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Co-pyrolysis of sewage sludge (SS) and low rank bituminous coal (BC) was considered as an effective technology
in realising the co-resource utilization and disposal of municipal waste. The current work focused on the co-
pyrolysis characteristics and synergistic mechanisms under rapid/slow heating conditions, with experimental
and analytical methods of the thermogravimetric-mass spectrometry (TG-MS), gas chromatography (GC), and
Fourier transform infrared spectroscopy (FTIR). The results showed that the heating rate and mixing ratio of SS
and BC caused different yields of the co-pyrolysis products. The gas products performed different releasing rules
with the effect of mixing ratio of SS and BC, and the different stages during the slow pyrolysis were defined in
terms of weight loss and product release. Under the rapid heating condition, the gas product yield in the
experiment was found to be consistently higher than the theoretical yield, regardless of the mixing ratio. The
addition of SS in the mixtures would increase the yield content of CO2 and high calorific gases (CaHa, Ca2Hy,
CyHe) and reduce Hj, CO, and CHy. The intensities and widths of the absorption peaks of functional groups such
as O-H, C-H, C=0 and C=C in the char decreased. The morphology, pore structure, and particle size distribution
of the pyrolyzed samples were compared and analysed. Kinetic analysis was carried out according to different
stages of slow pyrolysis. Finally, the synergistic effect and mechanism of the co-pyrolysis were comprehensively
compared and revealed under slow/rapid heating conditions.

1. Introduction

The extensive utilization of fossil energy has contributed to the rapid
development of the global economy, while the CO, emission issue from
the fossil fuel consumption was becoming an urgent issue. With a
growing global emphasis on the sustainable development and ecological
maintain, it was imperative to seek out clean renewable energy sources
and green processes [1]. Sewage sludge, as an essential by-product of
conventional wastewater treatment, has inevitably increased rapidly
during the process of urbanisation and industrialisation [2]. The
improper disposal of sewage sludge would cause secondary pollution to
water sources, soil and even public health [3]. The conventional disposal
methods included landfill, agricultural application, and thermochemical
conversion to fuels [4]. Among these, incineration has been widely used

in the past but required deep drying and dehumidification to maintain
the combustion stability, which was costly, especially in developing
countries [5]. Pyrolysis, as a low energy consuming and environmen-
tally friendly process has been received extensive attention. The pyrol-
ysis of sewage sludge could produce gas, solid, and liquid fuels, and the
product properties have significant impacts on the subsequent com-
bustion, gasification and liquefaction processes [6].

Sewage sludge was composed of diverse solid particles suspended in
an impure water continuum, with a very high ratio of water to solids,
relatively homogeneous and pumpable, and exhibited rheological
properties of a “Bingham plastic” [7]. Sewage sludge contained complex
organic (proteins, carbohydrates, fats and oil) and inorganic (metals)
compounds, and a wide variety of living and dead microorganisms [8].
The pyrolysis behaviour of the main components of the sewage sludge
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Table 1

Proximate and ultimate analyses and heating value of BC, SS, and blends with different ratios.
Material Proximate analysis(wt%, ad™) Ultimate analysis(wt%, ad) Qp ' (MJ/kg)

M A \% FC C H o’ N S

BC 2.16 7.74 30.68 59.42 76.61 3.66 8.37 0.90 0.56 28.421
BC7-SS3 4.08 17.92 34.56 43.44 62.53 3.86 8.78 1.99 0.84 22.483
BC5-SS5 5.56 24.33 37.28 32.83 52.07 3.97 10.49 2.68 0.90 19.077
BC3-SS7 7.02 30.77 40.53 21.68 42.77 4.07 10.98 3.36 1.03 15.547
SS 9.17 40.34 46.13 4.36 26.49 4.19 14.15 4.53 1.13 10.195
@ Air dried

5 0 (oxygen) was calculated by difference
¢ Bomb calorific value.

was comparable to the coal or biomass resources, and it could be
regarded as a special bioenergy, classified to a type of biomass [9]. In the
dry form, sewage sludge could also be considered a special type of
renewable fuel [10]. Owing to the low heating value of sewage sludge,
the disposal process was added other fuels of relatively-high heating
value, such as low rank coal, to improve the respective pyrolysis char-
acteristics [11]. Sewage sludge and low rank coal as biomass fuels have
already accounted for about 10 % of the global non-conventional
renewable energy supply [12]. Therefore, the knowledge of the
co-pyrolysis of sewage sludge and low rank coal could help to convert
organic matters in the sewage sludge to potential high value fuels.

