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Abstract: Waste-printed circuit boards (WPCBs) account for approximately 3–6 wt% of total electronic
waste. Due to their content of thermosetting materials and added brominated fire retardants, their
recycling and disposal is difficult and not eco-friendly. Pyrolysis as a thermal degradation process
may assist in the solution of this problem. In addition, using biomass as an additive can upgrade
the bio-oil and fix bromines in the char. In this study, cotton stalk (CS) is chosen as an additive and
kinetic of the pyrolysis of three samples namely: PCB, CS, and CS:PCB (50:50) were investigated by
the thermogravimetric analyzer (TGA) at heating rates of 5, 10, and 15 K/min. Three non-isothermal
methods: FWO, KAS, and Starink were found in good agreement with the TGA data; however, the
FWO method was more efficient in the description of the degradation mechanism of solid-state
reactions. For CS and CS:PCB (50:50), α was increased from 0.2 to 0.9 with the FWO method,
and calculated Eα values were found in the range of 121.43–151.88 and 151.60–105.67 kJ/mol in
zone 1, while 197.06–79.22 and 115.90–275.06 kJ/mol in zone 2, respectively. Whereas, for PCB in
zone 1, Eα values were found to be in the range of 190.23–93.88 kJ/mol. The possible decomposition
mechanism was determined by the Criado method, which was in agreement with the mechanism
model for reaction order n = 3. The oil product was also analyzed using Fourier-Transform Infrared
Spectroscopy analysis.

Keywords: waste printed circuit board; electronic waste; cotton stalk; co-pyrolysis; kinetics

1. Introduction

The globe is facing a number of environmental issues because of increasing manufac-
turing activities. Due to the recent increase in the manufacturing of electronic devices and
their ever-shortening spans of life, today, electronic waste (e-waste) has emerged as one
of the major environmental concerns [1]. Currently, rapidly emerging countries, such as
India and China, are the primary contributors of e-waste [2]. According to Wang et al. [3],
20–50 million tons of e-waste are generated worldwide each year, which is growing at a
rate of 3–5% annually [4]. India has been ranked as the first among the top five e-waste
generators with an estimated yearly generation of 2 million tons [5]. Among these e-wastes,
waste printed circuit boards (WPCBs) make up 3–6% of total e-waste and they are heteroge-
neous mixture of organic materials, glass fibers, and metals [6]. They normally contain 30%
plastics (polyethylene, polypropylene, polyesters, PVC, epoxy resins, PTFE, and nylon),
30% ceramic (primarily silica or alumina with some amount of mica) [7], alkaline earth
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oxides, and barium titanate [8]. They also contain 40% metals, with copper accounting
for 10–27% of the total weight of WPCBs. Other metals found are gold, silver, iron, and
palladium. Some toxic metals such as antimony, cadmium, lead, nickel, arsenic, mercury,
and chromium can have major environmental consequences if not recycled carefully [7].

PCBs are mainly manufactured with resins containing fire flame retardants such as
tetrabromobisphenol A (TBBPA) and polybrominated diphenyl ethers (PBDEs) [9]. To
facilitate their recycling, many sophisticated methods have been developed and applied
in China and India [10], which include mechanical dismantling, to separate plastics and
metals, hydrometallurgical and pyrometallurgical facilities, and amalgamation to recover
valuable metals [11]. However, the separation of plastics with brominated flame retardants
is not applied. Hence, the incineration of WPCBs and resulting waste produces a high
quantity of dioxins, furans, and HBr with brominated phenols as by-products [12,13]. The
brominated chemicals, such as their chlorinated congeners, can be hazardous to human skin,
liver, and digestive tract. A number of studies have been carried out about the toxicity and
health risks concerning human exposure to TBBPA on recycling sites [10,14,15]. Therefore,
environmentally acceptable disposal or recycling of WPCBs is a big challenge [12]. The
dibenzodioxins generated were mostly contained in the char matrix; nevertheless, research
has revealed that polybrominated dibenzodioxins/furans (PBDD/Fs) were released at
ppb and ppm levels during the breakdown process [13,16]. By adopting more appropriate
processing conditions during recycling, it is possible to minimize the amount to which they
are generated.

Pyrolysis appears to be one of the most promising technologies, allowing large poly-
mer chains to be broken down into lighter polymer compounds with smaller molecular
weight. Thermal decomposition of WPCBs initiates at 250 ◦C and continues to 900 ◦C [17].
Abdou et al. [17] observed the degradation of WPCBs below 550 ◦C and the polymeric
matrix was not completely removed. Although the reaction process is influenced by the
chemical composition and residence time, it is critical to developing methods and pro-
cedures for obtaining pyrolysis products with low halogen yields and reducing harmful
emissions as much as possible. If the pyrolysis products have low yields of halogens,
they can be utilized appropriately [16]. Furthermore, simplicity and effectiveness are es-
pecially important in developing a technique to produce the ideal synthetic liquid fuel.
Moreover, WPCBs include a relatively high content of ash, so its energy density (e.g.,
heating value) and thermolysis efficiency are low. Co-pyrolysis of biomass with WPBCs
could be an alternative technology that improves these two criteria [18]. A high amount
of hydrogen present in biomass may lead to dehalogenation and prevention of PBDD/Fs
which promotes HBr/HCl fixation in char. Furthermore, the biomass has a higher H/C
molar ratio which can act as a hydrogen donor to WPCBs [19]. Water, one of the most
abundant components in biomass, is expected to act as a reactive agent, promoting further
cracking of the WPCBs tar and the production of more volatile chemicals that improves
pyrolysis oil yields [18,20]. Co-pyrolysis of biomass has been shown in several studies to
boost oil yield and quality while maintaining the overall process. However, because of
the various reactivities of biomass and e-waste, this process is relatively complex. Pyroly-
sis product yields and characteristics are influenced by the temperature and blend ratio
of feedstock [18,21].

