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a b s t r a c t
Pyrolysis behavior of dried sewage sludge was studied by thermogravimetric–Fourier transforms infrared
analysis (TG–FTIR) and differential scanning calorimetry (DSC) to investigate thermal decomposition and
kinetics analysis. A tubular pyrolyzer was used to explore the production distribution of dried sewage
sludge pyrolysis under different runs. The results showed that two weight loss peaks were presented in
pyrolysis reaction in the ranges of 186–296 ◦ C and 296–518 ◦ C, and the activation energy of each stage
was 82.284 kJ mol−1 and 48.342 kJ mol−1 , respectively. The main gases identiﬁed by FTIR analysis were
CH4 , CO2 , CO and organic volatile compounds such as aldehydes, acids, alcohols and phenols. Under fast
pyrolysis of dried sewage sludge, the maximum tar yield obtained was 46.14% at the temperature of
550 ◦ C. The concentrations of all gases increased steadily with increasing pyrolysis temperature from
450 ◦ C to 650 ◦ C except for CO2 .
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
Sewage sludge is the major byproduct in the wastewater treatment plants (WWTP), and the amount of sludge is growing due
to the rapid urbanization and industrialization. For example, a
production of 3.71 Mt of sludge in dry matter from WWTP was
estimated for 2010 in China [1]. Landﬁll has played a major role in
the disposal of sludge worldwide. Nevertheless, the public awareness of environmental issues, cost effective and renewable disposal
possibilities are of concern.
Different treatments are used for sludge processing. Among
of these processes, landﬁll, thermochemical, agricultural utilizing,
aerobic digestion and composting have developed to a certain extent. However, the thermochemical process is considered
promising ways in order to recover the potential energy and
valuable products from sludge. As one of most important thermochemical technologies, pyrolysis was extensively used for the
sustainable heat and power generation. However, the route of
industrial process requires a better understanding of the physical and chemical characteristics of this thermal degradation. As
pyrolysis is the thermal degradation of organic matters in oxygen free atmosphere to produce energy carrier materials like gases,
bio-oil and char. it has advantages over conventional incineration
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with respect to fuel recycle, energy recovery and the control of
heavy metal emissions. Many researchers have studied the effects
of reaction conditions such as temperature, retention time, and
heating rate on the yield and composition of the derived products
from dried sewage sludge [2–4]. And various pyrolysis methods
were carried out on biomass or sewage sludge such as the thermogravimetric analysis [5,6], slow pyrolysis [7,8], fast pyrolysis
[9–11] or microwave-assisted pyrolysis [7,12–14]. According to
the difference of moisture ratio, dried sewage sludge [15] and wet
sewage sludge [16,17] were often used as samples to evaluate the
kinetics with different thermal analysis methods for obtaining reasonable pyrolysis mechanisms. Zhang et al. [18] have developed
a preliminary mechanistic to investigate the products variance of
wet sewage sludge decomposition and the formation of intermediates during the pyrolysis process. Domínguez et al. [19] compared
microwave and conventional pyrolysis of dried and wet sewage
sludge in the production of syngas and pay attention to the generation of greenhouse gases. The inﬂuence of the raw material
and moisture content on the gas composition was also evaluated.
Although the solid materials of original wet sludge and dry sludge
are similar, the pyrolysis of wet sludge directly will lead to three
problems. First, high moisture content caused high energy consumption in the pyrolysis reactor. Second, water condensation will
cause much more liquid products, which will lead to extra cost for
purifying the products. Third, the partial pressure of H2 O in the
reactor of wet sludge pyrolysis is far higher than the one in dry
sludge pyrolysis reaction, and this might cause the switching of
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products composition. So, dry sludge pyrolysis might be suited for
sludge mining. Additionally, several studies have been carried out
on various reactors, such as ﬁxed bed, ﬂuidized bed, moveable bed,
rotary kiln, and the heating rate of ﬂash, fast or low pyrolysis was
also practiced [20].
Regardless of the numerous studies on sewage sludge pyrolysis
were carried, few studies focused on the process products analysis during the pyrolysis of dried sewage sludge, and furthermore,
the intermediate products and the structure of functional groups of
sludge pyrolysis has often been neglected. As the thermal degradation of the sludge is a complex process and a number of consecutive
and parallel reactions are involved, the mechanistic insights on the
behaviors of dried sludge pyrolysis and detailed investigation on
the pyrolysis products at different working conditions are not very
clear. The aim of this study is using TG–DSC, TG–FTIR, XRF and
a tubular pyrolyzer for the dried sludge pyrolysis to explore the
variation of functional group and products distribution.
2. Experimental
2.1. Materials
The dried sewage sludge used in this study was collected from
drying plant in Dalian, China. The proximate and ultimate analysis
of sludge samples were shown in Table 1. The proximate analysis
of sewage sludge samples was measured by an automatic proximate analyzer (SDTGA5000, Sundy, China). The moisture, ashes
and volatile matter were measured according to the ASTM standard
test method no. E871, D1102 and E872. Ultimate analysis was performed with a CHNS/O elementary analyzer (Elementar, VarioEL III,
Germany), oxygen (O) obtained by difference to 100%.
The mineralogical data of the samples of dried sewage sludge
and pyrolyzed chars were analyzed by X-ray ﬂuorescence (XRF)
Spectrometer (Shimadzu XRF-1800, Japan). The major and environmentally most important elemental analysis of dried sewage
sludge was displayed in Table 2. 26 elements were identiﬁed in
the sludge. Compared with results in the literature [21], the sludge
samples studied consisted of more P and S, which might attribute
to nutrient substance.

