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Abstract—The results of evolved gas analysis-mass spectrometry (EGA-MS) analysis were used for the kinetic analy-
sis of poly-methyl methacrylate (PMMA) pyrolysis for the first time. Various kinetic methods, such as model-free, inte-
gral master-plots, and model-fitting methods, have been applied to derive the kinetic parameters (activation energy,
pre-exponential factor and reaction model). The PMMA pyrolysis reaction mechanism was suggested to occur via a
single step unzipping reaction producing methyl methacrylate (MMA) as the main pyrolyzate from the kinetic analysis
results and mass spectrum obtained from the EGA-MS measurements. The kinetic parameters derived from model-
free method combined with the integral master-plots method were comparable to those obtained from the peak prop-
erty method (PPM). The theoretical curve derived from the kinetic results by the PPM was also well matched with the
experimental thermal conversion curve using the EGA-MS measurements.
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INTRODUCTION

Growth of the global population and industrial activity has led
to the depletion of fossil fuels and an enormous amount of munic-
ipal solid waste (MSW) production worldwide. Accordingly, many
countries have focused on the appropriate treatment of MSW and
the production of renewable energy [1,2].

Pyrolysis, a thermochemical technique, can be a promising option
for combustible wastes and/or biomass to renewable energy [3-9].
Therefore, it can meet both concepts: (1) waste management and
(2) energy recovery from waste. Waste plastics are a valuable resource
to apply the pyrolysis process owing to their physico-chemical prop-
erties (high volatile, low sulfur and nitrogen, and high calorific value).
With the continuous growth of the plastics market, global plastic
production was 299 million tons in 2013 [5]. As expected, the amount
of waste plastic is also increasing gradually. In Europe, approxi-
mately 62% (total amount 25 million ton year ') of waste plastic is
recycled and used for energy recovery as a resource [10]. On the
other hand, many countries still have a higher percentage of plas-
tic waste sent to landfills than the average percentage of landfills
(38%) in Europe except for countries with a landfill ban on waste
plastic [10]. Poly-methyl methacrylate (PMMA) is a thermoplastic.
Owing to its high transparency, weather resistance, etc, it is used
in many fields as the parts in the car industry as well as in elec-
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tronic and electrical equipment, construction materials, etc. [11].
Compared to other polyolefin plastics, PMMA exhibits different
thermal behavior. The pyrolysis reaction of PMMA involves a rad-
ical and unzipping reaction that uniformly produces methyl meth-
acrylate (MMA) monomer as the main pyrolyzate [12,13]. According
to the merit of the recovery feedstock, PMMA pyrolysis has attracted
considerable attention, and many studies have been conducted for
the recovery of MMA from PMMA using molten metal baths [14],
fluidized bed reactor [12], and conical spouted bed reactor [13].

Pyrolysis research fields can be divided into kinetic analysis and
product characterization. Thermogravimetric analysis (TGA) is nor-
mally used for the pyrolysis kinetic studies of solid materials. The
thermal decomposition pattern as a function of temperature and/
or time, kinetic parameters for the pyrolysis reaction of polymeric
materials can be estimated using TGA [15,16].

Although TGA provides considerable thermal and kinetic infor-
mation on pyrolysis reactions, many researchers have been eager to
explain the pyrolysis reaction in addition to the qualitative informa-
tion. Therefore, many types of TGA instruments are coupled directly
to chemical analysis instruments, such as mass spectrometry (MS)
and Fourier transform infrared (FT-IR) spectroscopy [17-20]. On the
other hand, the large amount of sample required for stable TGA (~10
mg) can cause saturation or severe contamination of the MS or FT-
IR spectroscope when TGA is coupled directly to MS or FT-IR spec-
troscope without a proper dilution device [21]. On the other hand,
a small amount of sample for direct MS analysis (normally below
0.5mg) does not provide sufficient sensitivity of the TGA balance
resulting in an unstable and noisy derivative TG (DTG) curve.