Generally, the knowledge of the pyrolysis kinetics of the main thermal decomposition
process is critical to predicting the pyrolysis behavior of a material and helps to design a
suitable reactor, as well as the mathematical modeling of the reactor for process optimiza-
tion. Process parameters, heat and mass transport limits, physical and chemical properties
of the sample, and systematic errors are all factors that might affect the kinetic parameters.
The key procedural challenges are dehalogenation and avoidance of highly toxic emissions
(especially PBDD/Fs). The aim of this study is to probe the pyrolysis behavior of WPCB,
cotton stalk (CS), and its blend. Three model-free methods, such as Kissinger–Akahira–
Sunose (KAS), Flynn–Wall–Ozawa (FWO), and Starink, were used to calculate apparent
activation energy (Eα) and pre-exponential factor (A). Furthermore, with calculated Eα val-
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ues, the possible decomposition mechanism was probed using the Criado method. There is
no single work in the published literature that focused on the co-pyrolysis of these residues.
The comparison of the thermal decomposition of PCB, CS, and its blend can be the first
expanding research effort to understand the synergistic behavior of the mixture.

2. Kinetic Modeling

The concept of the single-step, solid-state reactions can be represented by the Arrhenius
equation. It means that the reactant molecules are in an endothermic equilibrium with the
active molecules that are involved in the reaction.

κ(T) = Ae(−
E

RT ) (1)

where E is the activation energy (kJ mol−1) and A is the pre-exponential factor (>1).
R refers to the gas constant (kJ mol−1 K−1). T represents the temperature in K and κ(T) is a
rate constant. The value of E was supposed to be a constant for single-step reactions and
it is the energy needed to turn inactive molecules into active molecules. To describe the
kinetic expression from the mass balance of a reacting solid and the conversion degrees for
a single-phase reaction, the thermogravimetric results can be expressed as [22]:

dα

dt
= k(1− α)n (2)

where n is reaction order. A general kinetic Equation (2) is based on assumption that the
rate of process dα/dt is a function of two variables only: degree of conversion (α) and
temperature (T). Assuming that the function of two variables can be substituted by a
product of two functions variables, κ(T) and f (α). Therefore, the rate of heterogeneous solid
reactions can be described as [23]:

dα

dt
= κ(T) f (α) (3)

where κ(T) and t are rate constant and time, respectively. α is the degree of conversion,
ranging from 0 to 1. f (α) is the reaction model that represents a certain solid-state mecha-
nism [24]. The degree of conversion can be defined as:

α =
m0 −mt

m0 −m f
(4)

where m0, mt, and mf are the initial, instantaneous, and final mass of the sample. Integrating
Equation (1) into Equation (3), the rate of a solid-state reaction can be expressed as:

dα

dt
= Ae−E/RT f (α) (5)

where E, A, and reaction model f(α) are called kinetic triplets [23]. If the reaction is studied under
non-isothermal conditions at a linear heating rate, β = dT/dt. In which Equation (5) becomes:

dα

dT
=

A
β

e−E/RT f (α) (6)

Actual solid-state reaction is complex, which includes multiple solid–gaseous reactions
with different rates, such as adsorption, desorption, sublimation of gaseous products or
reactants on the surface of a reacting solid, and diffusion of gaseous products or reactants
through a solid [24,25].

Therefore, the effective activation energy derived from the overall kinetic data is a
composite number determined by the activation energies of the individual stages and their
relative contributions to the overall reaction rate. As a result, the effective activation energy
is usually a function of either temperature and conversion, or merely temperature. That is
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why the concept of variable activation energy Eα is more suitable to the non-elementary
nature of heterogeneous solid-state reactions. It should be used to explain how overall reac-
tion rates are affected by temperature [26]. According to the previous studies, this obtained
activation energy is the apparent one and does not have any mechanistic significance [27].

2.1. Model-Free Methods

There are two basic methods to calculate the kinetic triplets of complex solid-state
reactions, namely model-fitting and model-free (or iso-conversion) methods. The model-
fitting approaches use a single unpredictable heating rate [26], whereas the model-
free method uses several heating rates, which eliminates mass transfer constraints.
Dhaundiyal et al. [15] employed a model-fitting approach (Coats Redfern method [28]) to
test the validity of the model-free method and produce the best appropriate reaction model
for the decomposition of weed and lignocellulosic materials, respectively. They observed
that kinetic parameters derived at various heating rates for models, differed significantly
from those computed using the model-free method.

The force-fitting of non-isothermal data to a hypothetical reaction model is the initial
cause of disagreement between model-free and model-based runs. Arrhenius parameters
are calculated in the form of g(α) in the model fitting of Coats Redfern method, which is
previously assumed and not able to discriminate separately temperature dependence of
rate constant and conversion resulting in erroneous estimates of Arrhenius parameters.