The study uncovered that during the co-pyrolysis of coal and
petrochemical wastewater sludge in the packed-bed reactor, the yields
of solid char and liquid were lower than the theoretically calculated
values, suggesting that the synergistic effects significantly contributed to
the release of gas products [13]. Moreover, co-pyrolysis of coal and dry
sludge also exhibited significant synergistic effects on the removal of N
and S [14]. In particular, the release of sulphur-containing pollutants,
such as HyS and SO,, was significantly inhibited, and the inhibition ef-
fect was pronounced when the mixing ratio of sludge to coal was 50:50
[15]. If co-pyrolysis of fly ash and oily sludge was used at the same
mixing ratio, the maximum yields of pyrolysis oil and gas could be
increased by 13.85 % and 2.24 %, respectively [16]. In addition, ac-
cording to the Vyazovkin model calculations, the incorporation of 10 %
of paper sludge in coal pyrolysis was able to increase the pyrolysis
reactivity of coal [17]. At the same mixing ratio, the activation energy of
the blend was lower than the theoretically calculated value [18]. This
effect was even more significant if 5 % MgO or 5 % AC (activated car-
bon) was also added as a catalyst for the co-pyrolysis [19]. Although the
co-pyrolysis of sewage sludge and low rank coal with various solid fuels
has been studied and reported in the literature, there were few studies
on the thermochemical properties, product distribution, and gas product
release rule of the co-pyrolysis under the rapid/slow heating condition,
and the synergistic effects that exist were ambiguous and still need to be

Pyrolysis gas

further explored.

The comparative study on the rapid/slow co-pyrolysis characteristics
of SS and BC was conducted with multiple experimental and analytical
methods. The weight loss and rate, gas product composition, and solid
sample of the mixture sample of SS and BC were analysed and compared.
The evolution in functional groups, surface morphology, specific surface
area and porosity of the char samples after co-pyrolysis were charac-
terised, and the release characteristics and formation mechanisms of co-
pyrolysis gases were analysed. The synergistic effects and mechanisms of
SS and BC mixtures under rapid/slow heating conditions were
comprehensively proposed, based on the physicochemical properties
and kinetic analyses of the gas and solid products, providing a potential
support for the practical application of sewage sludge and low rank coal
in co-thermal conversion.

2. Material and method
2.1. Materials

The sewage sludge sample was a municipal sewage sludge (SS), and
the coal sample used in this study was a low rank bituminous coal (BC)
from Xinjiang, China. The SS and BC samples were dried at 105 °C for
12 h, then pulverized and sieved through 100 mesh (150 pm) and 200
mesh (75 pym) screens to separate experimental samples with particle
sizes less than 150 pm. The BC and SS mixtures were homogeneously
mixed in mass ratios of 10:0, 7:3, 5:5, 3:7, and 0:10 to prepare five
blends, designated as BC, BC7-SS3, BC5-SS5, BC3-SS7, and SS. The
proximate and ultimate analyses and calorific value of BC and SS were
measured, and the results were shown at Table 1. The proximate anal-
ysis data was tested by a fully automatic proximate analyser (Changsha
Kaiyuan Instruments, SE-MACIII and 5E-MVC6700, China). The ulti-
mate analysis data was tested by an elemental analyser (Elementar,
vario MACRO CUBE, Germany), and the heating value was tested by an
isothermal fully automatic calorimeter (Changsha Kaiyuan Instruments,
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Fig. 1. Schematic diagram of the tube furnace reactor used in this study.
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Fig. 2. Thermogravimetric (TG) and weight loss rate (DTG) curves of BC, SS, and blends at 10 °C/min: (a) TG, (b) DTG.

5E-AC8018, China).

2.2. Experimental and analytical methods

The non-isothermal slow co-pyrolysis of BC and SS samples were
performed in the TG-MS (NETZSCH, STA 449 F3 Jupiter-QMS 403 D
Aéolos, Germany). 10 mg of sample was loaded and heated from 30 to
900 °C. The heating rate and Ny (purity 99.999 %) flow rate were fixed
at 10 °C/min and 100 mL/min, respectively. The loss of sample weight
and the rate were continuously recorded, and to ensure the accuracy and
least error, experiment was repeated at least three times.

To investigate isothermal rapid co-pyrolysis characteristics of BC and
SS mixtures, a laboratory-scale tube furnace reactor (TFR, Shanghai
Yuzhi Technology, China) was used as shown in Fig. 1. Before the start of
experiment, the TFR was preheated from 50 °C to the setting tempera-
ture (700 °C, 800 °C, or 900 °C) at a heating rate of 10 °C/min, and
introduced N, with a flow rate of 100 mL/min throughout the process to
remove the air inside the TFR to ensure an inert atmosphere. A sample of
10 g was placed into the Al;O3 crucible and then positioned the crucible
into a high temperature resistant (<1200 °C) hanging basket made of
310S austenitic chromium-nickel stainless steel. Once the TFR reached
the set temperature, the basket was quickly placed to the thermostatic
reaction area and the rapid co-pyrolysis reaction was carried out for
10 min under N; with a flow rate of 100 mL/min. The co-pyrolysis gases
were passed through two consecutive condensers and then the non-
condensable gases were collected in the gas bag. After 10 min, the
sample was quickly moved to cold side of the TFR, and then cooled down
to room temperature under Ny atmosphere before collecting the chars.
Simultaneously, N» with a flow rate of 1000 mL/min was used to purge
the TFR for 20 min and the gas bag were replaced to collect the
remaining reaction gases, ensuring that the reaction gases generated
from the previous sample was completely collected before proceeding to
the next experiment. The mass of liquid products dissolved from the
condenser was determined using C4HgO (Macklin, AR, purity 99.0 %),
and the heat cables were wrapped around the gas pipelines to make sure
the volatile matter was completely trapped in the condensers. At least
three repeat runs were conducted under the same conditions to ensure
the repeatability of the experiment.

