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bstract

Both thermal and catalytic decomposition of waste LDPE sample is studied to understand the effect of catalyst (ZSM-5) on the decomposition
ehaviour. The nonlinear Vyazovkin model-free technique is applied to evaluate the quantitative information on variation of E� with α for waste
DPE sample under both catalytic and noncatalytic nonisothermal conditions. The literature reported data on such variation under noncatalytic
ondition and effects of different catalysts on the LDPE sample are compared with the results of the present study.

Results show that the optimum catalyst composition is around 20 wt.%, where the reduction in maximum decomposition temperature is around
0 ◦C. Presence of ZSM-5 shows similar reduction in maximum decomposition temperature as reported for Al-MCM-41 and MCM-41. Similar
rend to literature reported data is observed for variation of E� with α for LDPE under nonisothermal noncatalytic condition. ZSM-5 catalyzed

ecomposition of the LDPE sample in the present study indicates that E� is strong and increasing function of α and consists of four steps. Cracking
f large polymer fragments on the external surface of the catalyst, oligomerization, cyclization, and hydrogen transfer reactions inside the catalyst
ores might be the possible reaction mechanisms involved during catalytic decomposition.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Thermal and/or catalytic pyrolysis of waste plastics is draw-
ng more and more interest on the perspective of solid waste

anagement since they are an alternative source of energy or
hemical raw materials. In general, thermal pyrolysis is a high
emperature process but catalytic degradation reduces the pro-
ess temperature, is selective towards certain desired range of
ydrocarbons, and improves the quality of products. Literature
eports discussed below indicate that different researchers have
sed different catalysts to produce oil containing some valu-
ble aromatic compounds (limonene, indene, styrene, xylene
nd naphthalene) that can be used in petrochemical industry

1–5], high calorific value gaseous product and a residual solid
arbon being upgraded to produce a high-grade activated car-
on [5,6]. Thus, the major focus in these studies was to find
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he pyrolysis product distribution. A few available literatures
uggest suitable kinetic mechanism describing the process of
ecomposition for different catalyst–polymer systems.

Catalytic cracking of waste plastics over Ni-REY catalyst
ielded liquid products, gas and residual wax of about 74, 22
nd 4 wt.%, respectively [7]. Decomposition of polymer mix-
ure over HZSM5 and PZSM5 zeolite catalyst showed increased
mount of gaseous product [8] and the global reaction tem-
erature was reduced from 600–700 ◦C to 420–450 ◦C. Waste
amples of PE and PS being cracked thermally or in the pres-
nce of the cracking catalyst (platinum catalysts) and hydrogen
n closed autoclaves, produced more than 90% yield of gas and
iquid fraction in gasoline and diesel range boiling hydrocar-
on [9,10]. Karishma and George [11,12] reported that zeolite
ased catalysts (US-Y and ZSM-5) led to severe over cracking
esulting in increase in gaseous fraction because of the strong
eolite acidity. The catalysts (5A, 13X catalyst, Y-zeolites, and

etallic catalysts like ZnCl2 Fe2O3) had no influence on the

onversion, product yield, or composition [13]. Degradation of
DPE with silicoaluminophoshate catalysts (SAPO-37) showed
ood catalytic activity with decrease in the activation energy and
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roduction of mainly lighter products (C2–C12) [14]. Catalytic
egradation of different PE (like LLDPE, LDPE, and HDPE)
nd PP using catalyst MCM-41 [15,16] showed a remarkable
ffect of the catalyst in accelerating the degradation process.
atalytic decomposition of PP over E-cat and ZSM-5 showed
remarkable decrease in the temperature of maximum decom-
osition rate, showing no saturating effect in the studied range
17].

