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Abstract

In this work, the pyrolysis characteristics and release of sulphur contaminant were studied under different mass percentages
(25%, 50% and 75%) of Zhundong coal in the sample mixtures. The results showed that the yields of volatile products
during co-pyrolysis were higher than those calculated from linear combination of corresponding yields of pure sludge and
Zhundong coal, which mean that a certain synergistic effect occurs in co-pyrolysis process. The yields of H,S, COS and
SO, decreased with the increase in the content of Zhundong coal in the samples. What’s more, when the content of
Zhundong coal were 50%, a great significance on the yields of sulphur contaminant occurs in the process of co-pyrolysis.
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Introduction

The output of sewage sludge has increased with the
increase in the process of urbanization. Due to this reason,
the resource utilization of sludge has become a research
focus and developmental trend as it treats and disposes of
the sludge [1]. Sludge usually has relatively low calorific
value, performs poorly if combusted independently, sludge
pyrolysis technology has attracted much research attention
for reasons of harmless treatment while fully reclaiming
the energy from sludge effectively [2, 3]. China has
abundant coal reserves including the largest integrated coal
field, namely the Zhundong coal field, which produces coal
having advantages, such as low ignition point and high
burnout rate [4, 5]. However, such a coal contains com-
paratively higher amounts of alkali and alkaline earth
metals, including Na, K and Ca [6], which not only tend to
sublimate and condense, but may also produce low tem-
perature eutectic mixtures after reacting with Si, and Al
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that cause issues such as slagging in furnace and contam-
ination of heating surface [7]. In addition, these problems
severely restrict the large-scale application of this coal. As
a clean coal utilization technology, pyrolysis technology is
capable of substantially reducing the content of water-
soluble sodium in the Zhundong coal [8]. Due to this rea-
son, the technology has gradually become an important
means potential commercial use of the Zhundong coal.

Sludge usually is rich in sulphur contaminant content,
complex chemical reaction happens and release amount of
sulphur contaminant during the pyrolysis process, such as
H,S, COS, SO, which will cause serious contamination [9].
The sulphur of sludge consists of sulphide, sulphate and
organic sulphur, mainly on organic sulphur [10], and the
release of H,S during the pyrolysis is in the temperature
ranges of 200-400 °C, the release of SO, during the
pyrolysis is mainly concentrated in two mutually inde-
pendent temperature stages, these temperatures stages
consist of 200-300 °C and 400-600 °C [10]. Zhang et al.
[11] found that Ca, Mg have an inhibitory effect on the
release of H,S, SO,, also the research result of Folgueras
and Diaz [12] shows that FeCl; mixed with CaO can inhibit
the release of sulphur-bearing gas.

On one hand, catalysis of metals can improve the
sludge’s pyrolysis characteristics during the co-pyrolysis of
sludge and Zhundong coal, and hence, achieve an effective
utilization of solid waste. On the other hand, the emissions
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of sulphur contaminant can also be controlled. Chang et al.
[13] found that, in comparison with the individual material,
a mixture of coal and sludge is more suitable for pyrolysis,
and that there exists a synergistic effect for the mixture to a
certain extent. Xiao et al. [14] conducted thermogravi-
metric tests on pure coal, pure sludge and a mixture of the
two in an inert atmosphere and found that the co-pyrolysis
of coal and sludge can reduce the activation energy
required for the chemical reaction and promote the pyrol-
ysis reaction. While researching the pyrolysis of high-
volatile bituminous coal and its mixture with sludge using
thermogravimetric analyser, Folgueras et al. [15, 16] found
that the pyrolysis behaviour of the mixture of sludge and
coal lies between that of the pure coal and pure sludge.
Meanwhile, they [15, 16] also found that the sludge has
higher reactivity than coal, and the temperature at which it
devolatilizes is also lower than that of the coal. At present,
only a handful of studies have focused on the co-pyrolysis
of sludge and Zhundong coal (which contains compara-
tively higher amount of metals). In particular, the forma-
tion of sulphur contaminant, such as H,S, COS and SO,
during the co-pyrolysis process, and their corresponding
control mechanisms have not yet been reported in the lit-
erature, and therefore require further research.

