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Abstract

Aimed to obtain high-quality pyrolysis liquid products, the effects of different calcium-based catalysts and temperatures on liquid
products from catalytic pyrolysis of municipal sludge (moisture of 50%) were studied. Results showed that the liquid product yield
reached maximum at 600 °C and then decreased. The catalyst capability of catalysts decreased the yield of liquid products in the
order of poorly soluble in water (Ca(OH),, CaCOs, CaO) > soluble in water (CaCl,, Ca(H,PO,),-H,0). High temperature strength-
ened the aromatization, and the breaking of the oxygen-containing functional group in liquid products resulted in the decrease of O/
C and H/C molar ratios and the increase of four components yield in gaseous products. At 600 °C, the catalysts significantly reduced
the O content of liquid products and increased hydrocarbon content. Meantime, CaO additive increased the content of C to 85.34%,
and the relative content of aromatics reached 83.99% at 800 °C, which is suitable as chemical raw materials. However, the Ca(OH),

group had the highest aliphatics content, and the H/C molar ratio was 1.42 at 400 °C, which is suitable as fuel.

Keywords Municipal sludge - Calcium-based - Catalytic pyrolysis - Liquid products

Introduction

The production of municipal sludge (moisture of 80%) in China
increased from 35 million tons in 2015 to exceeded 40 million
tons in 2018 [1] and will probably reach 60-90 million tons in
2020 [2]. At present, the major treatment methods of municipal
sludge are landfill, composting, and incineration in China [3].
However, these methods have some drawbacks, including the
occupation of large amounts of land, excessive levels of heavy
metals, and emission of pollutants [4—6]. Therefore, it is necessary
to develop an environment-friendly and recyclable technology.

Wei Luo and Yi-Feng Su contributed equally to this work.

Professor Zhang provided important Suggestions for the revision of the
article.

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s12155-020-10109-8) contains supplementary
material, which is available to authorized users.

< Zhi Zhou
zhouzhi@hunau.edu.cn

College of Science, Hunan Agricultural University,
Changsha 410128, China

Hunan Kegu Environmental Protection Technology Co., Ltd,
Changsha 410128, China

Pyrolysis is a promising technique that involves thermal
cracking of organic material in the absence of oxygen at high
temperature into three-phase products of solid products (char),
gaseous products (bio-gas), and liquid products (bio-oil) to re-
alize “reduction, harmlessness, resource” [7]. The char has high
calorific value and porous structure, which is suitable for fuels
combusting with coal and soil amendment [8]. The bio-gas can
be used as fuel for power generation due to it contains hydro-
gen, methane, and other combustible gases [9]. The liquid prod-
ucts can be used to extract chemical raw materials or further
upgrade into fuels [10, 11] because it contains a large number of
organic components [12].

Nevertheless, the liquid products of sludge pyrolysis are
inferior quality. The utilization of liquid products is limited by
high oxygen content, instability, and complex components [13].
Thus, there is more attention to improve the quality and quan-
tity of liquid products by adding catalysts [14, 15]. Recently,
metal and zeolite catalysts with high catalytic performance have
been widely studied. Wang et al. [16] studied the effect of char
on pyrolysis liquid products and found the quality of liquid
products to be improved in presence of alkali and alkaline earth
metallic. Zhao et al. indicted that alkaline earth metals
(AAEMs) in char promoted the degradation of heavy tar [17]
and iron ore significantly increased the yield of light tar and
light aromatic hydrocarbons [18]. In addition, many studies
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showed that zeolite-supported metal catalyst could reduce the
oxygen content in pyrolysis oil [19], improve the selectivity of
total aromatics [20, 21], and increase the yield of pyrolysis gas
[22]. According to previous researches, many metallic elements
exhibited significant effects on the distribution and quality of
liquid products during pyrolysis process.

AAEMs are the most attractive metal catalysts recently [23,
24]. However, catalysts are easy to coking and lead to deactiva-
tion in the catalytic pyrolysis process. Therefore, there is an urgent
need to develop low-cost catalysts. Ca is relatively inexpensive
compared with Co and Ni, which has attracted more attention.
Shie et al. [25-27] investigated the effect of Al species, Ca spe-
cies, Na species, and K species on liquid products from catalytic
pyrolysis of sludge. The study found that Al species significantly
increased the yield of liquid products, while Ca species, Na spe-
cies, and K species improved the quality of liquid products. Chen
et al. [28] studied the influence of CaO on liquid products com-
position of different waste pyrolysis. The results showed that the
addition of CaO reduced tar yield, and the concentration of or-
ganic acid decreased with the increase of CaO content. The
existing form of metals has important effect on the distribution
and composition of pyrolysis products, while the activity of metal
catalysts is affected by pyrolysis temperature [29].