Commercially available FCC catalyzed decomposition of
DPE produced the liquid products in gasoline hydrocarbons

anges with rich in aromatic and highly olefinic C3–C4 gases
nd coke residue [18]. Mesoporus catalysts (Al-MCM-41, and
l-SBA-16) that had shown high activity in catalytic cracking
f virgin LDPE were practically inactive with waste plastics
19]. During catalytic degradation over different samples of zeo-
ite beta, LDPE and PP showed higher conversions than HDPE.
egradation of HDPE showed high selectivity to C5–C12 prod-
cts (70%) but that of LDPE and PP produced higher proportions
f lighter products C1–C4 [20]. Degradation of LDPE at 700 ◦C
ver micrometer HZSM-5 and nanocrystalline n-HZSM-5 gen-
rated a similar range of degradation products with a marked
ncrease in the light olefins and aromatic fractions and com-
lete elimination of heavier olefin and paraffin hydrocarbons
ut mesostructured catalysts, Al-MCM-41 generated low pro-
ortion of aromatics and a higher content of olefin and paraffin
pecies [21]. Marcilla et al. [22] concentrated on the thermal and
atalytic decomposition products of LDPE and HDPE. The cata-
ysts used were HZSM5 and HUSY. They reported the reduction
n the average molecular weight of the gases evolved during the
atalytic process and higher amounts of alkenes and aromatic
ompounds were detected with HZSM5 than with HUSY. Zhou
t al. [23] studied the decomposition of LDPE and PP over mod-
fied ZSM-5 and DeLaZSM-5 and showed that LDPE exhibited

uch higher catalytic degradation than PP. Zhou et al. [24] in
nother paper reported that catalytic activity of DeLaZSM-5
or LDPE decomposition is enhanced due to increase in weak
cid sites and decrease in strong acid sites. Takuma et al. [25]
eported that H-gallosilicate catalyzed decomposition of PE pro-
uces more liquid fractions including BTX, whereas, HZSM-5
atalyzed one produced less aromatics and more gas.

The pyrolysis kinetics study is important to know the decom-
osition mechanism, rate of reaction, reaction parameters and
o predict the products distribution. This intern helps in proper
election of reactor, optimization of the reactor design and
perating conditions [5,26–33]. Karishma and George [12]
etermined apparent activation energy for the overall polymer
LLDPE and PP) catalytic cracking process over zeolites, com-
ercial cracking catalysts, clays and pillared clays using Ozawa
ethod. The results showed that the activation energy increased
ith decrease in acidity of the catalysts. Marcilla et al. [16,17]

nvestigated the kinetics of the thermal and catalytic decomposi-
ion of PP over MCM-41, ZSM-5, and FCC catalysts. In another
ork, they investigated the kinetics of the thermal and catalytic

ecomposition of PE over MCM-41 catalysts [15]. They applied
uantitative mechanistic kinetics model and evaluated the kinet-
cs constants, which revealed a reduction in the activation energy
f the catalytic decomposition as compared to the thermal pro-

2
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ess. The thermal and catalytic decomposition kinetics studies
f HDPE over SAPO-37 and PP over ZSM-5 and ZSM-12 cat-
lysts applying Vyazovkin model-free approach through use of
soconversion method [14,33] showed variation of activation
nergy (E�) with conversion (α) and reduction in decomposi-
ion temperature and activation energy. However, to the best
f our knowledge no such literatures have reported variation
f E� with α during catalytic decomposition of LDPE using
odel-free technique.
Model free analysis technique is advantageous over model fit-

ing analysis when the real kinetics mechanism is unknown. This
ecomes extremely important during catalytic decomposition
ince reaction mechanism may change drastically with type and
oncentration of catalyst. Thus, for such complex reaction pro-
esses, applying Vyazovkin model-free kinetic method, accurate
valuations of complex reactions can be performed, as a way of
btaining reliable and consistent kinetic information about the
verall process [20–31,33–40]. Apart from this, isoconversion
ethod presents a compromise between the single-step Arrhe-

ius kinetic treatments and the prevalent occurrence of processes
hose kinetics are multi-step or non-Arrhenius [40].
In the present investigation, we studied both thermal and cat-

lytic decomposition of waste LDPE sample. We examined the
ptimum catalyst (ZSM-5) concentration. Then we applied the
onlinear Vyazovkin model-free technique to study the non-
sothermal catalytic and noncatalytic decomposition of waste
DPE sample. We have also shown, probably the first time,

he quantitative information on variation of E� with α for LDPE
ample under both catalytic and noncatalytic nonisothermal con-
itions. The literature reported data on such variation under
oncatalytic condition are compared with the present result.