In this paper, thermogravimetric, differential scanning
calorimetry and mass spectrometry (TG-DSC-MS),
inductively coupled plasma optical emission spectroscopy
(ICP-OES), in situ diffuse reflectance infrared Fourier
transform spectroscopy (in situ DRIFTS) and other
experimental techniques were employed to study the co-
pyrolysis characteristics of sludge mixed with Zhundong
coal, the release characteristics of sulphur contaminant
such as H,S, COS and SO, during the pyrolysis process.
The results are of great significance in understanding the
emission mechanism of sulphur contaminant during the co-
pyrolysis of sludge mixed with Zhundong coal, and also
contribute towards theoretically exploring an effective way
of using sludge.

Experimental
Materials

Zhundong coal was obtained from the Xinjiang Uygur
Autonomous Region, whereas the primary sludge was
produced at Shanghai Songshen Water Environment
Purification Co., Ltd., China. All the samples are prepared
according to the ASTM Standards (D 2013-72). Tables 1
and 2 show their industrial analysis, elemental analysis and
ash composition analysis. Prior to experiments, Zhundong
coal and sludge were mixed in an even proportion and
dried to a constant mass in N, atmosphere. After being
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ground, standard sample sieve of 0.18 mm was used to
screen the mixture. The mass percentages of Zhundong
coal in the mixture were adjusted to 0% (pure sludge),
25%, 50%, 75% and 100% (pure Zhundong coal). For the
convenience of discussion, these mixed samples were
marked as coal 0, coal 25, coal 50, coal 75 and coal 100,
respectively. In this nomenclature, the word “coal” stands
for Zhundong coal, while the number represents the mass
percentage of Zhundong coal in the mixture, the quality of
each test sample is 10 mg.

Methods

The release of sulphur contaminant from sludge, Zhundong
coal and mixed samples (of sludge and Zhundong coal) in
the process of pyrolysis was studied by thermogravimetric
analysis and mass spectrometry (TG-MS). The STA 449C
type TG obtained from NETZSCH-Geritebau GmbH,
Germany, and QMS 403 type MS obtained from the same
supplier were used for the analyses of samples. During the
experiments, the transfer line between the TG and MS was
heated such that the temperature difference between the
exit of TG and the entrance of MS was maintained at
values of 220 °C, 240 °C and 260 °C to prevent the con-
densation of volatile products. Furthermore, a constant
mass of samples was taken, which were then placed in the
Al,O;5 crucible of the thermogravimetric analyser. Then,
the system was purged using high purity (99.999%) argon.
The purging process was repeated more than 3 times.
Afterwards, procedural heating kicked off when the signal
of mass spectrometer became stabilized and online
recording of the data was initiated. The volumetric flow
rate of argon was set to be 50 mL min~!, whereas the
heating rate was set to be 20 °C min~ ' in the temperature
range of 50-900 °C. Also, prior to experiments, mass and
temperature calibrations were performed for TG-MS sys-
tem, and all of the results have been dealt with normal-
ization correction. During the experiments, ICP-OES
obtained from Teledyne Technologies Inc., USA, was used
for qualitative and quantitative elemental analyses of the
Zhundong coal. The chemical structure and functional
groups on the surface of the pyrolysis coke were deter-
mined using in situ DRIFTS (Nicolet iS50) purchased from
Thermo Fisher Scientific Pty., Ltd., USA. In addition, for
these experiments, the heating rate of the solid in situ pool
was set to be 20 °C min~' within the temperature range of
30-650 °C. The type of detector used was MTC/A, which
was cooled by liquid nitrogen to improve the signal-noise
ratio. All the samples were scanned for sixteen times with a
resolution of 4 cm™!, whereas the same atmosphere was
used as in the TG-MS experiments. Each group of exper-
iments was repeated three times under the same conditions
to ensure accuracy of the obtained experimental data.
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Table 1 Proximate and ultimate