Recently, comparable DTG and evolved gas analysis-MS (EGA-
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MS) curves were obtained from the non-isothermal pyrolysis of
polymeric materials, such as printed circuit boards [22,23], pine
nut shell [24], citrus peel [25] and wood [26]. Although similar curve
shapes between DTG and EGA-MS curves were obtained, the kinetic
parameters and thermal profiles of pyrolyzates were derived from
the DTG results using TGA and EGA-MS results using a pyrolyzer-
gas chromatography/MS (Py-GC/MS), respectively. Shiono et al.
[21] compared the DTG and EGA-MS curves for fifteen kinds of
synthetic polymers and found similar thermal curves between the
DTG and EGA-MS curves.

The above comparison results between the DTG and EGA-MS
curve suggest that the EGA-MS curve also can be used for the
kinetic analysis of a solid pyrolysis reaction if the EGA-MS curve
can be converted to the thermal conversion (TC) and derivative
TC (DTC) curves, such as the TG and DTG curves obtained from
TGA. In this case, both the kinetic analysis and detailed product
characterization of pyrolysis reactions can be achieved using a one-
instrumentation system. Despite this, there are no reports of kinetic
analysis using the EGA-MS results.

We performed kinetic analysis of the non-isothermal pyrolysis
of PMMA to determine the pyrolysis reaction parameters and
model. EGA-MS measurements were also used instead of TGA to
check the feasibility of using the EGA-MS results as the raw data for
kinetic analysis. Various kinetic analysis methods, such as model-
free, integral master-plots, and model-fitting method were applied
to check the reliability of the new kinetic approach.

EXPERIMENTAL

1. Materials

The pellet form of PMMA (LG chemicals, weight-average molec-
ular weight: 100,000 g/mol), which was composed of 97.5% MMA
and 2.5% methyl acrylate (MA), was cryo-milled in liquid nitro-
gen using a milling machine. To minimize the heat- and mass-trans-
fer effect during the experiment, the sample was sieved to make a
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Fig. 1. Schematic flow diagram of Py-GC/MS for EGA-MS measure-

ment.

particle size of less than 500 pum.
2. EGA-MS Analysis

For the EGA-MS measurements, a multi-shot pyrolyzer (EGA/
Py-3030D, Frontier Laboratories Ltd., Japan) directly attached to
the GC/MS (7890A/5975C inert, Agilent Technologies, USA) sys-
tem was used. Fig. 1 shows a schematic diagram of the Py-GC/MS
system for EGA-MS analysis. 0.5+0.05mg sample of PMMA,
loaded at a deactivated sample cup, was dropped into the pyro-
lyzer furnace at 100 °C and then heated from 100 °C to 800 °C at
three linear heating rates of 10, 20, and 40 °C/min under a helium
atmosphere. Only 2% of the emission gas from the sample cup
was transferred to the MS via a deactivated metal transfer tube
(UA-DTM-2.5N, 2.5mx0.15mm id., Frontier Laboratories Ltd.,
Japan) using the high split ratio (50: 1) of the GC inlet. To avoid
any condensation or separation of vaporized gas among the sys-
tems, the temperatures of the GC inlet, GC oven, and MS inter-
face were maintained at 300 °C. The widest MS scan range (m/z:
10~800) was chosen to detect as many of the emission compounds
as possible.
3. Kinetic Analysis with EGA-MS Data

The general kinetic equation of a solid-state reaction can be writ-
ten as follows:

Ada/dT)=kf(@)=A-exp(—E,/RD)f(2) 1)

where fis the linear heating rate ("C/min), k is the reaction con-
stant that depends on the absolute temperature, T, according to the
Arrhenius equation, and f(¢) is a reaction model that can take a
variety of mathematical forms. Herein, A is the frequency factor
(min™"), E, is the activation energy (J/mol), and R is the gas con-
stant (8.314 J/mol-K).

Normally; a reaction conversion fraction (¢) is expressed as the
sample weight measured by the balance during TGA as follows:

or=(My~M)/(My~M)) @)

where M, is the initial mass, My is the mass of residual char, and
M is the sample mass during pyrolysis at a certain temperature, T.
On the other hand, kinetic analysis using EGA-MS needs to define
the conversion term because the EGA-MS curve is expressed as
the MS intensity with respect to temperature. Therefore, the reac-
tion conversion fraction-derived EGA-MS results can be expressed
as Eq. (3).

