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ABSTRACT

In this paper, the effects of the mixing ratio and particle size of coal were investigated using a
thermogravimetric analysis (TGA). A method of Achar-Brindley-Sharp-Wendworth (ABSW) was applied
to a simultaneous calculation of the kinetic parameters (including the apparent activation energy, the
reaction order and the frequency factor). Meanwhile, this study also revealed that both the burning
performance and the characteristic parameters improved when sludge mixing ratio was smaller (10
wt.%). The ignition temperature advanced with an increase of the sludge proportion, while the
combustion characteristic index dropped. As the sludge mixture ratio rose to 70 wt.%, the DTG curve
reached three peaks at 293 °C, 580 °C and 748 °C. Decreasing the coal particle size led to the
advancement of the devolatilization, fixed carbon burning stage and maximum weight loss rate, and the
reduction of the corresponding temperature. Additionally, the apparent activation energy and
frequency factor of the mixture reduced when the proportion of the sludge mixing ratio went up. Also,
the experiment results indicated that with the decline of the particle size distribution of coal, the
apparent activation energy followed a downward trend, while the frequency factor increased.

Keywords: thermogravimetric analysis, mixture ratio, particle size of coal, combustion characteristics,
kinetic analysis.

1. Introduction

With the rapid development of urbanization and industrialization, a large amount of the city mud which
are one of the most important restricting factors of the urban development result in the environmental
problems and energy shortage. It is necessary to dispose of wastes and greenhouse gas emissions. For
the past several decades, some scholars studied the co-combustion behavior of sludge and coal. Xiao et
al., (2009) investigated the combustion characteristics of sludge with straw and coal under different
oxygen levels and heating temperatures using the TGA method. It was concludied that increasing the
oxygen density and heating rate promoted the whole reaction. But in that case the weight loss
considerably reduced with an increase in the heating rate. In addition, the co-combustion behavior of
sewage sludge with coal gangue or coal were also conducted (Xiao et al., 2010). Liu et al. (2006a; 2006b)
reported that the combustion characteristics were different when the samples (coal, city mud and their
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mixture) were burnt at various mixture ratios. These samples kept their separation characteristics in the
co-combustion process of sludge and coal. Lou et al., (2010) analyzed the combustion process of mixing
sludge in a pulverized coal furnace of a certain power plant by a computational fluid dynamics (CFD)
method, and discussed the distribution of the velocity and temperature. Liao et al., (2010) observed the
combustion characteristics of sludge, anthracite and their mixture under the conditions of different
heating rates. The results showed that higher volatility enhanced the ignition characteristics of coal in
the sludge. Zhang et al., (2011) studied the co-combustion behavior of coal and paper mill sludge at
different heating rates. The experimental results indicated that the total weight loss rate and burn index
gradually rose while increasing the heating rate or the sludge proportion. Yu et al., (2008) reported that
the catalyst had a significant effect on the ignition and burning of straw or wheat straw in air and rich
oxygen. There were also some literature concerning the co-combustion of sewage sludge and coal
(Folgueras et al., 2003; Nugteren et al., 2009; Nadziakiewicz and Koziol, 2003; Otero et al., 2002, 2006,
2007; Wang et al., 2012). Folgueras et al., (2003) reported that the 50 wt.% sludge-coal mixture showed
two different reactivity regions. The reactivity was similar to that of sludge in the lower temperature
region (T<350 °C, while it was identical with that of coal in the higher temperature region (T>350 °C. In
some cases, combustion of sewage sludge or co-combustion with coal could be a good choice for its
management (Otero et al., 2002). The effect of co-combustion of sludge (below 10 wt.%) and coal was
not apparent for the heat release and weight loss of coal when adding a bit of sludge (Otero et al., 2006,
2007).

The analysis of co-combustion has already been intensively investigated by many scholars. However,
there are fewer literatures presenting the influence of particle size distribution of coal on the co-
combustion performance of sewage sludge and coal. The impact of oxygen concentration on the co-
combustion behavior and kinetic analysis was investigated in previous study (Yan et al., 2013). In this
work, a thermogravimetric analysis is applied to investigate the co-combustion characteristics of sewage
sludge with coal by changing the mixing proportion and particle size distribution of coal in the blends.
Also, the ABSW method is adopted to analyze the dynamic parameters of sewage sludge with coal.
Meanwhile, this work provides the reference for the co-combustion technology and application of
sludge and coal in industrial boilers, which is beneficial to efficient use and treatment of inferior coal
and sludge and reduces the amount of the sludge process.