analysis of Zhundong coal and Material Proximate analysis/%(mass) Ultimate analysis/%(mass) /%th;*l
sludge M, ad Aud Vud FCud Cd H d Od N, d S d
Zhundong 15.97 3.09 2743 5351 7552 385 18.16 1.86 0.61 23943
coal
Sludge 5.63 3568 52.17 6.52 5249 1022 23.09 995 425 14483.9
Table 2 Ash composition . -
analysis of Zhundong coal and Material Si0x/%  AlL,O3/% CaO/%  FeyO3/% NaO/% K,O/% MgO/%  SO3/%
sludge Zhundong coal  26.31 12.24 32.07 6.34 3.79 0.97 321 5.38
Sludge 45.03 19.16 6.10 10.61 0.95 6.01 2.16 1.92
Results and discussion o
Analyses of pyrolysis and co-pyrolysis processes .
Figures 1, 2 and 4 show the TG curve, DTG curve and Tg o]
DSC curve of five samples which underwent the process of E
pyrolysis, and the data of pyrolysis characteristics are given 5\5 _3]
in Table 4. Figure 3 shows the in situ DRIFTS of Zhun- 5 Coal 0
dong coal and sludge, while each underwent a separate, _4 ——Coal 25
individual pyrolysis. The analysis of various functional ——goaﬂ 50
groups shown in the spectra can be analysed according to _5 ng: :go
relevant literature [17-19] and is given in Table 3. E— ‘ ‘
The TG curve shows that the rate of mass loss in the 0 200 400 600 800 1000

samples increases with the increase in the mass percentage
of sludge. The DTG curve for the separate pyrolysis of
Zhundong coal shows that there were two distinct mass
loss stages between the temperatures of 50 °C and 900 °C.
The first stage occurred during the drying and degasifica-
tion stage (50-240 °C), wherein a big-span absorption peak
was observed in the infrared spectra which corresponded to
the stretching vibration of O-H. The absorption peak
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Fig. 1 TG curves for the samples obtained for the pyrolysis process

Reaction temperature/°C

Fig. 2 DTG curves for the samples obtained for the pyrolysis process

obviously declined as the temperature increased, whereas
no distinct change was observed in the absorption peaks
located in other vibration frequency ranges. This indicates
the necessity of dehydrating coal and removing the phys-
ically adsorbed gases, including CO, and N,. Additionally,
a distinct absorption peak was observed in the corre-
sponding DSC curve for this stage. The absorption peak
matched with the temperature corresponding to DTG
curve’s mass loss peak. The second stage lied between the
temperatures of 300 °C and 600 °C and was the main
pyrolysis stage of the coal. The infrared spectra of the stage
shows that the stretching vibration peak of aliphatic C-H
continued to decline, while that of the aromatic C—-H and
C=C (i.e. the skeletal vibration of benzene ring) slightly
enhanced after first declining. This indicates that continu-
ous fracture, reforming and polycondensation with the coal
matrix macromolecule occurred during this stage. Mean-
while, the stretching vibration peak of both C=O in car-
bonyl and C—OH in carboxylic acid continuously weakened
as the temperature increased, indicating that the variation
of functional groups also occurred during this stage which
released the pyrolysis gases mainly in the form of CHy,
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Fig. 3 a Infrared absorption spectra of Zhundong coal. b Infrared absorption spectra of the sludge

Table 3 Analysis of various
functional groups as seen in the

Wavenumbers/cm ™!

spectra of individual pyrolysis
processes of Zhundong coal and
sludge

3350-3200
3050-3030
3000-2880
2275-2255
1730-1700
1654

1540

1605-1595
1300-1200
1160

Stretching vibration of C-OH
Asymmetric stretching vibration of C-O-C

Assignments Functional groups
Stretching vibration of O-H Hydroxyl
Stretching vibration of C-H Aromatic
Stretching vibration of C-H Aliphatic
Asymmetric stretching vibration of C=0 Isocyanate
Stretching vibration of C=0 Carbonyl
Stretching vibration of C=0 Amide-1
Stretching vibration of C=0 Amide-II
Stretching vibration of C=C Aromatic