Herein, this research is intended to systematically study the
effect of different calcium-based catalysts (Ca(OH),, CaCOs3,
CaCl,, CaO, Ca(H,PO4),'H,0) at different temperatures on
yield and composition evolution of pyrolysis liquid products.
The pyrolysis products were comprehensively characterized
to reveal the pyrolysis mechanism at different conditions and
look for a suitable catalyst used for sludge pyrolysis.

Materials and Methods
Materials

Municipal sludge (70% of moisture) from Chang Shanyuan sew-
age disposal plant (Changsha, Hunan Province, China)
underwent dried preservation. And then, the municipal sludge
was crushed with a high-speed grinder and sieved with a 100-
mesh. Subsequently, distilled water was added to make the form
sludge with a moisture content of 50% as raw material.
According to the relevant national standards of China, the mois-
ture content of sludge should be less than 60% before it can be
disposed in municipal solid waste landfill. According to the in-
vestigation, the moisture content of the sludge after treatment is
mostly 50% in Changsha. Meantime, the sludge with the mois-
ture content of 50% is selected as the experimental raw material
in combination with a project we undertook. Ca(OH),, CaCOs,
CaCl,, Ca0, and Ca(H,PO,4),-H,O were used as catalysts in the
experiments. They all are analytical reagent. Calcium ion in five
kinds of ionic compound catalysts are based on the combination
of'ionic bond; the bond energy was in the order of CaO > CaCO;
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> CaCl, > Ca(OH), > Ca(H,PO,4),'H,O. These five catalysts can
be divided into soluble in water (CaCl,, Ca(H,PO,),"H,O) and
poorly soluble in water (Ca(OH),, CaCOj, CaO). These catalysts
were mixed with municipal sludge, and the experimental groups
were divided into addition groups and blank group. The addition
groups termed Ca(OH),, CaCOs, CaCl,, CaO, and Ca(H,POy,),,
respectively. The blank group of municipal sludge without cata-
lysts was termed MS.

The proximate analysis of sample (dry basis) was measured
according to the procedure described in previous work [30]. The
contents of ash, volatile matter, and fixed carbon (by difference)
were 65.9 wt.%, 31.7 wt.%, and 2.4 wt.%, respectively. The
results of ultimate analysis (dry basis) shown that the contents
of C, H, O (by difference), N, and S were 15.4 wt.%, 2.7 wt.%,
15.8 wt.%, 1.9 wt.%, and 0.6 wt.%, respectively.

Experimental Equipment and Conditions

The equipment for our experiment is presented in Fig. S1. In this
experiment, 0.8 g of Ca(OH),, CaCOj3, CaCl,, CaO, and
Ca(H,PO,4),'H>O were mixed with 40 g of raw material (50%
of moisture), respectively, which spread evenly in sample tank
placed in quartz tube reactor. The air in the quartz tube was
completely discharged by a vacuum pump. The desired temper-
atures were 400 °C, 600 °C, and 800 °C with a heating rate of
10 °C/min. The residence time was 1 h, and the nitrogen flow
rate was 100 mL/min. The liquid products were collected and
kept by condensing. CH,Cl, was added for extraction. After full
oscillation and ultrasonic treatment for 20 min, it was transferred
to the separatory funnel and taken the lower organic phase stored
in 4 °C freezer. Before being tested, the samples were taken out
until reached room temperature. Then, they were filtered with
0.45-pum polyvinylidene fluoride filter and measured by GC-
MS. A parallel test was conducted to reduce the error. The gas-
eous products were collected by gas bag and then were analyzed
by GC. The solid product was mixed with the catalyst and was
difficult to separate from the catalyst. The mass of solid product
was calculated by the change of the mass of quartz tube and
catalyst before and after reaction. The yield of three phase prod-
ucts from the pyrolysis was calculated as follows.

mass of liquid

Liquid product yield (%) = x 100% (1)

mass of sludge

mass of solid

Solid product yield (%) = x 100%  (2)

mass of sludge
Gaseous product yield (%)

