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Abstract The pyrolysis characteristics and kinetics of

sewage sludge for different sizes (d \ 0.25 mm,

0.25 mm \ d \ 0.83 mm, and d [ 0.83 mm) and heating

rates (5, 20, and 35 �C/min) were investigated in this

article. The STA 409 was utilized for the sewage sludge

thermogravimetric analysis. FTIR analysis was employed

to study the functional groups and intermediates during the

process of pyrolysis. Meanwhile, a new method was

developed to calculate pyrolysis kinetic parameters (acti-

vated energy E, the frequency factor A, and reaction order

n) with surface fitting tool in software MATLAB. The

results show that all the TG curves are divided into three

stages: evaporation temperature range (180–220 �C), main

decomposition temperature range (220–650 �C), and final

decomposition temperature range (650–780 �C). The

sewage sludge of d \ 0.25 mm obtains the largest total

mass loss, especially at the heating rate of 5 �C/min. By

FTIR analysis, the functional groups including NH, C–H,

C=C, etc., are all found in the sewage sludge. There is a

comparison between the FTIR spectra of sludge heated to

350 �C (temperature associated to maximum devolatiliza-

tion rate in the second stage) and the FTIR spectra of

sludge heated to 730 �C (temperature associated to maxi-

mum devolatilization rate in the third stage). In the second

stage, the alcohols, ammonia, and carboxylic acid in the

sludge have been mostly decomposed into gases, and only

a little bit of compounds containing CH and OH of COOH

exist. The pyrolysis kinetic parameters of second stage are

as follows: the reaction orders are in the range of 1.6–1.8

and the activation energy is about 45 kJ/mol. The fre-

quency factor increases with the increase of heating rate

and sewage sludge size.
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Introduction

Sewage sludge is produced in significant quantities during

the industrial and domestic waste water treatment by bio-

logical processes and growing sharply in recent years.

Consequently, many treatment processes were developed

for sewage sludge, such as landfill, dumping to the sea,

directly, or composted as fertilizer on agricultural land and

thermal treatment (combustion or incineration). However,

these conventional methods also bring about some other

problems during the course. For example, landfill occupies

large space and contaminates ground water. Dumping to

the sea brings about sea pollution. Directly or composted as

fertilizer on agricultural land produces secondary pollution

as a result of toxic metals and organic compounds. And

combustion or incineration leads to air pollution and ash

treatment because of toxic metals.

The requirements of the governmental legislation for the

disposal and usage of sewage sludge coupled with the

increase of their generation and decreasing acceptance of

traditional routes for their disposal have led to a search for

new alternative uses for sewage sludge [1]. Pyrolysis is one
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of the alternatives for the treatment of sewage sludge. Pyrosis

presents the advantages of concentrating on the heavy metals

(except mercury and cadmium) and converting the stored

energy into electrical power and valuable chemicals, and so

on. The accurate qualitative and semi-quantitative gas phase

analysis released compounds in the pyrolysis process [2–4].

Meanwhile, to know the intrinsic of sewage sludge pyrolysis,

the important task is to study its kinetics.

Numerous literatures have reported kinetic data for

fossil fuels, alternative fuels, and several solid wastes [5–

11]. Conesa with two types of sewage sludge (before and

after the anaerobic treatment in an aerobic-activated sludge

waste water plant) deduced that the best model for both the

sludges considers three different organic fractions [11]. He

et al. proposed a four reaction model with two serial

competitive reactions, producing volatile matter and char,

respectively [12]. Stolarek and Ledakowicz analyzed the

drying pyrolysis process considering six fractions of lumps,

assuming first order reactions [13]. L.F. Calvo offered the

kinetic data for sewage sludge heating in different atmo-

spheres [14]. Lech Nowicki did a research on kinetics of

gasification of char derived from the sewage sludge under

different oxidizing atmospheres containing CO2, O2, or

H2O [15]. Mohd Roslee Othman analyzed thermogravi-

metric characteristics and pyrolysis kinetics of the Giheung

Respia sewage sludge [16]. However, no one offered the

kinetic data of the sewage sludge for different sizes. In this

study, three sizes of sewage sludge and three heating rates

were employed to study the pyrolysis process. And a new

method is employed to compute the pyrolysis kinetics

parameters based on the TG curves.

Experimental section

Sample preparation

The sewage sludge obtained from the Changsha urban

wastewater treatment plant (Hunan province)employing the

activated sludge process for the domestic wastewater

treatment was used as the studied object. And the sewage

sludge has been stabilized by the addition of polyacryl-

amide in this plant. Before our experiment, some prepa-

ration measures were taken on the sewage sludge. The

schematic of flow sheet is shown in Fig. 1.