. Materials and experimental

.1. Materials

The nonisothermal decomposition with and without catalyst
as carried out with waste LDPE sample. The catalyst used was
SM-5 supplied by Ranbaxy Laboratories Ltd., India.

.2. Characterization of ZSM-5 zeolite sample

ZSM-5 zeolite sample was characterized by X-ray diffraction
XRD) analysis, scanning electron microscope (SEM) micro-
raph (make: LEO; model: 1430VP) and nitrogen adsorption
tudy at 77 K. The XRD was carried out on Bruker AXS instru-
ent using Cu K� radiation (40kV, 40 mA) with step size of

.05◦ (2θ) and time of 0.5 s per step.
Nitrogen adsorption isotherm at 77 K was determined on SA

100 surface analyzer from Beckman Coulter using helium (for
ead space calibration) and nitrogen. The ZSM-5 sample was
ut gassed for two hours at 250 ◦C.
.3. Characterization of waste LDPE sample

Differential scanning calorimetry (DSC) analysis of the
DPE sample was performed under stagnant air atmosphere,
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The XRD pattern (Fig. 1) shows that the catalyst was crys-
talline without any evidence of another phase. The morphology
of the catalyst is reported through Fig. 2 in the form of scanning
22 B. Saha, A.K. Ghoshal / Therm

sing instrument DSC 821e of Mettler TOLEDO, to measure
he melting point and percentage crystallinity.

.4. Experimental procedure and equipment

Thermal and catalytic decomposition experiments were car-
ied out in a TGA instrument of Mettler TOLEDO with model
o TGA/SDTA 851e under nitrogen atmosphere for a range
f temperature 303–873 K. Nitrogen flow rate was maintained
t 40–50 ml min−1 according to the specification of the equip-
ent. LDPE samples were shredded into very small pieces and

irectly fed to the TGA instrument. Platinum crucible (150 �l)
as used as sample holder. Total mass of sample taken was
–10 mg for each run of the experiments. Thermal decompo-
ition experiments were conducted in dynamic condition at
ifferent heating rates of 5, 10, 15, 20 and 25 K min−1. Cat-
lytic decomposition experiments were carried out with different
ercentage of catalyst (5–50 wt.%) at 10 K min−1. The opti-
um catalyst percentage was found around 20 wt.% catalyst

fter which reduction in temperature with increase in catalyst
ercentage was not so significant. Therefore, further catalytic
ecomposition experiments were conducted using 20 wt.% cat-
lyst at different heating rates of 5, 10, 15, 20, and 25 K min−1.
he TGA experiments were repeated thrice at 10 ◦C heating

ate. The deviations observed are very little. However, the
eviations are reported in terms of average relative deviation,
RD (%) = (100/N)

∑N
i=1(xexp

i − xav,i)/xav,i, where x
exp
i and

av,i are the experimental values of the variables (temperature and
ormalized mass) and average values of the variables, respec-
ively, i = no. of data points for each experiment. Results show
hat ARD% are 0.051–0.119 (for temperature), 0.865–2.457 (for

ass).

. Kinetics analysis

.1. Kinetics models and model-free kinetics analysis

The kinetics model equation combined with the Arrhenius
pproach of the temperature function of reaction rate constant
s expressed as

dα

dt
= k0 exp

(−E�

RT

)
f (α) (1)

here t is the time (min), T the temperature (K), α the conver-
ion of reaction (W0 − W)/(W0 − W∞), W0 the initial weight of
he sample (mg), W the sample weight (mg) at any temperature
, W∞ the final sample weight (mg), dα/dt the rate of reac-

ion (min−1), f(α) the reaction model, k0 is the pre-exponential
actor (K−1) and E� is the activation energy (kJ mol−1) are the
rrhenius parameters. R is the gas constant (kJ mol−1 K−1). The

eaction model may take various forms based on nucleation and
ucleus growth, phase boundary reaction, diffusion, and chem-
cal reaction [35–39]. However, the present investigation does

ot require any information of reaction model since we report
ere decomposition kinetics using model-free approach.

At a constant heating rate under nonisothermal conditions
he explicit temporal/time dependence in Eq. (1) is eliminated
ica Acta 453 (2007) 120–127

hrough the trivial transformation:

dα

dT
= k0 exp

(−E�

RT

)
f (α) (2)

here β = dT/dt is the heating rate (K min−1) and dα/dT is the
ate of reaction (K−1).

