeCl, which is then
hydrated.

Reaction 3 suggests that aside to the formed FeCly, hematite (Fe3O3)
should also be seen in the 400 °C pattern (Fig. 4, pattern B). The absence
of Fe;O3 peaks in Fig. 4 is attributed to the direct reduction of Fe;Og into
Fe304 by the emitted Hy gas during the de-hydrochlorination stage ac-
cording to Reaction 4. This reaction shows a negative Gibbs free energy
over the entire temperature range suggesting that it is thermodynami-
cally favourable. Moreover, the reduction of Fe;O3 by Hy was previously
reported to take place at a temperature as low as 218 °C, however, it
showed slow kinetics up to 309 °C [29].

In the second stage ranging from 410 to 440 °C (Fig. 2(B)), polyene
sequences decompose to form char, volatiles, and Hy [24]. In the pres-
ence of Fe304, (CO)x was reported to form as well [24]. In stage 3 (440 —
520 °C), formed char, Hy, and CO (from reduction) can then partially
react with Fe3O4 to form small amounts of FeO which is then partially
reduced into a-Fe according to reactions 15, 17, 20, and 22. The peaks of
both FeO and o-Fe can be seen in Fig. 4 (Pattern C) confirming these
reactions. The thermodynamics of these reactions, while being ender-
gonic (0 < AG), they can still be driven forward since AG has small
positive values of 14.5, 2.5, 23.8, and 45.1 kJ/mol at a temperature of
460 °C for reactions 15, 17, 20 and 22, respectively. The positive value
of AG also explains why the peaks of FeO and a-Fe are very small as these
reactions are majorly directed backwards. In literature, the in situ XRD
analysis performed by Pineau et al. [30] also suggested the possibility of
the co-existence of Fe3O4, FeO, and Fe for the reduction system of Fe3O4
under H; in the temperature window 390 — 570 °C. This temperature
range overlaps with the range reported here. After that, the reduction of
FeO to Fe by CO (reaction 24) is thermodynamically possible up to a
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temperature of 550 °C leading to the formation of a-Fe.

The overlapping between polyene cracking and the partial reduction
of Fe3Qy4 is reflected in the thermal data as DTG and heat flow doublets
(Figs. 2(B) and 3).

3Fe,03 + Hy — 2Fe304 4+ H,0 4
Fe,03; + Hy = 2FeO + H,0 5
Fe,0; + Hy — 2Fe + Hy0 + O, (6)
3Fe;03 + CO — 2Fe304 + CO, )

13

Fe;03 + CO — 2FeO + CO,

2Fe;03 + CO — 4Fe + CO; + 2.50,
3Fe,03 + C — 2Fe304 + CO

Fe;03 + 0.5C — 2FeO + 0.5CO,
Fe,03 + C — 2FeO + CO

Fe;03 + 3C — 2Fe + 3CO

(3
9
10
an
12
13
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Fe;03 + 1.5C — 2Fe + 1.5C0, a4
Fe304 + Hy — 3FeO + H,0 (15)
Fe30, + 4H, — 3Fe + 4H,0 (16)
Fe304 + CO — 3FeO + CO, a7)
Fe304 4 2CO — 3Fe + 2C0, + O, (18)
Fe304 + 2C — 3Fe + 2CO, (19)
Fe304 + 1/2C — 3FeO + 1/2CO, (20)
Fe304 + 4C — 3Fe + 4CO @n
Fe304 + C = 3FeO + CO (22)
FeO + H, — Fe + H,0 (23)
FeO + CO — Fe + CO, 24)
FeO + 0.5C — Fe + 0.5CO, (25)
6Fe;03 + C — 4Fe30, + CO, (26)
FeO + C — Fe +CO 27)
3Fe + C — Fe;C (28)