First, the sewage sludge was dried in an oven at 105 �C

for 48 h. Then, it was grounded from the original size

(irregular clusters of the order of centimeters) into the size

of less than 1.2 mm. By virtue of griddles, the dry sewage

sludge was divided into three size ranges: d \ 0.25 mm,

0.25 mm \ d \ 0.83 mm, and d [ 0.83 mm. Then, the

sample was stored in a desiccator for future use.

Sample characterization

To determine the chemical characteristics of sewage

sludge, elemental and proximate analyses were carried out,

and the main information was summarized in Table 1.

WQF–410 infrared spectrometer
infrared spectrometer

Wet sewage
sludge

Dry sewage
sludge

Ground and divided

d < 0.83mm

d < 0 .25mm

STA 409, at three heating rates 5, 20 and 35 °C
min–1 from 20 to 900 °C

STA 409, at three heating rates 20°Cmin–1 from 20 °C to
350 and 730°C respectively

WQF–410 infrared
spectrometer

0.25 < d < 0.83mm

by griddles
105 °C

48 h

Fig. 1 The schematic of

experimental flow sheet

Table 1 Chemical characteristics of the sewage sludge

Proximate analysis/mass/% Ultimate analysis d.b./mass/% CV/KJ/kg

M VMa Aa FCb C H N S Oc H/C H/O H/N

6.1 54.7 35.4 3.8 40.54 5.47 4.1 1.9 47.97 1.62 1.82 18.6 15986

M moisture, VM volatile matter content, A ash content, CV calorific value, FC fixed carbon
a Ash free basis
b Dry basis
c Calculated by difference
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According to the literature [17], the metal content of the

dry sewage sludge was determined, and the result is shown

in Table 2. The FTIR spectra (WQF-410 infrared spec-

trometer) were employed to analyze the original sewage

sludge and residua for different size ranges at heating

temperatures of 350 and 730 �C, respectively.

Pyrolysis experiment

The pyrolysis of sewage sludge was analyzed by the

thermogravimetric analyzer (TGA, STA 409 model,

NETZSCH, Germany) under nitrogen atmosphere. Before

each run, nitrogen was introduced into the thermogravi-

metric analyzer to ensure an inert atmosphere, and its flow

rate was kept at 100 mL/min. Then, about 10 mg sewage

sludge samples were heated from 20 to 900 �C at the

heating rates of 5, 20, and 35 �C/min.

Results and analysis

Thermogravimetric analysis—pyrolysis

Figure 2 presents the TG and DTG of sewage sludge

(d [ 0.83 mm) at different heating rates. It can be seen

from the DTG curves that the three stages (nearly 180–220,

220–650, and 650–780 �C) can be divided in the process of

sewage sludge (d [ 0.83 mm) pyrolysis. For all the sam-

ples, about 8 wt% of the total mass loss occurs in the first

stage, which may be caused by the water volatilization and

the decomposition of little volatile matter in the sewage

sludge. In the second stage, because the dominant volatile

matter of sewage sludge is decomposed, the DTG curves

change sharply, although a slight shoulder peak is observed

for a curve of the heating rate of 35 �C/min. This result is

in a good agreement with that of Thipkhunthod et al. who

reported that the sewage sludge pyrolysis mainly occurred

after 200 �C and ceased at 550 �C [18]. Most of the bio-

degradable matter is volatized in a temperature ranging

from 150 to 400 �C, and non-biodegradable organic matter

volatilizes between 400 and 550 �C, which were reported

by Agustı́n Garcı́a Barneto et al. [19]. In the third stage, the

DTG curves almost keep constant. The possible reason is

that almost only inorganic compounds such as carbonates

are left in the sewage sludge samples. These similar DTG

characteristics are also found in the literature [14, 20–23].

On the other hand, it also can be seen that the higher the

heating rate is, the bigger the TDTGmax (temperature asso-

ciated to maximum devolatilization rate) will become. But

the difference is not obvious. At the heating rates of 35 and

20 �C/min, their TDTGmax of DTG curves are nearly iden-

tical, whereas the TDTGmax of DTG curve at the heating rate

of 5 �C/min is a little lower than those of the other two

curves. In addition, the temperature lags should be more

pronounced with the higher heating rate or when there is an

obvious endothermic reaction according to Stuart A. Scott

[24]. In this study, this fact is testified again, just only that

there is no significant temperature lag.