~ mass of sludge—mass of solid—mass of liquid

mass of sludge

x 100 3)
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Analytical Methods

The contents of C, H, O, and N in pyrolysis liquid products were
measured by an elemental analyzer (vario EL cube, Germany).
The components of liquid products were analyzed by a 6890N-
5975B type GC-MS (Agilent, America), equipped with a capil-
lary column (30 m % 0.25 mm inner diameter, with 0.25 um film
thickness, Restek). The GC injector port temperature was at
250 °C. The column oven temperature was 80 °C. The ion tem-
perature was 200 °C with a flow split ratio of 30:1. The column
oven temperature was increased from 80 °C to 250 °C at a
heating rate of 5 °C/min. The scan mode was scan, the scanned
area from m/z 50 to 500, and the solvent interval was 3 min. The
gaseous products were analyzed by GC-5890N gas chromato-
graph (Nanjing kejie analysis instrument Co. Ltd.), equipped
with a thermal conductivity detector. The solid products were
analyzed by FTIR (ALPHA, Bruker).

Results and Discussion

Distribution of Sludge Catalytic Pyrolysis Three-Phase
Products

The distribution of catalytic pyrolysis products at different tem-
peratures are shown in Fig. S2. Catalysts and pyrolysis temper-
ature had great influence on products distribution of the sludge
pyrolysis. With the temperature increased from 400 °C to 800 °C,
the solid product yield decreased from about 40% to about 34%
[31], while the gaseous product yield increased from about 5% to
about 9.5% and the liquid product yield reached maximizes at
600 °C and then decreased. The high moisture (50%) of feed-
stock resulted in high liquid product content. The results indicat-
ed that more organic substances in sludge were cracked through
devolatilization reaction, and the liquid products underwent sec-
ondary cracking for producing gas with the temperature in-
creased. The addition increased the yield of solid products, espe-
cially for Ca(H,PQOy),. This suggested that thermally stable com-
plexes were formed and inhibited the carbon decomposition [32].
The yield of liquid products decreased, while the yield of gaseous

products increased in all addition groups compared with MS
group. It suggests that the catalysts also strengthened secondary
cracking of volatiles to produce more gaseous products [33-35].
The catalytic effect was ranked as such: poorly soluble in water
(Ca(OH),, CaCOj3, Ca0O) > soluble in water (CaCl,,
Ca(H2P04)2-H20).

Analysis of Liquid Products of Sludge Catalytic
Pyrolysis

Elemental Analysis of Liquid Phase Products

Elemental analysis was performed on the liquid products from
different pyrolysis conditions, and the results are presented in
Tables 1, 2, and 3.

According to Table 1, the content of O increased in each
addition group compared with MS group at 400 °C, while the
content of C decreased. The O content of CaCl, group and
Ca(OH), group reached 15.94% and 14.10%, while the C
content decreased to 73.58% and 71.10%, respectively. The
O/C molar ratios were also the highest among all groups, with
0.16 and 0.15, respectively. This indicated that the metal com-
pound of each group could promote the release of O in sludge
[36], which might be due to metal ions promoted the fracture
of oxygen-containing functional groups. The H/C molar ratios
of Ca(OH), group (1.42) was the highest at 400 °C, which
demonstrated that Ca(OH), was beneficial to increase the sat-
uration and calorific value of liquid products [37, 38].

As shown in Table 2, the content of C in each addition
group was higher than that in MS group at 600 °C. Among
them, the C content of CaCl, group was the highest (81.96%).
The O content of the other groups were lower compared with
MS group. The O content (4.69%) and O/C molar ratio (0.04)
of CaCl, group were the lowest. The results showed that the
catalysts promoted the secondary cracking of organic macro-
molecule [39] and the breaking of oxygen-containing func-
tional group [40], which reduced the O content of the liquid
products. In addition, the N content of addition groups were
higher than that of MS group, which indicated the catalysts
promoted N in the sludge transferred to liquid products.

Table 1 Element contents of liquid products in each group at 400 °C
Catalysts Element content (wt%) H/C o/C
C H ¢} N

CaO 79.46 £ 1.45 7.83 £0.56 732 £0.47 5.39 £ 0.63 1.18 £ 0.11 0.07+0
CaCO; 77.17 £1.89 7.40 £ 0.49 8.58 £0.34 6.85 +0.47 1.15+£0.20 0.08+0
Ca(H,PO,), 7597 £2.21 8.18 £0.35 10.95 + 0.42 490 +0.36 1.29 £ 0.36 0.11+0
CaCl, 73.72 £2.14 7.86 £ 047 15.97 + 0.41 245 +0.37 1.28 £ 0.35 0.16+0
Ca(OH), 73.47 £ 1.68 8.68 £0.51 14.57 £ 0.63 328 +0.22 142 +0.26 0.15+0
MS 79.34 + 1.83 8.28 £0.44 6.32 +0.49 6.07 £ 0.31 1.25+0.21 0.06+0
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Table 2  Element contents of liquid products in each group at 600 °C
Catalysts Element content (wt%) H/C o/C

