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ABSTRACT 

 

The aim of this work is to investigate the thermal behaviour of Malaysian poultry waste 

under oxidation and inert atmospheres. The poultry processing dewatered sludge (PPDS) 

derived from poultry waste was considered as a raw material. The study was conducted 

in the LABSYS Evo Setaram thermogravimetric analyser (TGA). The temperature was 

ramped from 30°C to 800°C in oxygen and nitrogen atmospheres at heating rates 5, 10, 

15, and 20 K/min. The devolatilization process was more reactive in combustion than that 

in pyrolysis as evaluated from the derivative thermogravimetric (DTG) peak height and 

peak temperature at the second stage. In addition, a kinetic parameter called the activation 

energy of TGA combustion was consistently higher than pyrolysis at each conversion. 

The activation energy ranged from 127.32 to 245.47 kJ/mol and 88.86 to 133.13 kJ/mol 

for TGA under combustion and pyrolysis, respectively. The results of the TGA analysis 

indicate that the combustion and pyrolysis process significantly affect the degradation 

process of PPDS. The sample fuel properties and activation energy data obtained in this 

study may be beneficial for further development of thermochemical conversion (TCC) 

application of biomass through the computational fluid dynamics (CFDs) software.  

 

Keywords: TGA; combustion; pyrolysis; kinetic analysis. 

 

INTRODUCTION 

 

For the past few decades, the energy crisis has become a big threat to the sustainability of 

the most developing countries and communities [1-3] as energy is a key requirement of 

our daily life including transportation, industrial, telecommunication and agriculture 

activities that influence the economic growth [4]. In addition, the energy demand is 

increasing day by day as the population increases [5-7]. Besides, the energy security, 

diminishing fossil fuels reserves and environmental concerns lead the societies to utilize 

various sources of energy [8-10]. Presently, the chicken poultry processing industry 

generates large amounts of waste which are solid waste and wastewater. The solid waste 

consists of bedding materials, feed, excreta (manure), feathers, hatchery waste (empty 

shells, infertile eggs, dead embryos and late hatchlings), shells, sludge, abattoir waste 

(offal, blood, feathers and condemned carcasses) and mortality [11]. There were around 

108 parent farms in peninsular Malaysia producing 637 million broilers (average weight 

of one broiler is 2.2 kg) in 2012 [12], while, during the growth of 2 kg of broiler produced 

about 1 kg of litter [13]. Therefore, the Malaysian poultry industry generated around 700 

million kg of waste in 2012. This large amount of poultry waste causes environmental 

issues which need a proper disposal of poultry waste. There are numerous disposal 
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methods of poultry waste including compositing, burial, rendering, feed for livestock, 

combustion, fertilizer or source of energy. The prime waste disposal method is burial in 

the landfill which is an expensive technique [11]. The utilization of poultry waste for 

energy conversion via combustion or pyrolysis is a cheap way of disposal which 

additionally fulfils the ever increasing energy demand. The thermal processes combustion 

and pyrolysis have advantages, for instance, as the easiest way to handle toxic organics 

and having a large reduction in the volume of waste in the thermal process [14]. 

 Many previous studies of combustion and pyrolysis have extensively investigated 

the behaviour of coal, agricultural waste and other types of biomass materials [7, 15-22]. 

Thus far, the study on combustion and pyrolysis behaviour of poultry waste has been not 

reported yet. An in-depth understanding of the thermal decomposition kinetics is 

extremely important in order to transform poultry waste material into the beneficial form 

of energy through the thermochemical conversion (TCC) process. Therefore, it is the aim 

of this work to investigate the thermal behaviour of the Malaysian poultry waste under 

oxidative and inert atmospheres via the thermogravimetric analysis. This study 

investigated the kinetics behaviour of combustion and pyrolysis of Malaysian poultry 

waste under oxygen and nitrogen atmospheres in the thermogravimetric analyser, and the 

reactivity of the material was evaluated by DTG curve. The kinetic analysis calculations 

were done by using the Flynn-Wall-Ozawa (FWO) model free method and each 

experiment was repeated at 5 K/min, 10 K/min, 15 K/min, and 20 K/min heating rate for 

both conditions.  

