
1. INTRODUCTION
Municipal solid waste (MSW) is considered problem-
atic waste generated from urban life. Worldwide, the
daily MSW generation is about 3.5 million tons which
is increasing rapidly with the increasing urbanization,
population, and economy [1–3]. On the other hand,
the energy demand has been grown promptly which
necessitated to search some sustainable energy

sources. Among different energy sources, the hydro-
gen (H2) has been declared as one of the best alterna-
tive due to its unique characteristics such as; zero pol-
lution (cleaner), fast-burning, and high energy density
of 122 MJ/kg [4, 5]. Improper management of MSW
may cause severe risks to public health and the envi-
ronment. MSW contains food, plastics, paper, cloth,
and rubber components, which not only discharge the
large amounts of CO2 (greenhouse gas) emissions on
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Ab s t r a c t
Present study investigates the thermal decomposition and syngas potential of pre-drying municipal solid waste (PMSW) via
pyrolysis using thermo-gravimetric (TGA) analyzer coupled with the mass spectrometer (MS). The experiments were per-
formed at the heating rates 5 and 15°C/min. Differential thermo-gravimetric (DTG) curves exposed four conversion phases
at lower heating rate and two conversion phases at higher heating rate. MS analysis of the evolved gases H2, CO, and CH4
revealed that the devolatilization phase played a major role during the processes. Higher H2 generation was observed at a
lower heating rate due to more contact among PMSW and process temperature. Higher CO and CH4 were also favored at
lower heating rate. Total yield of gases was found higher due to higher CO generation. For the estimation of activation ener-
gy (Ea), Flynn-Wall-Ozawa (FWO) kinetic model was applied at the conversion rates (αα) ranged from 5–35. In overall, the
lower heating rate supported the higher WMSW conversion as well as higher gas released during the process. Hence, this
study will help to evaluate the H2 potential of the PMSW using pyrolysis thermal technology.

Keywo rd s : Circular Economy; Municipal Solid Waste; Waste Management; Performance; Sustainability.

4/2022 A R C H I T E C T U R E   C I V I L  E N G I N E E R I N G   E N V I R O N M E N T    119

A R C H I T E C T U R E     C I V I L  E N G I N E E R I N G E N V I R O N M E N T  
The Si les ian Univers i ty  o f  Technology No.  4/2022

d o i : 1 0 . 2 4 7 8 / A C E E - 2 0 2 2 - 0 0 4 3



I .  A .  J a m r o ,  S .  K h o s o ,  S .  A .  R .  S h a h ,  S .  A l i ,  F .  A l i d ,  H .  U .  H a s s a n  

120 A R C H I T E C T U R E   C I V I L  E N G I N E E R I N G   E N V I R O N M E N T 4/2022

open burning/dumping sites but also contaminate the
waters and soil as well [6–10]. Therefore, it is one of
the most critical future tasks [6–10]; hence, an effi-
cient method is thus required. 
Currently, landfilling and incineration are the most
common techniques to dispose of MSW. Both tech-
niques have led to frequent use due to the adjusting
of large MSW volumes and sufficient mass reductions
[1]. However, the disadvantages, for instance; com-
plications in operation, costly lands limitations, dis-
charging toxic leachates (liquid), and high CH4 emis-
sions in case of landfilling, and producing large
amounts of toxic fly ash and CO2 emissions in case of
the incineration, have left negative impacts for those
techniques [1]. Pyrolysis is the thermal decomposi-
tion of organic matters at a temperature of about
(400-900°C) in an oxygen-absence. As no direct air or
oxygen is supplied in the process, no direct burning
occurs inside the reactor, also known as the opponent
of the incineration. The process starts with the ther-
mal cracking of thermally unstable compounds at a
high temperature into smaller gas molecules. A gas
amalgam of thermodynamically steady crude syngas
(predominately H2 molecules) is generated by
increasing the temperature. On the other hand; gasi-
fication is also considered the reliable thermochemi-
cal method, however; the use of the gasifying agent
makes the process costly [11, 12]. The pyrolysis of
MSW is the most efficient and reliable thermochem-
ical method. This state-of-the-art technology can sig-
nificantly be lessening the huge MSW bulk and pro-
duces the valuable gas as a byproduct which can be
used as a transportation fuel [13–17]. Even though,
the incineration is also a thermochemical process
which uses excess oxygen pyrolysis processes use no
oxygen, and in return convert the waste into to an
environmentally friendly synthetic gas. Whereas on
the other hand; the incineration provides the heat
energy which needs further long cleanup processing
for its end use [18–20]. Indeed, the pyrolysis is ther-
mal technique to breakdown the organic part of the
waste in temperature ranges ~400–900°C in an oxy-
gen-absence environment [21–23]. As no direct oxy-
gen or air is supplied in the process, therefore no
direct burning takes place inside the reactor, also
known as the opponent of the incineration. The
process starts with thermal cracking of unstable
organic compounds at a high temperature into small-
er gases molecules of H2 and CO. 