AMI,
a=
AMI,,,

©)

where AMI; is the accumulated MS intensity from the initial to
certain temperature, AMI;,, is the accumulated MS intensity from
the initial to the final temperature. Fig. 2 shows the conversion pro-
cedure from the EGA-MS curve (Fig. 2(a)) to the TC curve (Fig.
2(b)). If the reaction TC curve versus temperature is obtained, the
DTC curve (Fig. 2(c)) can also be derived by simple differentiation.

Representative non-isothermal kinetic analysis of the pyrolysis
reaction can be divided into model-free and model-fitting methods.
We obtained the kinetic parameters of PMMA pyrolysis using a
combined model-free method (Flynn-Wall-Ozawa method) [27]
with an integral master-plots (IMPs) method [28,29], and model-
fitting methods (peak property method [30,31] and Freeman and
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Fig. 2. Converting total ion thermogram (TIT) of PMMA recorded
by EGA-MS system to thermal conversion (TC) and deriva-
tive TC (DTC) curve via integrating mass intensity.
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Carroll method [32]). Each method is explained in the following
subchapters. Fig. 3 shows the simplified procedure for the kinetic
approach used in this study.
3-1. Model-free Method

The Flynn-Wall-Ozawa (FWO) method [27] was applied to deter-
mine the activation energy without the assumption of a reaction
model. The Flynn-Wall-Ozawa (FWO) method can be derived as
follows: Eq. (4) can be derived from Eq. (1) by rearranging and
integrating.

@)= L A" ey 22 )ar-(G e (@

Here, u is E/RT and there is no analytical solution for P(u)
« exp(—u : )
(- j ) —P—z——)du). Therefore, P(u) was assumed by applying Doyle’s

u
approximation in the FWO method, and the final equation (Eq.

(5)) can be then written in the following form:

E, AE,
In(f)=-1.502% +[ln( - ) -5.3305- 1ng(a)J 5)

Herein, the activation energy at each conversion can be concluded
by the slope of the linear representation of In(/) versus 1/T at each
conversion.
3-2. Integral Master-plots Method

The pre-exponential factor is difficult to determine by the FWO
method without the assumption of a pyrolysis reaction model. There-
fore, we also applied the IMPs method [28,29] in this study to deter-
mine the pre-exponential factor together with the reaction model
using the predetermined average value of the activation energy
derived from the FWO method. The determination of the reac-
tion model by the IMPs method can be explained as follows:

Eq. (4) can be expressed as Eq. (6) by setting the conversion 0.5
as the reference point.

805)=( 2 )P(u,o) ©

. AR 0.5

By dividing Eq. (4) by Eq. (6), final equation of the IMPs method
can be expressed as below, where g(¢) is the integral form of reac-
tion model.

ga) _ P -
g(0.5) P(uys)

The kinetic model of PMMA pyrolysis can be derived by com-
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Fig. 3. Simplified procedure of new kinetic approach using EGA-MS.
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Table 1. Kinetic models for employed to describe the solid state reaction

Reaction model Symbol Differential form (o) Integral form g(c)
n-Order E, (1-o" [1/(n-D][1-)""-1] (n#1)
First-order F, -« —In(1-a)
Second-order F, (1- ) (1-a)'-1
Third-order F; 1-a) [(1-a)?=1]/2
One-way transport D, 0.5 a

Two-way transport D, [~In(1-a)]" a+(1- a)ln(1- )
Three-way transport D, 1.5(1- ) [1-(1- )] [1-(1-)")
Ginstling-Brounshtein euaqtion D, 15[(1-a)"-1]" (1-2a/3)-(1-a)*?
One dimension R, 1 a

Two dimensions R, 2(1- )" 1-(1-)"”

Three dimensions R, 3(1-)*? 1-(1-)"”
Two-dimensional A, 2(1- @)[-1n(1- )] [-1n(1- )"
Three-dimensional A, 3(1- @)[-In(1- @)]** [1n(1- )"’
Power law, n=1/2 P, 20" o'’

Power law, n=1/3 P, 30 o

Power law, n=1/4 P, 40 o’

paring the theoretical integral master-plots (g()/g(0.5)) for differ-
ent reaction models (Table 1) and experimental master plots (P(u)/
P(uy5)) obtained from the EGA-MS data at each heating rates. The
residual sum of the squares (S°), Eq. (8), was applied to prove the
goodness of fit of the theoretical plot [33].