In the temperature range 575 — 615 °C, a mass loss of about 4.0% can
be seen (Fig. 2(B)). In that range, the reduction of Fe3O4 by char starts
yielding FeO according to reactions 20 and 22. The change in the Gibbs
free energy for these reactions is close to zero in that range at 7.4 and
16.3 kJ/mol for reactions 20 and 22, respectively suggesting that Fe3O4
and FeO can co-exist and hence FeO peaks intensity increase. However,
released CO from reaction 22 can then react with Fe3O4 and transform it
further into FeO at higher temperatures (650 °C) such as that seen in
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Fig. 4 Pattern D with the thermodynamically favourable reaction 17
(Fig. 5(C)). The formation of FeO in large amounts is confirmed from the
intense XRD peaks (Fig. 4, pattern D). This reduction is also associated
with the appearance of a sharp endothermic heat flow in Fig. 3 (peak
10). This endotherm is in line with the thermodynamics data since the
enthalpy change for reactions 20 and 22 are +104.0 and +189.9 kJ/mol,
respectively.

A further increase in temperature in the range 655-750 °C yields
another mass loss of about 9.9% (Fig. 2(B)). At that point, formed FeO is
reduced to a-Fe by char as shown in reactions 25 and 27. Both reactions
25 and 27 are almost at equilibrium (AG = 3.6 and 3.7 kJ/mol) at a
temperature of 700 °C which suggests that a-Fe should start appearing
alongside FeO. The results in the XRD, however, were collected at
850 °C, a temperature at which the presence of a-Fe is more favoured
which explains the large a-Fe peaks. This mass loss is accompanied with
a very large endothermic peak (Fig. 3 peak 11) which is in agreement
with the enthalpy change of reactions 25 and 27 at +65.8 and +151.3
kJ/mol, respectively at a temperature of 700 °C. A similar mass loss was
reported by Ye et al. [24] for a Fe304-PVC mixture in which both CO and
CO4 gases where detected by a mass spectrometer in that temperature
range. This is in line with reactions 25 and 27 containing CO and CO» as
products. The formation of o-Fe is shown in Fig. 4 Pattern E and is also
confirmed in the SEM/EDS maps and spot analysis presented in Fig. S2.

A portion of the formed a-Fe then reacts with the residual char to
form cementite (Fe3C) according to reaction 28 which is thermody-
namically favourable above 820 °C. FesC peaks are clearly shown in the
XRD pattern (Fig. 4 Pattern E).

4.1.3. Thermal behaviour and reaction products of Fe;O3-PVC pyrolysis

The TGA/DTG profiles of the Fe;03-PVC mixture (29.9 wt% Fe303)
are presented in Fig. 2(C). The degradation follows six stages instead of
three and five as in the cases of pure PVC and Fe304-PVC, respectively.
The initial large mass loss (first three stages) which is attributed to the
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de-hydrochlorination of PVC starts at about 275 °C with a mass loss of
41.0%. This mass loss is also associated with the evolution of HyO along
with HCL In the work done by Zhang et al. [31] it was reported that H,O
fragments start to appear in a mass spectrometer connected to a
Fe;03-PVC mixture at a temperature of about 277 °C. This H>0O emission
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can be related to the reduction of Fe;O3 by Hy (Reaction 4) into FesO4
and the subsequent chlorination of formed Fe304 by HCI into FeCly
(Reaction 3). The occurrence of these reactions is confirmed from the
XRD patterns presented in Fig. 6 (Pattern B) where peaks of both
FeCly-2H50 and Fe304 can be seen.



S. Altarawneh et al.

Thermochimica Acta 718 (2022) 179390

(A)

de-hydrochlorination initiation

Polyenyls

Another intact PVC segment

C
| J2HC |
=C—C—CHy ——* H,C—C—C=C—C=C—C—CH3 — Polyenyl cation radicals
H H H H H H H

— > Fast de-hydrochlorination

0

(Polyenyls)

Labile allylic chloride site

Average activaiton energy
= 122.6 kJ/mol

Fe 0
AN SN
oy c H  H
Fe Fe
| >0~ | +
0] 0
~Fe” Fe_ Fe
Fe 7N
d 0o o
-2HCI —_— + —— Slow de-hydrochlorination
- No free HCI
Gl q cl Cl
' | |
HyC—C—C=C—C=C—C—CH; H,C—C—C=C—C=C—C—CH
Hp H H H H H “hWAAHHH
Average actviation energy
=177.0 kJ/mol