The pyrolysis process has remained a major focus in a
series of studies related to MSW along with the use of
various experimental facilities such as; a fluidized bed

reactor [24, 25], a fixed bed reactor [26–28], and ther-
mo-gravimetric analyzer (TGA) [29–33]. From all
those thermal facilities, TGA is the powerful tool used
to measure the online investigation of thermally
decomposing solid materials such as MSW, biomass,
and coal [30, 34, 35]. Many studies were conducted to
explore the thermal characteristics of the most com-
mon MSW components. The pyrolysis characteristics
of common MSW components and their blends in
TGA were investigated to see the effect of heating rate
related to the final temperature [31, 57]. Their study
concluded the effect of high heating rate and final
temperature on each fraction is observed as a factor in
reaction rate and intensity. MSW components were
investigated to examine the pyrolysis mechanism of
these materials [36]. From their results, it was estab-
lished that the degradation behavior of cellulosic
material was improved in a mixture with PVC. TGA
was used to investigate the decomposition of different
MSW components using pyrolysis and gasification
[30]. The results showed that the final mass fractions of
materials obtained from two different environments
were marginally different, hence more breakdown
occurred in gasification. TGA was also used to investi-
gate various Chinese MSW fractions through pyrolysis
and gasification [29]. In their study, they concluded
that at lower temperature ranges less than 500°C the
pyrolysis and gasification of decomposing materials
behave similarly. Whereas the temperature of more
than 700°C, the conversion efficiencies improve pri-
marily due to endothermic reactions. TGA-MS was
used in pyrolysis and combustion environments of typ-
ical MSW components by number of studies [37–41].
The studies estimated the occurrence of gas compo-
nents such as; H2, CH4, H2O, CO, CO2. However, all
the studies were limited to provide only useful degra-
dation information of either the single components,
their interrelations, or kinetic behavior of MSW com-
ponents and not capable of providing information on
the released part. However, there is still lack of infor-
mation on the pyrolysis of PMSW, focusing on the
released gases centered heating rates.
The study mainly explores H2 potential of pre-dried
municipal solid waste through pyrolysis at different
heating rates. Besides, the activation energy (Ea) cal-
culations were estimated by applying the Flynn-Wall-
Ozawa (FWO) kinetic model, which provided valuable
information regarding the Ea during the processes at
different conversion rates. Therefore, this study will
help to investigate the qualitative and quantitative
analysis of pre-dried MSW for the energy potential
and the performance of pyrolysis technology.
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2. MATERIALS AND METHODS
2.1. Collection and preparation of the PMSW
The pre-drying municipal solid waste (PMSW) was
collected from dumping sites. The composition of
PMSW consisted of food waste, polymeric plastics,
paper, cloth pieces, and rubber pieces. The materials
contained food (food residue, fruit peels, and veg-
etable trimmings), plastics (disposable bottles used
for water, soft drink, juices, disposal food boxes, and
soft drinks, food spoon, and forks, polythene service
bags, biscuits wrappers, chips wrappers, straws, bind-
ing sticking tape), paper (cardboard boxes, market-
ing/advertisement broachers, product booklets, ciga-
rette packet, stickers on cardboard, tissue paper, dis-
posal plates), biomass (tree and plant leaves, dispos-
al chopsticks, walnut shells, yard trimming), and rub-
ber (tire pieces, broken chapel pieces, and tube
residues). Initially, the collected materials were air-
dried for 3 days and then shredded into smaller
pieces. Then, a mixture of individuals was prepared
with a mass ratio of 48:29:13:7:3 for food waste, poly-
meric plastics, paper, cloth pieces, and rubber pieces.
To achieve optimal results, the pulverized materials
were homogenized and sieved to average particle size
to 1 mm and then kept in an oven for 12 hours at
105°C. The ready-mixed sample was then put in a
desiccator until further experiments and/or their
characterization.

2.2. Physical and Chemical Characteristics
The proximate analysis encompassed the contents of
water volatiles and ash present in the PMSW. The
elemental (chemical) composition (wt. %) was car-
ried out by using an elemental analyzer (model 2400),
by which the quantities of elemental carbon, hydro-
gen, sulfur, and nitrogen were examined. The oxygen
and fixed carbon were computed by the difference
method. The results of the proximate and ultimate
analysis are shown in Table 1.