Carboxylic acid
Ether bond

CO,, CO and tar that formed the semi-coke. Additionally,
at this stage, the TG curve dropped sharply, whereas the
peak value of the DTG curve was observed to be lying
around the temperature of 480 °C, where a large-span
absorption curve was observed in the DSC curve. The
pyrolysis temperature of sludge mainly lied within the
range of 120-600 °C, whereas the infrared spectra showed
that the stretching vibration peak of aliphatic C-H was
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distinctively larger than that of the aromatic C-H. In
addition, the stretching vibration peak of C-O-C (ether
bond) declined as the temperature increased. This, with the
fact that the macromolecular structure of sludge mainly
combines through ether bond [20], indicates comparatively
lower degree of aromatization of sludge, which is relatively
low in binding energy, high in reactivity and is more prone
to undergo pyrolysis. Meanwhile, with the increase in
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temperature, there were distinct changes in the stretching
vibration peaks of O-H in hydroxyl, C=0 in carbonyl, C—
OH in carboxylic acid, C=0 and C-N in amide and other
functional groups containing O and N in the sludge. This
indicated that the pyrolysis of sludge turned out to be a
process where old bonds fractured, volatized and eventu-
ally, new bonds recombined and formed. This stage is
mainly about the decomposition of organics and emissions
of volatile content with the largest gas production. The
corresponding DSC curve of the stage shows a significant
heat-absorption effect, and reaches the highest rate of mass
loss at 288 °C. Since the sludge is rich in organics such as
protein, carbohydrate and lipids [3], and the chemical
bonds of each component are weak, it is more prone to
undergo pyrolysis and generate macromolecular condens-
able matter (such as the aliphatic hydrocarbon), and some
small molecule gases including H,, CO,, CHy, C, and C;
[21]. Compared to the Zhundong coal, its pyrolysis tem-
perature corresponding to the highest rate of mass loss
increased substantially. Additionally, the aromatic nucleus,
which acts as the basic structural unit of coal, possesses a
higher degree of condensation, has relatively stable chem-
ical bonds, and has the pyrolysis temperature correspond-
ing to the highest rate of mass loss which actually lags
behind that of the sludge (Table 4).

Figure 4 shows that the co-pyrolysis process mainly
consists of two effects, namely the endothermic and
exothermic. Among these effects, the endothermic effect
plays the major role in the whole pyrolysis process. There
is a significant difference between different mixing ratios
on the peak temperature and peak shape corresponding to
the DSC curve. Compared with independent separate
pyrolysis, the DSC curve of co-pyrolysis shows less
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Fig. 4 DSC curves of the pyrolysis

fluctuations, which indicates that the Zhundong coal mixes
very well with the sludge and that they are undergo
copolymerization and co-fusion with relative ease. During
the high temperature stage, an exothermic peak with a
larger span occurred in the DSC curve of the pyrolysis of
coal due to the polycondensation. With the increase in the
Zhundong coal in the mixed samples, temperature corre-
sponding to the exothermic peak increased slightly, and the
area covered was reduced to a certain extent. This was
mainly caused by the presence of sludge, which weakened
the polycondensations (such as aromatization) of Zhun-
dong coal, enhanced the activity of semi-coke and hindered
the carbonization process. Analysis of the whole DSC
curve reveals that, instead of the simple superposition of
separate pyrolysis processes (of coal and sludge), complex

Table 4 Pyrolysis

characteristics for the samples TG-DTG data Coal 0 Coal 25 Coal 50 Coal 75 Coal 100

obtained for the pyrolysis Stage 1

process Reac. region/°C 50-120 50-120 50-120 50-120 50-240
Mass loss/% 2.61 3.02 3.43 4.26 7.07
Mass loss rate (max)/% —1.20 - 1.10 —1.26 —1.27 — 1.7
Peak temperature/°C 120 120 120 120 105.44
Stage 2
Reac. region/°C 120-600 120-400 120-400 120-400 240-300
Mass loss/% 50.49 35.01 26.31 17.18 1.07
Mass loss rate (max)/% — 5.07 —4.20 — 3.60 — 1.85 — 040
Peak temperature/°C 278.15 286.75 283.59 400 249.08
Stage 3
Reac. region/°C 600-900 400-900 400-900 400-900 300-900
Mass loss/% 7.00 20.47 22.07 24.75 32.16
Mass loss rate (max)/% — 0.88 —2.10 —2.14 — 232 — 251
Peak temperature/°C 857.21 426.53 433.76 453.55 453.78
Residue left/% 39.90 41.50 48.19 53.81 59.70
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heat transfer occurred due to the endothermic and
exothermic reactions during the co-pyrolysis process. That
is to say, the interaction occurred in the process of co-
pyrolysis, which led to their complex endothermic and
exothermic behaviours.