S

21 (v g(e)  P(u)?
) ®

TN-1U ~'g(0.5) - P(uys

3-3. Modelfitting Method

Two model-fitting methods, peak property method (PPM) [30,
31] and Freeman and Carroll (FC) method [32], were also used to
validate the kinetic parameters derived from FWO and IMPs
method. Both can provide the activation energy, pre-exponential
factor, and reaction order (n) from derivative conversion and/or
conversion curve at a single heating rate.

RESULTS AND DISCUSSION

1. EGA-MS Curve and Mass Spectrum of PMMA Pyrolysis
Fig. 4 shows the TC and DTC curves of PMMA as function of
temperature obtained from the EGA-MS analysis of PMMA at
different heating rates of 10, 20, and 40 °C/min. As shown in Fig.
4(a), PMMA decomposition was initiated at approximately 300 °C
and decomposed rapidly in the narrow temperature range between
300 °C to 400 °C. Therefore, the DTC curves of PMMA (Fig. 4(b))
showed a single predominant peak at each heating rate. Ferriol et
al. [34] reported that the average molecular weight is a key factor
of the decomposition patterns of PMMA. They showed that the
PMMA manufactured by the free radical method usually had four
decomposition stages; however, PMMA with a lower molecular
weight degrades in two steps due to the structural differences. Kang
et al. [12] and Lopez et al. [13] also observed a single predominant
peak at the derivative conversion curve of PMMA pyrolysis and
reported that a low temperature the decomposition step is negligi-
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Fig. 4. (a) TC and (b) DTC curves of PMMA at heating rates of 10,
20, and 40 °C/min.

ble compared to the main weight loss step. This same trend of the
pyrolysis PMMA behavior was attributed to a number of weak
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(a) Total ion thermogram of PMMA
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Fig. 5. (a) Total ion thermogram of PMMA at a heating rate of 20 °C/min. (b) Average mass spectrum of TIT.

head-to-head linkage (H-H) and terminal groups, which decom-
posed mainly at lower temperatures [35-39]. This suggests that the
PMMA used in this research has a low molecular weight and small
amounts of thermally unstable groups.

The main weight loss step is normally considered to be the ran-
dom scission of pyrolysis PMMA; thus, the PMMA monomer
(MMA) was produced uniformly via an unzipping reaction [12,
13,34]. Fig. 5 shows the EGA-MS curve (Fig. 5(a)) and its average
mass spectrum (Fig. 5(b)) of PMMA at a heating rate of 20 °C/
min. As expected, the average mass spectrum consisted mainly of
the specific ions of MMA (m/z 45, 69, 100, 59, 85) together with a
minor intensity of MA. This confirmed that MMA was produced
mainly by an unzipping reaction. The small amount of MA forma-
tion can be explained by the presence of MA as a co-feeding mono-
mer with MMA [12,13].

2. Model-free Kinetic Analysis

Fig. 6 shows the Inf vs. 1/T plots for different conversions ob-

tained from the EGA-MS analysis of PMMA. The high linearity
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of the plots, R*>0.999 at all conversions, indicates the reliability of
FWO kinetic analysis using the EGA-MS data. The apparent acti-
vation energies obtained from the FWO method (Fig. 7) decreased
gradually with increasing conversion in the range, 202.6 and 186.4
kJ/mol. The average apparent activation energy was 193.0 kJ/mol.
Hu et al. [39] examined the pyrolysis behaviors of five types of
PMMA and considered two steps in the thermal decomposition of
PMMA depending on the different terminal group. They reported
that the mean activation energies of all PMMA samples in the sec-
ond step (the scission of main chain) were close to each other, rang-
ing from 210-220 kJ/mol. Holland and Hay [40] also reported similar
activation energies (210+10 kJ/mol) for the pyrolysis of PMMA. Al-
though both used the TGA results for the kinetic analysis of PMMA,
the resulting activation energies were comparable to those obtained
in the present study using the EGA-MS results. This highlights the

300

280
260
240
220 -
200 | ...‘,...- - s .

i -9 .-.-'-...........‘.-.-.
160
140

120

Apparent Activation Energy, E (kJ/mol)

100 T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Conversion, a

Fig. 7. Calculated apparent activation energies at different conver-
sions of PMMA.
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feasibility of the FWO method with EGA-MS analysis as a kinetic
analysis tool.