2.3. TGA-MS pyrolysis of PMSW:
A thermogravimetric analyzer (TGA) coupled with a
mass spectrometer (MS) was used for pyrolysis
PMSW. The TG-MS experimental setup is shown in
Fig. 1.
The aim was to investigate the weight loss and the gas
species evolved during the process, therefore the
small weight of about 8 mg was used in all the exper-
iments for the optimal results [26, 58]. The lower
heating rates were selected to assist the release of the
compounds with the lower molecular weight. To min-
imize the systematic errors and to establish the base-
line, one blank test was conducted prior to the exper-
iments at the heating rates 5 and 15°C/min. The
metered sample was loaded in a crucible in TGA, and
then each sample was kept under an isothermal con-

Figure 1.
TGA-MS setup for pyrolysis of the PMSW

Table 1.
Proximate and ultimate analyses of PMSW

Sample Proximate Analysis (Wt. % db) Ultimate Analysis (Wt. % db)
Moisture
content

Volatile 
matters

Fixed 
carbon* Ash C H O* N S

PMSW 11.54 72.28 5.8 10.38 59.86 6.13 32.39 0.61 1.01

Wt. %-weight percentage, db-dry basis, * by difference

e
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dition at 30°C for an hour. Afterwards, the targeted
samples were pyrolyzed from room temperature to
900˚C at smooth heating rates of 5 and 15°C/min.
Argon (Ar) with a flow rate of 500 mL min-1 was sup-
plied. The heated capillary collected the mixture of
releasing gases from TGA and conveyed it to MS to
analyze and define the arrangement of the released
components. In this manner, evolved gas species can
be easily identified online. To attain effective results,
each experiment was repeated to ensure repro-
ducibility.
MS ionized the volatile species evolved during the
thermal breakdown of sample interfaced with TGA.
The heated capillary related to TGA supplied identi-
cal ions in the form of signals to the MS. Therefore,
those received ions were identified and distinguished
based on their mass-charge (m/z) ratios. The m/z
ratios for hydrogen, methane, steam carbon monox-
ide, ethane, Argon (Ar), and carbon dioxide are
detailed in Table 2. Ar (m/z = 40) was set as a degree
to assure the consistency of the released gas compo-
nents. All the mathematical calculations to deter-
mine the gas generation rate were done with docu-
mented signals applying the method reported
through many studies [42, 43]. The unidentified sig-
nals were normalized by the equation below.
Normalized signals for key molecule fragements 

Where, ICi shows the molecular m/z signals for mol-
ecular ion fragments “i” (arbitrary unit), Argon (Ar)
flow rate of 500 ml min-1 during the isothermal peri-
od ICAr is the m/z signals for Ar, and Wt.pre-drying MSW
is the weight of the PMSW sample (mg).

2.4. Kinetic Analysis
The kinetics gives valuable knowledge for the design
and optimization of thermal apparatuses.
Meanwhile, it calculates the weight loss performance,
chemistry of the solid products, distribution of the
products, and heat transfer information of the equip-
ment [44, 45]. For kinetic assessment, two methods
can be applied as isothermal and non-isothermal.
Comparatively, the non-isothermal is considered the
easier method due to preventing the variations of
physical and chemical characteristics of the sample
and giving useful information through a minimum
number of experiments [46, 47]. Hence the conver-
sion degree (α) can be calculated from experimental
data by using the equation as follows:

Where w0 is sample mass at the starting point, wt. is
the mass of PMSW at a time and temperature T, and
wf is mass leftover after the reaction.
In the case of non-isothermal, the mass of any feed-
stock is metered as a function of temperature devi-
ates with the time T=T(t). Therefore, heating rate
(β) may be stated as;
At a linear temperature, the β is the independent
function such as fractional conversion function f(α)
and temperature function k(T), so the kinetic can be
described as;

The rate constant (k) on the temperature can be cal-
culated via the Arrhenius expression.

Where A is the pre-exponential factor (s-1) Ea is the
activation energy Jmol-1, and R the gas constant
8.314 kJmol-1.
By merging Eqns. (4) and (5), the reaction rate may
be given as follows:

Integrating to Eq. (6) can be solved as.