A comparison of the DTG curves of Zhundong coal and
sludge shows that the pyrolysis curve of mixture at low
temperature (from 120 to 400 °C) is similar to that of the
sludge, whereas at high temperature (from 400 to 600 °C),
it is similar to that of the Zhundong coal. Therefore, it can
be concluded that the co-pyrolysis of Zhundong coal and
sludge at lower temperatures is mainly dominated by the
sludge pyrolysis, whereas at higher temperatures, it is
mainly dominated by the pyrolysis of Zhundong coal. The
peak value of DTG curve of Zhundong coal occurred
around 480 °C, and corresponding temperature was sub-
stantially increased as the mass percentage of sludge in the
sample increased, thus indicating that the activity of
pyrolysis after mixing was greatly enhanced. To confirm
whether there exists any synergistic effect after sample
mixing and whether this is good for the release of volatile
products, a comparison can be made between the experi-
mental values measured from the volatile products and the
solid products of sample generated in the overall pyrolysis
process using theoretical values calculated using the
weighted average method. The method used to make the
calculations is represented by Egs. (1) and (2), and the
results are shown in Fig. 5.

Vi= VP + V(1 - Py) (1)
S¢ = SsPi + Sc(1 — P;) (2)

where V, represents the content of volatile products gen-
erated from the co-pyrolysis of sludge and Zhundong coal
as calculated using the weighted average method (%), S,
represents the content of solid products generated from the
co-pyrolysis of sludge and Zhundong coal as calculated

60 7 ——-gtv N N
| — S )s -
50 y\,§</’x
' ,5‘%// 7\¥\
LN/ 7 N\
5 301
o
20
10
5

Coal 0 Coal 25 Coal 50 Coal75  Coal 100

Fig. 5 Comparison of residual mass obtained from experimental and
theoretical determinations
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using the weighted average method (%), V; represents the
content of volatile products generated from the individual
pyrolysis of sludge in thermogravimetric experiment (%),
S, represents the content of solid products generated from
the individual pyrolysis of sludge in thermogravimetric
experiments (%), V. represents the content of volatile
products generated from individual pyrolysis of Zhundong
coal in thermogravimetric experiments (%); S. represents
the content of solid products generated from individual
pyrolysis of Zhundong coal in thermogravimetric experi-
ments (%), P; represents the mixing ratio of sludge and
Zhundong coal, V represents the content of volatile prod-
ucts generated from the co-pyrolysis of sludge and Zhun-
dong coal in thermogravimetric experiments (%), and
S represents the content of solid products generated from
the co-pyrolysis of sludge and Zhundong coal in thermo-
gravimetric experiments (%).

As can be seen in Fig. 5, as the mass percentage of
sludge in the sample increases, volatile products generated
throughout the complete pyrolysis process gradually
increase, though the solid products gradually decrease with
the increase in the mass percentage of sludge in the mixed
samples. This is mainly due to the fact that sludge is
comparatively rich in organics (such as protein, fat and
fibre) and has a production rate of volatile matter which is
1.9 times that of the Zhundong coal. In addition, the
experimental values for the variation trend of pyrolysis
products is basically consistent with those of the theoretical
values calculated using the weighted average method.
However, the experimental values for the amount of
volatile products released in the co-pyrolysis are substan-
tially higher than the calculated theoretical values for the
individual pyrolysis under the same mixing ratio. The
experimental values for the solid products are substantially
smaller than the calculated theoretical values for individual
pyrolysis under the same mixing ratio. This indicates a
synergistic effect between them and that the co-pyrolysis is
good for releasing the volatile products. Additionally, the
synergistic effect is the strongest at the mixing ratio of
75%. This is mainly due to the reason that there are
comparatively larger amounts of fibre and semi-fibre in the
sludge, and the high H/C ratio provides the pyrolysis of
Zhundong coal with large amounts of hydrogen donors
[22, 23]. In addition, coal, as a stabilizer of radicals, is a
hydrogen deficient substance; therefore, the participation of
hydrogen reduces the opportunity of metaplast solidifica-
tion of Zhundong coal and polycondensation of radicals
[24]. Furthermore, as the mixing ratio increases, sludge
offers more and more hydrogen donors, which is more
advantageous for increasing the conversion rate of co-py-
rolysis [25]. Meanwhile, metal elements including Na, K,
Ca and Fe contained in Zhundong coal play the role of a
catalyst in the co-pyrolysis process, which reduces the
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aromatic compounds, increases the aliphatic compounds,
promotes the release of volatile products and reduces the
generation of semi-coke.

