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Abstract—The thermal decomposition of poly (methyl methacrylate) (PMMA) has been studied
using a conventional dynamic thermogravimetric technique in a flowing nitrogen gas at several
heating rates between 1°C/min and 20°C/min, and at several heating temperatures between
320°C and 370°C.

The degradation was found to be a single process composed of monomer of PMMA as
products. The mathematical techniques used for calculation of activation energy are Kissinger,
Freeman-Carroll, Chatterjee-Conrad, Friedman, Horowitz-Metzger, Coats-Redfern, Ozawa and
Isothermal method.. The range of activation energy obtained using the several techniques is
between 43 Kcal/mol and 56 Kcal/mol except Freeman-Carroll method, and this range agrees
with the value of reference very well,
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Table 1. Properties of PMMA.

ASTM

method
Specific gravity (=) | 119 D792
Water absorption (%) 0. 30 D570
Mold shrinkage (em/em) | 0.002 | D955

-0.006
Transmissibility %) 93 D1003
Refractive index -) 1.49 D542
Tensile strength kg/cmz) 690 D638
Specific heat (Kcal/kg®C) | 0.35 -
Thermal conductivity
(Kcal/m.hr.C) | 0.18 C177

Linear expansion (em/em. C) | 6X107° | D696
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Fig. 1. Infrared spectra of PMMA in benzene.
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Fig. 2. Typical TG curves at various heating
rates for the thermal decomposition of
PMMA in nitrogen gas.
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Fig. 3. Application of Kissinger’s method to the
typical experimental data for the thermal
decomposition of PMMA.
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Table 2. Calculated first- order activation energy

by Kissinger's method.
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Table 3. Kinetic values determined employing

the technique of Freeman and Carroll.

Activation energy (Kcal/mol) Correlation coefficient

52.8%5.6 0.959
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Fig. 4. Application of Freeman- Carroll’s method
to the typical experimental data obtained
1C/min heating rate for the thermal de-
composition of PMMA.
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Heating Order of Activation  Correlation
rate reaction energy coefficient
{C /min) {Kcal/mol)
1 0.99£0.22 48.0%3.0 0.992
4 1.08:40.33 52.1£3.0 0. 891
7 1.62=0.24 70.9+11.0 0. 904
10 1.76£0.21 70.59.2 0.939
14 1.77£0.15  70.3%£6.2 0. 967
17 1.4640.12 63.8+4.5 0.989
20 1.611+0.34  70.3+1L. 1 0.901
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Fig. 5. Application of Chatterjee-Conrad’s method
to the typical experimental data obtained
at the 1C/min heating rate for the thermal
decomposition of PMMA.

Table 4. Calculated first-order activation energies

by Chatterjee- Conrad’s method.

Heating rate Activation energy Correlation

(C /min) (Kcal/mol) coefficient
1 42.7+0.9 0. 986
4 47.0+t1.7 0.978
7 48.3*+ 1.5 0. 982
10 43.9%+1.8 0.977
14 47.6+0.9 0. 987
17 44.6+2.2 0.974
20 47.1=0.8 0.988
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Fig. 6. Friedman plots at the following fractio-
nal weight losses for the thermal deco-
mposition of PMMA: (@) 0.1; O)0.5;
(A)0.7; (77)0.9.

Table 5. Dependence of activation energy upon
fractional weight loss according to

Friedman’s calculations.

Fractional Activation energy Correlation
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0.1 46, 1+0. 8 0.998
0.2 48. 7L L5 0.997
0.3 49.8+1.0 0. 998
0.4 8.6+ 1.5 0.997
0.5 48.8+0. 9 0.997
0.6 48. 7+ 1. 6 0.993
0.7 49.910.6 0. 997
0.8 51.4+ 1.7 0.993
0.9 52. 1% 1.6 0.993
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Fig. 7. Application of Horowitz-Metzger’s method

to the typical experimental data obtained
at the 1C/min heating rate for the ther-
mal decomposition of PMMA.
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Table 6. Calculated first- order activation ener-

gies by Horowitz-Metzger's method.

Heating rate  Activation energy Correlation
(C /min) (Kcal/mol) coefficient
1 43.5£2.6 0.983
4 50.1+2.8 0. 984
7 52.3%1.8 0.993
10 52.9%2.2 0. 989
14 54.8%2.2 0. 990
17 55.8+2.4 0. 989
20 56.0%2. 1 0.991
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Fig. 8. Application of Coats-Redfern’s method
to the data at a heating rate of 1C/min
for various values of order of reaction for
the thermal decomposition of PMMA:
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Fig. 9. Ozawa plots at the following fractional
weight losses for the thermal decompos-
ition of PMMA: (@)0.1; () 0.2; (&)
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Table 7. Calculated activation energies by Coats- Redfern’s method.