2. Experiment

The thermogravimetry (TG) tests were carried out in a NETZSCH STA409PC simultaneous analyzer. The
sample (10£0.5 mg) was placed on an a-Al,0; ceramic pan. To simulate the combustion and pyrolysis
processes, mixture gases (80% nitrogen / 20% oxygen) were used at a flow rate of 100 ml minand a
heating rate of 20 K min™, then falling to the ambient temperature. At the same time, the oxygen
pressure and nitrogen pressure were 0.04 Mpa.

Table 1. Ultimate Analysis of Samples

Sample M.q (%) Vag (%) Aag (%) Fcad (%)
Low-grade coal 0.84 16.97 28.85 53.34
City mud 2.97 27.89 67.85 1.30

Low-grade coals were collected from Chongging City and sludge was obtained from the wastewater
treatment plant which was the largest wastewater treatment industry in the southwest of China. Firstly,
the low-grade coal was milled and sieved into less than 200 mesh in diameter. The sewage sludge was
dried in oven at 85 °C for 24 h, and then was milled and sieved into below 200 mesh. The samples were
kept under seal in a constant drying temperature and ready for use. Last, the sludge was mixed with the
same particle-size coal in various ratios in the fuel blend. Furthermore, in order to ensure the
homogeneous mixing samples and the repetition of the TGA experiments, after blending well, the
samples with same mixing ratio are selected randomly to do the technical analysis. The amount of every
ratio of samples is 10. Thus, these preparations are conducted to ensure the reproducibility of TGA
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experiments. The technical analysis of samples were carried out in a YX-GYFX7701 automatic industrial
analyzer. Table 1 indicates that sludge has higher water content (M,4), volatile matter (V,4) and ash
content (V,4), and lower fixed carbon (FC,q) compared to coal. Figure 1 shows the Scanning Electron
Microscopes (SEM) micrograph of coal and city mud. From the figure, it can be seen that the structure of
coal is angular and more rigid than that of sludge.

Figure 1. SEM micrograph of samples (A) coal and (B) city mud

3. Results and discussion

3.1. Combustion characteristics analyses
3.1.1 Ignition temperature and burning temperature

The ignition temperature is not only the lowest burning temperature of fuel, but the major index of the
ignition performance. Actually lower ignition temperature results in better ignition performance. The
TG-DTG method was used in the experiments to obtain the ignition temperature T;; of sludge, the
ignition temperature T, of inferior coal, and the burnout temperature T,. Additionally, T, is defined as
the temperature of weight loss which accounts for about 98% of the total weight loss in the sample
(Figure 2).
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Figure 2. Demonstration of ignition point and burnout point
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3.1.2 Combustibility index

The ignition temperature only represents the response ability of fuel combustion in the initial stage. The
combustibility index C reflects the combustion characteristics of fuel. Higher combustibility index has
better fuel burning stability. It could be calculated by Sun (2002):

C=(dw/dt) /T (1)

3.1.3 Comprehensive combustion characteristic index

The comprehensive combustion characteristic index S represents the ignition and burnout performance
of the sample. Higher value of S has better comprehensive combustion performance. It is defined as
follows (Jiang et al, 2000):

_ (dw/dt),, (dw/dt)

S
T,

mean (2)

where (dW/dt).x is the largest burning rate and (dW/dt)..n is the average burning rate. T, T, denote
the ignition temperature and the burnout temperature, respectively.

In order to observe the influence of the mixing ratio of sludge, the mixture combustible index Cy, and
the comprehensive combustion characteristic index Sy, are the most significant indexes of the reaction
which may be written:

D (dw, /dt)
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In  equation = (3), denotes the arithmetic co-firing volatilization burning peak and
2 2
2T,
i=1,2
fixed carbon weightlessness peak in the early stage. JT represents the arithmetic

average square of the ignition temperature of sludge and coal.