The possibility of multi-reaction pathways is another key cause of disagreement, as
the activation energy determined using the model-based method is a function of T and α.
However, the calculated value of activation energy represents the average value for the
overall process. It is derived in such a way that it is invariant with the reaction mechanism
and kinetics that depend on the change in temperature and degree of conversion. With
model-free methods, there is an opportunity for estimating the relative reactivity of solids
by comparing the respective consumed time to accomplish the same extent of conversion
at the same temperature. Therefore, these are called the iso-conversion method, and the
parameters are calculated as a function of the conversion rate [25,27]. In other words,
these methods used the rate data associated with a constant conversion to eliminate the
reaction rate dependency on the conversion [27]. Therefore, iso-conversional approaches,
as recommended by [27,29], are more realistic and exact when modelling non-isothermal
pyrolytic kinetics.

By integrating Equation (6), replacing E/RT by x, and making rearranging Equation (7)
can be written.

g(α) =
A
β

∫ Tmax

To
e(−

E
RT )dT =

∫ α

0

dα

f (α)
=

AE
βR

p(x) (7)

where p(x) is a function known as the Arrhenius integral, which can be calculated numer-
ically or by using various approximations. When we utilize Doyle’s estimate [29,30] for
p(x), we get the popular equation proposed by Ozawa [31] for determining the activa-
tion energy by iso-conversion methods from Equation (3). Doyle [29,30] reported that for
20 < E/RT < 60, logp (E/RT) may be closely approximated by Equation (8) [32]:

Log p (
E

RT
) ∼= −2.315− 0.457

E
RT

(8)

That can be reduced to Flynn–Wall–Ozawa equation [33]:

ln β = ln
AEα

g(α)R
− 5.330− 1.052

Eα

RT
(9)

where Eα is the apparent activation energy or can also be called variable activation energy.
The plot of ln β against 1/T at different heating rates gives a straight line with the slope
−1.052 Eα/R. Finding the slope for different (α) reveals the dependency of Eα on α [33].
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Murray and White [34,35] provided a more precise estimate for 20 < E/RT < 50 in the
form of Kissinger, sometimes known as the Kissinger–Akahira–Sunose (KAS) equation [15,36].

ln
(

β

T2

)
= ln

(
AEα

Rg(α)

)
− Eα

RT
(10)

For a constant value of α, plotting ln (β/T2) vs. 1/T will give a straight line with a
slope of Eα/R. The profile of apparent activation energy can be generated for the different
conversions [37]. Starink approximated the expression of FWO and KAS method, which
can be transformed into the same general formula as [38]:

ln
(

β

TS

)
= C −

(
B

Eα

RT

)
(11)

where s = 0 and B = 0.4567 for FWO method, and s = 2 and B = 1 for KAS method. According
to Starink, both parameters can be adjusted to s = 1.8 and B = 1.0033. As a result, the Starink
equation can be rewritten as [30,31]:

ln
(

β

T1.8

)
= C − 1.0037

(
Eα

RT

)
(12)

where C = ln
(

AEα
Rg(α)

)
, for a given conversion fraction α, the points of ln (β/T1.8) versus 1/T

at different heating rates can be fitted to a straight line and the slope of the line corresponds
to 1.0037

(
Eα
RT

)
. As a result, the slope of the straight line can be used to estimate the value

of Eα.

2.2. Criado Method

Many studies that have examined experimental data for the solid-state mechanism
have used reference theoretical curves, referred to as “master plots” in their analyses [34].
It uses the concept of reduced time plots, introduced by Ozawa [24,34] for α against t/tα,
where tα is the time to reach a certain value of α (usually 0.5 to 0.9). In this sense, the master
plot is a characteristic curve independent of the measurement condition, which is readily
obtained from experimental results [39].

To use this method for the determination of the reaction mechanism, the known value
of Eα is required [40]. For that, experimental data can be compared against a collection
of theoretical model plots and the model that exactly matches the data can be chosen.
This makes it possible to view the data in terms of the mechanism described by the
chosen reaction model. The master theoretical curves can be generated through the Z(α)
function [39,40]:

Z(α) = f (α) g(α) (13)

Z(α) versus α for different reaction mechanisms can be plotted as presented in
Table 1 [29,31,36,40]. The equation is given by:

Theoretical curve:
Z(α)

Z(0.5)
=

f (α)g(α)
f (0.5)g(0.5)

(14)

Experimental curve:
Z(α)

Z(0.5)
=

(
Tα

T0.5

)2 (dα|dt)α

(dα|dt)0.5
(15)

By plotting Z(α)
Z(0.5) vs α for different mechanisms, a theoretical curve will be obtained.

By the derived apparent activation energy plot, the experimental curve can be made. By
comparing the two curves, the most reliable reaction mechanism can be found.
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Table 1. Different degradation mechanisms with f (α) and g(α).

No. Function Name Mechanisms f (α) g(α)

m1 Jander equation Diffusion, 3D
(spherical symmetry) 3/2(1 − α)2/3[1 − (1 − α)1/3]−1 [1 − (1 − α)1/3]1/2

m2 G–B equation Diffusion, 3D
(column symmetry) 3/2[(1 − α)−1/3 − 1]−1 1 − 2α/3 − (1 − α)2/3

m3 Anti–Jander equation Diffusion, 3D 3/2(1 + α)2/3[(1 + α)1/3 −1]−1 [(1 + α)1/3 − 1]2

m4 Z–L–T equation Diffusion, 3D 3/2(1 − α)4/3[(1 − α)−1/3 − 1]−1 [(1 − α)−1/3 − 1]2

m5 Avrami–Erofeev Equation Random nucleation and nuclei
growth, n = 3 3(1 − α) [−ln (1 − α)]2/3 [−ln (1 − α)]1/3

