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Abstract−The pyrolysis of pure biomass, high density polyethylene (HDPE), polypropylene (PP) and polyethylene
terephthalate (PET), plastic mixtures [HDPE+PP+PET (1 : 1 : 1)], and biomass/plastic mixture (9 : 1, 3 : 1, 1 : 1, 1 : 3
and 1 : 9) were investigated by using a thermogravimetric analyzer under a heating rate at 10 oC/min from room tem-
perature to 800 oC. Paper was selected as the biomass sample. Results obtained from this comprehensive investiga-
tion indicated that biomass was decomposed mainly in the temperature range of 290-420 oC, whereas thermal deg-
radation temperature of plastic mixture is 390-550 oC. The percentage weight loss difference (W) between experimental
and theoretical ones was calculated, which reached a significantly high value of (−)15 to (−)50% at around 450 oC in
various blend materials. These thermogravimetric results indicate the presence of significant interaction and syn-
ergistic effect between biomass and plastic mixtures during their co-pyrolysis at the high temperature region. With in-
crease in the amount of plastic mixture in blend material, the char production has diminished at final pyrolysis tem-
perature range. Additionally, a kinetic analysis was performed to fit with TGA data, the entire pyrolysis processes being
considered as one or two consecutive first order reactions.
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INTRODUCTION

Pyrolysis treatment for municipal solid waste (MSW) has been
found to provide alternative resources of energy and chemical raw
materials. An appropriate method may show the right way to get
rid of the problems of waste disposal. Pyrolysis or degradation of
pure components of MSW has already been studied extensively.
Major components of MSW are cellulose or lignin derived materi-
als, polymer based material and inorganic material [1], followed by
putrescible and incombustible [2]. Recycling processes for MSW
can be performed in a variety of ways, ranging from mechanical,
material or chemical recycling to energy recovery [3]. Two con-
straints affect the achievement of recycling targets: first, recycled
materials are not suitable for the whole range of applications; and
secondly, different components of wastes are not easily separated
from the post-consumer stream [4]. Nowadays, co-pyrolytic tech-
niques have received much attention because they provide an al-
ternative way of disposal and can easily convert polyolefines and
cellulose derived materials into high value feedstock, and the spe-
cific benefits of this method potentially include the volume reduc-
tion of waste; the recovery of various chemicals, and the replacement
of fossil fuels [5].

Biomass fuels are usually composed of various kinds of biopoly-
mers which actually consist of cellulose, hemicellulose and lignin.
The degradation of cellulosic materials has already been studied in
detail. Shafizadeh and many others [6-14] have examined the pyrol-
ysis of cellulose and especially the mechanisms of pyrolysis reac-
tions. Antal [11] has proposed the latest theory for the mechanism
of pyrolysis of cellulose. Plastics in MSW consist of mainly poly-

ethylene (PE), polypropylene (PP), polyethylene terephthalate (PET)
and polystyrene (PS) with some poly(vinyl chloride) (PVC) and
poly(vinylidene chloride) (PVdC). The mechanisms for the pyrol-
ysis and decomposition rates of PE [14,15], PP [14,16], PET [17-
19], PS [14,20], PVC [21-23], PVdC [24] are presented in litera-
ture. Basically, thermogravimetric analysis (TGA) is one of the easiest
methods for analyzing thermal decompositions and kinetics of pyrol-
ysis process for solid raw materials such as coal, biomass and plastic
[25-31]. Many researchers have evaluated the kinetics of pyrolysis
processes by calculating separate slopes of mass degradation by
applying the Arrhenius equation [27,28].