Release of sulphur contaminant in the pyrolysis
process

As the sulphur in the sludge is far more than that in the
Zhundong coal, the productivity of sulphur contaminant in
individual pyrolysis is also far higher than that of the
Zhundong coal. The sulphur contaminant are produced by
the decomposition of protein (organic sulphur) and inor-
ganic sulphate in the sludge. Since the organic sulphur is
unstable and easily decomposed,the reaction begins at a
lower temperature, and inorganic sulphates are stable, the
decomposition occurs at a higher temperature [26]. Fig-
ure 6 shows the release of sulphur contaminant in the
pyrolysis process of samples. Among them, M/Z = 34
stands for H,S, M/Z = 60 for COS and M/Z = 64 for SO,
[27].

Figure 6a shows the release process of H,S, which
started from 200 °C and continued to 600 °C during the
pyrolysis of sludge, with the fastest release rate at 320 °C.
The temperature stage of the release of H,S is single, and
H>S is mainly produced from the decomposition of organic
[28]. In the temperature range from 200 to 280 °C, the
break of carbon chain and the decomposition of the
unstable aliphatic sulphur compound lead to the generation
of H radicals. Moreover, the formed H radicals attack S—S
bond and S—C bond of sulphide in protein to make them
break, which recombine the formed H radicals to form H,S
[29]. It may also be possible that organic sulphur like
thioether, disulphide, aliphatic mercaptan, and aromatic
disulphide converted to produce H,S [30]. With the
increase in the mixing ratio of Zhundong coal, the release
of H,S gradually decreased, and when the mixing ratio of
Zhundong coal is 50%, the productivity of H,S decreased
sharply.

As can be seen in Fig. 6b, the release of COS during the
pyrolysis of sludge started from 170 °C. With the increase
in the pyrolysis temperature, the release of COS gradually
increased, and the fastest release rate was at 300 °C. Then,
the release gradually slowed down and stopped at around
800 °C. COS comes from the reaction of H,S and CO, H,S
and COj; it also comes from the reaction among S/SH
reactive groups produced during the pyrolysis of some
organic sulphides, oxygen-containing functional groups in
the coke and active carbon atoms [31]. Meanwhile, the
reaction between FeS, and CO in the sludge and Zhundong
coal produces a small amount of COS, which has little
effect on the overall release [32]. Comparing the results in
Fig. 6a, b, it can be seen that the trend of generation curve
of COS was similar to the H,S, which indicates that the
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Fig. 6 Emission features of the sulphur contaminant in pyrolysis
process

release of COS during the process mainly comes from the
conversion of H,S. During the co-pyrolysis process of
sludge mixed with Zhundong coal, the release of COS was
reduced. The impact on the reduction in COS release was
obviously when the mixing ratio of Zhundong coal was
50%.

As can be seen in Fig. 6c, the peak corresponding to the
release of SO, in individual pyrolysis of sludge mainly
concentrated in two mutually independent temperature
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stages, which ranged from 100 to 270 °C and 400 to
800 °C. In the low temperature range, the release of SO,
happened in the reaction of the S/SH active group in the
sulphur organic compounds with the oxygen-containing
functional group in the char [29]. Then, some inorganic
sulphates participated in the pyrolysis reaction were
decomposed to release SO, [33]. With the addition of
Zhundong coal, the release of SO, gradually decreased, and
the release of SO, reduced most apparently when the
mixing ratio is 50%.