m6 Avrami–Erofeev Equation Random nucleation and nuclei
growth, n = 2 2(1 − α) [−ln (1 − α)]1/2 [−ln (1 − α)]1/2

m7 Avrami–Erofeev Equation Random nucleation and nuclei
growth, n = 3/2 3/2(1 − α) [−ln (1 − α)]1/3 [−ln (1 − α)]2/3

m8 Avrami–Erofeev Equation Random nucleation and nuclei
growth, n = 4/3 4/3(1 − α) [−ln (1 − α)]1/4 [−ln (1 − α)]3/4

m9 Geometrical contraction Shrinkage geometric shape
(column symmetry) 3(1 − α)2/3 1 − (1 − α)1/3

m10 Geometrical contraction Shrinkage geometric shape,
(spherical symmetry) 2(1 − α)1/2 1 − (1 − α)1/2

m11 Reaction order n = 2 Chemical reaction (1 − α)2 (1 − α)−1 −1
m12 Reaction order n = 1 Chemical reaction (1 − α) −ln(1-α)
m13 Reaction order n = 3 Chemical reaction (1 − α)3 ((1 − α)−2 −1)/2

3. Materials

The CS sample was collected from a local farm in Gandhinagar, Gujarat, India. The
samples were crushed and air-dried. The WPCBs sample was collected from Shivalik
solid waste management, Punjab, India. The samples were ground and sieved before
tests. The particle retained on 100 µm screen and passed from 210 µm screen were selected
for the experiments for CS and WPCBs. During the mixing of WPCBs and CS samples,
the partitioning method have been used to obtain a homogeneous representative sample.
Table 2 shows the chemical compositions of the samples.

Table 2. Proximate and ultimate analysis of samples.

Sample Calorific Value
(Cal gm−1)

LOD
(%)

Proximate Analysis Ultimate Analysis
Ash (%) Volatile Material (%) Fixed C (%) C (%) H (%) n (%) S (%)

PCB 2788 14.05 43.95 41.87 0.13 26.73 2.39 1.93 0.19
CS 3411 23.93 5.49 70.51 0.07 32.52 4.12 2.15 0.16

CS:PCB
(50:50) 3065 12 23.73 64.2 0.07 29.76 5.45 2.86 0.148

The heavy metal content was also evaluated using atomic absorption spectroscopy
(AAS) and the results is displayed in Table 3. Copper is the most abundant metal in the
printed circuit board, as expected from the literature [41].

Table 3. Heavy metal contents by AAS analysis in mg/L.

Sample Cu Zn Ni Cr Mn Pb Fe

WPCBs 3937 25 22 4 44 18 1304

4. Experimental

Thermogravimetric analysis (TG-DTG) was performed using a Mettler Toledo analyser.
The system was purged with 50 mL/min flow rate of N2 gas. The drying step of TGA
had a heating rate of 10 K/min for all three samples; whereas, the pyrolysis stages used
three heating rates of 5, 10, and 15 K/min with approximately 10 mg of each sample. The
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sample was placed in a ceramic crucible within the furnace and heated to 700 ◦C, after
which the TG and DTG curves were calculated using an analytical computer system. The
conventional furnace has a temperature precision of ±2 ◦C. The mass change of the sample
with temperature during the heating process is recorded and the findings are utilized to
compute the degradation kinetics. These experiments were repeated four times to be sure of
the repeatability of the results. In addition, based on TGA findings, 200 mg of each sample
pyrolyzed on lab-scale fixed bed equipment, using parameters such as 50 mL/min N2 flow
rate, 10 K/min heating rate, and ambient to 500 ◦C temperature variation. Finally, the
generated liquid is collected and Fourier-Transform Infrared Spectroscopy (FTIR) analysis
was made to identify the functional groups and bonds present in it.

5. Results and Discussion
5.1. Thermogravimetric Analysis

The thermogravimetric (TG), derivative thermogravimetric (DTG), and conversion
curves for all three samples namely WPCBs, CS, and CS:WPCBs (50:50), at various heating
rates are presented in Figures 1 and 2, respectively. Regardless of the varied heating speeds,
both data show a similar trend of mass loss with temperature. However, with the increased
heating rate the residual weight of the sample shifts to the right. The TG curve position,
the maximum degradation rate, and the location of the highest peak temperature (Tm)
are all affected by the heating rate. According to the DTG curves, when the heating rate
increases, the active pyrolysis period’s initial and ultimate temperatures increases as well.
With an increased heating rate, the TG maximum points and DTG curve minimums move
to higher temperatures, which can be explained by heat transfer limitations. At a low
heating rate, the system receives more instantaneous thermal energy during the analysis,
and it may take a long time for the purge gas to attain equilibrium with the furnace and
sample temperature. While a faster heating rate reduces reaction time, the temperature
required for the sample to breakdown is also higher.

There are three different areas as shown in TGA curves, Figures 1 and 2. The tem-
perature zones appeared with a more or less prominent shoulder at nearly ambient to
<180 ◦C, which shows approximately 1% weight loss for WPCBs due to the release of H2O,
CO2, HBr, CH4, and CH3COCH3. In the same temperature region, 10% weight loss of
CS due to moisture loss associated with depolymerization and vitrification transition was
observed, and 7% weight loss occurred for CS:PCB. This mass loss has also been attributed
to physical changes, including softening and molecular rearrangement attributed to the
emission of low molecular volatility gases prior to its decomposition. As can be seen from
the plot, for different heating rate, the main pyrolysis process begins at about 180–207 ◦C,
147–173 ◦C, and 121–152 ◦C for WPCBs, CS, and CS:WPCBs, respectively. Then, it proceeds
rapidly with increasing temperature until about 359–377 ◦C, 350–376 ◦C, and 341–366 ◦C
for WPCBs, CS, and CS:WPCBs, respectively. According to Y kim et al. [13], in this stage
between 250 and 350 ◦C, the fire retardant degrades, yielding brominated aromatics and
HBr. Other researchers have also proved this phenomenon [42–45].