Fig. 1. Diagram of tubular pyrolysis reactor.

by grinding mill and sieved through around 20 mesh. 120–200 g
dried sewage sludge were placed in the reactor. Pyrolysis temperatures ranged from 450 to 650 ◦ C with 50 ◦ C of increments. The
sewage sludge pyrolysis experiments under fast and slow heating rates were investigated. The heating rate of slow pyrolysis was
8 ◦ C min−1 , and the fast pyrolysis is 100 ◦ C min−1 . Pyrolysis gases
were collected by gas bags after a cooling unit. Wet gas meter was
used to record the ﬂow of the pyrolysis vapor during the pyrolysis experiments. The pyrolytic tar was collected by an Erlenmeyer
ﬂask at the tail of the cooling unit. The char was weighted after the
complete cooling of the reactor.
The pyrolysis gas was periodically collected by the gas bag and
analyzed off-line by gas chromatograph (GC). The pyrolysis gas
mainly about H2 , N2 , CO, CH4 , CO2 , C2 H4 , C2 H6 , C3 H8 , and C3 H6 , was
identiﬁed by the gas chromatograph with a thermal conductivity
detector (TCD), a ﬂame ionization detector (FID) and an injector
connected to two 5 m length, 3 mm diameter columns helium was
used as carrier gas.
2.4. Calculation of kinetic parameters
The pyrolysis kinetics of organic materials were described by
ﬁrst order Arrhenius law [22]. The integral method (Coats and
Redferm [23]) was used to calculate the activation energy of the
non-isothermal degradation of sewage sludge.
The basic kinetics analysis can be expressed as:

2.2. TG–FTIR

d˛
= k(T )f (˛)
dt

Thermogravimetric–Fourier transform infrared analysis
(TG–FTIR) experiments were performed by TG 209 thermogravimetric analyzer system (Netzsch, Germany) coupled with a
Vertex70 spectrometer Fourier transform infrared spectrometer
(FTIR) (Bruker, Germany). In this study, during the detection,
approximately 10–20 mg of dried sewage sludge was heated in TG
equipment with N2 atmosphere at 10 ◦ C min−1 of heating rate from
30 ◦ C to 800 ◦ C. The carrier gas (N2 ) ﬂow rate was 30 mL min−1 .
The differential thermogravimetric (DTG) curves were obtained by
numerical derivation of the TG curves. The gaseous products from
the pyrolysis of sewage sludge in TGA were determined using FTIR
spectra which were controlled by a Bruker spectrometer model
Vector 22. The transfer line and gas cell were heated at a temperature of 200 ◦ C to avoid the condensation of volatile decomposition
products. The wave number range of IR was 4000–600 cm−1 . The
resolution and sensitivity were set at 4 cm−1 , and the spectrum
scan frequency was 8 times per minute.