G(α) and P(x) are the integrated form of fractional
conversions and temperature integrals. So, here P(x)
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Table 2.
Representative gas species evolved and key ion fragments
according to their m/z ratio  
Representative

species Ion fragments m/z ratio

Hydrogen H2+ 2
Methane CH3+ 15
Water H2O+ 18

Carbon monoxide CO+ 28
Ethane C2H+2 28
Argon Ar+ 40

Carbon dioxide CO2+ 44
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may be written as;

Here and P(x) denotes the temperature
integral as:

Based on the integral and differential form of Eqn.
(6), the kinetic parameter activation energy can easi-
ly be calculated through Flynn-Wall-Ozawa (FWO)
method. FWO is an approximate integration tech-
nique ensuing from the Doyle equation. It has been
effectively applied in the inquiry of non-isothermal
calculations. Using FWO, the Ea can be enthusiasti-
cally determined to agree to a specified α and the
lack of any information regarding the reaction
[48–50]. As a result, this technique may be employed
to investigate the value of Ea with the assumption of
the reaction mechanism.
Through the FWO technique, Eqs. (6–7) can be
transfigured into:

Where G(α) is a constant at a specified α; however;
2 ln     �     changes with some degree of range. Though
P(x) does not have the precise solution, therefore, it
is approached by Doyle’s expression through the
FWO model as:

Consequently, Eq. (9) is transformed in the FWO
method as below.

Noticeably, making logβ versus     should provide the
linear plots, and the Ea may be directly computed
commencing to the gradient at conversion rate pointsα = 5 to 35.
3. RESULTS AND DISCUSSION
3.1. Thermal Decomposition Analysis
The quantitative information of the decomposed
solid sample is commonly presented by thermogravi-
metric (TG) and differential thermo-gravimetric
(DTG) thermographs. TG shows the total conversion
(weight loss) in percentage (%) as an inclined curve,
whereas; the DTG shows the rate of conversion
(dα/dt min-1) as peaks at specific temperature ranges.
TG and DTG profiles for the non-isothermal pyroly-
sis of the biomass at heating rates; 5 and 15°C/min

are presented in Fig. 2. Pyrolysis of disintegrating
solid mass is a diverse process that usually involves
three specific temperature sub-processes: evapora-
tion, primary decomposition, and secondary decom-
position [47, 59]. In the 1st (evaporation) stage, the
free moisture and some unstable hydrocarbons are
released in the temperature range 100–200°C, result-
ing in minor weight loss mainly depending on nature
and the conditions of the process. In the 2nd stage, the
devolatilization (primary decomposition), the release
of unstable polymers-plastics and biopolymers-bio-
mass has occurred in the temperature range
~172–532°C. This stage is accounted for the major
loss in weight therefore sometimes also known as the
active stage of the pyrolysis. In the 3rd (secondary
decomposition) stage, which begins from the end of
the active stage, a secondary breakdown of the sam-
ple results in char formation and the char formation
reactions sustained up to upper temperatures of the
process. In the secondary phase, minor weight losses
are achieved over the primary phase hence this stage
is known as a passive stage. The 2nd and 3rd phases
were found to depend on each other, primarily on the
general chemical composition of the reacting solid,
specifically the structural bonding. The substantial
decomposition of ~43% and 39% occurred in the
devolatilization phase in the temperature ranges of
200–700°C and 200–510°C at 5 and 15°C/min respec-
tively obviously due to the presence of higher
volatiles in the mixture. Below 200°C, the TG curves
(Fig. 2a) under both the heating rates showed a sim-
ilar weight loss ~ 3% i.e. witnessed the presence of a
smaller quantity of water in the samples. Under low
heating rate, the sample reached its maximum
decomposition of 47% at temperature ~716°C
whereas at a higher heating rate, the decomposition
of 43% at temperature 737°C. Henceforth, the lower
heating rate exhibited higher decomposition ~4%
than the higher heating rate. Very similar observa-
tions of weight loss at the primary and final phases
were also reported by [51, 60] during the co-pyrolysis
of a binary mixture of two plastics; hence our sample
was also the mixture of several types of plastics. TG
pyrolysis profiles of the PMSW samples for both the
heating rate are illustrated in Fig. 2a.