Fig. 12. (A) Auto-catalysis mechanism of PVC de-hydrochlorination suggested by Starnes and Ge [35] and (B) The role of Fe30, in inhibiting the catalytic activity

of HCL

When the temperature increases up to 600 °C, peaks of FeCl; start to
appear and this temperature increase also results in a significant in-
crease in the intensity of FeCly-2H0 XRD peaks. Likewise, it is believed
that more FeCl, is formed at higher temperatures (which could be
attributed to enhanced chlorination kinetics) after which it is hydrated
into FeCly-2H,0 when cooled down. The increase in the XRD peak in-
tensity of FeCly-2H50 can also be confirmed from the SEM scans of the
pyrolysis residue of Fe;O3-PVC at 600 °C which shows the growth of a
large Monoclinic crystal of FeCly-2Ho0 (Fig. 7). Spot analysis of this
crystal is presented in Fig. S3. The spot analysis shows atomic percent-
ages of 37.6, 37.8, and 24.6% for iron, oxygen, and chlorine, respec-
tively, suggesting their co-existence in one crystal. The deviation from
the theoretical percentages present in the FeCly-2H50 molecule is due to
contamination of the crystal by other minerals which is clearly shown in
the secondary electron image of this crystal (Fig. S4). The presence of
crystals of this size in the 600 °C residue and their absence in the 400 °C
residue explains the huge increase in the intensity of FeClp-2H20 in the
XRD patterns (Fig. 6).
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The de-hydrochlorination of PVC in presence of Fe;O3s showed an
endothermic peak (Fig. 3, peak 2). The intensity of this peak is much
lower than that seen for pure PVC. This could be assigned to the
exothermic nature of the reduction of Fe;O3 by Hs occurring in the same
temperature range resulting in a flatter endotherm.

The fourth and fifth overlapped stages extending from 415 to 512 °C
(Fig. 2(C)) are associated with the simultaneous polyene thermal
cracking and the reduction of Fe;O3 into Fe304 and FeO. The reduction
into Fe304 occurs according to reactions 4, 7, 10, and 26 all of which
have a negative AG in this temperature range. In these reactions, Hy,
C(s), and CO react with Fe,O3 to form Fe304. The formation of FeO, in
contrast, is majorly attributed to the reduction of Fe;O3 by gaseous Hy
and CO as shown in reactions 5 and 8 which are spontaneous in this
temperature range. The reduction by C can also contribute mildly to
the formation of FeO in that range as well (reaction 11). All of these
reactions are endothermic in this temperature range except reaction 7.
The heat flow from these reactions can be seen in the endothermic
doublet (peaks 5 and 6) appearing in Fig. 3 such that the former peak is
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Fig. 13. The apparent activation energy (A) and frequency factor (B) (unit of A and Af(«) is min~1) associated with the de-hydrochlorination of Fe;O3-PVC (third

stage in Fig. 2 (C)).

associated with polyene thermal cracking while the latter is associated
with the reduction reactions.

After stages four and five, the residue does not contain FeyOg3
anymore, and FeO peaks started to appear (Fig. 6, Pattern C). The final
stage (sixth stage) extending in the temperature span 630-740 °C and
showing a mass loss of 11.6% is associated with the carbothermic
reduction of Fe3O4 and FeO. Fe30Q4 is reduced to FeO according to
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reactions 20 and 22 which show values of AG that are very close to zero
after which they shift to negative values with increase in temperature. A
portion of Fe304 might also be reduced directly into Fe following re-
actions 19 and 21 (showing small positive AG values). The reduction of
FeO by C(s) shown in reactions 25 and 27 have very small positive AG
suggesting that FeO can transform into Fe. CO emitted from the re-
actions above can also reduce Fe304 to FeO and FeO to Fe as shown in
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Fig. 14. (continued).

reactions 17 and 24 where the former exhibit negative AG values in that
range while the latter has very small positive (close to zero) AG.