Furthermore, weight loss decreases slowly up to 577 ◦C for the second zone with
different heating rates in the ranges 360–378 ◦C, 351–377 ◦C, and 442–466 ◦C for WPCBs,
CS, and CS:WPCBs (50:50), respectively. At temperatures above 370 ◦C, the phenol resin
degraded [44]; after that, devolatilization ceases indicating the char generation and car-
bonization stage, thus, obtaining carbon and ash as the final solid residues. Detailed
information on debromination and generation of dioxines is discussed in our recent paper
Prajapati et al. [40]. A residue of PCB at the end of the process is relatively very high
(60 wt%) which is also in agreement with previous studies [12]. However, lower solid
residues of 6% and 20% were found for CS and CS:WPCBs, respectively.
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Figure 1. TG-DTG and variation of conversion as a function of temperature plots for the pyrolysis of
WPCBs (a–c) and CS (d–f).
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Figure 2. TG-DTG and variation of conversion as a function of temperature plots for the pyrolysis of
CS:WPCBs (a–c).
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The main pyrolysis stage of mass loss is termed the region of active pyrolysis. A
sharp decline in each TG curve was observed in zones 1 and 2 as shown in Table 4.
The degradation profiles of CS:WPCBs samples were initiated at a lower temperature
than WPCBs and CS accordingly zones 1 and 2 were defined. Such variation in initial
decomposition temperatures is due to the difference in elemental and chemical composition.
In these zones, kinetic analysis and mechanism inference were carried out. The appearance
of the shoulder in the DTG curve may be due to the degradation of the hemicellulose
and lignin in the CS sample and the decomposition of tetra-bromo-bisphenol-A in the
WPCBs sample. Whereas, the generated sharp DTG peak relates to the degradation of
cellulose and hemicellulose; therefore, a continuous slow degradation may correspond to
the slow decomposition of lignin in CS and the mixture. For the WPCBs sample, this is due
to the rupture of ether bonds in brominated resin into bisphenol A, propyl alcohol, and
tetra-bromo-bisphenol-A. In addition, the epoxy group may rupture, resulting in the release
of small molecules. The mass loss in both zones does not have much effect while increasing
the heating rate from 5 to 15 K/min. The total weight loss at the end of 700 ◦C was 42–50,
94–95, and 73–86% for WPCBs, CS, and CS:WPCBs, respectively. The total weight loss over
the entire deterioration was larger in samples with more volatile materials and less ash.
Tables 4 and 5 show the findings of thermal degradation in an inert atmosphere with mass
loss and residue.

Table 4. Mass loss (in %) for first and second zone.

Samples Heating Rate K/min First Zone ◦C Second Zone ◦C
Ti Tmax Tf Mass Loss % Ti Tmax Tf Mass Loss %

WPCBs
5 180.9 297.1 359.5 22 360.3 494.4 577.1 14

10 207.6 312.0 369.6 19 370.4 402.2 577.1 13
15 207.4 319.3 377.3 24 378.0 410.3 577.1 16

CS
5 147.9 279.2 350.7 48 351.4 434.0 571.6 34

10 172.0 292.3 374.5 50 375.3 436.0 577.1 27
15 173.5 300.2 376.5 50 377.3 433.1 577.7 30

CS:WPCBs
(50:50)

5 121.3 297.3 341.3 36 342.1 387.9 577.4 33
10 152.2 289.7 371.7 42 372.5 430.3 576.8 28
15 152.2 317.3 366.1 36 366.8 489.9 577.7 27

Table 5. Mass loss for de-moisturization and char generation.

Sample Heating Rate K/min
De-Moisturization Char Generation

Overall Mass Loss % Residue %
Mass Loss % Mass Loss %

WPCBs
5 1 5 42 58

10 1.5 6.5 40 60
15 1.5 8.5 50 50

CS
5 11 1 94 6

10 11 6 94 6
15 10 5 95 5

CS:WPCBs
(50:50)

5 5 2 76 24
10 8 6 84 16
15 6 4 73 27

5.2. FTIR Analysis

FTIR is used to identify various inorganic and organic compounds of the CS:WPCBs
pyrolysis oil. The peak in Figure 3 at 3423 cm−1 corresponds to the decomposition
of hemicellulose and cellulose of CS and O-H stretching of WPCBs. The peaks near
1374 cm−1 in oil can be attributed to lignin, mainly due to rings of the type C=C. The peak
near 2865 and 2965 cm−1 is attributed to C-H stretching of alkane groups and the peak near
1449 cm−1 is attributed to C-H bending, indicating the presence of the aldehyde group.
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Figure 3. FTIR spectra of pyrolysis oil product of CS:WPCBs.

An absorbance peak with a wavenumber of 749 and 824 cm−1 is the indication of
C-H bending and ring puckering for the presence of aromatic chemicals in oil. The peak
observed around 1601 cm−1 may attributed to the C=C and C=O, primarily aldehydes and
ketones formed by the dissociation of cellulose and hemicellulose of CS and epoxy resin of
WPCBs. The peak at 1232 cm−1 can be attributed to the presence of alcohols and phenols,
while the peak at 1112 cm−1 is associated with C-O-C polysaccharide bond. The peaks at
2731 and 2865 cm−1 in the CS:WPCBs pyrolysis oil could be the reason for the presence of
HBr indicating that the cleavages of the C(phenyl)–Br have taken place.