where ˛ is the conversion of the sewage sludge at the time t (s),
which can be deﬁned as,

2.3. Pyrolysis experimental procedures
A horizontal tubular furnace reactor was used in this study (see
in Fig. 1). A quartz boat was placed inside the tubular reactor to load
samples. N2 was used as purging gas during the pyrolysis process.
The N2 ﬂow rate is 2 L/min. The dried sewage sludge was ground

˛=

(1)

m0 − mt
m0 − mf

(2)

where mt is the weight at any time t, and m0 is the initial weight at
the start of that stage, and mf is the ﬁnal weight at the end of that
stage. f(˛) is differential form of the kinetic model. k is rate constant, which is given by the Arrhenius equation: k = A exp(−E/RT ),
A is a pre-exponential factor (min−1 ), E is apparent activation
energy (kJ mol−1 ), T is reaction temperature (k), R is gas constant
(8.314 J mol−1 ◦ C−1 ) [24].
f(˛) is presented as,
f (˛) = 1 − ˛

(3)

Under a heating rate ˇ = dT/dt, Eq. (1) is changed as,
A
d˛
= (1 − ˛) exp(−E/RT )
dT
ˇ

(4)

According to the approximate expression of Coats–Redfern
method, Eq. (4) can be re-arranged and integrated as follows,
ln

 −ln(1 − ˛) 
T2

= ln

 AR 
ˇE

1−

2RT
E



−

E
RT

(5)
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Table 1
Proximate and ultimate analysis of samples.
Sample

Volatiles (%)

Fixed carbon (%)

Moisture (%)

Ash (%)

C (%)

H (%)

N (%)

S (%)

Oa (%)

Sludge

59.06

9.36

7.5

24.08

36.45

5.93

7.03

0.77

25.74

a

By difference.

Table 2
Mineralogical analysis of sewage sludge and pyrolysis residue (dry basis).
wt%

P

Si

Ca

Fe

K

S

Al

Cu

Mg

Zn

Na

Sn

Ti

Cl

Sludge
Residues

3.77
4.30

2.63
3.64

2.35
1.79

1.89
1.62

1.56
1.50

1.26
1.30

1.14
1.22

0.97
0.64

0.92
0.35

0.37
0.30

0.21
0.24

0.16
0.15

0.13
0.11

0.11
0.71

mg/kg

Cr

Mn

Ba

Ni

La

Ce

I

Sr

Zr

Co

Br

W

Sludge
Residues

930
661

612
514

560
469

409
311

378
231

329
208

223
84

167
47

133
–

81
–

48
–

47
–

As exp(−(E/RT )) ≈ 0, Eq. (5) can be simpliﬁed as,

ln

 −ln(1 − ˛) 
T2

= ln

 AR 
ˇE

−

E
RT

(6)