The gas products were analysed by the gas chromatography (Agilent,
990 Micro GC, America) with the thermal conductivity detector (TCD).
The char was analysed for functional group evolution by the Fourier
transform infrared spectroscopy (Thermo Scientific, NICOLET iS50 FT-
IR, America), the surface morphology of char was characterized by the
scanning electron microscopy (HITACHI, SUISIO, Japan), the porosity
and particle size evolution of the char was characterized by the surface
area and pore size analyser (Micromeritics, ASAP 2460 and VacPrep
061, America) and the laser particle size analyser (Malvern Instruments,

Mastersizer 2000, Britain).

To evaluate whether the synergistic effects existed between the BC
and SS mixtures, the theoretical yields of the pyrolysis products of the
blends were calculated and compared with the experimental yields. The
theoretical yields of char, gas and liquid products were adopted to the
weighted average method by following Eq. (1) [20]:

Yca = Xpc x Ype +Xss X Yss (@)

where Yy is the calculation yield (%); Xgc and Xss are the mass per-
centage (Wt%) of BC and SS in the blend, respectively; Yc and Yss are
the experimental yield (%) of BC and SS, respectively; the experimental
yield can be calculated as Egs. (2-4) [21]:

1%
Yehar = ﬁ x 100% )
W,
Yius = —2% x 100% 3
raw
YLiquid =1- Yehar — Yoas (4)

where Ycnar , Yoas » Yiigua are the yield (%) of char, gas, liquid,
respectively; W,q, is the mass (g) of raw material; Wy, is the mass (g) of
char, which is obtained by direct weighing; W, is the mass (g) of gas,
which is calculated by quantifying the N5 flow rate as Eq. (5):

Vi, XV; X M;
Wees = Y ————— 5
Gas Z vV )

where i corresponds to Hy, CHy4, CO, CO3, CoHy, CoHy, CoHg of main gas
component, respectively; Vy, is the total volume (L) of N5 supplied; v; is
the percentage of each gas volume (%).

3. Result and discussion
3.1. Slow co-pyrolysis characteristics

Fig. 2 presented the TG and DTG curves of the pyrolysis of BC, SS,
and their mixtures at different mixing ratios. Fig. 2(a) showed that the
weights of all the tested samples were reducing when the temperature
increased from 100 to 900 °C, and the final weigh loss was different from
samples. According to the data in Fig. 2(a), the weight loss rate (DTG)
was calculated and shown in Fig. 2(b). The pyrolysis process was divided
into three distinct stages depending on the amount of weight loss rate
during the reaction in Fig. 2(a): Stage S-I1 (<180 °C), Stage S-II (180-570
°C), and Stage S-III (>570 °C). Within the S-I stage, both BC and SS
samples underwent dehydration reaction. At Stage S-II, the peak weight
loss rate of BC sample was observed at 457 °C, with the maximum
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Fig. 3. The mass spectrometry (MS) analysis curves of BC, SS, and blends at 10 °C/min: (a) Hp, (b) CHa, (c) CO, (d) CO,, and (e) CoHy(x=2, 4, 6).

weight loss rate being 1.25 wt%/min. The maximum weight loss rate of
the SS sample was 1.97 wt%/min, which corresponded to the peak at
301 °C, and the shoulder peak near 425 °C was associated with the one-
step degradation of intermediate products derived from the lipids and
proteins [22]. In the S-III stage, a peak was observed for both BC and SS
samples.

Within the aforementioned three temperature stages, the co-
pyrolysis processes of the BC and SS mixtures exhibited three distinct
peaks. The peak intensity of the blend sample at 300 °C gradually
transformed while the peak at 450 °C displayed an increasing tendency,
with the decrease of the SS in the blends. Thus, the S-II stage (180-570
°C) could be further divided into two sub-stages: S-1I-I1 (180-380 °C) and
S-II-II (380-570 °C). At Stage S-III, the peak for BC sample was attrib-
uted to the secondary cracking of high molecular weight liquid [23],
while for the SS sample, it was due to the decomposition of minerals

such as calcium carbonate and the gasification of the chars [24]. S-II-I
and S-II-II were divided into four temperature stages (L-I (453-573 K),
L-II (573-653 K), H-I (653-723 K) and H-II (723-843 K) for kinetic
analysis in the Section 3.5.

