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Abstract

In this study, the combustion characteristic of municipal sewage sludge(MSS) was investigated using non-isothermal
thermogravimetric analysis at different heating rates (5<C/min, 10 <C/min and 20<C/min), and the ash properties under
different combustion temperatures were studied by means of X-ray fluorescence (XRF), X-ray diffraction (XRD) and
scanning electron microscope (SEM). The results indicated that there were four main stages during combustion
process of MSS: dehydration, de-volatilization and combustion of volatile, combustion of char and residual organics,
and burnout. The SEM micro-morphology analysis indicated that loose ash particles with porous structure gradually
transformed into large aggregates with dense structure with an increase in combustion temperature from 575 C to
1000C, and MSS ash sintered severely under 1000<C to form materials with high strength. The XRD results
indicated that the main minerals in MSS ash were quartz (SiO,) and hematite (Fe,O3). Under high temperature,
minerals reacted with each other to form eutectic compounds with low melting point, leading to severe sintering and
melting of MSS ash.
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1. Introduction

Municipal sewage sludge (MSS) is a solid waste generated during the treatment of municipal
wastewater, which generally contains abundant combustible organic materials and a lot of toxic and
harmful substances, such as viruses, bacteria, parasites and heavy metals, etc [1,2]. The amount of sewage
sludge increases steadily and there are lots of difficulties during sludge treatment. With rapid
development of economy and society, sewage sludge has attracted more and more attention due to its high
underlying damage to environment and people’s health and its potential to be used as a fuel.

The main treatment methods of sewage sludge are landfill, agricultural application, composting and
incineration, but significant differences in sludge disposal are observed around the world [3-6].
Nonstandard or irregular treatments do much harm to the environment and people’s health. Dried sewage
sludge has a high content of combustible material and substantial calorific value leading to the practicality
of using MSS as a fuel [7]. Incineration is an effective and acceptable way to achieve sludge
minimization and energy recovery. During incineration, the organic matters release vast amounts of
energy for people to use and hazardous substances get proper treatments. The volume and weight of
sludge decrease significantly, and the viruses, bacteria and parasites get killed thoroughly [8, 9]. The
heavy metals in sludge are also easier to achieve centralized treatment.

Flocculants used during waste treatment processes generally contain iron (Fe), phosphorus (P), and
alkali metals [10]. Thus a high content of Fe,O; and P,Os generally contained in sewage sludge ash
enhances the tendency of slagging and sintering during combustion process [11]. Severe slagging directly
threatens the safety operation of combustion devices and impacts the thermal efficiency seriously. It is
essential to control combustion temperature below ash slagging temperature. Therefore, it is
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indispensable to do enough researches on the ash properties during thermal utilization of sewage sludge.

At present, some studies about combustion of sewage sludge have been reported [8, 9]. There are also
lots of research about the co-combustion characteristics of sewage sludge and other fuels, such as biomass
and coal [12-17], but the difference in components between various sewage sludge leads to the
inapplicability of existing reports [18]. It’s still necessary to do some research on local MSS before
thermal utilization. Furthermore, ash property of sewage sludge was rarely investigated. Study on ash
fusion and sintering properties of sewage sludge and palm fiber is also quite necessary.

In this work, thermogravimetric analysis was carried out to study the combustion characteristics and
kinetics of sewage sludge, and X-ray fluorescence (XRF), scanning electron microscope (SEM) and X-
ray diffraction (XRD) analysis on combustion residues were also conducted to obtain the elemental
compositions, the microstructure and mineral compositions of MSS ash respectively. The aim of this
work is to investigate the combustion characteristic and ash properties of MSS, obtain the optimized
combustion condition and lay the groundwork for its thermal utilization.

2. Materials and Methods

2.1. Materials

In this study, MSS was obtained from a wastewater treatment plant in Xi’an (Shaanxi Province, China).
The MSS sample was dried at 105<C for 24h, milled and sieved into 50-200microns in diameter and then
stored in the desiccators.

2.2. Experimental apparatus and procedure

Thermogravimetric analysis was conducted in a STA-409PC thermal analyzer (NETZCH, German).
For each test, 1040.5mg of sample was heated from room temperature to 1100<C in 79N ,/21%0, (v/v%)
atmosphere with a flow rate of 100ml/min at a constant heating rate(5<C/min, 10<C/min and 20 <C/min).
All the experiments were carried out three times to decrease the test error, and the reproducibility was
quite good. The curves of thermogravimetric mass loss (TG), differential thermogravimetric (DTG) and
differential scanning calorimetry (DSC) of MSS at three heating rates were obtained.

Ash samples of MSS were prepared at 575<C (standard test method for ash in biomass, ASTM E 1755),
700<C, 800<C, 900<C and 1000 <C. The MSS sample was placed in a muffle furnace, then heated up to the
final temperature at a heating rate of 10<C /min and finally maintained at the final temperature for 4h.