Eq. (6) gives a plot of ln[−ln(1 − ˛)/T 2 ] versus 1/T for various heating conditions should yield a straight line, whose slope is −E/R
and Y intercept is ln(AR/ˇE). The value of ˛, and T at any times
could be obtained from the experimental TG and DTG curves. Thus,
the apparent activation energy E and the pre-exponential factor A,
could be determined from the above method [25].
3. Results and discussion
3.1. Thermal analysis
Fig. 2 shows the thermogravimetric (TG), differential thermogravimetric (DTG) and differential scanning calorimetry (DSC)
curves for dried sewage sludge as a function of the temperature
at a heating rate of 10 ◦ C min−1 at nitrogen atmosphere. In the
TG–DSC curves, three distinct regions were identiﬁed. The initial
weight loss of 5.05% is related to the loss of physically absorbed
water molecules in the temperatures lower than 120 ◦ C. The
maximum rate of water loss occurred at 87.6 ◦ C from DSC curve.
Correspondingly, an endothermic peak appeared, 133.6 J g−1 of
heat was absorbed by water evaporation. The second weight loss
region occurred in the range of 130–492 ◦ C, about 66.72% of the
total weight of sewage sludge weight loss. It is well known that
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Fig. 2. TG, DTG and DSC curves for the dried sewage sludge during pyrolysis.
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this temperature range is the volatilization of volatiles in sewage
sludge, and this is a rough judgment boundary for the main component decomposition in sewage sludge. In this stage, two strong
loss rates occurred at 276 and 333 ◦ C, and a deceleration period
was followed until 492 ◦ C. It presented two different types of
organic volatiles were generated in the sewage sludge. The reason
might be due to the ingredient such as proteins and carboxyl
groups in the sewage sludge decomposition at approximately
300 ◦ C [26]. From the DSC curve, in the stage of 276–454 ◦ C, a
signiﬁcant exothermic peak was observed, and a total heat of
about 169 J g−1 was produced. This might due to the not only
proteins and the carboxyl groups decomposition but the cracking
of carbon refractories such as aromatic ring, N-alkyl long chain
structures and some saturated aliphatic chains [16]. In the temperature range from 492 to 720 ◦ C, sewage sludge sample showed a
weight loss of 9.00% of its original mass, slowly approaching a ﬁnal
residue weight of 44.23%. This stage might be attributed to the
decomposition of inorganic materials, such as calcium carbonate
[27,28]. Previous reported that sludge contained a large amount
of inorganic materials such as calcium [27]. This period was
marked by an approximately constant for the rate of weight loss.
While the DSC curve in this temperature stage shows a continued
endothermal process. This might be due to the polycondensation
of C C boned and C O boned occurred in this temperature range.
Finally, the solid residue of sewage sludge (carbonaceous residues
within inorganic solid particles) was 44.23% of its original mass. A
narrow endothermal peak was observed from the DSC curve in the
temperature range from 469 to 512 ◦ C, this might be due to some
intermediate products took place secondary decomposition. And
this process released endothermic heat of 11.22 J g−1 .

The activation energy and pre-exponential factors of nonisothermal analysis of sewage sludge pyrolysis by TG–FTIR was
presented in Table 3. High correlation coefﬁcients indicated that
the ﬁrst order reaction model ﬁts the experimental data very
well. Combined with Fig. 2, two weight loss peaks were presented
in pyrolysis reaction in two temperature ranges of 186–296 ◦ C
and 296–518 ◦ C. The activation energy and frequency factor of
the ﬁrst weight loss peak (in the temperature of 186–296 ◦ C)
were 82.28 kJ mol−1 and 3.55 × 107 min−1 , respectively. While for
the second weight loss, the values of activation energy and
frequency factor were 48.34 kJ mol−1 and 8.04 × 102 min−1 , respectively. These results were in agreement with the report of Surjit
Singh [23].
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Table 3
The kinetic analysis of sewage sludge pyrolysis.

186–296
296–518

E (kJ mol−1 )

A (min−1 )

Correlation coefﬁcient, R2

82.28
48.34

3.55 × 10
8.04 × 102

0.9797
0.9394

3.3. Three dimension FTIR spectra analysis

indicate CH4 evolved. The CH4 absorption started around 221 ◦ C
then accelerated until reaching a maximum at 363 ◦ C and decelerated until disappearing near 503 ◦ C. The absorbance bands were
shown in the wave numbers 1550–1286 and 3905–3645 cm−1 ,
which presents H2 O evolved. Water would be produced throughout the whole reaction process. The emission of water follows
two steps. First, the absorbed water is released by evaporation
below 150 ◦ C. Secondly, as the temperature was beyond 200 ◦ C,
water was generated by the cleavage of aliphatic hydroxyl groups
[30]. The emission of ammonia was conﬁrmed by the appearance
of absorption peaks at 964 and 930 cm−1 corresponding to N H
stretching vibration produced by the cleavage of nitrogen heterocyclic rings and the amount of hydrogen free radicals [29,30]. The
absorbance bands of C O stretching vibration at 2200–2000 cm−1
related to the release of CO increased with increasing temperature in the range of 232–482 ◦ C caused by the decomposition of
decarboxylation and other organic compounds cracking such as
phenol, ether, ester, aldehyde and alcohol which contains oxygen
functional groups [31]. The appearance of bands between 1680 and
1780 cm−1 conﬁrmed the presences of carbonyl groups (formaldehydes, acetaldehyde and propionaldehyde) in the evolved gases
during the pyrolysis of sludge. The inconspicuous absorbent peak

Abs.