The gas release curves and components from the mass spectrometry
(MS) analysis of BC, SS and blends are shown in Fig. 3. Compared to the
weight loss in the Stage S-II-I, from Fig. 3(b) and (d), the primary re-
actions included degasification and decarboxylation. CO9, CHy, and N,
which were adsorbed and enclosed within the pores of BC and SS, were
released and part of labile functional groups such as carboxyl groups
cracked to generate CO2 and HyO. In this stage, the maximum weight
loss rate of BC7-SS3, BC5-SS5 and BC3-SS7 were 0.61 wt%,/min, 1.03 wt
%/min and 1.41 wt%/min, respectively. Meanwhile, the difference in
weight loss rate in Fig. 2 was the maximum value of the entire pyrolysis
process, and the temperature of the peaks of the blends and SS
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Fig. 4. Experimental and calculated yields of co-pyrolysis products and gas composition of BC, SS, and blends under rapid heating conditions: (a-b) 700 °C, (c-d) 800

°C, and (e-f) 900 °C.

corresponded to each other. This indicated that the weight loss of the
blends at lower temperatures was primarily attributed to the pyrolysis of
SS. From Fig. 3(a) and (e), in stage S-II-II, the primary reactions were
depolymerization and decomposition, where the volatile components
consisting of Hy, CO, CO2, H20 and high calorific value gases (CHy,
CoHj, CoHy, CoHg) were successively decomposed. At higher tempera-
tures, the pyrolysis of BC component in the blends was intensified, and
the peaks of the blends and BC were corresponded to each other. Stage S-
III involved the thermal condensation and carbonization reactions,
where the low peak observed of the blends was attributed not only to the
continued decomposition of semi-coke into char with the concurrent
release of a substantial amount of Hy, but to the further cracking of C-C

and C-H bonds. Asillustrated in Fig. 3, the precipitation peaks of gaseous
products of the BC3-SS7 were significantly higher than other blends,
particularly in high calorific value gases, which was attributed to the
decomposition of SS and release of volatile matter at lower
temperatures.

3.2. Rapid co-pyrolysis products

Fig. 4 gives the experimental and calculated yields of co-pyrolysis
products and gas compositions of BC, SS and blends at rapid heating
conditions of different temperatures. In Fig. 4(a), (c) and (e), according
to the calculation of Egs. (2-5), the char yield was negatively correlated
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with the increase of SS mixing ratio or pyrolysis temperature, while the
pyrolysis gas and liquid yields were positively correlated. This was due
to the high fixed carbon content in BC, thus the solid char being the main
pyrolysis product. Whereas, the SS, with the higher volatile content, had
more condensable gas and liquid products. According to Eq. (1), the
experimental yields of the gas products were consistently higher than
the theoretical yields at different temperatures. The yields of BC3-SS7
had the significant difference and increased with the temperature,
which were 1.70 % at 700 °C, 2.20 % at 800 °C, and 2.30 % at 900 °C,
respectively. The experimental yield of char at 700 °C was essentially in
line with the theoretical value, and the increase of pyrolysis gas and the
decrease of liquid in the experimental yield were attributed to the
decomposition of volatile matter during the co-pyrolysis process. At 800
°C, the decrease of char and the increase of liquid in the experimental
yield were only observed for BC5-SS5, and the same phenomenon
occurred for both BC5-SS5 and BC3-SS7 at 900 °C. The discrepancy of
the experimental and theoretical yields of the pyrolysis products of the
blends indicated that there were synergistic effects between the BC and
SS in the co-pyrolysis process, rather than two independent pyrolysis
reaction. The synergistic effects were attributed to the intensified sec-
ondary reaction between char and volatile matter, and the more pro-
nounced gas-solid interaction effects, at higher heating rates [25]. The
higher H/C molar ratio and the -OH functional groups in SS promoted
the formation of a substantial amount of H and OH radicals during py-
rolysis. These radicals could serve as hydrogen donors to facilitate the
cracking of aromatic compounds in BC and inhibit secondary reactions
such as cross-linking, re-condensation and re-polymerisation, thereby
increasing the gas yields in the co-pyrolysis process.

In Fig. 4(b), (d) and (f), the primary gas composition generated from
the co-pyrolysis of BC and SS consisted of non-condensable gases such as
H,, CH4, CO, CO,, and minor amounts of CoHy, CoHy, CoHg. At lower
temperatures, the production of Hy was not only due to the recombi-
nation of a major number of H radicals after the cracking of C-H in large
molecules, but the water gas shift reactions (CO + HoO — CO, + Hj, C +
H»0 — CO + Hy) that occurred within the temperature range of 700-900
°C [13]. With the increase in temperature, a substantial amount of CHy4
and a small amount of CoHy hydrocarbons were released due to the
overlapping cracking reactions of fatty hydrocarbons functional groups
and aromatic fatty side chains. The production of CO and CO, was
associated with the cracking of C=0 and -COOH, respectively [26].

When the pyrolysis temperature was constant, as the mass ratio of SS
in the blend increased, the yield of H, and CH4 decreased, which was
attributed to the larger average molecular structure and higher stability
of BC, along with a higher degree of bond cracking and reorganization
during condensation reaction [27]. Similarly, under the above condi-
tions, there was a significant increase in the yield of CO,, while the
yields of CO and CyHy decreased of 2.62 % and increased of 2.10 %,
respectively. This was attributed to that the more of the C in BC was
immobilised in the char. At the same mixing ratio, the Hy yield was
proportional to the pyrolysis temperature. This was due to the conden-
sation dehydrogenation reaction between aromatic layers, namely
compounds with small number of aromatic rings condensed into higher
number of aromatic rings [28], and the catalytic effect of inorganic
compounds (ash) on the dehydrogenation reaction during the carbon-
ization process [29]. Concurrently, the CHy yield increased and then
decreased, while the CyHy yield decreased, which was attributed to the
different degrees of high-temperature decomposition of volatile matter.
The increase in CO yield and decrease in CO; yield resulted from that the
decarbonylation reaction was prioritised over the decarboxylation re-
action at higher temperatures [30].