5.3. Kinetic Analysis

The results of thermogravimetric analysis were intended to measure the kinetic pa-
rameters using model-free methods. Using KAS, FWO, and Starink methods, the apparent
activation energy (Eα) and pre-exponential factor (A) was obtained. To determine the kinetic
parameters, the value of α ranging from 0.1 to 0.9 during the major thermal decomposition
process were chosen, at different heating rates. Furthermore, the results before 0.2 conver-
sion and after 0.9 conversion are having very low values of correlation coefficients and
were not reliable. Consequently, an average value was chosen from 0.2 to 0.9 conversion.
The FWO, KAS, and Starink plots for different values of conversion of zones 1 and 2 were
calculated with Equations (7)–(9) for WPCBs, CS, and CS:WPCBs samples as shown in
Figures S1–S3, respectively.

The Eα were obtained from the slopes and compiled in Tables 6–8. The calculated
correlation coefficients, R2, correspond to linear fittings and were higher for all cases except
for the WPCBs second zone. This could be as a result of a complex reaction mechanism,
implying that the activation energy values are reliable. The reactivity and sensitivity of
a reaction rate are also determined by activation energy. A higher value of activation
energy indicates the presence of a complex reaction. It can be observed from the results that
apparent activation energy for FWO, KAS, and Starink methods are varying significantly
for all conversions which shows the presence of a multi-step complicated process in the
solid-state matrix. As can be seen in Figures S1–S3 that all the data points are fitting
in straight lines at different conversion degrees and are nearly parallel through the iso-
conversion method that represents the unchanged reaction mechanisms of a single zone of
the pyrolysis process in all three samples. The lower the reaction rate is the bigger the space
between two consecutive fitting lines. As a result, the scenario suggests that the reaction
rate changes as the conversion degree increases. Furthermore, in TG curves, a smaller
distance equates to a steeper slope, but in DTG curves, a smaller distance corresponds to a
higher reaction rate [39,46].
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Table 6. Activation energy (Eα) obtained by model-free methods for WPCBs.

α

First Zone Second Zone

KAS FWO Starink KAS FWO Starink

Eα (kJ mol−1) R2 Eα (kJ mol−1) R2 Eα (kJ mol−1) R2 Eα (kJ mol−1) R2 Eα (kJ mol−1) R2 Eα (kJ mol−1) R2

0.1 165.98 0.57 166.57 0.59 166.29 0.57 −724.18 0.88 −677.79 0.88 −720.40 0.88
0.2 190.61 0.77 190.21 0.79 190.85 0.77 −202.37 0.95 −181.41 0.94 −200.47 0.95
0.3 168.27 0.97 169.06 0.97 168.60 0.97 −131.06 0.98 −113.41 0.97 −129.41 0.98
0.4 141.89 0.99 144.05 0.99 142.33 0.99 −101.62 0.90 −85.21 0.87 −100.05 0.89
0.5 130.58 0.99 133.37 0.99 131.07 0.99 −97.11 0.83 −80.65 0.79 −95.53 0.83
0.6 120.59 0.99 123.94 0.99 121.12 0.99 −106.57 0.79 −89.36 0.75 −104.93 0.79
0.7 111.12 0.99 115.02 0.99 111.70 0.99 −128.65 0.80 −110.03 0.76 −126.90 0.79
0.8 91.42 0.94 96.42 0.95 92.08 0.94 −242.42 0.76 −217.76 0.74 −240.20 0.76
0.9 88.55 0.92 93.88 0.94 89.24 0.93 −596.35 0.70 −553.80 0.69 −592.79 0.70

Avg.(0.2–0.9) 130.38 133.24 130.87 −200.77 −179.95 −198.78

Table 7. Activation energy (Eα) obtained by model-free methods for CS.

α

First Zone Second Zone

KAS FWO Starink KAS FWO Starink

Eα (kJ mol−1) R2 Eα (kJ mol−1) R2 Eα (kJ mol−1) R2 Eα (kJ mol−1) R2 Eα (kJ mol−1) R2 Eα (kJ mol−1) R2

0.1 102.82 0.89 105.90 0.91 103.30 0.9 149.96 0.95 153.04 0.96 150.50 0.96
0.2 118.88 0.93 121.43 0.94 119.33 0.93 195.91 0.96 197.06 0.96 196.33 0.96
0.3 128.57 0.96 130.81 0.96 129.00 0.96 177.49 0.93 179.77 0.94 178.00 0.93
0.4 130.40 0.96 132.7 0.97 130.84 0.96 149.04 0.92 152.92 0.93 149.68 0.93
0.5 139.12 0.96 141.11 0.96 139.54 0.96 135.95 0.93 140.65 0.94 136.64 0.93
0.6 134.81 0.96 137.15 0.97 135.26 0.96 111.55 0.91 117.64 0.92 112.36 0.91
0.7 136.10 0.98 138.50 0.98 136.55 0.98 90.66 0.87 98.00 0.90 91.56 0.88
0.8 141.63 0.99 143.94 0.99 142.09 0.99 80.86 0.87 88.95 0.90 81.83 0.87
0.9 149.72 0.94 151.88 0.95 150.17 0.94 70.26 0.84 79.22 0.88 71.30 0.84

Avg.(0.2–0.9) 134.90 137.19 135.35 126.47 131.78 127.21

Table 8. Activation energy (Eα) obtained by model-free methods for CS:WPCBs.