Figure 3 shows the TG of sewage sludge for three sizes:

d \ 0.25 mm, 0.25 mm \ d \ 0.83 mm, and d [ 0.83 mm

at the heating rate of 5 (Fig. 3a), 20 (Fig. 3b), and 35 �C/min

(Fig. 3c). As shown in these figures, the sewage sludge with

the size of d \ 0.25 mm obtains the largest total mass loss,

no matter which heating rate is used, especially at the heating

rate of 5 �C/min. However, the phenomenon becomes not

obvious with the increase of heating rate. The reason can be

explained as follows: the sewage sludge of d \ 0.25 mm has

more specific surface area, and hence, its heat transfer is

faster and reaction is more complete. Thus, the sewage

sludge of d \ 0.25 mm obtains the largest total mass loss.

On the other hand, the increase of heating rate can accelerate

the heat transfer rate, resulting in tiny difference of the total

mass loss during the heating rates 20 and 35 �C/min. Fur-

thermore, all the TG data illustrate that the mass loss is

65 ± 5% of the total mass from room temperature to 900 �C,

Table 2 Metal content of the dry sewage sludge

Elements Cr Zn Ni Cu Pb Hg Cd Fe Co Mn As

Content/ppm 551.9 1221.5 313.9 267.3 188.3 3.8 6.8 17040.2 26.3 1336.9 737.3
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Fig. 2 TG and DTG of sewage sludge (d [ 0.83 mm) at different

heating rates
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which corresponds to the sum of volatiles and moisture

fractions of the initial analysis results in Table 1.

FTIR analysis

Figure 4 illustrates the FTIR spectra of original sewage

sludge. Based on the identification of FTIR spectra listed in

Table 3, the functional groups in the sewage sludge can be

analyzed [22, 25–27]. However, distinguishing these

chemicals by FTIR spectra is a difficult task because their

functionalities are quite similar. Therefore, the FTIR

analysis can be done based only on the difference in their

bonds and absorption intensities in this study.

From the figure, it can be observed that there is a peak

of around 3292 cm-1 between the broad band of

3100–3600 cm-1, which corresponds to OH stretching of

hydroxyl groups from phenol, alcohol, and carboxylic

groups, and the NH stretching of amine and amide groups

according to Table 3. Simultaneously, some other bands

appear in the spectra. These bands are produced by dif-

ferent functional groups. The broad bands around 2854 and

2924 cm-1 (peaks between 2800 and 3000 cm-1) are due

to the symmetric and asymmetric stretching vibrations of

aliphatic C–H bonds in the CH3 and CH2 groups. The

broad bands at 1649 and 1543 cm-1 are caused by the

aromatic compounds. The broad band at 1649 cm-1 is

caused by C=C in aromatics structures. The broad band at

1458 cm-1 (band at 1300–1500 cm-1) is caused by ali-

phatic C–H deformation, and the peak at 1408 cm-1 is

caused by C–H and OH of COOH in hydroxyl or amine

compounds. The peaks at 1074 and 1036 cm-1 (peaks

between 1000 and 1100 cm-1) are caused by C–O

stretching of carbohydrate and alcohol functions, reflecting

the occurrence of polysaccharides or cellulose. Combining

the analysis, it can be concluded that the functional groups

including NH, C–H, C=C and so on, all exist in the sewage

sludge, demonstrating that the studied sludge and natural

material such as lignocellulosic, cellulose, or lignin possess

some comparability in component.

Figure 5 presents the FTIR spectra obtained from the

three sizes of sewage sludge: d \ 0.25 mm, 0.25 mm

\ d\0.83 mm, and d [ 0.83 mm, on which the thermo-

gravimetric runs were carried out at a heating rate 20 �C/min

from 20 to 350 �C (temperature associated to maximum

devolatilization rate in the second stage) (Fig. 5a) and
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Fig. 3 TG curves of sewage sludge for different sizes at various

heating rates: 5 (a), 20 (b), and 35 �C/min (c)
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730 �C (temperature associated to maximum devolatiliza-

tion rate in the third stage) (Fig. 5b), respectively.

As shown in Fig. 5 that the sewage sludge sizes have

hardly any influence on the qualitative similarity of FTIR

spectra. Comparing Fig. 5a with Fig. 4, it could be

observed that some new peaks around 3695, 3618, 3375,

1701, 1616, and 1437 cm-1 occur, and some peaks around

1543, 1408, and 1232 cm-1 disappear in the FTIR spectra

of sewage sludge heated to 350 �C. This phenomenon

illustrates that the amino and carboxyl in the original

sludge are decomposed into relatively small molecular

compounds such as alcohols, ammonia, and carboxylic

acid. By comparing Fig. 5b with Fig. 5a, as the sludge was

heated to 730 �C, only peaks around 3427, 1529, and

1039 cm-1 occur in the FTIR spectra. It can be speculated

that when the sludge was heated to 350 �C, the alcohols,

ammonia, and carboxylic acid in the sludge has been

Table 3 The identification of IR spectra observed on sludge and extracted/digested samples