The experimental yields of Hy, CHy, and CoHy from the co-pyrolysis
of BC and SS were higher than the theoretical yields, and there was a
maximum increment when the mixing ratio of SS to BC was 7:3, which
was 3.09 %, 1.57 %, and 0.99 %, respectively. Meanwhile, there was an
obvious decrease in the experimental yields of CO and CO. The results
indicated that the co-pyrolysis of BC and SS significantly facilitated the
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Fig. 5. Rapid co-pyrolysis char composition and volatile matter release rate
(V;) of BC, SS, and blends at 700 °C, 800 °C, and 900 °C.

yield of high calorific value gaseous hydrocarbons and inhibited the
emission of the greenhouse gas as CO,.

In addition, according to the proximate analysis results of the raw
material and chars of BC, SS and blends, the volatile matter release rate
(V;) could be calculated by Eq. (6):

Wchar X Vchar

V=1 g = char 6
' Wiaw X Viaw ©

where Weper and Wi, are the mass (g) of char and raw material,
respectively; Vcpgr and Vi, are the volatile matter (wt%) of char and raw
material, respectively.

The intensity of gas release could be reflected by V;, and a higher V;
represented a more complete decomposition of volatile matter. In Fig. 5,
the V; of the blends was higher than the individual pyrolysis of BC and
SS, and it was proportional to the temperature, indicating that there was
a promotion effect on the release of gas products in the co-pyrolysis. The
promotion was significant when the mixing ratio of SS to BC was 7:3, as
the V, of BC3-SS7 was the maximum value in the blends at different
temperatures, 0.87 at 700°C, 0.94 at 800°C and 0.98 at 900°C.

3.3. FTIR analysis of char samples

The evolution of raw materials and char samples of BC, SS and blends
after rapid/slow co-pyrolysis were obtained for the determination of the
surface functional groups using FTIR analysis, as shown in Fig. 6, and
Table 2 was the band assignments of FTIR spectra. Raw materials
exhibited intense absorption peak of -OH at 3700-3000 cm™!, indi-
cating that the -OH content was higher than other functional groups.
With the increase of the pyrolysis temperature, the -OH absorption peak
in the chars gradually weakened, indicating that the pyrolysis process
occurred dehydroxylation reaction, which produced H and OH radicals.
The absorption peak did not disappear that was due to the stretching
vibration of -OH in the polymers and carboxylic acids still existed. The
absorption peak of the C-H at 2923 cm™* and 1450 cm ™! were signifi-
cantly reduced after pyrolysis, which was related to the formation of
CyHg and CH4 by the cracking of -CHgs- and -CHj, respectively. There was
no obvious absorption peak of C=0 at 2358 cm™' and C=C at
1656 cm ™! in the char, which was related to the susceptible conversion
of unstable C=0 to CO,, and the liberation of the high thermal stability
C=C as semi-volatile CoH4 components. The C=0, C-C and C-N ab-
sorption peak at 1250-850 cm ™! indicated the presence of ethers, al-
cohols, carbon skeletons and amides in BC and SS. Although the strong
and broad absorption band of SiOy at 1031 cm™! in SS with high ash
content might cause some interference in the observation of other
functional groups, the absorption peak of the chars in this band have
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Table 2
Band assignments of FTIR spectra of raw material and char of BC, SS, and blends
[14].

Gas Wavenumber/ Vibration Functional group or

component em™? component

H,O 3700-3000 Stretching  -OH (hydroxyl or carboxyl
group)

C,oHeg 3000-2800 Stretching -C-H (light alkanes)

CO, 2400-2250 Stretching ~ -C=0

CoHy 1648 Stretching C=C (alkenes)

CH4 1450 Bending -H-C-H

Cco 1250-850 Stretching ~ -C=0

CyH,, Hy 466 Bending H-C=C (alkynes)

already levelled off. This suggested that the C=0, C-C and C-N have
cracked during pyrolysis process, and light oils, small molecules of hy-
drocarbons, CO and NH3 have been generated. The changes in the ab-
sorption peak at 466 cm ™! band were caused by CoHs and Hy which
produced from C=C cracking in olefinic and aromatic structures.

The characteristic of slow pyrolysis was a lower heating rate, but a
longer reaction time; whereas rapid pyrolysis, despite its shorter reac-
tion time, was associated with a higher heating rate. The organic matters
in the BC and SS have been decomposed adequately under both pyrolysis
conditions. The absorption peak of -OH in the range of 3700-3000 em™?
for the slow pyrolysis chars were attenuated, which was attributed to the
more complete release of HoO over the extended pyrolysis period. On
the contrary, the absorption peaks of other functional groups were
relatively low during rapid pyrolysis, especially the C=0 absorption

peak at 1250-850 cm™! was significantly reduced. These phenomena
demonstrated that the rapid temperature increase resulted in a swift
release of volatile matter, consequently diminishing the relative abun-
dance of these functional groups. The differences reflected the impact of
heating rate on the chemical structure of the materials, slow pyrolysis
was more conducive to the retention of certain functional groups, while
rapid pyrolysis have resulted in the decrease or disappearance of some
functional groups.