C H (¢} N
CaO 80.04 + 1.34 7.61 £0.35 8.81 + 0.64 3.55+0.21 1.14 £ 0.09 0.08+0
CaCO; 79.35 + 1.43 6.94 +0.47 8.87 +£0.58 4.84+£0.18 1.05 + 0.09 0.08+0
Ca(H,POy), 814 £1.21 7.05 +£0.38 6.57 £ 0.42 497 £0.26 1.04 £ 0.06 0.06 +0
CaCl, 82.03 £ 1.79 7.24 £ 043 4.69 + 0.46 6.05+0.24 1.06 £ 0.13 0.04+0
Ca(OH), 81.23 +£2.01 7.29 £0.56 5.68 =0.38 58 +022 1.08 £0.18 0.05+0
MS 78.35 £ 1.95 7.42 £ 047 10.85 + 0.63 338 £0.15 1.14 £ 0.20 0.10+0
Table 3  Element contents of liquid products in each group at 800 °C
Catalysts Element content (wt%) H/C o/C

C H (¢} N
CaO 87.41 + 1.89 6.62 £ 0.37 3.12£0.23 2.85+0.17 091 £0.10 0.03+0
CaCO; 85.36 £ 2.10 6.96 = 0.31 3.15+0.27 454 +£0.15 0.98 £ 0.15 0.03+0
Ca(H,POy), 84.26 +2.07 7.09 +£0.28 5.99 +£0.34 2.66 £0.16 1.01 £0.16 0.05+0
CaCl, 85.44 + 1.74 6.85 +0.34 3.83 £0.26 3.88 £0.22 0.96 = 0.10 0.03+0
Ca(OH), 78.78 = 1.94 749 + 044 9.77 £ 0.37 3.95+0.14 1.14 £ 0.20 0.09+0
MS 83.3+1.92 6.79 + 0.36 3.83 £ 0.26 6.09 = 0.21 0.98 +0.13 0.03+0

According to Table 3, the highest C content and the lowest
O content at 800 °C was CaO group with 85.34% and 3.12%,
respectively, which had been highly carbide. The results indi-
cated CaO promoted deoxidation and carbonization. In addi-
tion, the N content of each additive group was lower than MS
group. It suggested that the catalysts promoted the denitrifica-
tion of liquid products.

In summary, the C content of each group had a great in-
crease with the temperature increased to 800 °C. The C con-
tent of all groups exceeded 81.44%. This inferred that the high
temperature was favorable for carbonization of liquid prod-
ucts. The O content of the all groups decreased with the in-
crease of temperature. The results indicated that high temper-
ature could reduce the O content of liquid products. The H/C
and O/C molar ratio of each group decreased with the increase
of temperature. The results indicated that decarboxylation and
dehydration occurred at high temperature.

Composition Analysis of Liquid Products

The components of liquid products from municipal sludge
were complex, which were determined by the GC-MS. The
liquid product components were classified into aliphatic com-
pounds (aliphatics), aromatic compounds (aromatics), and het-
erocyclic compounds (heterocyclics), and the results are pre-
sented in Figs. 1, 2, and 3. Hydrocarbon components of liquid
products were divided into monocyclic aromatic hydrocarbons,
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polycyclic aromatic hydrocarbons (PAHs), alkanes, and ole-
fins, and the results are shown in Figs. 4, 5, and 6.

Figure 1 shows that Ca(H,PO,),, CaCl,, and Ca(OH),
could reduce the content of aromatics at 400 °C. The concen-
tration of aromatics was the lowest (32.34%), and the concen-
tration of aliphatics was the highest (53.20%) in Ca(OH),
group, which is suitable as fuel. The results could be attribute
to Ca(OH), dissociate to offer H*, which reacted with aro-
matics and resulted in ring-opining [41]. In contrast, the
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Fig. 1 Component distribution of liquid products under different
catalysts at 400 °C
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Fig. 2 Component distribution of liquid products under different
catalysts at 600 °C

aromatics content and heterocyclics content of CaO and
CaCOj; group increased compared with MS. It might be due
to CaO and CaCO; promoted cyclization to form heterocy-
clics. These results indicated that the strength of ionic bond
may affect the yield of aromatic group and the catalysts with
relatively weak ionic bonds can decrease the yield of aromatic
compounds at 400 °C.