Heating Activation energy Correlation
rate (Kcal/mol) coefficient
(*C /min) n=0 n=1/2 n=1 n=3/2 n=y n=1/2 n=1 n=23/2
1 40.1t 1.1 42.0+1.3 44.2%1.2 46.6+ 1.5 0. 969 0. 960 0. 996 0. 969
4 43.91£0.9 46.1t1.1 49.0%1.7 51.3+1.6 0.971 0.961 0. 970 0.970
7 46.0+1.0 47.5+£2.7 50.8%£17 53.5+1.8 0.970 0. 958 0.974 0. 968
10 46.01t2. 1 48.6+1.7 51.2%1.0 54.5£1.0 0. 967 0. 960 0.975 0.971
14 47.0%+3.0 49.6+3.0 52.3%3.4 55.6%3.8 0. 966 0. 957 0. 969 0. 965
17 50.9+1.9 53.4+t2.6 56.1+3.3 59.1%4.0 0. 968 0.951 0.972 0. 966
20 50.7+3.5 52.9+3.7 55.4+3.3 57.6+3.7 0. 965 0. 956 0. 966 0. 967
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Table 8. Dependence of activation energy upon
fractional weight loss according to

Ozawa’s calculations.

Fractional Activation energy Correlation

weight loss (Kcal/mol) coefficient
0.1 41.9*0.6 0.982
0.2 46.5%0.3 0.991
0.3 48.8%0.2 0.994
0.4 49.7+0.8 0.979
0.5 50.2+0.4 0. 989
0.6 50.240.3 0. 992
0.7 50.1%+0.3 0.992
0.8 49.4%0.4 0.989
0.9 48.2+0.5 0.984
Average 48.3+2.5
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Table 9. Activation energies upon fractional loss

according to isothermal conditions.

Fractional Activation energy Correlation
weight loss (Kcal/mol) coefficient
0.2 48.21+0.9 0. 996
0.4 49.2+0.9 0. 996
0.5 50.5+0.9 0.997
0.6 53.3+1.0 0. 996
0.8 53.91+2.0 0.992
Average 51.0+2.2
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Table 10. Apparent order of reaction on various

temperature according to isothermal

conditions.
Temperature Apparent
(t) order of reaction
320 1.35+0.13
330 1.20+0. 12
340 1.35£0.05
350 1.32+0.06
360 1. 03£0. 06
370 1.09+0. 11
Average 1.22+0.13
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Fig. 12. Plot of logarithm (initial rate) vs. T~
for the thermal decomposition of PMMA
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Table 11. Summary of activation energies and mathematical kinetic methods in thermal

decomposition of PMMA.

method Activation energy (Kcal/mol) Plot
Kissinger 52.8 In (,ﬁ: ) vs. %ﬂ
Friedman 49. 3 1 (ﬁ) 1
. n(, vs. T
Ozawa 48.3 log B vs. %
1
Isothermal 51.0 In {clt ) Vs
g=1 pB=4 F£=7 L=10 =14 B=17 =20
A(1/T) Aln(dc/dt)
Freeman-Carroll 8. 2.1 70.9 70.5 76. . . .
8.0 5 6.3 68 703 H-a Y ama-o
(de/dt) 1

Chatterjee-Conrad 42.7 47.0 48.3 43.9

Horowitz-Metzger 43.5 50.1 52.3 52.9

Coats-Redfern 44.2 49.0 50.8 51.2
(n=1)

47.6 4.6 47.1 In
54.8 55.8 56.0 lnln(1

52,3 56.1 55.4 —log(—

(1—C) vs. T

1-

) vs.

3|~

Table 12. Reported activation energies tor thermal degradation of PMMA.

Authors Activation
energy range

(Kcal/mol) (C)

Temperature

Remarks

Grassie and Melville 31.9-41.9 220—280

Z.emany 29.4 170-210
Madorsky 29.9 240270
Bywater 47.9 110-180
Tellinek 313 300-375
Reich and Stivala 30-56 170 - 300
Ohtani, et al 51 200 —400
Flynn 36.2-59.8 230-330

Monomer produced

Mass spectrometer

Benzoil peroxide intiated polymer
Mn=10"

Mn=40, 000

95% conversion

A A A5 mejslof slAuk(21) A& FAlel
F-3hA H gjubel o] zhehsled ] AREE a2 9lch
Freeman-Carroll®] & ¥ &x 2] v[4]3t #}o]o
ale} Ealaks EA4s7] o AdSErt AdF
kAl oo TGAE AHEE 7% Ay ast ARA
Alabsl 34 stoll v x| o Al Aol ohg®] Holx Al

3iatost 23 M2 19857 48

ub-g-71g-o) wAHF 0, A, E )
Teteke vHgolA AR + A
s Wzt e wWe 73—?‘
o] Agulg7l gAs]o] o] v
34 5 7|+ 3t Friedman ”};Ur Z
of 7‘&% 9 7td4x o] Wl ute} A4 ol
AE T 5 dv FHol Ak

u&

o= Arrhenius

_— M
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7t 250 i3k Hal4xe] WIS Fig 140 o} k : rate constant (min!)
eligl=dl, 7ld4 s 2o g3 Hn g n : apparent order of reaction (—)
£ 71945 Fotol gl Frlsiglen, ZHztel 2 R : gas constant (1.987cal/
4 Tl A TXUE Avn de Ae mol °K)

u]fo] Bo} Al&X PMMAS &ty o] claks T : temperaturein degree absolute ( °K )

2 FaEe A2~23)e2 229 4 gloh t : time ( min )
B A" g PMMAS 88 TAHANA F B : heating rate (°C/min)
gt A5tz 5 FHA oA A}_H FaA A log : logarithm to base 10
2lul i 2} &7 Table 110 A2 stk In : logaritum to base e
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