.1.1. Model-free isoconversion method for nonisothermal
xperiments [30,31,35–38]

For a set of five experiments carried out at five different heat-
ng rates (5, 10, 15, 20 and 25 K min−1) the E� can be determined
t any particular value of α by finding the value of E� for which
he objective function Ω is minimized [38], where

=
n∑

i=1

n∑
j=1,j �=1

I(E�, T�i)βj

I(E�, T�j)βi

(3)

nd

(E�, T�i) =
∫ T�i

0
exp

−E�

RT
dT (4)

he temperature integral can be evaluated by several popular
pproximations and direct numerical integration. We used the
ater technique for the same, where the temperature integral takes
he form:

(E�, T�i) =
∫ T�i

0
exp

−E�

RT
dT = E�

R

[
exp(−u)

u
− Ei(u)

]
(5)

here

= E�

RT
and Ei(u) =

∫ ∞

u

exp(−u)

u
du

etails of development of Eq. (5), numerical procedure and
lgorithms for model-free technique are discussed in our recent
ublication [31].

. Results and discussion

.1. Characterization of ZSM-5 zeolite catalyst and LDPE
ample
Fig. 1. XRD pattern of ZSM-5 zeolite catalyst.
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Fig. 2. SEM micrograph of ZSM-5 zelolite catalyst.

Table 1
Textural properties of ZSM-5

Sample ZSM-5
BET surface area (m2 g−1) 342.36
External surface area (by t-plot surface area) (m2 g−1) 166.88
M
P

e
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w
t
t
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Fig. 4. BJH (desorption) pore size distribution of ZSM-5 catalyst.
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icropore volume (by t-plot surface area) (cm3 g−1) 0.084
ore volume (at Ps/Po = 0.9814, adsorption) (cm3 g−1) 0.207

lectron microscope (SEM) micrograph. Table 1 summarizes
he surface area and pore volume of ZSM-5 sample used. The
extural properties (Table 1) of ZSM-5 shows lower external
urface area due to micrometer crystal sizes present in sample,
hich is also evident from SEM picture (Fig. 2). Fig. 3 shows

he nitrogen isotherm of ZSM-5 sample. The pore size distribu-
ion calculated using Barrett, Joyner and Halenda (BJH) method
Fig. 4) only indicates the presence of the mesopores in ZSM-5
ot the micropores, which should be more in ZSM-5 zeolite cat-
lyst. The isotherm (Fig. 3) is Brunauer Type I with wide range
f pore sizes, which is also supported by the BJH pore size
istribution (Fig. 4). The nature of the isotherm indicates a con-

inuous progression with increasing loading from monolayer to

ultilayer adsorption and then to capillary condensation. Fig. 5
hows the DSC analysis of waste LDPE sample indicating its
elting point. The melting point, percentage crystallinity, and

Fig. 3. Nitrogen adsorption isotherm at 77 K of ZSM-5 catalyst.

a
t
o

t
d
s
s

T
C

S
M
M
H
H
D
C
P

Fig. 5. DSC analysis of waste LDPE sample.

urity (in terms of residue) of the sample are summarized in
able 2.

.2. Determination of optimum catalyst concentration

The temperature at which the conversion (α) is zero (Tw0),
ecomposition starts (Td), maximum weight loss rate occurs
Tm) and the end of pyrolysis step (Tw∞) takes place is reported
n the Table 3 for each case of the experiments. Table 3 reflects
hat thermal decomposition of waste LDPE starts at around
40 K and showed a maximum decomposition rate at Tm = 748 K
t a heating rate of 10 K min−1, which are shifted to much lower
emperatures in the presence of catalyst. The maximum shift is
bserved to be 91 K at a catalyst percentage of 50 wt.%.