Even if the pyrolysis reaction follows a random scission pro-
cess, the reaction can be divided into two different pathways, (1) a
single step reaction and (2) multi-step reaction, according to the
variation pattern of the activation energy [41]. Wanjun et al. [41]
suggested that the phenomenon of a single step reaction is inde-
pendent of the activation energy as a function of conversion. In addi-
tion, a multi-step reaction tends to have variation patterns of the
activation energy depending on the degree of conversion. As a result,
PMMA pyrolysis can be explained as a single step reaction han-
dled by a random scission pathway because the activation ener-
gies are distributed in a narrow range between 186.4 and 202.6 kJ/
mol without a sudden change at all conversions.

3. Integral Master-plots Analysis

Although the reaction model of a single step reaction is gener-
ally assumed to be n-order (especially n=1), the assumption of an
improper model can lead to an incorrect pre-exponential factor
(A) [33]. Therefore, the IMPs method was also conducted to deter-
mine the pyrolysis reaction model and pre-exponential factor (A)
of the PMMA in this study.
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Fig. 8. Comparison between theoretical integral master-plots plots
g(2)/g(0.5) for different reaction models (Table 1) and experi-
mental master plots of P(u)/P(u,s) against  from EGA-MS
data at heating rates of 10, 20, and 40 °C/min.

For IMPs analysis, P(u) can be calculated using Doyle’s approxi-
mation (P(u)=0.00484-exp(—1.0516u)) using the mean activation
energy (193.0 kJ/mol) derived from the FWO method. Fig. 8 illus-
trates the theoretical integral master-plots (Table 1) and experimen-
tal master-plots against o. The experimental curves were folded
excellently with the theoretical one corresponding to the F, ; model,
g(@)=((1-a) *~1)/03. The mean value of S’ for the F,; model was
0.00187, which was lower than other n-order plots (F,;=0.03905,
F,,=0.01124, and F,,=0.01869). This suggests that the F,; model
can be used to simulate the PMMA pyrolysis reaction.

Ferriol et al. [34] also reported that the reaction order of PMMA
pyrolysis was 1.1-1.3 for the main chain scission with respect to
the heating rates. In addition, Holland et al. [40] concluded that
the reaction order of PMMA pyrolysis was 1.0-1.2 with respect to
conversion. Kang et al. [12] also estimated the kinetic parameters
using the FC method and concluded that the reaction order was
1.43. Through previous studies [12,34], it is expected that different
kinetic parameters (E and A) could be obtained due to the use of
different reaction orders (n). Kim et al. [30] and Eom et al. [31]
suggested that the activation energy and pre-exponential factor are
governed by the reaction order; thus, an inappropriate reaction
order, ie., reaction model, leads to incorrect kinetic parameters.
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Fig. 9. Plots of ((1-a) **~1)/0.3 versus E,P(u)//R from experimen-
tal data recorded at heating rates of 10, 20, and 40 °C/min.

Table 2. Kinetic parameters of pyrolysis PMMA obtained from the peak property method (PPM) and Freeman and Carroll (FC) method

Heating rate (/4 °C/min) Reaction order (n) Activation energy (E, kJ/mol) Pre-exponential factor (InA, A: min™")

10 1.39 214.5 40.5

20 1.36 199.2 37.5

PPM 40 1.27 185.9 349
Average 1.34 199.9 37.6

RSD (%) 491 7.17 7.47

10 1.45 216.4 41.1

20 1.44 206.8 38.8

FC 40 1.39 205.7 38.2
Average 143 209.6 39.4

RSD (%) 2.10 2.80 3.80

Korean J. Chem. Eng.(Vol. 34, No. 4)
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Although the reaction orders derived from these studies [12,34]
were different, all of them insisted on the n-order model as the
pyrolysis reaction model of PMMA as derived by IMP analysis in
this study.