3.4. Morphology structure properties of chars

Fig. 7 illustrated the particle morphology and surface structure of the
BC, SS, and BC3-SS7 raw materials, and rapid/slow co-pyrolysis chars at
900 °C. For the raw materials, the surface of the BC particle was rela-
tively smooth and dense, without obvious pores and cracks. The SS
particle was loose and porous, and the surface was scaly and arranged in
a stepped pattern. In the BC3-SS7, there were blocky BC particles with
relatively granular SS particles attached. After pyrolysis at 900 °C, some
pores and a large number of small particle sediments were formed on the
surface of char particle. This phenomenon was more pronounced during
the rapid pyrolysis compared to the slow pyrolysis, particularly for the
BC3-SS7, which exhibited significant evolution in the pore structure and
there was more residual carbon on its surface. The morphological evo-
lution of char particles could be attributed to that, as the pyrolysis
temperature increased, the fine particles adhering to the surface were
gradually stripped away and the rapid release of volatile matter exposed
the sealed pores beneath the surface [31]. In addition, there were sig-
nificant differences in the surface morphology and microstructure of
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Fig. 7. SEM images of raw material and rapid/slow co-pyrolysis chars of BC, SS, and BC3-SS7 at 900 °C.

chars formed by BC, SS and blends under different pyrolysis conditions.
Under the slow pyrolysis condition, the surface of char particles was
relatively smooth and partially flocculent, with obvious melting phe-
nomena, indicating that the slow pyrolysis was conducive to the uniform
growth of particles and the formation of regular shapes. Under the rapid
pyrolysis condition, the structure of the chars was obviously ruptured,
and more deposits were formed on the surface of the particles, which
indicated that the rapid pyrolysis caused the irregular morphology and
denser distribution of the particles, which resulted in the formation of

more microscopic pores.

The pore structure parameters of the BC, SS and blends were tested
by BET and the results were given in Fig. 8. From Fig. 8(a) - (c), the
specific surface area (Syq), pore volume (Viy), and average pore
diameter (Dgy,) of the raw material and char samples increased with the
addition of SS in the mixtures, compared to the raw materials. All these
three parameters under the rapid pyrolysis were higher than the results
of the slow pyrolysis condition. However, the increments of the specific
surface area for the blend sample were 216.8 % and 285.1 % for rapid
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and slow pyrolysis with adding SS from 0 % to 100 % in the blend in
Fig. 8(a). The larger specific surface area was typically corresponded to
the smaller particle size or the higher porosity [32]. Similarly, the in-
crements of the V,uq and Dg,; were 286.8 % and 59.7 % for rapid py-
rolysis and 293.1 % and 120.95 % for slow pyrolysis, which are shown
in Fig. 8(b) and (c). In addition, from Fig. 8(d), the with the increasing
temperature, the specific surface area for the char sample with a mixing
BC/SS ratio of 3:7 in the rapid pyrolysis condition was higher than the
value of the slow pyrolysis condition. Both Vi, and Dy, increased with
the pyrolysis temperature and the rapid pyrolysis condition yielded
higher values. The volatile matter releasing caused the extension of
pores such as micropores and mesopores, which further enlarge the pore
volume and size during pyrolysis [33]. This phenomenon was also
associated with the increase mixing ratio of SS, with a higher volatile
content, tended to form mesopores during pyrolysis, whereas the BC
formed a large number of micropores with the decomposition of fixed
carbon [34].

In Fig. 9(a), the particle size of the raw materials was ranged from
133 to 146 pm. After the pyrolysis of the BC, SS and blends, the overall
particle size distribution region of chars was concentrated from the
1-200 pm to the 10-100 pm with a slight decrease in particle size. This
was attributed to that under high temperature and rapid pyrolysis
conditions, the larger particles released more volatile matter and broke
up to form smaller particles, while the smaller particles softened and
deformed, and partially melted with each other to form larger particles.
In the pyrolysis reaction, as the particle size increased, the reactivity of
the char would be inhibited due to the enhanced diffusion limitation
[35]. If the pyrolysis was carried out with particles smaller than 270 pm,
the optimum combined pyrolysis property index and weight loss rate
could be achieved [36]. There was no significant change in particle size
before and after pyrolysis under different conditions, indicating that the

increase in the surface area of char was primarily attributed to its more
developed porous structure.