Pyrolysis of biomass generally provides three types of products:
gaseous components, tar or heavy oil fractions containing volatile
species, and char fractions. The investigation of pyrolysis of cellu-
lose, the major component of paper biomass provides that liquids
are produced through free - radical formation by the thermal cleav-
age of oxygen-containing chemical bonds [31]. During this process,
dehydration of carbohydrate unit can occur, which leads to the for-
mation of char. Pyrolysis of cellulose under hydrogen atmosphere
produces a higher yield of liquid products as char formation is sup-
pressed and recondensation or recombination of thermal cracking
products is reduced. During the co-pyrolysis of biomass with plastics,
this hydrogen is generally provided by polyolefinic plastics (HDPE
and PP contains 14 wt% of hydrogen) and also by PET (which con-
tains 4.5 wt% of hydrogen), resulting in the less amount of char pro-
duction and enhancement of liquid tar formation. Sharypov et al.
[32] examined the co-pyrolytic behavior of biomass with synthetic
polymer mixtures and reported that biomass was degraded at lower
temperature than the polyolefins, and for each component of biom-
ass/plastic mixtures independent thermal behaviors were observed.
Similarly, the thermal decomposition of PP in the presence of wood
flour, lignin, cellulose and charcoal has also been studied by using
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the thermogravimetric method [33]. But most of the studies have
been done by mixing single plastic material with various biomass
resources. The co-pyrolytic behavior of biomass with mixture of
various plastic is not so clear in thermogravimetric aspects. More-
over, polyolefinic plastics have mostly been taken into account dur-
ing the co-pyrolysis process with biomass, but here the effect of
PET has also been considered.

In the present work, special attention was directed to clarify the
interaction of plastic mixture (HDPE, PP, and PET) with biomass
during the pyrolysis under nitrogen atmosphere by using a thermo-
gravimetric analyzer. The thermal events were identified properly
during the co-pyrolysis of plastic/biomass blend materials. Also
observed was how the co-pyrolytic behavior was changed with the
variation in the amount of plastic mixture and biomass in the blend
materials. The kinetic data were also obtained to fit thermogravi-
metric data, the total processes being considered as one to two con-
secutive first order reactions.

EXPERIMENTAL

1. Materials
In this study, paper used in our daily writing purposes was em-

ployed as the biomass feedstock; also, commercially available high
density polyethylene (HDPE), polypropylene (PP) and polyethylene
terephthalate (PET) beads were used as polymer feedstock. Some
characteristics of the used paper biomass and plastic polymers have
been written in Table 1. During the preparation of biomass sample,
the sample paper was first torn into small pieces (size less than 10
mm×10 mm), followed by soaking in water for some times. The
wet paper pieces were smashed properly by using mortar and piston,
and were heated up to 100 oC to remove extra water present with
the biomass. At the same time, HDPE, PP and PET beads were trans-
formed into powder form by using solvent - non-solvent effect of
individual plastic polymer. Toluene (above 80 oC) has been used as
solvent in the case of HDPE and PP, whereas PET was dissolved
in hot DMSO. In all the cases, ethanol was used as non-solvent.
Three kinds of plastics (HDPE, PP and PET) have been mixed up
properly in 1 : 1 : 1 (w/w) proportions with shaking them for suffi-
cient time; thereafter, these plastic mixtures were homogenized with
appropriate proportions of biomass with the same shaking method.
The various biomass/plastics blend materials have the compositions
of 9 : 1, 3 : 1, 1 : 1, 1 : 3 and 1 : 9 (w/w). In this paper, biomass, plastic
mixtures and biomass/plastics blends materials are indicated as BM,
PM, BP1, BP2, BP3, BP4 and BP5, respectively.
2. Thermogravimetric Analysis

Pyrolysis was carried out with a thermogravimetric analysis (Shi-

madzu TGA - 50H, Japan). About 7 mg of sample was pyrolyzed
up to 700 oC to 800 oC under 30 ml/min nitrogen flow (99.99 vol%
N2; oxygen in negligible amount) at heating rate of 10 oC/min. This
nitrogen flow rate ensures an inert atmosphere during the pyrolysis
of sample. At the same time, the small amount of sample and the
flow heating rate ensure that the heat transfer limitations can be
ignored. From TGA results some other thermogravimetric param-
eters have been calculated. The definitions of those parameters are
written below:

The percentage of weight loss (P) can be calculated by using this
equation:

P=[(Wo−Wt)/Wo]×100 (1)

Where Wo and Wt are the weight of the sample initially and at tem-
perature T, respectively. Also, the value of calculated weight of blends
(Wblend(cal)) is defined by this equation:

Wblend(cal)=a1W1+a2W2 (2)

Where Wi is the weight of each material at same operational condi-
tions. Wblend(cal) is the weight of the blend of two materials having
mass fraction a1 and a2 at any temperature. At the same time, we
calculated the percentage weight loss difference (∆W), which has
been defined as,

∆W=Pblend(exp)−Pblend(cal) (3)

Where Pblend(exp) and Pblend(cal) are the weight loss percentage of blends
derived experimentally and theoretically in the same operational
conditions, respectively.