This stage is accompanied by a large endothermic peak (peak 9,
Fig. 3) and the formation of a-Fe is clearly seen in Fig. 6 (Pattern D).
Having an endothermic heat flow in Fig. 3 is in line with the thermo-
dynamics data in which all these reactions exhibit a positive AH except
for reaction 24. The reactions suggested here that are associated with the
sixth stage are in a very good agreement with the results reported by
Zhang et al. [31]. In that work, large peaks of CO and CO, appeared on a
mass spectrometer in the same temperature range for a mixture of

19

Feg03-PVC [31]. Finally, formed o-Fe reacts with excess char to form
FesC (Fig. 6 Pattern D) according to reaction 28.

4.2. Non-isothermal pyrolysis kinetics

4.2.1. De-hydrochlorination kinetics of pure PVC, Fe304-PVC, and Fe;03-
PVC

In this section, stages one and two for pure PVC, stage one for Fe304-
PVC and the first three stages for Fe;O3-PVC will be referred to as the
“de-hydrochlorination stage”. The usage of three different heating rates
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allows the calculation of the apparent activation energy using the model
free approach. The de-hydrochlorination stages for PVC, Fe304-PVC,
and Fe;03-PVC at different heating rates are presented in Fig. 8(A), (B),
and (C), respectively.

All the decomposition profiles in Fig. 8(A), (B), and (C) show a sys-
tematic lateral shift to a higher temperature at a fixed conversion level
with an increase in the heating rate. Such a behaviour allows the uti-
lisation of the iso-conversional principle mentioned earlier (Section 3.2)
for the determination of the apparent activation energy. Data obtained
from these curves were fitted in the conversion range 0.1-0.9. Kinetic
data fitting for PVC and its mixtures with Fe3O4 and Fe,O3 are presented
in the supplementary material (Section 2).
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The kinetic parameters associated with the de-hydrochlorination of
pure PVC under an inert environment (N5) are presented in Fig. 9(A) and
®.

Clearly from Fig. 9(A) and (B), a great agreement of the apparent
activation energy and frequency factor calculated from Friedman (dif-
ferential) and Ortega (integral) methods can be seen. The activation
energies associated with the de-hydrochlorination of pure PVC in the
conversion range 0.1 — 0.9, averaged at 122.6 + 24.2 and 125.1 + 22.8
kJ/mol calculated from Friedman and Ortega models, respectively. An
insignificant variation in the value of the activation energy in the con-
version range 0.1 — 0.7 is observed suggesting a single controlling
mechanism in that range.
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Fe,0,-PVC 5 °C/min
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Fe,0,-PVC 10 °C/min
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Fig. 15. (continued).

Fig. 10 shows some of the conversion functions (lines) along with
data points generated for f(a) using the model free kinetic parameters
(Eq. (13); dots) at different conversions. For pure PVC, the f(a) obtained
from the model free parameters (squares) overlaps with the reaction
model “C” given as f(a) = 3.7a(1 — a)? in the conversion range 0.1-0.6
(Fig. 10).

At a conversion of 0.7, experimental f(a) becomes very close to Fy
model and then overlaps with F3 at a = 0.8 and 0.9. Previously [34],
linear data fitting approach was used and the best fit obtained for PVC
de-hydrochlorination was achieved using f(a) = a(1 — )*'® in the
conversion range 0.1 — 0.6 (A model very similar to the one obtained
here from the model free kinetic data). The reaction model reported in
this work (Fig. 10) follows the truncated form of the Sestdk and Berggren
[17,18] which is also known as the extended Prout-Tomkins model (f(e)
= a"(1—a)") [18]. The truncated Sestak and Berggren model is
considered an example of an auto-catalytic model [18]. This agrees with
the fact that the de-hydrochlorination of PVC was characterised as an
auto-catalytic process where released HCl was found to contribute to
accelerating the de-hydrochlorination process [35]. This effect eventu-
ally disappears which is evident from the increase in the activation en-
ergy at 0.7 < a along with the change in the reaction model towards
mechanisms Fy and Fs.