            (1) 

 
 

           (2) 
 
 

=dT/dt           (3) 
 
 

          (4) 
 
 

          (5) 
 
 

          (6) 
 
 

      (7) 
 

  
 

                (8) 
 
 

)        (9) 
 

  
 

         (10) 
 

        (11) 
 

        (12) 
 
 

 

            (13) 

 
  

(8)

            (1) 

 
 

           (2) 
 
 

=dT/dt           (3) 
 
 

          (4) 
 
 

          (5) 
 
 

          (6) 
 
 

      (7) 
 

  
 

                (8) 
 
 

)        (9) 
 

  
 

         (10) 
 

        (11) 
 

        (12) 
 
 

 

            (13) 

 
  

            (1) 

 
 

           (2) 
 
 

=dT/dt           (3) 
 
 

          (4) 
 
 

          (5) 
 
 

          (6) 
 
 

      (7) 
 

  
 

                (8) 
 
 

)        (9) 
 

  
 

         (10) 
 

        (11) 
 

        (12) 
 
 

 

            (13) 

 
  

(9)

            (1) 

 
 

           (2) 
 
 

=dT/dt           (3) 
 
 

          (4) 
 
 

          (5) 
 
 

          (6) 
 
 

      (7) 
 

  
 

                (8) 
 
 

)        (9) 
 

  
 

         (10) 
 

        (11) 
 

        (12) 
 
 

 

            (13) 

 
  

            (1) 

 
 

           (2) 
 
 

=dT/dt           (3) 
 
 

          (4) 
 
 

          (5) 
 
 

          (6) 
 
 

      (7) 
 

  
 

                (8) 
 
 

)        (9) 
 

  
 

         (10) 
 

        (11) 
 

        (12) 
 
 

 

            (13) 

 
  

(10)

            (1) 

 
 

           (2) 
 
 

=dT/dt           (3) 
 
 

          (4) 
 
 

          (5) 
 
 

          (6) 
 
 

      (7) 
 

  
 

                (8) 
 
 

)        (9) 
 

  
 

         (10) 
 

        (11) 
 

        (12) 
 
 

 

            (13) 

 
  

(11)

            (1) 

 
 

           (2) 
 
 

=dT/dt           (3) 
 
 

          (4) 
 
 

          (5) 
 
 

          (6) 
 
 

      (7) 
 

  
 

                (8) 
 
 

)        (9) 
 

  
 

         (10) 
 

        (11) 
 

        (12) 
 
 

 

            (13) 

 
  

e



I .  A .  J a m r o ,  S .  K h o s o ,  S .  A .  R .  S h a h ,  S .  A l i ,  F .  A l i d ,  H .  U .  H a s s a n  

124 A R C H I T E C T U R E   C I V I L  E N G I N E E R I N G   E N V I R O N M E N T 4/2022

Differential thermogravimetric (DTG) thermo-
graphs of the PMSW samples at both the heating
rates are shown in Fig. 2b. For low heating rate, the
four conversion phases were observed in the temper-
ature ranges from 50–180°C, 230–360°C, 360–500°C,
and 605–690°C. However, only two conversion phas-
es were observed at the lower heating rate in the tem-
perature ranges from 50–182°C and 230–515°C. In
the first conversion phase, both samples followed
almost the same .i.e., small decomposition profile for
water removal ~3% in the temperature ranges from
50–180°C and 50–182°C for each heating rate. The
devolatilization, commonly represented by second
and third conversion phases, behaved differently;
however, it showed a major weight loss at both heat-
ing rates. For lower heating rates, the second and
third conversions conjointly represented the
devolatilization (primary decomposition) between
230–530°C, henceforth cause to a major loss in weight
~43%. On the other hand, the pyrolysis at a higher
heating rate, the thermal conversion stratagem of the
PMSW sample was completely different; henceforth
could reach only up to the 2nd conversion phase with
the total weight loss ~39% and left 56% as unreact-
ed part. The reason behind the two conversion phas-
es for higher heating rate instead of four in case of

the lower heating rate attributed to the sample mini-
mum residence time even under the same process
condition. In addition, at a higher heating rate, sev-
eral blurring (dull) peaks were demonstrated in the
temperature ranges from 220–380°C, and 550–690°C
evidenced that the sample endeavoured to decay
under fast heating just penetrated it partially, hence
degraded slightly less. Whereas, under the lower
heating rate condition, the decomposition process
continued and entered the fourth conversion phase.
The fourth (secondary decomposition) conversion
phase is known for some char formation and its
decomposition. In this phase, the decomposition of
~1.5–2% in the temperature range from 605-690°C
occurred, hence strongly attributed to the self-gasifi-
cation of char which was not achieved at higher heat-
ing rate. The final residue from the fourth conversion
phase was approximately 53% as char. The pyrolysis
results of PMSW at two different heating rates
reported that the maximum residence time permits
more heat entry into the innermost core of the solid
particles in the case of moderate and/or slow heating.
On the contrary, there was insufficient heat entry;
hence, less decomposition occurred at fast heating.
Overall, the lower heating rate DTG curves exposed
the PMSW decomposition in four conversion phases.