RESULTS AND DISCUSSIONS

1. Thermal Analysis of Individual Materials and their Mix-
tures

The thermogravimetric curves for pyrolysis of individual mate-
rials (BM, HDPE, PP and PET) and their blends are shown in Fig. 1
and Fig. 2, respectively. We further calculated the percentage weight
loss (P) (Eq. (1)) of BM, PM and their blends at various tempera-
tures in Table 2, from which we could evaluate the exact amount
of degradation for different samples. It can be seen that paper bio-
mass had started decomposing at a lower temperature than plastics,
but rapid degradation started at 350 oC. Initial degradation (around
100 oC) of biomass may be due to the physical loss of water from
the biomass sample [34]. PP and HDPE begin to decompose at 280
oC and 400 oC, respectively, while PET starts decomposing initially
at 200 oC, but rapid degradation starts at 420 oC. Initial narrow de-
gradation of PET may be due to the evaporation of DMSO solvent,

Table 1. Analysis of biomass and plastic samples

Sample 
Proximate analysis (wt% dry basis) Ultimate analysis (wt% dry ash free)

HHV (kJ/g)
Ash Volatile matter Fixed carbona C H N Oa S

Paper biomass 1.5 81.1 17.4 50.7 06.3 0.3 42.6 0.1 20.45
HDPE 0.5 99.5 - 85.0 14.6 - - 0.2 46.88
PP 1.1 98.9 - 83.6 14.2 - - 2.2 46.11
PET - 87.1 12.9 62.1 04.8 - 33.1 - 23.92

aBy difference.
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which perhaps was still present in trace amount in the PET pyrolysis
sample. At the same time, a small lump was also observed in PET
thermogram at around 500-550 oC temperature. Mart n-Gullón et
al. [35] noticed a similar type of curve during the thermal degrada-
tion of PET in mixtures of helium and oxygen atmosphere. In our
case, the small amount of oxygen evolved from DMSO solvent dur-
ing the pyrolysis process might be responsible for this type of result.
In the first step (420-490 oC), the main part of the material (88 wt%)
is finished, and there is a second step, which leads to the total con-
sumption of the remaining char; the presence of oxygen influences
this second step. In all the thermograms, the weight loss increased
with increase in the temperature for all samples. Since the chemical
bonds in plastic break more easily at higher temperatures, increase of
weight loss is observed more rapidly with temperature. It has also
been seen that the weight loss curves of HDPE, PP and PET have
almost the same trends.

It is seen in Fig. 2 that PM started decomposing at around
250 oC, but rapid degradation was started at 400 oC. Here, initial
degradation may be attributed to the decomposition of PP. As we

know, the main reason for the thermal degradation of these kinds
of plastics is the radical chain process; therefore, during the co-pyroly-
sis of plastics PP can start radical formation at lower temperature
and can initiate the scission in the other plastic polymer (PP and
PET) chain. On the other hand, thermogravimetric curves for blends
of BM and PM lie between the ones of the isolated materials at the
final temperature range. The weight loss of BM is higher than that
of other samples at the temperature range of 300-400 oC; whereas
from 400 oC, the weight loss of BM is lower than that of PM and
its blends. This might be due to the higher content of ash (1.5%)
and fixed carbon (17.4%) in BM sample than that of PM and PM/
BM blends, resulting in the lower weight loss at the higher pyroly-
sis temperature. Another possibility is that BM starts decomposing
at lower temperature than plastics; therefore, BM has a higher weight
loss at the low temperature region due to the dehydration reaction,
while plastic has a higher weight loss at the high temperature region
[4]. From Fig. 2 and Table 2, it is worth noticing that the weight
loss of the entire blends is higher than that of BM at 500 oC, which
is an indication of significant interaction or synergistic effect between

i

Fig. 1. Thermogravimetric curve for pyrolysis of individual plas-
tic (HDPE, PP and PET) and biomass. Fig. 2. Thermogravimetric curves for pyrolysis of BM, PM and

their various blends.