Fig, 9 presents plots of ((1—a) *>~1)/0.3 vs. E,P(u)/AR. The slope
corresponded to the pre-exponential factor (A, min™') at each heat-
ing rate according to the Eq. (1). The values of InA for the n-order
model (F,;) were 32.02, 31.98, and 31.99 (mean 32.00) at heating
rates of 10, 20, and 40 °C/min, respectively.

4. Model-fitting Kinetic Analysis

The PPM and FC method are powerful kinetic tools to deter-
mine the activation energy (E,), pre-exponential factor (A), and
reaction order (n) if the reaction model is assumed or concluded
to be a n-order reaction [30-32]. PPM uses the peak property infor-
mation (peak temperature, peak height and peak conversion) to
deliver the kinetic parameters [30,31]. The FC method is a unique
method that can determine the kinetic parameters with the TG/
DTG results obtained at a single heating rate [32].

Table 2 presents the kinetic parameters derived from the PPM
and FC methods. The detailed peak properties are shown in Table
3. The mean values of the reaction order, activation energy, and
InA of PMMA pyrolysis derived by the PPM method were 1.34
(n), 199.9 kJ/mol, and 37.6 (InA: min "), respectively. Compared to
the kinetic parameters obtained from the FC method, all the val-
ues estimated by PPM were lower than those of the FC method
and comparable to those derived by FWO combined with the
IMPs methods. To verify the kinetic results obtained from model-

Table 3. Three peak properties of derivative conversion of PMMA
at heating rates of 10, 20, and 40 °C/min

Heating rate Peak temperature Peak height Peak
(8 °C/min) (T, °C) (H,,, da/dT) conversion (¢,,)
10 356.61 0.021 0.5498
20 368.36 0.019 0.5523
40 381.00 0.018 0.5651
0.030
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0.025 F Theoretical de/dT (PPM)
w=se==+  Theoretical da/dT (FC method)

0.020

0.015 +

da/dT

0.010

0.005

0,000 FEEEEE
280

Temperature [°C]

Fig. 10. Comparison of experimental DTC curve at a heating rate
20 °C/min with theoretical ones derived from PPM and FC
method.
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fitting methods, Fig. 10 compares the experimental derivative con-
version curves with the theoretical curves. As shown in Fig. 10, the
theoretical curve derived from the PPM results showed a more
duplicated experimental curve than that of the FC method, sug-
gesting that the PPM matched up with the result of the FWO and
IMPs method. This also suggests that the EGA-MS results can be
used for kinetic analysis using model-free and model-fitting methods.

CONCLUSION

EGA-MS measurements were used as a kinetic analysis tool for
the pyrolysis of PMMA instead of TGA. To validate this analytical
approach, traditional kinetic analysis methods, such as model-free,
IMPs, and model-fitting methods were applied to the non-isother-
mal kinetic analysis of PMMA pyrolysis to determine its activa-
tion energy (E,), reaction model (f(x)), and pre-exponential factor
(A). The mean mass spectrum of the EGA thermogram and model-
free kinetic analysis results showed that the PMMA pyrolysis reac-
tion is a single step unzipping reaction producing the MMA mono-
mer as the main pyrolyzate with an average E, value of 193 kJ/mol.
The n-order (especially, n=1.3 with InA=32.0) reaction is repre-
sented as the PMMA pyrolysis model via the IMPs method. The
kinetic parameters derived from the model-fitting kinetic analysis
results were also comparable to those obtained by model-free com-
bined with IMPs methods. Between the two model-fitting meth-
ods, the theoretical derivative thermal conversion (DTC) curve con-
structed by the kinetic parameters (n=1.34, average E,=199.9kJ/
mol, and InA=37.6) derived from the peak property method sim-
ulated the experimental DTC curve better than those (n=1.43, aver-
age E,=209.6 k]/mol, and InA=39.4) derived from the FC method.
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