 

EXPERIMENTAL SET UP 

 

Material Preparation 

The waste material used in this study was poultry waste derived from poultry processing 

activities at a slaughtering house named as the poultry processing dewatered sludge 

(PPDS). PPDS contains with an internal organ, blood, feathers, bone meal and trimmings 

which have been through the waste water treatment process. The as-received sample was 

in the form of sludge cake which contains a high amount of moisture. After drying in a 

laboratory oven at a constant temperature of 105°C for 24 hours, the sample was crushed 

and sieved to get a particle size of 425mm. Figure 1 shows the raw and dried material of 

PPDS that has been sieved to 0.425mm particle size. The standard procedure of drying 

process is in accordance with the ASTM standard D1762-84 [17]. The sample was then 

stored in the airtight bottle to preserve its moisture content. 

 

Proximate Analysis 

Proximate analysis was carried out by using the TGA LABSYS Evo to analyse the 

moisture content, volatile matter, fixed carbon, and ash content. The sample of 10 mg was 

put in an alumina crucible and placed in the TGA furnace. The heating process started 

from room temperature to 110°C under N2 at a heating rate 10 K/min to evaluate the 

weight loss percentage of the drying process which corresponded to the value of moisture 

content. The temperature was then continuously increased to 850°C at 10 K/min to allow 

the weight loss associated with the volatile matter liberation. After about 1 hour of 

isothermal step, the gas was switched to oxygen and the heating was held for 10 minutes 

for char oxidation combustion. The weight loss at this stage was attributed to the fixed 

carbon percentage. Finally, the ash content was obtained from the remaining residue of 

the incombustible char. The temperature set up for proximate analysis in TGA is shown 

in Figure 2. The determination of moisture, ash and volatile matter in the proximate 
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analysis was carried out by referring to the ASTM D3173, ASTM D3174, and ASTM 

D3175 methods, respectively [18].  

 

 
                                      (a)                                                          (b) 

 

Figure 1. (a) Raw material of PPDS and (b) dried PPDS.  

 

Figure 2. Temperature set up for proximate analysis in TGA. 

 

Ultimate Analysis 

The determination of chemical content namely as carbon (C), hydrogen (H), nitrogen, (N) 

and sulphur (S) was done through the ultimate analysis. The procedure of ultimate 

analysis was in accordance to ASTM D377-48. The sample of 2 mg was measured and 

placed in the combustible tin capsule as the crucible. The sample in the tin capsule was 

injected into a high-temperature furnace in around 1000°C and combusted in pure oxygen. 

The combustion products produced carbon dioxide (CO2), water (H2O), Nitrogen (N2) 

and sulphur dioxide (SO2) after going through a special reagent carried by a constant flow 

of carrier gas (helium). This reagent then removed the desired chemical composition. This 

investigation was successfully done by using the Leco CHNS analyser model CHNS-932. 

CHNS analyser was calibrated by using the Sulphametazime standard sample. Five runs 

of Sulphametazime sample were conducted and the average values of C, H, N and S were 

taken. These average values were then compared to the theoretical value of 

Sulphametazime and the percentage error was calculated. The results of the percentage 

difference between theoretical value and experimental value for C, H, N and S were 

0.16%, 3.44%, 0.5% and 0.12%, respectively. 

 

Calorific Value Test 

The calorific value test was carried out to measure the higher heating value (HHV) of the 

sample in accordance to the ASTM D2015. The calorific value test was conducted 

through the bomb calorimeter model AC-350. Approximately 0.5 g of the PPDS sample 

was weighed and placed in the crucible. The burning process occurred in an adiabatic 

oxygen atmosphere when the crucible with the sample inside was put in a stainless steel 

closed vessel. After the completion of combustion, the bomb calorimeter displayed the 



 

Thermogravimetric kinetic analysis of Malaysian poultry processing waste material under inert and 

oxidative atmospheres 

1946 

 

higher heating value and the data was recorded. Before conducting the HHV test for 

PPDS, a benzoic acid was tested as a calibration sample. The 10 runs of calibrations with 

benzoic acid indicate an average calibration error of ±0.07 MJ/kg. The standard deviation 

was 0.25 MJ/kg. 