Table 2. Percentage weight loss for pyrolysis of BM, PM and their blends at various temperatures

Temperature

Compositions of the samples

BM
(Biomass)

PM
(HDPE+PP+PET)

[1 : 1 : 1]

BP1
(90% BM+
10 % PM)

(9 : 1)

BP2
(75% BM+
25% PM)

(3 : 1)

BP3
(50% BM+
50% PM)

(1 : 1)

BP4
(25% BM+
75% PM)

(1 : 3)

BP5
(10% BM+
90% PM)

(1 : 9)
100 oC 03.4 0.014 12.8 06.9 0.023 0.87 00.18
200 oC 03.5 0.030 12.9 07.9 0.655 0.92 00.22
300 oC 06.8 0.160 14.4 08.5 0.800 0.99 00.53
400 oC 64.2 1.250 43.6 17.9 2.900 2.95 21.40
500 oC 66.7 88.60 76.5 88.7 92.30 92.9 94.70
600 oC 68.5 90.80 78.9 90.6 92.70 93.8 97.80
700 oC 71.8 91.20 81.0 92.4 92.90 93.9 98.15
800 oC 74.9 - 82.9 94.2 - - -
850 oC 75.3 - 83.2 - - - -
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biomass and plastics during pyrolysis reaction.
To evaluate the interactions between biomass and plastics, the

weight of blends at different pyrolysis temperatures has been calcu-
lated theoretically and plotted against temperature in Fig. 3. The equa-
tion (Eq. (2)) to evaluate the calculated weight of blends (Wblend(cal))
applies when there is no interaction between the blending materi-
als, for a thermogram of blend identical to the calculated curves
based on pure material thermograms [2]. The thermograms of Fig. 1
were used to calculate those of the blend. It is seen from the Fig. 2
and Fig. 3 that there are the clear discrepancies between the experi-
mental and calculated curves. The amount of the char of the experi-
mental cases (Fig. 2) is diminished in comparison to the calculated
cases (Fig. 3), which may be due to the enhancement of liquid pro-
duction during pyrolysis in hydrogen atmosphere. Hydrogen might
be supplied from the plastics materials.

For further illumination of the effect between the biomass and
plastic samples during co-pyrolysis, the percentage weight loss dif-
ference (∆W) has been calculated by using Eq. (3) for various blend
materials. The various extended effects of plastic materials on bio-

mass can be evaluated during co-pyrolysis from the weight loss dif-
ference value of different blend materials. In Fig. 4 the variation of
∆W with temperature has been described for the different BM and
PM blends. It can be seen that, for all the blends, it is less than ±10%
before 300 oC; as at this temperature plastics were not started their
decomposing, so could not get any chance to interact with biomass
sample. However, the ∆W value is not equal to zero at this stage,
this may be due to the experimental error such as the different initial
weights of the samples. For all the blend samples, ∆W sharply in-
creases in the negative direction with temperature up to 400 oC, and
then starts inclining. It reaches a value of −15 to −50% at around
450 oC for various blend materials. After 500 oC, it stops inclina-
tion. Actually, this can be explained by the fact that at about 300 oC
plastic mixtures (PM) are starting degradation initially, and with
further increase in the temperature a plastic state was growing to
produce and resulting in the inhibition of volatile matter formation.
With further heating, PM begins to decompose quickly, resulting
in the sharp decrease of ∆W value. After 500 oC, the devolatiliza-
tion processes of the blends have been essentially finished, so ∆W
becomes stable at this stage. The difference of weight loss percent-
age (∆W) between experimental and theoretical ones is about −3
to 15% at 500o-700 oC. This value reached the highest level of −50%
at around 450 oC in the case of BP3 and BP4 samples, in which bio-
mass and plastics were present in 1 : 1 and 1 : 3 proportions, respec-
tively; and has shown the maximum interaction during co-pyroly-
sis. On the other hand, BP1 and BP5 samples had the least value
of −20 and −15% at the same thermal range, respectively. The results
indicate that the interactions were diminished for the blend sam-
ples in which any one of the components (BM or PM) was present
in least amount. It can also be concluded from the results that the
synergistic effects of plastic mixtures on biomass are stronger than
those of biomass component on plastics. That’s why the percent-
age weight loss difference value is greater negatively in BP4 (−50%)
than that of BP2 (−40%). Although the value of W has changed
from one sample to the other, all the blend materials have shown
significant synergistic effects between biomass and plastic mixtures
at the high temperature region during co-pyrolysis process.