α

First Zone Second Zone

KAS FWO Starink KAS FWO Starink

Eα (kJ mol−1) R2 Eα (kJ mol−1) R2 Eα (kJ mol−1) R2 Eα (kJ mol−1) R2 Eα (kJ mol−1) R2 Eα (kJ mol−1) R2

0.1 131.22 0.99 132.89 0.99 131.60 0.99 90.20 0.64 96.06 0.69 90.95 0.65
0.2 150.59 0.99 151.60 0.99 150.92 0.99 110.74 0.73 115.90 0.76 111.44 0.73
0.3 153.60 0.98 154.67 0.98 153.94 0.98 112.84 0.80 118.16 0.83 113.57 0.81
0.4 161.96 0.98 162.77 0.98 162.29 0.98 120.41 0.93 125.65 0.94 121.14 0.93
0.5 155.81 0.95 157.08 0.95 156.18 0.95 167.41 0.99 170.68 0.99 168.00 0.99
0.6 142.63 0.99 144.68 0.99 143.06 0.99 182.74 0.97 185.58 0.97 183.31 0.97
0.7 135.01 0.96 137.56 0.97 135.49 0.96 212.89 0.96 214.51 0.96 213.37 0.96
0.8 113.92 0.86 117.63 0.88 114.48 0.86 229.06 0.99 230.15 0.99 229.52 0.99
0.9 101.10 0.73 105.67 0.76 101.73 0.73 275.90 0.91 275.06 0.92 276.22 0.91

Avg. (0.2–0.9) 139.33 141.46 139.76 176.50 178.64 177.08

The kinetic parameters computed using the Starink approach followed the same
pattern as those calculated using the KAS method, as shown in Tables 6–8. The FWO
approach yields somewhat higher energy values than KAS and Starink, as evidenced
by literature [39,46]. Different approximations in equations could be a reason for the
discrepancy. The R2 values derived from the FWO method were higher; therefore, this
method was selected for the decomposition mechanism study in the following section.

All three model-free methods are compared in terms of the Eα vs. α (see Figure 4).
The ability to recognize multi-step processes and forecast the response “kinetic scheme”
over a large temperature range is enabled by understanding Eα vs α. A change in the
slope of Eα dependence is usually linked to a change in the overall reaction mechanism’s
rate-limiting step.

For PCBs, with the FWO method, the calculated Eα for conversion from 0.2 to 0.9 values
decreased from 190.21 to 93.88 kJ/mol in the first zone where the average E was 133.25 kJ/mol.
In the second zone, it was found fluctuating with an average E = 178.95 kJ/mol, with a
positive slope (negative activation energy). This indicates that the rate of reaction decreases
with increasing temperature. It can be seen from Table 4 that there is a significant weight loss
in this zone so the degradation in this temperature range cannot be neglected.
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Figure 4. Dependence of activation energy on the conversion (α) for WPCBs, CS, and CS:WPCBs for
first and second zone, according to FWO method.

Moreover, in Table 6, the negative activation energy was observed which may take place
due to the presence of multi-steps in the process of pyrolysis where the activation energy of one
of the steps becomes negative, while the activation energy of the other step remains low. Thus,
making the total sum negative, there may be regimes of spontaneous reactions occurring during
pyrolysis. According to the researcher [47] who worked on poly (bisphenol A carbonate)-based
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polymers originating in waste electric and electronic equipment, the process of heat deterioration
is easy to initiate because of the weak link points in the polymer chain.

Random scission becomes the limiting phase of degradation when these weak linkages
are depleted, and the activation energy rises to the steady-state value, generally between
210 and 260 kJ/mol. Higher Eα values have also been assigned to the solid carbonaceous
char, which protects the polymer from further breakdown and results in a significant
amount of solid residue (>20%).

For CS with the FWO method, apparent activation energy is increased from 121.43 to
151.88 kJ/mol (average E = 137.19 kJ/mol) with α ranging from 0.2 to 0.9, it is increased in
the second zone up to 0.2 conversion then decreased at the end of the conversion (α = 0.9)
to 79.22 kJ/mol (average E = 131.78 kJ/mol). This decrease could be due to the formation
of porous chars, which enhanced the diffusion of volatiles.

Table 8 shows the apparent activation energy of CS:WPCBs mixture. Here, prominent
effect of WPCBs can be seen in the degradation mechanism. The increasing trend of Eα

for α values 0.1–0.4 (132.89–162.77 kJ/mol) may be attributed to the exothermic nature
of the decomposition reaction. Whereas, decreases in Eα (162.77–105.67 kJ/mol) with the
progressive degree of conversion α from 0.4 to 0.9, are associated with endothermic reaction
due to degradation of different components and generation of a small amount of porous
char that enhanced the diffusion of volatiles and then reduced the activation energy.

Alkalis metals such as K, Na, Mg, and Ca from reinforcing materials in WPCBs, serve as
catalysts, resulting in a decrease in activation energy under high conversion conditions, as
illustrated in Figure 5. A vs. α with a high pre-exponential factor means higher conversion.
In addition, for second zone the required apparent activation energy is increasing with
conversion. As higher Eα indicates a slower reaction, at the second zone it indicates the
better thermal stability of the generated char due to the addition of WPCBs in CS.