 

Thermogravimetric Analysis (TGA) 

The TGA was performed by using the LABSYS Evo Setaram TG analyser. The 

experiment was conducted in the non-isothermal condition where the temperature was 

ramped from 30°C to 800°C. During the heating process, the oxygen gas and nitrogen gas 

were purged at a flow rate of 30 mL/min for the combustion and pyrolysis, respectively. 

Figure 3 shows the schematic diagram of the TGA Labsys Evo. The purged gas was 

circulating from gas cylinder to the TGA furnace from bottom to top, entering by the 

alumina sweeping tube and existing at the top of the furnace.   

 

 
 

Figure 3. Schematic diagram of the TGA Labsys Evo. 

 

  In order to allow the calculation of kinetic analysis, the experiment was repeated 

at 5 K/min, 10 K/min, 15 K/min, and 20 K/min heating rate. The selection of heating rate 

was based on the fact that this range of heating rate may reduce the mass transfer and 

temperature gradient effect [19]. The thermogravimetric (TG) curve and derivative 

thermogravimetric (DTG) curves were recorded continuously by the TGA software 

during the analysis. The iso-conversional model free kinetic method, the Flynn-Wall-

Ozawa model was applied to calculate the kinetic parameter named the activation energy.  

 

RESULTS AND DISCUSSION 

 

Fuel Analysis 

The proximate and ultimate analyses and calorific value of the PPDS are presented in 

Table 1. As can be observed from the table, the PPDS had 63% volatile matter which was 
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higher than coal. This is an attractive feature as a high volatile matter is an indicator of 

high combustible volatile gas release, hence accelerates the process of ignition during 

combustion. The PPDS was also recorded to have a significantly high calorific value and 

be comparable to coal possibly due to the high carbon content amount in its fuel content 

[23]. The high calorific value in the solid fuel is an advantage as it indicates the energy 

content per unit mass of solid fuel. However, a higher moisture content in the PPDS will 

negatively impact the combustion efficiency because more energy will be required for the 

drying process before the combustion can be started [24]. Besides, the relatively high ash 

content will possibly influence the effectiveness of combustion because of the formation 

of slag in the combustor. The value of N was also found to be higher (5.52%) compared 

to coal, which is undesirably concerning about the liberation of ./ gas in the 

atmosphere. Conversely, the PPDS contained 0.8% S which was considered as relatively 

low. 

 

Table 1. Fuel analysis properties of the PPDS with comparison to the coal Mukah 

Balingian as reference. 

 

Analyses PPDS Coal Mukah Balingian [16] 

Proximate (wt.%) 

Moisture content 

Volatile Matter 

Fixed Carbon 

Ash 

 

6.9 

63 

9.49 

21.08 

 

 

- 

42.64 

53.94 

3.45 

Ultimate (wt.%) 

C 

H 

N 

S 

52.78 

8.87 

5.52 

0.80 

60.04 

5.06 

1.93 

0.28 

 

Calorific Value (MJ/kg) 34.29 24.60 

 