Ash compositions of MSS at 575<C were conducted on an X-ray fluorescence spectrometer. The
mineral phases were performed on an X-ray diffractometer (XRD), and the micro-morphology of ash
samples was observed with SEM.

3. Results and Discussion

3.1. Characterization of materials

Table 1 shows the ultimate and proximate analysis and calorific values of MSS. As given in Table 1,
MSS has a high ash content up to 50.3%, resulting in an obvious difference in the calorific value and
combustion characteristics with traditional biomasses, such as pine sawdust, wheat straw and rice straw
[15-17].

Table 1. Proximate and ultimate analysis of MSS

Proximate analysis/% Ultimate analysis/% Qnet-df
Mq Aq Vi FCq Cq Ha Na Oq Sq MJ « kg
2.38 50.30 38.84 8.48 27.72 4.24 2.83 9.85 1.52 8.95

Table 2. Chemical compositions of MSS ash at 575<C

SIOQ CaO A|203 Fe,O3 MgO K,O Na,O SO; P,Os

37.9% 5.39% 15.9% 14.6% 3.51% 3.73% 1.16% 1.23% 15.0%
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The ash compositions of MSS are shown in Table 2. The high contents of Fe,O; and P,O5 in MSS ash
mainly come from the flocculants used in wastewater treat processes, and usually cause a higher slagging
tendency owing to their reactions with other components to generate complex eutectic [10, 11].

3.2. Combustion characteristics of MSS

The TG and DTG curves of MSS under 79N,/21%0, (v/v %) atmosphere at constant heating rates of
5<C/min,10<CT/min and 20<C/min are presented in Fig.1(a) and Fig.1(b) respectively. And the curves at
three heating rates present similar shape. There were four main stages during combustion process of MSS:
dehydration, de-volatilization and combustion of volatile, combustion of char and residual organics, and
burnout [19].

For a constant heating rate of 20<C/min, with the development of combustion process of MSS, there
exhibited two obvious weight loss peaks in DTG curve. The first and also strongest peak between 180<C
and 380<C with a peak value of -4.62%/min was primarily due to de-volatilization and combustion of
most volatiles [19]. The mass loss of this stage was about 23%. The second peak between 380<C and
660 <C with a peak value of -2.67 %/min much weaker than the first one corresponded to a mass loss ratio
of 15%. The mass loss ratio much higher than the fixed carbon content of 8.48% in Table 1 indicated that
the second peak was mainly for the reason of combustion of fixed carbon and residual organics with low
reactivity. Conesa et al. thought that the non-degradable humus and cellulose in the cell wall [20]. The
high residual mass of MSS corresponded to the higher ash content of MSS as shown in Table 1.

The effects of heating temperature on combustion characteristic were investigated by comparing the
TG and DTG curves at three heating rates. With the increase in heating rate, the entire combustion
process delayed, the mass loss rate increased, the temperature range widened [21]. A higher heating rate
resulted in a more violent reaction with a quicker de-volatilization process. A higher heating rate also
strengthened the delay of volatile release and heat transfer between samples, which caused the delay of
entire mass loss process.

And the combustion characteristics parameters [22] are shown in Table 3. A combustibility index S
was used as a criterion for fuel combustion characteristic. A bigger S indicates a better combustion
characteristic, and S is defined as below:

g awrd, (dw/dt) ., (1)
T T,

where (dW /dt) _is the maximum mass loss rate, (dW /dt) _ is the average mass loss rate, T; and

mean !

T, is the ignition temperature and the burnout temperature, respectively.
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Fig.1. TG curves (a) and DTG curves (b) of MSS at different heating rates
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Table 3. Combustion parameters of MSS at different heating rates

Heating rate T? T M T, DTG;® T,¢ DTG;*® DTGmean §$X10°
< min? < < % < % min’t < % min’t % min? % min?-<C?
5 228 552 54.78 272 1.04 374 0.58 0.52 0.19
10 231 636 53.70 285 2.11 408 1.18 0.88 0.55
20 243 685 51.35 291 4.62 439 2.67 1.79 2.04

2T;, the ignition temperature

P T, the burnout temperature

© My, the combustion residue mass

4T, T,, the temperature according to the first peak and the second peak

*DTG;, DTG ,, the mass loss rate according to the first peak and the second peak

From Table 3, with the increase in heating rate, the ignition temperature, the temperature at the
maximum mass loss rate and the burnout temperature all decreased. The increase in S also illustrated the
strengthening of combustion process. MSS at heating rates of 5<C/min, 10<C/min and 20<C/min had an
ignition temperature of 228 <C, 231<C and 243<C, respectively. MSS has much complex compounds with
a large temperature range of decomposition and de-volatilization leading to a lower initial release
temperature of volatiles. Therefore the ignition temperature is lower than most common biomasses [1, 18].