The mechanism of the synergistic effect between biomass and
plastic during co-pyrolysis is not very clear. According to the litera-
ture, a radical chain process is the main reason for the thermal de-
gradation of polyolefines, which actually is the consecutive effect
of various steps of radical initiation, chain propagation and radical
termination [4]. The mechanisms of this process and composition
of products were studied in a number of articles [36,37]. The investi-
gation of pyrolysis of cellulose, the major component of paper bio-
mass sample, has shown that liquids are produced through free radi-
cal generation by the thermal cleavage of oxygen-containing chem-
ical bonds [13]. During this process, dehydration of carbohydrate
unit can occur, which leads to the formation of char. Pyrolysis of
cellulose under hydrogen atmosphere produces a higher yield of
liquid products as char formation is suppressed and recondensation
or recombination of thermal cracking products is reduced. This hy-
drogen is generally provided by polyolefinic plastics (HDPE and
PP contain 14 wt% of hydrogen) and also by PET (which contains
4.5 wt% of hydrogen) during the co-pyrolysis of biomass and plas-
tics, resulting in the less amount of char production and enhance-
ment of liquid tar formation. In this process, initially biomass com-

Fig. 3. Thermogravimetric curves obtained by calculation for py-
rolysis of various blends of BM and PM.

Fig. 4. Variation of ∆W for BM, PM and their various blends.
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ponents can start radical formation initiating the scission of synthetic
plastic polymer chain. This possibility has already been discussed by
Sharypov et al. [1,5] by taking into account the degradation of bio-
mass components at lower temperature than polyolefines and the
additional data regarding the composition of light liquids obtained
during the co-pyrolysis process.
2. Kinetic Analysis

By using integral method, the kinetic parameters, activation energy
and pre-exponential factor of pyrolysis processes of biomass, plas-
tic and biomass/plastic bled materials were determined [38]. It is
assumed that solid pyrolysis of solid fuel is a first order reaction
[39-41]. So the equation of pyrolysis reaction of biomass and plastic
can simply be expressed by the following formula:

dx/dt=A exp(−E/RT)(1−x) (3)

Where A is pre-exponential factor, E is activation energy, T is tem-
perature, t is time, and x is mass fraction or pyrolysis conversion. It
is defined as x=(Wo−Wt)/(Wo−Wf), where Wo is the initial weight
of the test sample; Wt is the weight at temperature T and Wf is final
weight at the end of the pyrolysis. At a constant heating rate of H
(=dT/dt) during pyrolysis, Eq. (3) can be rearranged and after inte-
gration it will be

ln [− ln(1−x)/T2]=ln [AR/HE(1−2RT/E)]−E/RT (4)

For most values of E and for the temperature range of the pyroly-
sis, it may be shown that the expression ln [AR/HE(1−2RT/E)] in
Eq. (4) is essentially constant. Therefore, if the left side of Eq. (4)
is plotted against 1/T, a straight line should be obtained if the pro-
cess can be assumed as a first order reaction. From the slope, −E/
R, the activation energy E can be determined, and by taking the
temperature at which Wt=(Wo+Wf)/2 in the place of T in the inter-
cept term of Eq. (3), the pre-exponential factor A can also be de-
termined [4].

Fig. 5 and Fig. 6 show typical plots of ln [ln(1−x)/T2] versus 1/
T, indicating that for isolated pyrolysis of plastics, HDPE, PP and
PET, and also for the PM, BP2, BP3, BP4 and BP5, single first order
reaction should be used to describe the pyrolysis process, whereas
for BM and BP1, two independent first order reactions are suitable.
In the case of BM and BP1, Eq. (3) has been applied separately to
each of the stages by calculating the value of x separately for each
reaction. From the slope of each line, the value of E and A can be
obtained for different stages. Table 3 shows the kinetic parameters
of all the samples that were determined by this method. The kinetic
parameters are calculated from x=3-15% to 88-92%, which repre-

Fig. 6. Plot of ln(−ln(1−x)/T2) vs 1/T of (a) BP1 pyrolysis calculated
by two-step integral method and (b) BP2, BP3, BP4 and BP5
pyrolysis calculated by one-step integral method.