Figure 2 shows the alkanes content of addition groups sig-
nificantly decreased compared with MS group at 400 °C. The
results might be attributed to the interaction of bivalent metal
cation in the catalyst with 7t electron system of volatiles,
resulting in the organism unstable and break the C-C bond
easier [42]. It could provide active sites for the reaction with
atoms such as N and O to reduce the hydrocarbon content.
Song et al. [43] found that lattice defects induced the oxygen
anion migrating, bringing about the adsorption of benzene.
PAHs and alkanes contents of addition groups were signifi-
cantly reduced, which might be related to the catalyst that was

90

Aliphatic compounds S Aromatic

80-
70
60
50
40

30

Concentration of classified compounds/area %

Ca(OM),  MS

CaO CaCO, Ca(H,PO,), CaCl,
Experimental groups

Fig. 3 Component distribution of liquid products under different
catalysts at 800 °C

14
X B Monocyclic aromatic hydrocarbons
g i N Polycyclic aromatic hydrocarbons
~
=
(=}
£ E=S Olefins
S 10
=
=
£ g
]
5
£ 6
o
Gy
o
£ 4
g
8 2+
Q
=
o
O
0-

Ca(H,PO,), CaCl,  CaOH),  MS

Experimental groups

Ca0  CaCo,

Fig. 4 Hydrocarbon distributions in liquid products under different
catalysts at 400 °C

favorable for breaking C-C bonds and O atoms to replace
more branched chains on the benzene ring.

As shown in Fig. 3, the aliphatics content of the other
groups were lower except CaCO; group (39.18%) at 600 °C.
The aliphatics content of Ca(H,PO,), group reduced to 7.30
from 53.19% with the temperature from 400 increased to
600 °C, while aromatics content improved significantly to
81.46% and heterocyclics were almost unchanged. The results
suggested that Ca(H,PO,), promoted the aromatization of al-
iphatics and generated a large number of aromatics at 600 °C.
Meantime, the heterocyclics contents in Ca(OH), (32.42%)
and CaCl, (14.3%) groups significantly increased, while ali-
phatics reduced significantly at 600 °C compared with 400 °C.
In addition, aromatics content (75.96%) of CaCl, group in-
creased sharply. This proved that CaCl, was conducive to the
formation of aromatics and Ca(OH), promoted aliphatics con-
vert into heterocyclics.

24

1 B Vonocyclic aromatic hydrocarbons
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1 Polycyclic aromatic hydrocarbons
20 4 Alkanes

18] E=S Olefins
16
14
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Concentration of different hydrocarbon/area %

Ca(H,PO),  CaCl,
Experimental groups

Ca0 CaCo, Ca(OH), MS

Fig. 5 Hydrocarbon distributions in liquid products under different
catalysts at 600 °C
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Figure 4 shows the hydrocarbon distribution of liquid prod-
ucts at 600 °C. The contents of PAHs, alkanes, and olefins of
MS group reduced significantly compared with 400 °C.
According to the former reports, the aliphatic hydrocarbon
bond of municipal sludge was opened entirely as the terminal
temperature reaction up to 550 °C [44]. The alkenes were par-
tially oxidized and might react with a large number of dienes;
plenty of aromatics with O-containing functional groups were
generated finally. Compared with the MS group, the contents of
hydrocarbons in the liquid products of the additive groups were
higher. The content of PAHs increased significantly, and the
content of alkanes and olefin also increased. The results might
be mainly due to catalysts promoted the fracture of branch
chains and substituents on the benzene ring.

As shown in Fig. 5, the aromatics content of Ca(OH), group
was the lowest. It indicated that Ca(OH), inhibited the forma-
tion of aromatics at 800 °C. Except Ca(OH), group, aromatics
content of the others exceeded 70%, and the catalysts with
relatively weak ionic bonds can decrease the yield of aromatic
compounds. The catalytic effects of catalysts with relatively
weak ionic bonds at 400 °C and 800 °C were the opposite of
600 °C. In particular, the aromatics content of CaO group was
significantly increased to 83.99%, and the heterocycles content
was significantly reduced to 4.10%. This could be attributed to
the electron density of carbon atoms of ring increased by het-
eroatom; the ring was activated, and the stability was lower than
benzene ring. This indicated that heterocyclics such as furan
and pyrrole might occur Diels-Alder reaction, and a mass of
heterocyclics were converted to aromatics. In addition, com-
pared with MS group, aliphatics content of addition groups
increased greatly, while heterocycles declined significantly.
The results indicated that the catalysts promoted the ring-
opening reaction of N-containing heterocycles and then reacted
with oxygen to form O-containing aliphatics [22].