Table 3.
Temperature characteristics of the conversion phases obtained from pyrolysis of PMSW

Figure 2.
Thermogravimetric (TG) and Differential thermo-gravimetric (DTG) (b) profiles of pyrolysis of PMSW

Regime Heating rate(°C/min)

Stage 1 Stage 2 Stage 3 Stage 4
Ti
(°C)

Tmax
(°C)

Tf
(°C)

Ti
(°C)

Tmax
(°C)

Tf
(°C)

Ti
(°C)

Tmax
(°C)

Tf
(°C)

Ti
(°C)

Tmax
(°C)

Tf
(°C)

Pyrolysis 5 50 113 180 230 334 360 360 419 500 605 652 690
15 50 133 182 230 438 515 - - - - - -

Note: Ti is the initial temperature of each phase; Tmax is the maximum (at peak) temperature of each phase; Tf is the final tempera-
ture of each phase
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The devolatilization region ascertained itself the
most influential weight loss phase. The details of the
conversion phases at the applied heating rates are
given in Table 3.

3.2. Released Gases Analysis
The gas generation trends present the qualitative
information of any decomposed solid sample during
thermal degradation, which can easily be determined
by a mass spectrometer (MS). MS identifies the ion
intensity of each gas specie based on their mass to
charge (m/z) ratio. A semi-quantitative approach that
effectively works based on signals corresponding to
each ion fragment was used to assess the gas arrange-
ment during both processes [30, 31]. The release of
detected common fragments included; H2, CH4,
C2H2, CO, and CO2. The aim was to investigate only
combustible gases; hence CO2 was excluded. In addi-
tion, the concentration of C2H2 was too little to be
appropriately displayed; therefore, it was also exclud-
ed. Fig. 3 depicts the generation rates of H2, CO, and

CH4 and their yields obtained from pyrolysis of
PMSW at the heating rates of 5 and 15°C/min. As the
sample contained a considerable amount of plastics
(29% share) and lignocellulosic components, the
pyrolytic decomposition followed the decay profile
via a radical mechanism for plastics, whereas a chain
of exothermic endothermic nature of reactions for
the lignocellulosic fraction.
The H2 generation trends of the pyrolysis of the
PMSW are illustrated in Fig. 3a. For both heating
rates, the generation of H2 was elevated from 0.5 to 
4 ml min-1 g-1 in the temperature ranges from 
400–430°C but suddenly decreased to 2 ml min-1 g-1 at
500°C. Afterwards, a rapid increment from 
2 ml min-1 g-1 to 12 ml min-1 g-1 and 2 ml min-1 g-1 to
9 ml min-1 g-1 was observed in the temperature ranges
500–760°C and 500–710°C for lower heating rate and
higher heating rate, respectively.

Figure 3.
The generation rates of (a) H2, (b) CO, and (c) CH4, and (d) their total yields obtained from pyrolysis of PMSW at 5 and 15°C/min.
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It is strongly believed that the H2 production is main-
ly occurred due to the primary cracking of hydrocar-
bons and their subsequent decomposition reactions
[34, 47]. According to [52, 53], the upper-level tem-
perature provides favorable circumstances to the
thermal disintegration of carbon-carbon bonds
hence; high probability of water gas shift and reform-
ing of methane reactions has occurred, resulting in
the boosted H2 production. Apart from that, the sec-
ondary cracking of char/ash catalytic assistance by the
paper and biomass fractions in the mix might be con-
tributed to augmenting the H2 generation. This fluc-
tuating phenomenon for the H2 generation is likely to
be processed via water-gas shift, water gas, and steam
methane reforming reactions. From low to higher
heating rate, the H2 generation rate was decreased
after 760°C and 710°C which continued till the end of
the process. The results acquired for H2 are in good
agreement with the study conducted on individual
components such as; paper, plastics, yard trimmings
in the pyrolysis atmosphere [29]. In conclusion, the
H2 generation from the pyrolysis of the PMSW was
slightly favoured by the lower heating rate over the
higher heating rate.
The CO presented different generation trends at
both heating rates, as indicated in Fig. 3b. At a lower
heating rate, the CO generation increased from 10 to
62 ml min-1 g-1 in the temperature range from
230–500°C and reached its maximum level. There was
a clear shoulder displayed at 300°C in the tempera-
ture range from 290–310°C, which then ascended and
merged with the ongoing trend line. After reaching
its maximum peak level, a combination of decreasing
and increasing trends persisted up to 800°C. Notably,
after touching 800°C to the final process temperature
i.e. 900°C, the generation trend remained in a con-
stantly increasing position. On the other hand, at the
higher heating rate the CO generation trend
increased from 5 to 78 ml min-1 g-1 in the temperature
range from 250–420°C and reached at its maximum
level. A little peak was observed at 330°C in the
ranges 290–310°C. At that moment, the trend line
suddenly dropped from 78 to 12 ml min-1 g-1 and that
declination continued till the end of the process. The
similar resembling CO fluctuating tend also reported
for the pyrolysis of polystyrene plastic component
which first increased with the elevating temperature
and suddenly decreased at higher temperatures [37].
A similar higher CO generation was also reported by
the other researchers for the lingo-cellulosic (bio-
mass) and/or cellulosic originated (paper) materials