Figure 5. Variation of frequency factor with conversion values for sample CS:WPCBs; (a) first zone,
and (b) second zone.

5.4. Reaction Mechanism

Criado et al. [24,34] proposed a method to determine the geometrical mechanism of
the samples at a fixed heating rate, 10 ◦C/min heating rate was chosen randomly. It is
possible to get and overlap the experimental Z(α) values of the master plots using the
activation energies estimated with the FWO approach to compare the degradation process
that closely approximated the theoretical curves.

Figures 6 and 7 show the master plots and the experimental data obtained by
Criado et al. [34]. It is significantly comparable to the m13 mechanism of Table 1, for
all three samples except WPCBs second zone. WPCBs second zone shows an odd behavior,
so it is difficult to assume its degradation mechanism. The possible reason may be the
statistical treatment of the TGA data that can influence the value of the recognized apparent
activation energy; other factors may also include the size range of sample particles, and the
chemical composition which varies for different parts of WPCBs.
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zone with heating rate 10 K/min
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Figure 7. Experimental and Theoretical master plots for (a) WPCBs, (b) CS and (c) CS:WPCBs for
second zone with heating rate 10 K/min.
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5.5. Kinetic Compensation Effects

Increasing activation energy increases the overall rate of reaction, whereas activation
energy must be decreased to accomplish a higher conversion rate. This fact implies that
the experimental values of A and E could be correlated. We can fit the experimental data
to a rate equation by adjusting the values of A and E in such a compensating manner that
their simultaneous change does not affect the overall rate. This correlation is known as a
compensation effect and is typically expressed in the following form [31,39],

lnA = aE + b (16)

where a and b are constants and refer to the compensation coefficients. To validate the
kinetic parameters, the m13 mechanism was chosen for calculating the pre-exponential
factor as a function of conversion. Substituting g(α) = ((1 − α)−2−1)/2 and Eα values were
determined using the FWO method into Equation (9) will give pre-exponential values.
Pre-exponential values were calculated with the FWO method and shown in Table 9 with
increasing conversion for CS:WPCBs mixture.

Table 9. Pre-exponential factor from FWO method for CS:WPCBs.

Conversion (α)
First Zone Second Zone

lnA lnA

0.1 23.00 9.27
0.2 26.99 13.14
0.3 27.49 13.55
0.4 29.21 14.80
0.5 27.87 22.24
0.6 25.20 24.47
0.7 23.86 28.98
0.8 20.20 31.42
0.9 18.66 38.51

Avg (0.2–0.9) 24.94 23.39

An excellent linear relationship, of all three samples, can be found by plotting lnA
against Eα, as shown in Figure 8. A linear relationship lnA = 0.1882Eα − 1.7251 with
R2= 0.9933 and lnA = 0.1614Eα−5.6374 with R2 = 0.9992 is found for the first and second
zones of CS:WPCBs sample, respectively.

The higher values of R2 indicate that the compensation effect existed between the
apparent Eα and lnA during the pyrolysis. The kinetic compensation effect is a valid alterna-
tive to demonstrate the interrelationship between the kinetic parameters lnA and Eα. It also
shows the impact of experimental conditions on the determination of kinetic parameters.
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Figure 8. Compensation effect between A and Eα for CS-WPCBs with (a) first zone and (b) second zone.

6. Conclusions

The thermal decomposition at non-isothermal conditions for WPCBs, CS, and their
mixture was investigated. A residue of WPCBs at 700 ◦C was found to be relatively very
high (~60%) compared to 6% for CS and 20% for CS:WPCBs. This high residue of WPCBs
is due to the content of high inorganic compounds. The degradation profiles of CS:WPCBs
samples were initiated at a lower temperature compared to WPCBs and CS. The total
mass loss for CS was not affected by an increased heating rate. However, the mass loss
for WPCBs at 15 K/min and for CS:PCB at 10 K/min were significantly high. The weight
losses at the final temperature were 42–50 wt%, 94–95 wt%, and 73–76 wt% for WPCBs, CS,
and CS:WPCBs, respectively. Total weight loss was higher in samples which had a higher
volatile matter and lower ash content.

The Eα from three model-free methods were found to vary significantly. This exhibits
the existence of a complex multi-reaction mechanism within the solid matrix, showing that
the activation energy is dependent on the conversion mechanism. The kinetic parameters
calculated using the Starink method displayed the same trend as those derived from the
KAS method. Whereas, the Eα and R2 values from the FWO method are higher compared
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to those of KAS and Starink. FWO method was considered the most reliable method for the
reaction mechanism. The average activation energy for all three sample was observed to be
between 120 and 200 kJ/mol. Most importantly, PCB second zone has shown a negative
value for apparent activation energy Eα. Moreover, the decomposition mechanism was
found by the Criado method and it was best described by a third-order reaction, for all
three samples. The study of the kinetic compensation effect was used to characterize the
dependence of E and lnA. The results indicated that a compensation effect existed between
the apparent activation energy and the pre-exponential factor during the pyrolysis process.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pr11010229/s1, Figure S1: Curve fittings to kinetic model pro-
posed by KAS, FWO and Starink for WPCBs 1st (a,b,c) and 2nd (d,e,f) Zone; Figure S2: Curve
fittings to kinetic model proposed by KAS, FWO and Starink for CS 1st (a,b,c) and 2nd (d,e,f) Zone;
Figure S3: Curve fittings to kinetic model proposed by KAS, FWO and Starink for CS:WPCB 1st (a,b,c)
and 2nd (d,e,f) Zone.
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