With the addition of Zhundong coal, the release of
sulphur contaminant reduced. The release of three sub-
stances decreased sharply when the mixing ratio was 50%.
On the one hand, the reduction in the release of sulphur
contaminant might due to the fact that a large amount of
metal elements in Zhundong coal, which not only promote
the pyrolysis process, but also contribute to the fixation of
sulphur. On the other, it was due to the lower sulphur
content in the Zhundong coal. Adding Zhundong coal
inevitably leads to the reduction in the total release of
Sulphur contaminant.

In order to further understand the influence of the co-
pyrolysis of sludge and Zhundong coal on the release of
sulphur contaminant, the experimental results generated
from the pyrolysis of various substances compared with the
theoretical results calculated from the weighted average
method. It is shown in Fig. 7 that the black is the theo-
retical value and the red is the experimental value. The
method is represented by Eqgs. (3), (4) and (5):

Coas = X1 X 0.75 + X, x 0.25 (3)
Cos =X1 x05+X, x0.5 (4)
Co7s = X1 x0.25 + X, x 0.75 (5)

where X; represents the experimental value of sulphur
contaminant generated from pure sludge, X, represents the
experimental value of sulphur contaminant generated from
pure Zhundong coal, and Cy,s, Cos and Cy ;s represents
the theoretical value of the release of sulphur contaminant,
respectively, when the addition ratio of Zhundong coal is
25%, 50% and 75%.

Figure 7 shows that when the mixing ratio of Zhundong
coal reached 25%, 50% and 75%, the experimental values
of the release of H,S, COS and SO, were less than the
theoretical value, and the experimental values were much
less than the theoretical value when the mixing ratio
reached 50%. The result indicates that the co-pyrolysis of
sludge mixed with Zhundong coal has an inhibitory effect
on the release of sulphur contaminant [10], especially when
the ratio of Zhundong coal reached 50%. It might be due to
the metal elements in the Zhundong coal, including K, Na,
Ca, Mg, Fe, which promote the conversion of volatile
S-containing compounds into thermally stable and non-
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Fig. 7 The comparison of experimental value and theoretical value in
the release peak area of the sulphur contaminant during pyrolysis
process

removable S-containing compounds [34, 35]. During this
process, some volatile sulphur enter the char, resulting in
the reduction in the release of sulphur contaminant.
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Conclusions

In this work, characteristics of pyrolysis and the release of
sulphur contaminant were investigated though pyrolysis
experiments of Zhundong coal, sludge and their blends
based on the TG-DSC-MS and in situ DRIFTS techniques.
The following conclusions can be drawn from this work.

1.

In comparison with the Zhundong coal, the chemical
bonds of macromolecular structure in the sludge had
less binding energy and high reactivity, thus the sludge
was easily pyrolysed. In the co-pyrolysis process, the
sludge pyrolysis dominated at low temperatures, while
Zhundong coal at high temperatures. Furthermore, the
sludge enhanced the activity of semi-coke in Zhundong
coal and hindered the carbonization process.

The experimental values of the amount of the volatile
matters released in the co-pyrolysis process were
substantially larger than the theoretical values calcu-
lated in the individual pyrolysis process under the same
mixing ratio. However, the experimental values of the
solid products were substantially smaller than the
theoretical values calculated in the individual pyrolysis
process under the same mixing ratio, which indicating
a synergistic effect between the two materials. It is also
concluded that the co-pyrolysis is beneficial for
releasing the volatile products. With the increase in
the mixing ratio, the synergistic effect became increas-
ingly obvious.

The release of H,S, COS and SO, happened during the
pyrolysis process of sludge, and the co-pyrolysis with
Zhundong coal has obvious inhibition effect on the
release of sulphur contaminant during the co-pyrolysis
process. Additionally, when the mixing ratio was 50%,
the inhibitory effect of sulphur contaminant was most
obviously.
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