in the PMSW mixture [34, 37]. Hence, the thermal
disintegration of ether bonds, carboxyl, and carbonyl
groups exist in hemicellulose and cellulose, resulting
in higher CO generation hence the results well
agreed with the previous studies [54, 55]. On the
other hand, the phenomenon of the lower CO gener-
ation at the lower heating rate could have also
changed due to the primary reaction, essentially the
gradual improvement in H2 and CO2 associated with
the marginal catalytic characteristics of ashes [56].
The evolution of CH4 generation followed relatively
parallel generation trends i.e. higher generation rate
at the lower heating rate and lower at the high heat-
ing rate as illustrated in Fig. 3c. At a lower heating
rate, the CH4 generation increased from 4 ml min-1 g-1

to 18 ml min-1 g-1 in temperatures 300–400°C. But, a
quick leaping was observed in the temperature range
400–470°C, which reached its lowest generation level
of 2 ml min-1 g-1 to the end of the process. For the
high heating rate, the trend was the same as the lower
heating rate, but it could only reach half of the maxi-
mum level of lower heating rate, i.e., around
9 ml min-1 g-1 in 290–410 °C ranges. In addition, sev-
eral peaks were seen which showed the inconsistency
of pyrolytic decomposition under the higher heating
rate. Overall, the H2 generation was merely slow for
a lower heating rate, which decreased from 750°C to
the end. On the other hand, the higher heating rate
pyrolysis produced the maximum CO generation
after 300°C, increasing continuously. The low heating
rate took a wide span of CH4 increment between
320–490°C. Regarding the higher heating rate, the
CH4 generation increased between 300–500°C, and
the decreasing trend continued till the end of the
process. The total yield of the released gases is shown
in Fig. 3d. Overall, the lower heating rate favoured
the high total yield for all the gases .i.e. H2, CO, and
CH4. However, a minor difference in the total yield
was observed for the H2. The CO owned the highest
total yield in the temperature ranges 230–500°C and
800°C to end of the processes temperature i.e. 900°C.

3.3. Kinetics Analysis
To check the energy required in the weight loss of
PMSW during pyrolysis, the estimation of kinetic
parameters is essential, calculated by the Arrhenius
equation. The TGA results were evaluated by the
model-free fitting method to calculate the kinetic
parameters. Afterwards, the temperatures parallel to
fixed values of conversion degree (α) from experi-
ments at the applied heating rates were obtained. In
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this study, the activation energy (Ea) was estimated
by the non-isothermal iso-conversion technique by
Flynn-Wall-Ozawa (FWO) and employing Doyle’s
approximation of p(x) as follows:

Fig. 4a represents the fitting curve plots of ln (β) ver-
sus 103/T corresponding to the different conversion
degrees (α) at both heating rates. To calculate the Ea
at a certain α that how the reaction rate varies with
temperature at a particular α has to be identified;
hence it can be established by changing the heating
rate (β) [34, 47]. Therefore at the conversion α, the
Ea can be calculated after simplifying and by taking

the derivative of equation 5 concerning to

Where the subscript j means the heating program
selected, hence the obtained Ea are recorded in
Table 4. The obtained Ea values and model validation
are schemed in Fig. 4a and Fig. 3b, respectively.
Table 4 depicts the estimated Ea values at 5 and
15°C/min heating rates. The correlation coefficient
(R2) ranged from 0.9701 to 0.9983 hence; validating
the generated data well. Fig. 5b depicts the lower
heating rate owned higher values of Ea over higher
heating rate except from the conversion rate (α) of 10
for the pyrolysis. The higher Ea values of 266 and 
263 kJmol-1 at both heating rates at α of 10 were
found at ~295°C can be ascribed may be due to the

presence of plastic content in the mix, which usually
starts to decompose from 290–350°C in the absence
of gasifying agent required more energy. At a 
lower heating rate, the values of Ea lied between 
26 kJmol-1 to 142 kJmol-1.
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Figure 4.
(a) Fitting curves and (b) plots of activation energy obtained from the pyrolysis of PMSW at different conversion degrees at heating
rates of 5 and 15°C/min.