Thermogravimetric Analysis 

The thermogravimetric (TG) and its first derivative namely as the derivative 

thermogravimetric (DTG) curves of the PPDS under inert and oxidative atmosphere are 

illustrated in Figure 4. The TG curve is a weight loss curve as a function of temperature 

while the DTG depicts the curve of weight loss rate against temperature. During the 

ramping of temperature, the biomass material experienced a weight loss due to the 

liberation of volatile matter and degradation process [25]. The process of degradation 

stopped when no weight loss was observed although a higher temperature was preserved 

for the heating process. This was due to the depletion of fuel content in the biomass 

sample and left an incombustible residue at the end of the process namely as ash [26]. As 

can be seen from Figure 4, the total weight loss of the PPDS during combustion was 

higher than that in pyrolysis. This can be clearly elucidated from the TG curve where it 

started to become constant. The combustion process caused about 96% weight loss while 

the pyrolysis process accounted approximately 85% weight loss. This was due to the 

different degradation process in both atmospheres where in the combustion process the 

char was combusted because of the existence of oxygen [27]. Besides, the TG curve 

remained constant at the temperature 460ºC for pyrolysis which was lower than the 
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combustion process (480ºC). The other unique characteristic that can be obviously 

observed between both processes was the numbers of DTG peak exist. Figures 5 (a) and 

(b) show the degradation stage of the combustion and pyrolysis, respectively. The DTG 

of the combustion process shows three peaks which indicate three different stages of the 

degradation process which occurred during the entire process [28]. Conversely, the TGA 

pyrolysis exhibited two peaks of DTG. The number of stages can be interpreted by 

separating the starting and ending points of the DTG curve. It was resulted from the 

different slope of the TG curves when entering the new phase of the degradation process. 

The initial stage happened from 30°C to approximately 110ºC displayed a very 

little peak for both combustion and pyrolysis that may attribute to a drying process. The 

degradation process proceeded with the release of the volatile matter at the second stage 

which contributed to the major weight loss of the entire process [16]. After some time, 

the fuel content was depleted and the reaction stopped for the pyrolysis process. However, 

the combustion proceeded to the third stage known as the char oxidation process. 

 

 
 

Figure 4. TG and DTG curves of PPDS under /  and .  atmosphere. 

 

TGA Characteristic 

Table 2 listed the characteristic of the TGA combustion and pyrolysis. A slight weight 

loss happened during the first stage which attributed to the moisture absorption initiated 

from 30°C to 110°C. The DTGmax was the value of the DTG peak accounted as -0.056 for 

combustion and -0.111 for pyrolysis, respectively. The peak point was centred at the 

temperature 59.34°C for pyrolysis which was slightly higher than combustion (58.13ºC). 

This reveals that the drying process occurred rapidly in the O2 atmosphere, thus achieved 

the maximum rate of weight loss at significantly lower temperature than that of the inert 

atmosphere [29]. Additionally, according to the Trange presented in Table 2, the drying 

process ended at the lower temperature (110°C) rather than pyrolysis (150°C). 
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Figure 5. Degradation stage under (a) /  and (b) .  atmosphere. 

 

Table 2. The TGA profiles for PPDS under combustion and pyrolysis. 

 

 O2 N2 

Stage 1   

Tpeak (°C) 58.13 59.34 

DTGmax (%/min) -0.056 -0.111 

Trange (°C) 30-110 30-150 

Stage 2   

Tpeak (°C) 255.7 275.9 

DTGmax (%/min) -4.436 -3.261 

Trange (°C) 110-380 150-460 

Stage 3   

Tpeak (°C) 461.9 - 

DTGmax (%/min) -2.810 - 

Trange (°C) 400-520 - 

 

The highest peak of the DTG happened at the second stage for both the 

combustion and pyrolysis processes. As this stage is corresponding to the release of 

volatile process (devolatilization), the highest reactivity taking place in this zone might 

be due to the high amount of volatile matter content in the PPDS as stated in Table 1. As 

can be observed in Figure 5(a), the peak height of the DTG was high. The value of the 

DTGmax for the PPDS combustion in the second stage presented in Table 2 was found to 

be higher in the absolute value than that in the pyrolysis. However, the maximum weight 

loss rate occurred at the lower temperature (255.7°C) than pyrolysis (275.9°C). It is worth 

noting that a higher value of the DTGmax together with the lower value of peak temperature 

revealed the high reactivity of the degradation process [30]. Accordingly, the release of 

the volatile matter process was more reactive in O2 than that in the N2 atmosphere. 