D (dw, /dt),,,

In equation (4), =0 is the arithmetic average value of burning peak of the volatilization
2

of sludge and the weightlessness rate of weight loss peak of fixed carbon in the later stage. (dw/dt)mean
denotes the average weightlessness rate of mixture between the ignition and burnout.
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3.1. TG and DTG analysis of sludge and inferior coal under different mixing ratios

First of all, the inferior coal of 120-150 mesh size were used in the experiments. Figure 3 displays the TG
and DTG profiles for sewage sludge and coal. Seven different mixing proportion of sludge samples (0
wt.%, 10 wt.%, 20 wt.%, 30 wt.%, 50 wt.%, 70 wt.% and 100 wt.%) were heated from ambient
temperature to 900°C at the heating rate of 20 K min™ and the artificial air velocity of 100 ml min™. The
results indicate that the curve of sludge (100 wt.%) has two overlapping peaks which are at the volatile
exhalation stage of volatile (200-400 °C) and the fixed carbon burning stage (650-743 °C). But the curve
of inferior coal (0 wt.%) only has one overlapping peak in the fixed carbon burning step (380-750 °C).
From the TG and DTG curves of coal, it can be seen that coal has weight gain phenomenon before
burning (200-400 °C). At this stage, coal has the physical and chemical adsorption effect on the
surrounding environments. However, with an advancement of sludge mixing ratio the sludge volatile
separates out in 200-400 °C, which breaks the adsorption effect of coal, and results in no weight gain.
Meanwhile, the TG curve of co-combustion is located between that of the sludge sample and the coal
sample. And the weight loss remarkably reduces with an increase in the sludge mixing ratio.
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Figure 3. TG (left) and DTG (right) curves of combustion characteristics
for different mixing ratios of municipal sludge and coal

When the proportion of sludge is 10 wt.% in the mixture, there is only one overlapping peak in the DTG
curve. With the continuous separating volatile matter of sludge, the mixture ignition temperature, the
biggest weight loss rate and co-combustion characteristics improve, while the corresponding
temperature decreases. When the proportion of sludge increases, the mixture ash content accordingly
goes up, while the total weight loss drops. And it also shows that the corresponding temperature of the
biggest weight loss rate decreases.

Table 2. The combustion parameters of coal and city mud with different mixing ratios

. . T, Tmax T, Cux10° dw/dt)max  (dW/dT)mean Swx10®
Mingratio . 0 () (9% min®K?) ((%{nir:'l;l ((%/mir)fle)a (mg? K* min®)
Owt.% 503 597 735 3.04 7.69 5.66 234
10wt.% 497 588 716 3.18 7.85 5.42 24.1
20Wt.% 281 584 739 2.46 5.63 2.1 14.0
30Wt.% 478 579 739 2.49 5.71 3.60 12.17
50Wt.% 470 575 739 1.01 5.65 2.65 3.63
70Wt.% a6 572 741 1.50 3.36 1.70 3.45
100Wt.% 227 296 743 0.61 2.93 117 0.95

The DTG curve shifts from right side to left side with a wide range of the peak, which shows that adding
sludge into the mixture boosts the development of ignition characteristics. When the proportion of
sludge mixing is above 30 wt.%, the DTG curve appears two peak values, which are like sludge at low
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temperatures (200-400 °C) and similar to coal at high temperatures (400-700 °C). As the proportion
reaches 70 wt.%, the DTG curve presents three peaks which are in the volatile separate stage
(200-400 °C), the carbon fixed of coal burning stage (400-680 °C) and the carbon fixed of sludge burning
stage (680-750 °C), respectively. The results demonstrate that the sludge and coal keep their
combustion characteristics separately in the co-combustion process. In addition, the experimental
results agree well with the theoretical trends and literature results (Gu et al. 2003; Li et al. 2008). But
when adding a bit of sludge (10 wt.%) improves the co-combustion performance mutually.

Table 2 displays the parameters of sludge and coal in the experiments. When the percentage of blending
is 10 wt.%, the biggest burn rate slightly increases, while the corresponding temperature declines. In the
meantime, its combustible index and the comprehensive combustion characteristic index improve.
These results reveal that adding a little of sludge would improve the ignition characteristic of coal. And it
is helpful for the coal ignition and stable burning.

With the increase of mixing proportion, the maximum combustion rate, the average combustion rate
and the corresponding temperature decreases, however, the ignition temperature advances. It shows
that increasing the mixing proportion of sludge is beneficial to the fire of mixture, but it is bad for the
stable combustion process. Because the intensity of coal burning is smaller than that of sludge. Both of
the comprehensive combustion characteristic index and combustible index decline with increasing the
amount of mixing sludge. Meanwhile, it is not obvious that the burning temperature changes. On the
one hand, the wrapped ash on the surface of unburned particle hinder the contacting with oxygen,
which postpones the combustion process. On the other hand, the sludge and coal burn independently
in the co-combustion process, which leads to slight change of the burn temperature.