As shown in Fig. 2, the positive and negative values of the curves represent endothermic and
exothermic conditions. DSC curve of MSS at three different heating rates all had two distinct exothermic
peaks corresponding to the combustion of most volatiles and the combustion of char and residual
organics[18], while the peaks delayed with increasing the heating rate from 5<C/min to 20<C/min, which
was consistent with the delay of DTG peak.

When temperature went up to 900<C, a significant endothermic tendency was observed. During this
temperature range, the main reactions both physical and chemical took place between materials in MSS
ash. Therefore the DSC curves could also be used to evaluate the fusion properties to some extent. A low
heating rate provided enough time for various reactions to generate eutectic compounds with low melting
point and also promoted the fusion or sintering process. Therefore, after burnout, DSC curves at 5<C/min
present positive values at lowest temperature and the positive values were much larger than values in the
other two curves at the same temperature. Even at the heating rate of 20 <T/min, the endothermic tendency
was distinct after 900 <C, which indicated that the MSS ash sintered or melted severely under temperature
higher than 900<C.
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Fig.2 DSC analysis of MSS at different heating rates

3.3. Ash properties of MSS

To investigate the ash properties, SEM was used to obtain the microstructure of ash samples. By
comparing the ash microstructure of MSS under different temperatures, the effects of temperature on ash
properties were studied.

Representative SEM images of ash samples of MSS at 575<C, 700<C, 800<C, 900<C and 1000<C are
shown in Fig.3 As combustion temperatures increased from 575<C to 1000<C, the microstructure of two
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ash samples both changed dramatically [23].

As shown in Fig.3, under 575<C, abundant dispersed irregular particles were observed at a
magnification of 10000. Ash under 700<C aggregated to generate larger irregular aggregates, but it
maintained a loose and porous structure. Under 800<C, ash slightly sintered with the decrease in porosity
and increase in density. While ash under 900<C sintered further with particles linking tightly to form
homogeneous dense aggregates by partial fusion. For MSS ash under 900<C, a large amount of unmelted
fine crystal particles with diameters about 0.5microns were also visible in outer space of aggregates.
Under a magnification of 1000, MSS ash at 1000 <C showed continuous phases and a dense structure with
abundant fine particles trapped in it, and abundant spherical voids smaller than 10 microns were visible in
the cross section. The voids were mainly due to the decomposition of salts and release of gases from ash
melt [23, 24]. And the density and hardness of MSS ash under 1000<C were extremely high, which
indicated that MSS ash was nearly totally sintered and melted under 1000 <C.
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Fig.3. SEM images of ash samples of MSS prepared at 575<C, 700<C, 800 <C, 900 <C and 1000<C
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At a macro level, ash samples under 575<C, 700<C and 800<C present powder, while ash samples
under 900<C and 1000<C present massive texture. The color of ash samples gradually changed from
brown to redish brown. Whether from the macroscopic level or microscopic level, it’s evident that MSS
has an apparent tendency of fusion and sintering under temperature higher than 900<C. The secure
combustion temperature of MSS is lower than 800<C and the ash sintering product under 1000 <C can be
used as high strength materials [24, 25].

Fig.4 illustrated the XRD patterns of the ashes of MSS at different temperatures from 575<C to 1000 <C.
The intensities of peaks were able to indicate the amount of corresponding minerals to a certain extent.
The main mineral crystal of MSS ash prepared at 575<C was quartz (Q, SiO,), and there was also a small
amount kyanite (K, Al,SiOs). The peaks of hematite (H, Fe,O3;) were found at the X-ray diffraction
pattern of MSS ash with temperature increasing to 800<C, and the peaks of H got a higher intensity as
temperature increases further. High temperature promoted the crystallization of H. With the temperature
increasing, the peak intensity of K present increased firstly and then decreased. The peaks of Q had no
significant changes with temperature changing from 575<C to 900<C, but got weakened significantly
when temperature increased from 900<C to 1000<C, which indicated that quartz reacted with other
materials to generate other complex minerals and then transfered to materials in glassy phase [26].

4. Conclusions

1) There were four main stages during combustion process of MSS: dehydration, de-volatilization and
combustion of volatile, combustion of char and residual organics, and burnout. The increase in heating
rate delayed but strengthened the combustion process.

2) Ash samples of MSS under 900<C and 1000<C sintered and melted severely to present massive
texture. To prevent severe sintering or fusion, it is essential to control the combustion temperature lower
than 900 <C.

3) The main minerals in sewage sludge ash were quartz (SiO,) and hematite (Fe,0s). Temperature
higher than 800<C promoted the crystallization of hematite. High temperature of 1000<C promoted
reactions between SiO, and other materials to form eutectic compounds with low melting point, leading
to severe sintering and melting of MSS ash.

4) To improve the combustion property of sewage sludge, the further work will focus on the co-
combustion of municipal sewage sludge and various biomasses.
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Fig.4. XRD spectrograms of MSS ash prepared at 575<C, 700<C, 800 C, 900 <C and 1000<C
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