The addition of a stoichiometric amount of Fe304 to PVC (31.6 wt%
Fe30y4) resulted in a significant increase in the apparent activation en-
ergy for the de-hydrochlorination Fig. 11(A) and (B).

At a conversion of 0.1, the apparent activation energy starts at a
value that is very similar to that seen for pure PVC at 114.5 and 113.0
kJ/mol calculated from Friedman and Ortega, respectively. However, at
lower conversion values associated with the initiation of the de-
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hydrochlorination (¢ = 0.004), the activation energy for Fe3O4-PVC
mixture is much higher than that of pure PVC at 204.2 kJ/mol (Fe304-
PVC) compared to 109.9 kJ/mol (pure PVC) at the same conversion.
This suggests that a significant change in the initiation mechanism of the
de-hydrochlorination has taken place when Fe3O4 was added to PVC. As
the reaction progresses above a conversion of 0.1, a significant increase
appears in the activation energy with it subsequently reaching a value of
191.0 kJ/mol at a conversion of 0.5 compared to 105.0 kJ/mol for pure
PVC (Friedman) at the same conversion. Judging from the XRD and SEM
data presented in earlier sections, the change in the apparent activation
energy can be assigned to the capturing of released HCI by Fe3O4 to form
FeCl, which can prohibit the auto-catalytic effect of HCl on the degra-
dation of PVC. In this case, FesO4 works as a HCl scavenger which can
fully or at least partially prevent the emitted HCl from forming polyenyl
cation radicals which have been shown to be necessary for increasing the
decomposition rate (Fig. 12(A)) [35]. Such an effect can translate in the
form of an increase in the activation energy. A mechanism illustrating
the inhibiting effect of Fe3O4 by capturing emitted gaseous HCI is pre-
sented in Fig. 12(B).

The complexity of the degradation of Fe304-PVC mixture can be seen
from the continuous shift of the reaction model from one mechanism to
another (Fig. 10; triangles). Such behaviour can be assigned to the
occurrence of many concurrent/sequential mass losses during the de-
hydrochlorination such that f(a) overlaps with more than one mecha-
nism below a = 0.4 then settles at values close to F; model between
0.4 < a < 0.9 except for @ = 0.6 where it overlaps with D;.

FeoO3 showed a larger impact on the apparent activation energy of
PVC de-hydrochlorination compared to Fe3O4. Likewise, the initiation
activation energy increased from 109.9 to 215.1 kJ/mol when Fe;O3
was added (@ = 0.004). The variation of the apparent activation energy
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and frequency factor for Fe;O3-PVC de-hydrochlorination are shown in
Fig. 13(A) and (B). Due to very poor data fitting at @ = 0.8, the kinetic
parameters at that conversion were not included.

The apparent activation energy changes greatly with conversion
starting at 112.9 kJ/mol at a conversion of 0.1 and reaching a maximum
of 311.5 kJ/mol (Friedman) at a conversion of 0.5. It is believed that the
capturing of emitted HCl by the Fe304 formed from the reduction of
Fey03 can affect the value of the activation energy. This is because HCl
was reported to catalyse the de-hydrochlorination [35]. This can be
confirmed by the prominent XRD peaks of FeCl, and FeCly-2H50 seen in
Fig. 6. The apparent reaction model describing Fey03-PVC
de-hydrochlorination is best described by mechanism F3 between 0.4 <
a < 0.9 except for a = 0.7 (A4 model had a better fit). Different reaction
models described the degradation below a = 0.4.

To compare the effect of Fe3O4 and FeyO3 on the de-
hydrochlorination rate of PVC, the effect of the frequency factors
shown in Figs. 9, 11 and 13 must also be taken into account. This is
achieved by comparing the rate and the rate constant for each system
against the conversion at fixed temperatures of 250 and 300 °C (Fig. 14).