Additionally, the devolatilization process in N2 was initiated at the temperature of 150°C 

to 460°C. As the process progressed gradually, a broader range of temperature might be 

required to complete the whole process. The TGA combustion of PPDS was preceded to 

the third stage. The existence of O2 in the furnace atmosphere caused a continuous 

reaction namely as the char oxidation process, hence kept losing the sample weight [18]. 

As can be seen from Figure 5(a), the peak height of the DTGmax at the third stage was 

smaller than that in the second stage. The value of the DTGmax in the third stage was 
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approximately -2.810 at a temperature of 461.9 °C. This was because, the rapid reaction 

in the previous stage left a small value of remaining char to be oxidized in the final stage. 

 

Kinetic Analysis 

The kinetic analysis was done to determine the activation energy of the PPDS combustion 

and pyrolysis. The Flynn-Wall-Ozawa (FWO) iso-conversional model free kinetic 

method was applied by adopting the data from the TGA to evaluate the kinetic analysis. 

In order to apply this method, a series of the TGA experiments at four different heating 

rates was performed. Basically, there are several kinetic methods that can be adopted to 

calculate the activation energy. Usually, all kinetic methods obey the Arrhenius equation 

as stated: 

 

ὯὝ ὃὩ Ⱦ                                                            (1) 

 

where k(T) is the rate of reaction, A is the pre-exponential factor, E is the activation 

energy, R is the gas constant and T is the temperature. 

The decomposition rate of the reaction can be expressed by Eq. (2): 

 

 = k(T)f(‌                                                                  (2) 

 

where α is the conversion fraction, and f(α) is the function of reaction. The conversion 

fraction, α can be defined as the mass change of biomass sample and can be determined 

as: 

 

‌                                                                        (3) 

 

where wo, w and wf are the initial weight of sample, instantaneous weight at temperature, 

T, and residual weight of the sample at the final temperature respectively. 

By substituting Eq. (1) into Eq. (2), the following equation was derived,  

 

 = AὩ  f (‌                                                            (4) 

 

For the calculation of the activation energy using the FWO model free method, the heating 

process in the non-isothermal step was implemented. Thus, the equation of heating rate, 

β used can be described as, 

 

β=                                                                   (5) 

 

where ὨὝὨὸϳ  is the change of temperature in minute time, ὨὝὨ‌ϳ  is the change of mass 

subtract of temperature dependence and Ὠ‌Ὠὸϳ  is the change of mass substrate of time 

dependence.  

Subsequently, the substitution of Eq. (5) into Eq.(4) derived equation, 

 

 = Ὢ‌  AὩ  f (‌                                       (6) 
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In order to employ the FWO model free method, the integration technique was performed 

for both sides of Eq. (6). 

 

᷿  = g(α) =  ᷿Ὡ Ⱦ dT                                      (7) 

 

where, g(α) is the reaction model in the integral form and Ὕ is the initial temperature. For 

this calculation, it was assumed that the initial temperature was low enough and 

approximately close to 0. By utilizing the Doyle’s approximation, the final equation of 

the integral method produced is as follows, 

 

1n(‍  1n  - 5.331-1.052                                (8) 

 

The previously calculated ten values of conversion, α were pointed and the corresponding 

temperature was determined. Subsequently, by using Equation (8), the plotted ln(β) 

versus 1/T then produced a straight line as shown in Figure 6 for the TGA combustion 

and Figure 7 for the TGA pyrolysis, respectively. The slope of each straight line will then 

be beneficial to subsequently calculate the activation energy, E. 

 

 
 

Figure 6. Plot of FWO linear regression for TGA combustion. 