Abs.

Fig. 3 shows the three-dimensional FTIR spectra obtained from
the gas volatized during the thermal decomposition of sewage
sludge in a nitrogen atmosphere at a 10 ◦ C min−1 of heating rate.
In this ﬁgure, the vertical axis is absorbance units, the horizontal axis represents in wavenumbers and the perspective axis is
the temperature. The pyrolysis gas was evolved between 200
and 700 ◦ C. According to the TG curve in Fig. 2, an FTIR stack
plot of spectra obtained at the representative temperature of
233 ◦ C, 301 ◦ C, 363 ◦ C, 467 ◦ C and 696 ◦ C are shown in Fig. 4. The
main gases identiﬁed by the characteristics wave numbers were
methane (3025–3000 cm−1 ), carbon dioxide (2400–2250 cm−1 ),
carbon monoxide (2200–2000 cm−1 ) and some organic volatile
compounds such as aldehydes and acids (1820–1660 cm−1 ), alcohols and phenols (980–950 cm−1 ).
As seen in Fig. 4, the evolved gases of sewage sludge were identiﬁed by their characteristic absorbance. The gas emission mainly
occurred between 200 and 700 ◦ C, which is in agreement with the
thermogravimetric data. Distinct absorbance peaks were displayed
in the region of 2400–2260 cm−1 , which is representative of CO2
due to its indicative asymmetric stretching of the carbonyl group
(C O). In the temperature range of 150–367 ◦ C, the absorbance
increased quickly and reached a peak at 320 ◦ C and then decreased
gradually until 367 ◦ C, which should be considered as the primary decomposition of organic volatile substance such as carboxyl
occurring. This could be corresponding to the peak of the weight
loss rate in the DTG curve occurring at 333 ◦ C. The slight temperature difference was disagreement with the trend of TG curve.
This might be due to the transferring retardation and the inverse
mixing diffusion of evolved gases, which caused the delay and
deforming of spectral signal [24]. After 529 ◦ C, the CO2 presented
an increasing tendency up to 800 ◦ C. In this stage, the polymerization reaction of coking in solid phase is primary reaction and some
carbonate and oxygen-containing functional groups decomposed
[29], and the continuous emission of CO2 accompanies the whole
stage. The absorbance bands of C H stretching at 3100–2810 cm−1
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Fig. 5. Pyrolysis products yields under fast pyrolysis (A) and slow pyrolysis (B).

appeared in 985–950 cm−1 showed very little amount of alcohols
and phenols evolved.
3.4. Products distribution of sewage sludge pyrolysis in tubular
reactor
Fig. 5 showed the product distribution of sewage sludge pyrolysis under fast pyrolysis (A) and slow pyrolysis (B) in the temperature
range of 450–650 ◦ C at an interval of 50 ◦ C. Under the heating rate
of fast pyrolysis (Fig. 5(A)), char yields decreased from 47.07% at
450 ◦ C to 29.96% at 650 ◦ C with increasing pyrolysis temperature
indicating that more tars and gases were released. While the yields
of tar, which was condensable phase of the tar vapors, presented a
slight rise between 450 and 550 ◦ C and decreased when the pyrolysis temperature further increase. The maximum tar yield was
46.14% when the pyrolysis temperature was 550 ◦ C. The temperature for maximum tar production was similar to the results of
Lilly Shen et al. [3]. The trend might be due to the tar secondary
reaction such as organic bonds’ cracking, which become active at
550 ◦ C or higher. The secondary reaction increased led to the gas
yields production increased. So the gas yield was getting higher as
increasing the pyrolysis temperature.
For the slow pyrolysis (Fig. 5(B)), the tar yields showed a little
ﬂuctuation trend in the range of 32.18–38.28%. This might be the
result of the vapor was condensed into tar before the organic bonds
were broken. The chars yield decreased from 53.60% in 450 ◦ C to
33.24% in 650 ◦ C, and the yield of gases showed an inverse trend,
which increased from 14.24 to 28.64% with increasing temperatures from 450 to 650 ◦ C. According to the appearance of tars, the
fast pyrolysis tars were thicker than the slow pyrolysis ones. It
might be caused by more macromolecule organics cracked under