3.2. The influence of coal grain size on coal co-combustion characteristics

In order to investigate the effect of the coal particle size on the co-combustion characteristics, the
mixing ratio of sludge and coal is 1:1. Figure 4 shows the TG and DTG curves under different particle size
of the mixture.
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Figure 4. TG (left) and DTG (right) curves of combustion characteristics for different coal grain size

With the reduction of the particle size, the total loss gradually follows a upward trend. Moreover if the
particle size changes to above 120 mesh, the weight loss gently changes about 48%. While the particle
size decreases (below 120 mesh), the weight loss significantly goes down to approximately 52.8%. If it
still declines, the total weight loss will slightly increase to 53%.

From the DTG curve, the volatility of sludge separates out in the temperature range of 200-400 °C. If the
particle size decreases, the DTG curve shifts to the area of low temperature. Especially, when the
particle size of coal is less than 120 mesh the volatilization separation enhances. Meanwhile, the
decrease of the particle size has an important influence on the combustion behavior at the burning
stage of fixed carbon (400-700 °C). Also, reducing the coal particle size results in decreasing the
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combustion temperature of coal and increasing the biggest weightlessness rate. Besides, the wave and
area of peak are narrower and smaller, respectively. It is evident that the DTG curve shifts to a low
temperature region. When the particle size increases (above 120 mesh), "peak shoulder" of the DTG
curve is wider and the wave area is bigger. In addition, the range of the corresponding temperature is
more extensive. The results show that the particle size has a great impact on the diffusion and heat
transfer of gases. With the decline in the grain size of coal, the relative specific surface area, the
exhalation performance of volatility in mixture, and the inhomogeneous reaction of combustion of
mixture increase, however, the resistance for escaping of combustion product and heat transfer goes
down.

As shown in Figure 5, the ignition temperature of co-combustion characteristic parameters gradually
drops to 455 °C from 499 °C. It shows that the burning performance improves with the decrease of the
particle size of coal. Moreover, the rate of maximum weightlessness rises steadily from 4.35% min™ to
5.8% min™’. Secondly, the corresponding temperature declines from 647 °C to 573 °C, while the average
burning rate climbs between 2.36% min™ and 2.61% min™. The combustion performance improves and
the process is more reactive with the reduction of particle size of coal. Finally, the burnout temperature
drops from 768 °C to 729 °C, which shows that the burning performance advances and the burnout time
is shorter with the reduction of the coal particle size.
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Figure 5. Influence of coal grain size on the Figure 6. Influence of coal grain size

characteristic parameters on Sy and Cy,

As shown in Figure 6, it can be seen that the ignitability index rises from 2.04x10° % min™ K? to
2.81x10 % min™ K, the comprehensive combustion characteristics index grows up to 10.01x10° %
min™ K? from 6.27x10® % min™ K. The diagram also reveals that the comprehensive combustion level
increases with a decrease of the particle size of coal, which enhances the combustion performance. But
it is not linear for the decrease of coal particle size and the improvement of burning characteristic
parameters. The changing trend gradually slows down. So in order to make the costs and benefits more
optimal, the equipment for the energy consumption should be considered in the practical applications.

4. Calculation and analysis about the kinetics of combustion

The dynamical equation of non-isothermal reaction can be written as follows:

o Lkt 5
B (Mf(a) (5)

W —WwW
where a is the conversion degree, its definition is @ :ﬁ, w is the residual quality (score) when the

o Wi

time is 1, T denotes the absolute temperature. w, and w, are the initial mass and the final quality of the
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reaction, respectively. f(a) is a function, the type of which depends on the reaction mechanism, the
temperature dependent rate constant k(T) which is usually described by the Arrhenius equation:

k=Aexp(-E/RT) (6)
here A is the frequency factor (s™), E is the active energy (k) mol™), R is the universal gas constant and its

value is 0.008314 kJ mol™K™. In the reaction process of increasing temperature, 8 could be estimated
by:

B=dT/dt (7)
For the weightlessness reaction of solid burning, f(a) can be derived by:

f(a)=(1-a)" (8)
where n represents the reaction order.

So the total reaction of the reaction process may be expressed as:

da A E N

e B exp (— ﬁ) (1-0) (9)
da A\ E

lnﬁ=ln (E)-ﬁmln(l—a) (10)

To make the dualistic linear fitting by the least square method, the values of by, by, b,, the number of
reaction stages n (n=b,), the activation energy of reaction E (E=b,xR) and the frequency factor A
[A=exp(bg)x6B] can be obtained (Hu et al, 2008).