Figs. 6 and 7 illustrate the thermogravimetric (TG) and

he derivative thermogravimetric (DTG) plots for the catalytic
egradation of waste LDPE. It also observed from Fig. 7 that the
hape of the derivative thermogravimetric (DTG) curves changes
ignificantly due to different wt.% of ZSM-5 catalyst during the

able 2
haracteristics of waste LDPE sample

ample type Waste LDPE
elting point 128.7 ◦C
elting point of standard PE samples [20] LDPE: 98–120 ◦C
eat of fusion (J g−1) 38.37
eat of fusion, 100% crystals (J g−1) 290
egree of crystallinity 23.95%
rystallinity of standard PE samples [20] LDPE: 50–70%
urity (residual amount after TGA
experiment up to 600 ◦C)

Nonisothermal: 1–2%
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Table 3
Experimental conditions for TGA studies

Sample Nonisothermal experiments

Initial mass (mg) Heating rate (K min−1) Temperature range (K) Residue (%) Tw0/Td/Tm/Tw∞ (K)

Waste LDPE + ZSM-5
(20 wt.%)

5.57 5 303–873 25.17 470.4/575.4/659.9/777.9
7.55 10 303–873 21.04 462.7/586.9/678.4/769.9
9.64 15 303–873 23.37 462.2/590.6/679.9/769.9
7.83 20 303–873 20.35 471.1/599.1/686/779.7
7.51 25 303–873 20.92 462.2/604.1/693.9/779.5

Waste LDPE 7.77 5 303–873 1.73 551.1/633/734.24/811.2
8.45 10 303–873 1.64 551.3/640.2/748.4/809

11.19 15
8.68 20

10.91 25
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e
on the external surface of the zeolite catalyst, which could be
ig. 6. Experimental TG curves for the catalytic pyrolysis of waste LDPE with
ifferent catalyst (ZSM-5) percentage.

atalytic decomposition of waste LDPE sample. This change is
ery prominent at lower catalyst compositions. From catalyst
omposition of 18 wt.% onwards, the curves are overlapping in
ature though there are different peaks at different temperatures
or different compositions. This behaviour indicates possibility
f existence of different decomposition mechanism for different
atalyst wt.%. Therefore, meaningful correlation of these TGA
ata with different wt.% of catalyst and without catalyst by a
imple kinetics model using model-fitting techniques alone may
e unreliable and unrealistic.

Since, the catalysts are expensive and, at the moment, there

re no useful ways to improve their short life or to make
ffective recycling [16,17], therefore, we concentrated on get-
ing the optimum catalysts percentage. Economically, optimum

ig. 7. Experimental DTG curves for the catalytic pyrolysis of waste LDPE with
ifferent catalyst (ZSM-5) percentage.

t
s
i

F

303–873 2.13 549/654/754.04/808.8
303–873 2.14 549.4/665/763.2/808.4
303–873 1.19 576.5/686.1/770.4/815.4

atalyst percentage should be decided based on the extent of
ecrease of decomposition temperature with catalyst percentage.
ig. 8 shows the effect of catalyst percentage on the maximum
ecomposition temperature, Tm of the waste LDPE sample. It is
bserved that the temperature decreases exponentially with cat-
lyst percentage. It is further observed that the optimum catalyst
ercentage could be around 20 wt.%, since, after that reduction
n Tm with increase in catalyst percentage is not so significant.
ence using catalyst percentage more than this would not be eco-
omically effective. To illustrate quantitatively, it may be seen
hat for a change of catalyst percentage from 20 to 31 wt.%, the
urther reduction in Tm is about 5 ◦C, where as for a change
f catalyst percentage from 12 to 20 wt.%, the further reduc-
ion in Tm is about 20 ◦C. Also, as discussed earlier, from the
verlapping in nature of the DTG curves (Fig. 7) for catalyst
omposition of 18 wt.% onwards, identification of 20 wt.% cat-
lyst may be a judicious selection. The reduction in maximum
ecomposition temperature is around 70 ◦C at 20 wt.% catalyst.
hus, we selected 20 wt.% as the optimum catalyst (ZSM-5)
ercentage for the present study.