 

Table 3 shows the list of coefficient correlation of the linear regression, R2 and calculated 

activation energy, Ea at each conversion, α. The values of R2 were more than 90% for the 

TGA combustion and almost close to 100% for the TGA pyrolysis depicted that the 

linearity was very good. The plot of activation energy versus conversion under the O2 and 

N2 atmosphere are shown in Figure 8 to explicitly observe the trend and relation of the 

variable. It is apparent that activation energy gives different values at each conversion. 

The individual value of activation energy reflected a unique reaction mechanism at every 

stage of the conversion degree [31]. This caused the degradation process to require a 

different value of activation energy to allow the thermal breakdown of biomass 

degradation process [32]. The activation energy ranged from 127.32 kJ/mol-245.47 

kJ/mol and 88.86 kJ/mol-133.13 kJ/mol for the TGA combustion and pyrolysis, 

respectively. Although the increment was very slow, the TGA pyrolysis curves showed 

an increasing value with respect to the increasing of conversion. However, a slight drop 

of activation energy occurred at the conversion 0.2 and 0.25 for the TGA combustion 
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before a sudden increase happened until conversion 0.6. The average activation energy 

for the biomass combustion and pyrolysis were 154.57 kJ/mol and 107.81 kJ/mol 

respectively. With comparison to other biomass sample studied by Sanchez et al. [19], 

the combustion of sewage sludge, animal manure and organic fraction of municipal solid 

waste (OFMSW) resulted about 140.36 kJ/mol, 143.33 kJ/mol and 173.96 kJ/mol 

activation energy respectively. Meanwhile, the average activation energy for the pyrolysis 

cotton stalk and rice husk reported by Gai et al. [33] were 129 kJ/mol and 79 kJ/mol, 

respectively.  

 
 

Figure 7. Plot of the FWO linear regression for the TGA pyrolysis. 

 

Table 3. Correlation co-efficient, R2 and calculated activation energy for PPDS at every 

conversion under combustion and pyrolysis. 

 

 Under O2 Under N2 

α R2 Ea[kJ/mol] R2 Ea[kJ/mol] 

0.05 0.9349 127.32 0.9704 88.86 

0.10 0.9462 133.79 0.9912 99.08 

0.15 0.9444 133.63 0.9973 103.03 

0.20 0.9246 126.94 0.9990 105.13 

0.25 0.9254 127.72 0.9998 106.72 

0.30 0.9432 138.38 1.0000 107.62 

0.35 0.9729 145.02 0.9999 108.56 

0.40 0.9729 158.69 0.9998 109.94 

0.50 0.9605 208.74 0.9994 116.01 

0.60 0.9032 245.47 0.9989 133.13 

 

The plot in Figure 8 also shows that the activation energy at each conversion for 

combustion was always greater than that in pyrolysis. This proved that the switch of the 

TGA from the inert atmosphere to the oxidative atmosphere increased the activation 

energy. This finding was in line with the work done by Jeguirim et al. [27] for date palm 

residue and Shen et al. [34] for woody biomass.  
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Figure 8. Plot of activation energy as a function of conversion for TGA under O2 and 

N2. 
 

CONCLUSIONS 

 

The TGA combustion of PPDS exhibited three stages of degradation process while the 

TGA pyrolysis showed two stages of the entire reaction. The devolatilization process was 

more reactive in the combustion than that in pyrolysis as evaluated from the DTG peak 

height (DTGmax) and peak temperature at the second stage. However, the devolatilization 

process in pyrolysis occurred gradually in the wider range of temperature. The presence 

of oxygen in the atmosphere oxidized the char left after the devolatilization process in 

combustion, thus the TGA result exhibited another peak of the DTG curve at the third 

stage. Meanwhile, the pyrolysis stopped at the second stage at the temperature 460°C 

which was lower than that in the combustion. The activation energy of the TGA 

combustion was consistently higher than the pyrolysis at each conversion. The data in 

this study may be beneficial for further investigation of the mechanism of devolatilization 

of biomass through the computational fluid dynamics (CFDs) software. This is a 

fundamental step before the potential of the PPDS fuel can be applied in the thermo-

chemical conversion process for energy generation.  
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