It is clear that the addition of both Fe3O4 and Fe;O3 to PVC yields a
drop in the rate of mass loss associated with the de-hydrochlorination
stage as shown in Fig. 14(B) and (D). Since the decomposition of
Fe304-PVC and Fep03-PVC mixtures exhibit high activation energies,
they can be described as strongly temperature dependent. Hence, it can
be seen that the difference in the degradation rate between pure PVC
and Fe304-PVC/Fe03-PVC becomes smaller when the temperature is
increased from 250 to 300 °C. This is evident from the behaviour of the
rate constant presented in Fig. 14(A) and (C), where, for instance, at a
conversion of 0.5, the rate constant for pure PVC degradation is 17.8 and
35.5 times that of Fe304-PVC and Fe;03-PVC at 250 °C while it is 3.0 and
0.52 times the rate constant of Fe304-PVC and Fe;O3-PVC at 300 °C. This
means, at high temperatures, the activation energy barrier is overcome,
and the high frequency factor associated with the de-hydrochlorination
of Fe304-PVC/Fe;03-PVC compensates for their high energy barrier
leading to higher reaction rates.

The reliability of the extracted kinetic data can be confirmed from
comparing the mass loss rates calculated from the kinetic parameters
extracted here with the experimental rates (Fig. 15). An excellent
agreement between experimental and model generated rates of de-
hydrochlorination can be seen in Fig. 15 for the three different sys-
tems (PVC, Fe304-PVC, and Fe;03-PVC). Presenting the data in Fig. 15 at
different heating rates was done to confirm that the generated kinetic
parameters from Friedman model can produce correct mass loss rate
values at different temperatures. The results in Fig. 15 suggest the reli-
ability of the kinetic parameters at temperatures in the vicinity of the
temperatures used to generate these profiles.

The thermo-kinetic study presented in this work provide answers to
essential questions regarding the effect of individual components of
EAFD (Fe3O4 and Fey03) on the decomposition kinetics of PVC. This
work is part of an ongoing study addressing the effect of each EAFD
component on the degradation kinetics of PVC. Previously, the effect of
ZnO and ZnFe;04 on the degradation kinetics of PVC was considered
[34,36]. The overall objective is to establish a kinetic database based on
which the reaction rates of PVC with EAFD from different plants/-
countries with different mineral composition can be predicted. The
utilisation of the kinetic parameters presented here contributes greatly
to the optimisation of the co-thermal treatment of EAFD-PVC mixtures
by selecting the optimal reaction temperatures which should make a
balance between reaction times and process economics. Further inves-
tigation needs to be performed on other EAFD constituents such as
litharge/massicot (PbO) under pyrolytic conditions. At the end, all these
studies combined should be collected in one work and a simulation study
based on these parameters should be made to predict the kinetic effect of
EAFD with different chemistries on PVC degradation.
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5. Conclusions

This work reports the thermo-kinetic behaviour of PVC in the pres-
ence of Fe304 (a major EAFD component) and Fe;Os3. The chlorination of
Fe304 at a temperature of 400 °C was confirmed by the XRD peaks of
FeCly-2H50. Despite the fact that the chlorination of Fe,O3 by HCl is
thermodynamically unfavourable, the presence of reducing agents (such
as Hy) during the de-hydrochlorination transformed Fe;O3 into Fe3O4
which was then chlorinated into FeCl, which was evaporated when the
temperature was increased up to 850 °C. Performing the pyrolysis of
Fe304-PVC and Fe;03-PVC at a temperature of 850 °C yielded elemental
iron a-Fe, suggesting that PVC can also be used as a reducing agent aside
to being a source for chlorination.

The thermogravimetric scans under pyrolytic conditions (N3) were
used along with the model-free methods of Friedman and Ortega to
calculate the kinetic parameters associated with the de-
hydrochlorination of pure PVC and its mixtures with Fe304 and Fe;Os.
The extracted kinetic data suggests that both Fe3O4 and Fe;O3 have an
inhibiting effect on the de-hydrochlorination of PVC resulting in a sig-
nificant increase in the value of the apparent activation energy along
with an insufficient increase in the frequency factor. This, in turn, results
in lower values of the overall rate of degradation for these mixtures
compared to pure PVC at the common PVC pyrolysis temperatures of
250 and 300 °C.
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