3.5. Pyrolysis kinetic analyses

In this study, the co-pyrolysis kinetic parameters of BC and SS were
calculated from the TG data, which were obtained under non-isothermal
and heterogeneous conditions, and the kinetic equation of the co-
pyrolysis reaction. When c¢ (concentration) was replaced by a (thermal
conversion) in the isothermal and homogeneous reaction kinetic equa-
tion, the non-isothermal process was divided into innumerable
isothermal stages.

da

=k(T)f (@) @

where « is the thermal conversion (%) at time t (min); da/dt is the
decomposition rate (%/min); k(T) is the rate constant expressed by the
Arrhenius equation; f(a) is the kinetic model;

m; —m;

a= ®
m; —my
flay=01-a)" )]
E
k(T)=A- exp( RT) (10)

where m;, m; and my refers to the initial, instantaneous and final weight
(g), respectively; n represents the reaction order of the co-pyrolysis ki-
netic model; A and E are the pre-exponential factor (min~1) and acti-
vation energy (kJ/mol), respectively; R and T are the universal gas
constant (J/(mol K)) and absolute temperature (K), respectively;
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combining and rearranging Eqgs. (8-10) to Eq. (11):
m; —m,

E L n
—Aexp 1-
" RT m; —my

adopting a fixed heating rate § (10 K/min) as Eq. (12), and bringing it
into Eq. (11) while taking the natural logarithm on both sides as Eq.
(13):

dt

(1)

dT
p= ar 12)
defdT A E
In W = lnﬁ RT (13)

the straight line of In[(da/dT)/(1 — a)"] versus 1/T is obtained as Eq.
(13); the pre-exponential factor A and the activation energy E can be
calculated from the slope and intercept of this straight line, respectively.

According to the slow co-pyrolysis data, the DTG curves of the S-II
stage in Fig. 2(b) were differentiated once to segment the temperature
stages based on the monotonically increasing or decreasing regions
before and after the peak [37]. The individual pyrolysis peak of BC and
SS was at the S-II-II and S-II-I, respectively, which could be divided into
two temperature stages. The co-pyrolysis of BC and SS had one peak in
both S-1I-I and S-II-II, which could be divided into four temperature
stages: L-I (453-573 K), L-II (573-653 K), H-I (653-723 K) and H-II
(723-843 K). The co-pyrolysis of BC and SS was a complex physico-
chemical reaction process, the relevance of the f(a) could not be ensured

10

if a single n was used for kinetic calculation. Therefore, the data was
taken at intervals of 10 K in TG, and using different n (0.1, 0.2, 0.3, 0.5,
0.75, 1.0, 1.5, 2.0, 3.0) for linear fitting trials to determine the optimal
correlation coefficient (R?). The mass average activation energy (Epm)
[38] was introduced due to E could not indicate the e entire reaction
volution, where F represents the weight loss in each temperature stage
as Eq. (14):

En=E xFi+E; xF,+...+E, xF, 14)

The kinetic fitting curves were presented in Fig. 10, and the optimal
f(a) and its corresponding kinetic parameters were shown in Table 3.
The optimal n corresponding to each stage of the co-pyrolysis reaction
was the same as that of BC (n=0.75) in the S-II-II stage and that of SS
(n=2, 0.2) in the S-II-I stage. Each of the R? value were fallen within the
range of 0.9822-0.9980, indicating a high degree of reliability for these
results.

The E, of the co-pyrolysis reaction were as follows: BC7-SS3:
11.92 kJ/mol, BC5-SS5: 10.70 kJ/mol, BC3-SS7: 10.32 kJ/mol, all of
which were less than the E,, of the individual pyrolysis of BC (21.16 kJ/
mol) and SS (12.34 kJ/mol). The least E,, was observed when the mass
ratio of SS was 70 %, indicating that the energy required for co-pyrolysis
was the minimum at this composition. Furthermore, as the mass ratio of
BC increased from 30 % to 70 %, the E, in the co-pyrolysis process
correspondingly augmented. This phenomenon was associated with the
volatile content composition of BC, suggesting that a higher energy was
required for the co-pyrolysis of heavier volatile matter and char [39].
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Fig. 10. Kinetic fitting curves of BC, SS, and blends in different reaction orders and temperature ranges: (a) BC and SS, (b) BC7-SS3, (c) BC5-SS5, and (d) BC3-SS7.

Table 3
Kinetic parameters of co-pyrolysis of BC, SS, and blends.
Material Region/K E/kJ mol ! A/min~! fla) R? F/wt% Ep/kJ mol !
BC 603-733 93.23 3.522x10° (1 - a)°7s 0.9890 7.79 21.16
733-883 51.47 1.118x1073 1- a)0‘75 0.9890 9.87
SS 453-573 42.88 4.850x107* 1- a)z 0.9891 12.62 12.34
573-813 72.93 3.710x107°3 1- a)“ 0.9840 25.05
BC7-SS3 453-573 55.64 3.651x10° - a)z 0.9879 3.54 11.92
573-653 13.04 5.203x107°3 1- a)“ 0.9895 4.60
653-723 64.72 2.801x10° (1- a)0'75 0.9860 5.70
723-843 50.54 7.725x10°* (1- ,1)0'75 0.9906 8.04
BC5-SS5 453-573 49.77 1.064x103 (1 - a)? 0.9893 6.39 10.70
573-653 23.03 2.587x107% 1- a)O-Z 0.9980 7.19
653-723 38.38 2.982x10! (1- a)0‘75 0.9837 6.04
723-843 50.51 6.784x10°* (1 - a)°7s 0.9893 7.31
BC3-SS7 453-573 47.80 2.157x10° - a)z 0.9844 8.88 10.32
573-653 27.65 1.961x1073 1- a)0'2 0.9822 9.50
653-723 24.52 2.789x10° (1 - a)°7 0.9870 6.50
723-843 50.18 5.666x10* (1—a)’7 0.9909 6.49