Fig. 5. Plot of ln(−ln(1−x)/T2) vs 1/T of (a) HDPE, PP, PET, and
Plastic mixture (PM) pyrolysis calculated by one-step inte-
gral method and of (b) Biomass (BM) pyrolysis calculated
by two-step integral method.
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sents the main pyrolysis region of all the samples.
In a wide range of temperatures, the reactivity of isolated plas-

tics follows the order: HDPE<PET<PP. At the same time, reactiv-
ity of plastic mixtures (PM) is greater than that of HDPE and PET.
Whereas, activation energy values for biomass pyrolysis are 177 kJ/
mol for the first stage, and only 32 kJ/mol for the second step. For
different blends of biomass and plastics, only for BP1 sample have
activation energies been calculated in two different stages: 140 kJ/
mol for 1st stage and 204 kJ/mol for 2nd stage; whereas, for all others,
kinetic parameters were calculated by using the one-step method.
During the comparison of kinetic parameters between the BM and
BP1, the activation energy value of BP1 is intermediate between
the BM and PM, in the first subinterval of temperatures (523-673 K),
whereas in the second subinterval (673-823 K) activation energy
value has been increased significantly by mixing only small amount
of plastics. All other blend samples (BP2 to BP5) have shown similar
pyrolysis behaviors. Activation energy values have shown the trend:
BP2≈BP5<BP3≈BP4. The results show that mixing of the PM in
the biomass sample up to an optimum amount (75%) has increased
the activation energy value of the blend, but then after it diminishes.

Reaction with high activation energy needs a high temperature
or a long reaction time [42]. For biomass or plastic pyrolysis, high
activation energy means that the reaction needs more energy from
the surroundings during the reaction. The change of activation en-
ergy of various blends shows that plastics and biomass blends of
various compositions have different pyrolysis reactivities at differ-
ent temperatures.

CONCLUSIONS

From the thermogravimetric analysis of paper biomass, plastic
mixtures (HDPE, PP and PET) and their various blends [Biomass :
Plastics mixture :: 9 : 1, 3 : 1, 1 : 1, 1 : 3 and 1 : 9], the following
conclusions can be drawn: (1) biomass is decomposed at a lower
temperature than plastics mixture; (2) the temperature range is wider
for organic matter devolatilization from biomass than that of plas-
tics; (3) initial degradation temperature has been shifted to the higher
range with greater amount of plastics in the blends; and (4) the amount

of residue has been diminished at the final temperature range with
increase of plastics in the blend materials.

In comparison between the theoretically calculated weight of blends
(Wblend(cal)) and the experimental one (Wblend(exp)) at various tempera-
tures, there are the clear discrepancies between the experimental
and calculated curves. The amount of the char of the experimental
cases is diminished in comparison to the calculated cases, maybe
due to the enhancement of liquid production during pyrolysis in
hydrogen atmosphere; hydrogen might be supplied from the plas-
tics materials. For various blends of biomass and plastics, the differ-
ence of percentage weight loss (∆W) between experimental and
theoretical ones is about (−)15 to (−)50% at around 450 oC. These
experimental results indicate a significant synergistic effect during
plastics and biomass co-pyrolysis at the high temperature region.

The kinetic analysis results show that first order reactions together
with the Arrhenius law account for the different subintervals of weight
loss found quite satisfactorily for individual materials and their blends.
For HDPE, PP, PET and biomass/plastic blends having compositions
of 3 : 1, 1 : 1, 1 : 3 and 1 : 9, the pyrolysis process can be described
by one first order reaction. Whereas, pyrolysis of biomass and 9 : 1
biomass/plastics blend sample can be described by two consecutive
first order reactions.

During the comparison of kinetic parameters between the BM
and BP1, the activation energy value of BP1 is intermediate between
the BM and PM, in the first subinterval of temperatures (523-673
K), whereas in the second subinterval (673-823 K) the activation
energy value has been increased significantly by mixing only small
amount of plastics. All other blend samples (BP2 to BP5) have shown
similar pyrolysis behaviors. Activation energy values have shown
the trend: BP2≈BP5<BP3≈BP4. Therefore, mixing of the PM in
the biomass sample from 50% to an optimum amount of 75% has
increased the activation energy value of the blend, but then after it
diminishes.
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