Table 4: 
Kinetic parameters at different conversion rates at heating
rates of 5 and 15°C/min

Environment
Heating
rate

(°C/min)

Conversion
degree (α) Activationenergy

(kJmol-1)
R2

Pyrolysis

5

5 26.2165 0.9972
10 266.1419 0.9722
15 122.3063 0.9967
20 154.2912 0.9839
25 154.6809 0.9849
30 150.212 0.9941
35 142.1621 0.9932

15

5 24.89866 0.9983
10 263.3126 0.9701
15 118.488 0.9949
20 150.2019 0.9811
25 150.4602 0.9935
30 145.8795 0.9922
35 137.6665 0.9917
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Comparatively, the Ea values estimated in our study
for the PMSW are less than the individual MSW
components i.e. hemicellulose, cellulose, lignin, poly-
ethylene, and polystyrene ranged between
171–221 kJmol-1 [30]. Hence this work has demon-
strated that the pyrolysis of PMSW at 5 and 15°C/min
pay considerable value in terms of Ea related to the
thermal behaviour of the PMSW. From the validation
of model curves as depicted in Fig. 5, it may be seen
that the FWO model provides an agreeable repro-
ducibility to the experimental results throughout all
the conversion degrees. Nevertheless, higher devia-
tions among the calculated and experimental infor-
mation may be seen at 5°C/min between the conver-
sion degree of 5 and 25. The experimental and calcu-
lated curves trend was smooth and overlapped, hence
correspondingly following the same pathway along
the trajectory. The experiment curves at 5°C/min
(Fig. 4a) had certain discrepancies with calculated
curves along the same trajectory in the ranges about
300–500°C, thus appearing as slow and continued
fluctuating curves presenting slower and minimum
decomposition. While the calculated curves at
15°C/min (Fig. 4b) exhibited smooth experimental
and calculated curves with persistent flat parallel
curves. In summary, the pyrolysis of PMSW was
observed to be slower than the deviation among the
PMSW with identical conditions was strongly linked
to the heating rates.

4. CONCLUSIONS AND FUTURE
DIRECTIONS
Pyrolysis of pre-drying municipal solid waste
(PMSW) in terms of degradation, evolved gases, and
kinetics under two heating rates of 5 and 15°C/min,
and final temperature of 900°C was carried out by
using a thermogravimetric analyzer (TGA) coupled
with a mass spectrometer (MS). The TG (thermal
decomposition) results revealed that the lower heat-
ing rate was more efficient in more conversion of the
feedstock. Total weight loss and rate of weight loss
provided logical information under identical condi-
tions. Hence, the final weight loss of about 47% was
obtained at the lower heating rate and 43% weight
loss at a higher heating rate. On the other hand, the
DTG curves revealed how exactly the material
degraded in different conversion phases was associat-
ed with the specific range of temperatures. For high-
er H2 generation, the lower heating rate produced
higher H2 and reached its maximum generation level
after 800°C. Such increment in H2 generation at high-
er temperatures was considered mainly due to water
gas shift and steam-methane reforming reactions
supported at higher temperatures. In addition, the
lower heating rate produced also produced higher
gas yields over the higher heating rate. In the case of
H2 as the desired product, which was found as tem-
perature contingent species, i.e., increased with the
increasing temperatures. The kinetic results revealed
that the activation energy (Ea) values at lower heat-
ing rate lied between 26–142 kJmol-1, whereas for
higher heating rate, the Ea values ranged between
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Figure 5.
Experimental (dotted) and model (solid) lines through the FWO method were (a) and (b) show the pyrolysis at 5 and 15℃℃/min, respec-
tively
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24–137 kJmol-1, respectively. Henceforth, it can be
established that pyrolysis of PMSW is not an eco-
nomical process for tending to produce cleaner and
expensive H2 production but also a perfect deal to
manage the MSW. As MSW is a sustainable, renew-
able, and permanent source; hence, the current study
may help in its safe management and fulfil future
energy requirements. In addition, the releasing H2
tends may also help to perform the pyrolysis of
PMSW at real reactors (fixed bed, tubular batch) for
the future work and its use as an appropriate fuel for
Fischer Tropsch process for the manufacturing of
transportation oils.
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