The exponential decrease in Tm for the LDPE catalytic pyrol-
sis with ZSM-5 can be explained in the similar line of Marcilla
t al. [15,16], assuming that the large molecules have to react
he limiting reaction step. When more zeolite is added, more
urface is available and more polymer molecules participate
n the initial reaction step, until a situation is reached with an

ig. 8. Effect of catalyst (ZSM-5) on the maximum decomposition temperature.
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Table 4
Effect of catalysts on PE decomposition temperatures

Sample Catalysts Weight percentage Td (◦C) Tm (◦C) Reference

HDPE – 0 420 – Araujo et al. [13]
SAPO-37 25 375 –

LLDPE(Escorene) – 0 – 485.2
MCM-41 9.31 – 406.4

LLDPE(Borecene) – 0 – 484.3
MCM-41 9.18 – 419.6

LLDPE(Dowlex) – 0 – 483.7 Marcilla et al. [14]
MCM-41 9.38 – 423.5

HDPE – 0 – 486.0
MCM-41 8.98 – 408.1

LDPE – 0 – 482.4
MCM-41 8.67 – 407.6

LDPE – 0 425 477 Serrano et al. [20]
n-HZSM-5 – – 396
HZSM-5 – – 443
Al-MCM-41 – – 407

367 475.2 Present work
313.7 405.2
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i
catalysts takes place due to presence of zeolite acidic sites.

Large polymer fragments are cracked on the external sur-
face of the catalyst at the start of degradation forming smaller
LDPE – 0
ZSM-5 20

xcess of zeolite, where there is not enough polymer to cover
ll the available zeolite active sites, thus not contributing this
xcess of zeolite to the initial reaction step of large macro-
olecules. Table 4 summarizes the literature available data on

he catalytic effect on polyethylene (PE). Table 4 reflects that
mongst the catalysts used for LDPE decomposition, Al-MCM-
1 and MCM-41 shows similar reduction in temperature as we
ave observed with ZSM-5. But HZSM-5 performance is not at
ar with them, where the reduction in temperature is quite low.
owever, n-HZSM5 shows superior results in comparison to

ll.

.3. Catalytic and noncatalytic nonisothermal
ecomposition at several heating rates

Nonisothermal decomposition of the waste sample was car-
ied out at five different heating rates (5, 10, 15, 20, and
5 K min−1) with the decided optimum catalyst percentage and
ithout catalyst also. The nonisothermal noncatalytic pyroly-

is yielded around 97–99% weight loss. The temperatures Tw0,
d, Tm and Tw∞ for the experiments are also reported in the
able 3. Variation of conversion, α with temperature for catalytic
20 wt.%) and noncatalytic decomposition at different heating
ates are reported through Figs. 9 and 10, respectively. Variations
f rate, dα/dT with temperature during nonisothermal pyrolysis
sing catalyst ZSM-5 (20 wt.%) at different heating rates are
eported through Fig. 11. It is observed from the Figs. 7, 9 and 10
hat catalytic decomposition starts and completes at much lower
emperatures than that for noncatalytic decomposition. How-
ver, catalytic decomposition continues for a wider range of

emperature than noncatalytic decomposition leading to flatter
versus temperature curves. The slow decomposition behaviour

n presence of catalyst is also evident from Fig. 7, where the rate
f decomposition in most of the cases is much lower than that

F
p

ig. 9. Variation of conversion (α) with temperature during catalytic nonisother-
al pyrolysis of waste LDPE sample.

n absence of catalyst. Polyethylene degradation on the ZSM-5
ig. 10. Variation of conversion (α) with temperature during nonisothermal
yrolysis of waste LDPE pure sample.
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ig. 11. Variation of rate of decomposition (dα/dT) with temperature during
atalytic nonisothermal pyrolysis of waste LDPE sample.

olecules and radicals. These molecules in the subsequent
tages enter into the pores and participate in other reactions
ike isomerization and oligomerization [33]. Therefore, catalytic
ZSM-5) degradation of LDPE results in formation of aromatics,
ight parafins and olefins due to the reactions like oligomer-
zation, cyclization, and hydrogen transfer reactions [20]. But
hermal decomposition of LDPE without catalyst occurs through
andom scission of original polymer chain into straight chain
ragments of varying length generating radicals along the
olymer backbone followed by scission of the molecule and
ydrogen transfer resulting in formation of dienes, alkenes and
lkanes [21,31,41]. The slowness of the catalytic decomposi-
ion over noncatalytic decomposition may be attributed to the
ifferent reaction mechanisms as discussed.