Wave number Functional group

Broad band 3100–3600 cm-1 O–H vibration of carboxylic and alcoholic groups H-bonded N–H groups

Peaks between 2800 and

3000 cm-1
Aliphatic C–H stretching

Peak at 1720 cm-1 C=O stretching of COOH and ketonic and carbonyls

Band at 1640 cm-1 C=C in aromatics structures

Band at 1300–1500 cm-1 Aliphatic C–H deformation

Peak at 1400 cm-1 C–H and OH of COOH

Peaks between 1000 and

1100 cm-1
C–O stretching of carbohydrate and alcohol functions and reflect the occurrence of polysaccharides or

cellulose
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Fig. 5 FTIR spectra of sewage sludge heated to 350 (a) and 730 �C

(b) for three different sizes: d \ 0.25 mm, 0.25 mm \ d\0.83 mm,

and d [ 0.83 mm

Table 4 Calculated kinetic parameters of sewage sludge

(d [ 0.83 mm) at different heating rates

Heating rates 5 �C/min 20 �C/min 35 �C/min

Stage 2

T0/�C 200 200 245

Tf/�C 470 660 575

TDTGmax/�C 305 350 355

E1/R/K 4982 6464 5612

Ln(A1/b) 4.5 7.6 7.77

n1 1.7 1.8 1.6

R-square 0.7913 0.9514 0.8974

RMSE 0.1423 0.0849 0.1077

T0 starting temperature of each stage, Tf teminate temperature of each

stage, RMSE root mean square error

Table 5 Calculated kinetic parameters of sewage sludge (heating

rate of 20 �C/min) for different sizes

Sizes d \ 0.25 mm 0.25 mm \ d \ 0.83 mm d [ 0.83 mm

Stage 2

T0/�C 225 220 220

Tf/�C 650 647 660

TDTGmax/

�C

325 327 350

E1/R/K 6563 6869 6464

Ln(A1/b) 7.2 7.4 7.6

n1 1.48 1.73 1.8

R-square 0.9274 0.9308 0.9514

RMSE 0.1159 0.1027 0.0849

T0 starting temperature of each stage, Tf teminate temperature of each

stage, RMSE root mean square error
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mostly decomposed into gases, and only a little bit of

compounds containing C–H and OH of COOH exist.

Interpretation of pyrolysis kinetics parameters

Speaking in general, the overall reaction of thermal

decomposition of sewage sludge can be expressed as

follows:

Sewage sludge�!Heat
Residueþ Volatile

The reaction is supposed to be irreversible for the reason

that the inert gas (N2) carries the volatile away as soon as it

is formed. The best mathematical model for describing

overall decomposition is independent parallel reactions [9].

The sewage sludge contains several components, each of

which is assumed to decompose independently. And its

kinetic equation is described as

dw

dt
¼
Xn

i¼1

dwi

dt
¼
Xn

i¼1

kif wið Þ ð1Þ

wi ¼
m0i � mij

m0i � mfi

ð2Þ

dwi

dt
¼ kif wið Þ ð3Þ

f wið Þ ¼ 1� wið Þni ð4Þ

where wi is the reacted mass fraction for reaction i at time j;

m0i the initial mass of the sample i; mij is the sample mass

for the reaction i at time j; mfi is the final mass of the

sample for the reaction i; f(wi) is the hypothetical model of

the reaction mechanism or model function; ni is the order

of reaction; ki is the rate constants, calculated by Arrhenius

equation [9, 14]:

ki ¼ Ai exp � Ei

RT

� �
ð5Þ

where Ai the frequency factor for reaction i; R the gas

universal constant; T is the absolute temperature; and Ei is

the activation energy for reaction i.

In the pyrolysis process, the heating rate b is considered

to be constant and defined as,
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b ¼ dT

dt
ð6Þ

When ki is replaced by Eq. 5, Eq. 3 can be changed into

dwi

dT
¼ Ai

b
exp � Ei

RT

� �
f wið Þ ð7Þ

With the help of the difference method, Eq. 7 can be

converted to Eq. 8 at a very short and identical T period

[28].

dwi

dT
¼ Dwi

DT
¼

wi kþ1ð Þ � wik

Ti kþ1ð Þ � Tik
¼ Ai

b
exp � Ei

RT

� �
1� wið Þni

ð8Þ

where, k is the sequence number of the data derived from

the TG curves.