Meanwhile, in order to realize the linear fitting of the calculation, the user-defined function is solved in
Origin 8.5.1. The two weightlessness peaks including the extreme point and burn point are selected as
the boundary range of temperature. The interzone value of n increases from 0 to 3 at an increasing rate
of 0.1. Finally, n is chosen as an optimal number of the reaction stage when the correlation coefficient r
is largest. Tables 3 and 4 show the calculation results of dynamic parameters.

Table 3. Dynamic parameters under different sludge mixture proportions

Mixing ratio T(°C) n E (k) kg?) A(s?) r

0 wt.% 503-735 1.1 104.82 96054 0.990
10 wt.% 497-716 1.2 88.06 54782 0.991
20 wt.% 481-739 0.9 76.68 8348 0.987
30 wt.% 478-739 1.1 68.35 2415 0.986
50 wt.% 470-739 1 65.80 1852 0.983
70 wt.% 416-741 1.3 63.08 1678 0.984
100 wt.% 227-743 3.5 35.07 730 0.981

As shown in Table 3, it can be seen that the correlation coefficient of the linear fitting is above 0.981 at
different sludge mixing ratios, which has high linearity and good fitting effect. With the increase of the
mixing ratio of sludge, the apparent activation energy and the frequency factor of the mixture decline
(Lou and Wang, 2011). However, the reducing trend gradually slows down, which is due to the coal (or
other fuels) regarded as the composition of the activation energy distributed from low to high. While
the sludge mixing ratio goes up, the ignition temperature elevates. The combustion reaction moves to
the low temperature area. The material of high activation energy can be reacted at low temperature. At
the same time, the apparent activation energy increases during the low-temperature period, which
leads to a downward trend. The frequency factor reflects the activity of material internal molecules at
certain temperatures. The activity of the sludge is lower than that of coal. The frequency factor
decreases with the growth of the sludge ratio.
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Table 4 illustrates with the decline of the coal particle size, the apparent activation energy has a minor
reduction, while frequency factor rises. The results reveal that smaller particle size of coal has bigger
specific surface area. The contacting and collision with oxygen promote the frequency factor. For the
same kind of coal, with the decline in particle size, the content of volatilizing and fixed carbon increases.
Relatively, the content of ash decreases. And this is an external macroscopic expression when the
structure of coal microcosmic granule is affected by various particle sizes. With the decrease of the
particle size of coal, the heat reactivity is more rapid and the heat easily releases from the combustion
products. Furthermore, the combustion performance improves. From performance of the macro effect,
It can be seen that when absorbing less heat, the burning process keeps on going and the activation
energy reduces.

Table 4. Dynamic parameters under different particle size distribution of coal

Particle size

(mesh) T(°C) n E (k) kg?) A(s?) r

80-100 475-768 1 68.57 1048 0.986
100-120 469-758 1 67.63 1537 0.983
120-150 465-747 1 65.59 1875 0.984
150-180 460-735 1 59.58 2004 0.992
180-200 450-699 1 54.57 2107 0.996

5. Conclusions

1) The co-combustion characteristics of sludge and coal are the results of their joint action. In the co-
combustion process, both of them keep their original combustion characteristics separately. When
the mixing ratio of sludge is small (10 wt%), they have strong synergy and acceleration, which
promotes the co-combustion performance and burning process. If the proportion of sludge is
bigger, it is beneficial to stable combustion and harmful to the ignition.

2) With the decrease of the particle size of coal, the weight loss of mixture increases from 48% to 53%,
which accelerates the separation of volatile. Meanwhile, the combustion process becomes fiercer.
Additionally the ignition temperature, the maximum of weight loss rate, and the burnout
temperature reduce, while the combustible index and the comprehensive combustion
characteristic index increase. Thus, the comprehensive burning level improves.

3) With the increase in the mixing ratio of sludge, the apparent activation energy reduces from 104.82
k) kg™ to 35.07 kJ kg™, and the frequency factor falls from 96054 s to 730 s™. Moreover if the
particle size of coal decreases, the relative specific surface area gradually increases, and the
resistance of the combustion reduces. Specifically the apparent activation energy reduces to 54.57
k) kg™ by 68.57 ki kg™, and the frequency factor increases from 1048 s™ to 2107 s™.
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