Within the L-I stage, where the weight loss rate gradually increased,
the E of BC7-SS3, BC5-SS5, BC3-SS7, and SS was inversely proportional
to the mass ratio of SS in the blends, which was 55.64 kJ/mol, 49.77 kJ/
mol, 47.80 kJ/mol and 42.88 kJ/mol, respectively. The weight loss of
BC within the whole S-II-I stage was only 4.31 wt%, which was much
less than the conversion rate of the blends, indicating that the variation
of E in this stage was primarily influenced by SS. Similarly, within the H-
II stage, the E of the co-pyrolysis process was proportional to the mass
ratio of BC in the blends and its average difference was only 0.43 kJ/

11

mol, which was related to the closer conversion of the blends [40]. In
summary, during the co-pyrolysis process, both the E for a specific stage
and the E,, for the entire reaction were lower than the individual py-
rolysis of BC and SS, suggesting that there were significant positive
synergistic effects in the co-pyrolysis process [41]. The mutual promo-
tion between the BC and SS not only markedly reduced the activation
energy required for the pyrolysis reaction of the blends, but improved
the comprehensive pyrolysis characteristics index.
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Fig. 11. Schematic diagram of the co-pyrolysis synergistic mechanism of the BC and SS mixtures under rapid/slow heating conditions.

3.6. Co-pyrolysis synergistic mechanisms

To clarify the product release characteristics and interactions in the
co-pyrolysis of the BC and SS, according to the experimental results
above, the schematic diagram of the co-pyrolysis synergistic mechanism
of the BC and SS mixtures under rapid/slow heating conditions was
proposed in Fig. 11. For the slow co-pyrolysis, the cleavage of long chain
alkane and double bonded alkene in the BC and SS resulted in the pro-
duction of a significant number of hydrogen radicals, which combined
with other functional groups and continued to participate in the sub-
sequent pyrolysis. Dehydroxylation reaction occurred in the low tem-
perature of S-I stage. At the S-II-I stage, the five membered ring aliphatic
hydrocarbon side chains were cleaved to release CoH4. The chain hy-
drocarbon side chain functional groups were broken while releasing
C2Hg, and due to the SS was decomposed earlier than the BC, majority of
the CH4 generated from the demethylation reaction and the CO, formed
from the decarboxylation reaction were from the SS. As the temperature
rose to the S-II-II stage, the aromatic hydrocarbon side chains in the BC
and SS were cleaved to form hydrocarbon and oxygenated radicals,
releasing Hy, CoHy and CO. Entering the S-III stage, gas products such as
Ha, CO, and CO; continued to be released. Five membered ring formed
benzene ring through aromatization cyclization reaction, the short
aliphatic chains formed bridges between the small aromatic rings owing
to the high activity, and could form alkyl-linked biphenyl compounds.
The alkyl-linked biphenyl structure could polymerise to polycyclic ar-
omatic hydrocarbons as benzene, phenanthrene and benzopyrene.
Although the reaction time in the rapid co-pyrolysis was relatively short,
the higher heating conditions would cause intense cleavage of molecular
compound and a higher degree of aromatization polymerization and
cycloaddition reaction in the BC and SS, and the small ring aromatics
aggregated to form large ring aromatics. The rapid co-pyrolysis would
swiftly pass through the medium and low temperature stages and release
volatile components, and upon reaching the high temperature stage, the
semi-coke progressively converted into char.

4. Conclusion

In this study, the co-pyrolysis characteristics and synergistic mech-
anism of sewage sludge and low rank coal were investigated under
rapid/slow heating conditions with experimental and analytical
methods. Under the slow heating condition, the CO5 was released before
380 °C. As the temperature rose, gases such as CO, CH4, CoHs, CoHy and
CoHg were progressively liberated, and Hy was generated at higher
temperatures (>570 °C). During the rapid co-pyrolysis, the long
aliphatic chain cyclised and aromatised, the small aromatic ring bound
to the short aliphatic chain and bridged to biphenyl structure, which
polymerized to the larger aromatic ring system as the volatile
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components were released. When the mass ratio of sludge in the blend
was 70 %, the experimental and theoretical yields of char was essen-
tially equivalent, whereas the yield of gas products could be increased
by 2.30 %, with the majority of this increment being high value
combustible gases. The blend at this mixing ratio also had the minimum
E,, as 10.32 kJ/mol, which was lower than that of BC7-SS3 (11.92 kJ/
mol) and BC5-SS5 (10.70 kJ/mol). The large amount of volatile matter
in SS promoted the co-pyrolysis reaction, there was a positive synergistic
effect of co-pyrolysis of BC and SS, which was significant when the re-
actants were BC3-SS7, and especially facilitated the yield of high calo-
rific value gaseous hydrocarbons. This study elucidated the synergistic
pyrolysis characteristics and reaction mechanisms of sewage sludge and
low rank coal, which would establish a foundation for the efficient uti-
lization of sewage sludge and low rank coal through co-pyrolysis.
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