Previous researchers generally obtained the activation

energy (E) and frequency factor (A) by a given reaction

order [29]. However, a new method which can calculate

these three parameters simultaneously was developed in

this present study. Detail steps are given as follows:

By virtue of logarithm operation, Eq. 8 can be expressed

as:

ln
wi kþ1ð Þ � wik

Ti kþ1ð Þ � Tik

� �
¼ ni ln 1� wikð Þ � E

RTik
þ ln

Ai

b
ð9Þ

where wi(k?1), wik, Ti(k?1), and Tik can be obtained from the

TG data. Defined

z ¼ ln
wi kþ1ð Þ � wik

Ti kþ1ð Þ � Tik

� �
ð10Þ

x ¼ ln 1� wikð Þ ð11Þ

y ¼ 1

Tik
ð12Þ

Thus, Eq. 9 can be written as:

z ¼ nix�
E

R
yþ ln

Ai

b
ð13Þ

Several data sets of x, y, z were first calculated with the

TG data. Then, by fitting these data sets with the surface

fitting tool in software MATLAB7.11.0 (R2010b), the

pyrolysis kinetics parameters (n, E, and A) can be obtained.

Meanwhile, other parameters such as R-square and RMSE

(root mean square error) reflecting the precision of fitting

will be shown in the surface fitting tool.

Considering that mostly volatile matters are decom-

posed in the second stage, only the kinetic parameters of

this stage is interpreted in this section. The results are

shown in Tables 4 and 5 according the above method.

Figure 6 gives the plane fitting graph of data sets of x, y,

z with the TG data of sewage sludge (d [ 0.83 mm) at

20 �C/min and its residuals plot is shown in Fig. 7. As

shown in the figures that the experimental points are almost

in the fitting plane and each point’s residual is small,

illustrates that the calculation method is effective to the

experimental data fitting.

From Table 4, it can be seen that the heating rate has a

little effect on the order of pyrolysis reaction and the order

was in the range of 1.6–1.8. However, for the average

activation energy of pyrolysis reaction, there was some

fluctuation with the variation of heating rates. The results

agree with Conesa et al. [11] who reported that the acti-

vation energy was in the range of 17–332 kJ/mol. As

shown in Table 5 that with the increase of the sewage

sludge size, the pyrolysis reaction order increases contin-

uously while the activation energy almost keeps a constant.

Furthermore, it can be calculated from Tables 4 and 5 that

the biggest frequency factor is 7.7 9 104, lower than the

range of 1010 s-1 and in line with Vamvuka et al. [30].

Meanwhile, the frequency factor increases with the

increase of heating rate and sewage sludge size, which was

agreed with Jingai Shao et al. [31].

Conclusions

Three sizes of sewage sludge samples were pyrolyzed with

TGA at three heating rates. Elemental and proximate

analyses were employed to study their pyrolysis charac-

teristics. FTIR analysis was employed to determine the

functional groups of sewage sludge. By virtue of a new

method, the kinetic parameters of sewage sludge pyrolysis

were calculated and discussed. The following items were

concluded:

(1) By means of the thermogravimetric analysis, the mass

loss is about 65 ± 5 wt% of the total sludge mass at

all experiments. In general, the whole TG curve is

divided into three stages, which are nearly 180–220,

220–650, and 650–780 �C, respectively. The sewage

sludge of d \ 0.25 mm obtains the largest total mass

loss, no matter which heating rate is used. The

phenomenon is especially more obvious at the heating

rate of 5 �C/min than that of the heating rate of 20

and 35 �C/min. There is no significant temperature

lag in the thermogravimetric analysis. With the

increase of heating rate, the TDTGmax rises.

(2) FTIR analysis illustrates that the functional groups

including NH, C–H, C=C and so on, all exist in the

sewage sludge, demonstrating that the studied sludge

and natural material such as lignocellulosic, cellulose,

or lignin possess some comparability in the compo-

nent. In the second stage, the alcohols, ammonia, and

carboxylic acid in the sludge have been mostly

Pyrolysis characteristics and kinetics of sewage sludge 1021
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decomposed into gases, and only a little bit of

compounds containing CH and OH of COOH exist.

(3) Fitting method is applied to determine the kinetics

parameters of the second stage of sewage sludge

pyrolysis. The reaction order is in the range of 1.6–1.8

and the activation energy is nearly 45 kJ/mol. The

frequency factor increases with the increase of

heating rate and sewage sludge size. All are in the

range of what has been reported. It will be observed

that no clear tendency may be established of the

evolution of the reaction order and the activation

energy with the increase of sewage sludge size and

heating rate.
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