.4. Kinetics for nonisothermal model-free analysis

Dependency of E� on α obtained for nonisothermal decom-
osition of the waste LDPE sample with and without catalyst
s presented through Fig. 12. It is observed from the figure

hat in case of noncatalytic decomposition, E� is almost con-
tant (around 190 kJ mol−1) with α. Almost similar values and
imilar trend were also observed by Lyon et al. [42] during non-
sothermal noncatalytic decomposition of LDPE (Fig. 12). The

ig. 12. Dependency of activation energy on conversion of catalytic and noncat-
lytic nonisothermal decomposition of waste LDPE sample (present work and
iterature reported data).
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eported data of Peterson et al. [41] is also compared with the
resent result through the same figure. It is observed from the
gure that the trend of variation of E� with α is similar with
substantial difference in E� values. The constant difference

etween the present E� values and that reported by Peterson et
l. [41] might be due to difference in molecular weight of the
amples as well chain branching [31].

But in case of ZSM-5 catalyzed decomposition of the same
ample, it is observed that E� is strong and increasing function
f α except the plateau region for α = 0.15 till α = 0.4. This may
e explained as follows.

Large polymer fragments are cracked on the external surface
f the catalyst at the start of decomposition forming smaller
olecules and radicals. This is possibly a common phenomenon

oth for catalytic and noncatalytic process. Thus, only effect of
atalyst is observed in the form of reduction of the temperature
nd the activation energy at this stage of decomposition. At the
ater stage of catalytic decomposition, the reaction mechanism
ossibly takes different path for oligomerization, cyclization,
nd hydrogen transfer reactions, which led to higher activation
nergy even in comparison to noncatalytic decomposition. The
ifferent reaction steps involved during catalytic decomposition
s also obvious from the four steps observed in the variation
f E� with α (Fig. 12) during catalytic decomposition. Exis-
ence of wide range of pore sizes (Figs. 3 and 4) might also
lay important roles in the types of reactions taking place and
he product distribution during catalytic decomposition of PE.
he four-step process as evident from Fig. 12 goes in line with

he reported discussion of Takuma et al. [25]. According to the
cheme given by Takuma et al. [25], these steps in sequence is
hermal degradation of PE (step 1), catalytic cracking of the high
olecular weight fragments to give liquid and/or gas (steps 2

nd 3), and finally formation of aromatics through cyclization
step 4). However, higher activation energy indicates slowness
f the reaction rate, which is also indicated through decreasing
eak height in the DTG curves (Fig. 7) and in the flatter TGA
urves (Fig. 6) for catalytic decomposition of LDPE sample.

. Conclusion

Both thermal and catalytic decomposition of waste LDPE
ample is studied to understand the effect of catalyst (ZSM-
) on the decomposition behaviour. Results show that catalytic
ecomposition starts and completes at much lower tempera-
ures than that for noncatalytic decomposition but continues
or a wider range of temperature. It is observed that the tem-
erature decreases exponentially with catalyst percentage. It
s further observed that the optimum catalyst percentage was
round 20 wt.%, where the reduction in maximum decomposi-
ion temperature is around 70 ◦C. From the comparison of the
ffects of other catalysts on LDPE samples, it is found that Al-
CM-41 and MCM-41 shows similar reduction in temperature

s observed with ZSM-5. But HZSM-5 performance is not at

ar with them, where the reduction in temperature is quite low.
owever, n-HZSM5 shows superior results in comparison to all.
The nonlinear Vyazovkin model-free technique is applied

o evaluate the quantitative information on variation of E�
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onisothermal conditions. Variation of E� with α for LDPE
nder nonisothermal noncatalytic condition is compared with
he reported results by Lyon [42] and Peterson et al. [41]. Results
how that almost similar values and similar trend were also
bserved by Lyon et al. [42] during nonisothermal noncatalytic
ecomposition of LDPE. The constant difference between the
resent E� values and that reported by Peterson et al. [41]
ight be due to difference in molecular weight of the sam-

les as well chain branching [30]. In case of ZSM-5 catalyzed
ecomposition of the LDPE sample, it is observed that E� is
trong and increasing function of α and consists of four steps.
racking of large polymer fragments on the external surface of

he catalyst, oligomerization, cyclization, and hydrogen transfer
eactions inside the catalyst pores might be the possible reaction
echanisms involved during catalytic decomposition.
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