fast pyrolysis. In general, the tar yield under fast pyrolysis was more
than that under slow pyrolysis, and the char yield was less than
under slow pyrolysis conditions. This is in agreement with the other
study [32].
The product gases (N2 free) of sewage sludge pyrolysis included
H2 , CO, CO2 , CH4 , and C2 C3 hydrocarbons (C2 H4 , C2 H6 , C3 H6
and C3 H8 ). The compositions of producer gas under fast and slow
heating rates were shown in Table 4. For fast pyrolysis, the concentrations of all gases increased steadily with the increase of
pyrolysis temperature from 450 to 650 ◦ C except for CO2 . The concentrations of CO2 decreased sharply as the pyrolysis temperatures
increased from 450 to 650 ◦ C. A possible reason for these results was
the tars took place secondary reactions and the char was formed
further. In these reactions, macromolecule organics cracked and
micromolecule gases were produced. But the concentration of CO2
decreased with the pyrolysis temperatures declined, this might
result from the following reaction:
CO2 + C = 2CO

(7)

In the case of higher pyrolysis temperature, CO2 reacted with activated carbon and was transformed into CO. Another reason of
CO2 decline is that the macromolecular organic matters might be
cracked into small ones such as H2 , CO, CH4 and C2 C3 easily in
higher temperatures.
The slow pyrolysis was similar to the fast pyrolysis. It also
appeared this trend that the concentrations of H2 , CO, CH4 , and
C2 C3 rised while CO2 decreased. The results also presented that
at 450–500 ◦ C, the concentration of all gases varied very fast, but it
was changed very slowly above 500 ◦ C. When the pyrolysis temperatures were under 500 ◦ C, the thermolable component like proteins
and carboxyl groups cracked and the content of this organic matter

Table 4
Pyrolysis gas composition under fast and slow heating rate.
Temperature (◦ C)

Gas composition (mol%)
H2

CO

CO2

CH4

C2

Fast pyrolysis

450
500
550
600
650

8.96
18.95
19.16
17.73
22.29

6.16
16.49
17.02
17.12
17.29

70.55
41.9
32.85
23.81
19.81

5.97
11.98
16.45
20.5
20.66

8.35
10.68
14.52
20.85
19.94

C3

Slow pyrolysis

450
500
550
650

10.41
12.46
17.93
26.9

6.89
14.13
9.81
9.8

74.17
41.9
36.81
31.95

3.25
19.58
17.36
19.87

5.29
11.93
18.08
11.48
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was high, so the reaction rate was very fast. But the decomposition of the refractory produced above 500 ◦ C, at the same time, the
decomposition of the thermolable component might be induced
because it was exothermic reaction resulting in a slower reaction
rate.
The elemental compositions of the pyrolyzed sewage sludge
residues obtained from XRF analyses are illustrated in Table 2. The
dominant inorganic elements in sludge residue were P, Si, Ca, Fe, K, S
and Al. Heavy metals showed different retrieval ratios in the sludge
residues. The contents of cadmium and mercury were less than
the limits of detection, which might be due to the highly volatile
features. Considering the potential toxicity and high concentration
levels, heavy metals of cancer-causing ingredients, such as nickel,
lead, cobalt and cadmium should be paid special attention to be
treated depending on their speciation [30,33].
4. Conclusions
The TG–FTIR results showed that the main decomposition
temperature was in the range 186–518 ◦ C. The activation energies of dried sewage sludge was 82.28 kJ mol−1 (186–296 ◦ C) and
48.34 kJ mol−1 (296–518 ◦ C), respectively. The main gaseous components identiﬁed by FTIR were methane, carbon dioxide, carbon
monoxide and some organic volatile compounds such as aldehydes,
acids, alcohols and phenols. In the tubular pyrolysis experiments,
the maximum tar yield obtained was 46.14% at the temperature
of 550 ◦ C under fast pyrolysis condition. The concentrations of
pyrolysis gases increased steadily with increasing the pyrolysis
temperature from 450 ◦ C to 650 ◦ C except for CO2 . XRF results indicated that the dominant inorganic elements in sludge pyrolyzed
residue were P, Si, Ca, Fe, K, S and Al.
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