As shown in Fig. 6, except Ca(OH), group, hydrocarbons
of other groups increased significantly at 800 °C. The hydro-
carbons content of CaO group reached 52.30%, which
showed CaO promoted the fracture of various O-containing
and N-containing functional groups, and the O and N in the
liquid products entered the gaseous products. This is also the
reason for the low oxygen content of the CaO group.

To sum up, aliphatic content of each experimental group
was high at 400 °C, while high temperature enhanced aroma-
tization reaction resulted in rapid rise of aromatics content. It
also illustrated that the H/C molar ratio of each group gener-
ally decreased at high temperature by olefin cyclization and
aromatization dehydrogenation. In addition, the overall trend
of heterocyclics content was downward with the temperature
increase. However, the hydrocarbon (mainly PHAs) content
was rising with the temperature increase. The result indicated
that high temperature promoted the aromatization of olefin
and the removal of heteroatoms from heterocyclic rings,
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Fig. 6 Hydrocarbon distributions in liquid products under different
catalysts at 800 °C

which was conducive to the generation of hydrocarbons.
Meantime, the catalyst exhibited different catalytic properties
at different temperature. The catalyst inhibited PHAs and pro-
moted heterocyclics at low temperature, while the catalyst
promoted PHAs and inhibited heterocyclics at high tempera-
ture. Moreover, the percentage of aromatics in CaO group was
as high as 83.99% at 800 °C, which is suitable for chemical
raw materials. This might be due to high ash content of mu-
nicipal sludge [45] and CaO [46], which could promote aro-
matics content. The proportion of aliphatics and the molar
ratio of H/C in liquid products were large when CaCl,,
Ca(H,PO,),, and Ca(OH), were used as catalysts at 400 °C,
which is suitable as liquid fuel.

Composition Analysis of Gaseous and Solid Products

To further reveal details of the decomposition of sludge.
The analysis results of gaseous products are shown in
Fig. S3, Fig. S4, and Fig. S5. CH,O, can be represent-
ed as municipal sludge, and the pyrolysis reaction could
happen as follows:

CiHyO, = aH; + bCO + c¢CO; + dH,0 + eCH,4
+ fCcHy + jTar + kChar 4)

The reaction process of pyrolysis products in Eq. (1) may
be as follows:

C +CO, =2CO (5)
C +H,0 = CO + H, (6)
CO + H,0 = CO, + H, (7)
CO + 3H, = CH, + H,0 (8)
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As Fig. S3 shows, the relative content of CO, was more
than 50% in each group at 400 °C. It could be attributed to
decarboxylation at the low temperature. The decrease of O
content in gaseous products demonstrated more O transferred
to liquid products. The relative content of H, in CaO group
(38.45%) increased significantly compared with MS group.
This was because that CaO reacted with CO, prompted the
water—gas shift reaction Eq. (7) to produce more H, [47]. The
catalysts of soluble in water promote CO, and inhibit hydro-
gen compared with poorly soluble in water.

As Fig. S4 shows, CaCl, and Ca(H,POy), inhibited the for-
mation of CO». In addition, CaCl, promoted methanation reac-
tion Eq. (8) and resulted in the relative content of CH,4, which
was higher than MS group. The relative content of H, in
Ca(H,PO,), group and Ca(OH), group reached 45.44% and
44.59%. This could be because these catalysts with relatively
weak ionic promoted Eq. (6), more hydrogen transferred to gas-
eous products.

Figure S5 shows the component distribution of gaseous
products of sludge at 800 °C. The accumulation of H, in each
group exceeded CO,, and H, content increased with the in-
crease of temperature [48]. It demonstrated that these catalysts
promoted aromatization of liquid products resulted in dehy-
drogenation. The contents of CO, and CO in CaO group were
higher relative. It meant CaO was more favorable to
decarbonylation and decarboxylation. CaCl, and
Ca(H,PQ,), increased the content of CO, and decreased the
contents of CO and H,, which promoted Egs. (4) and (5).

In sum, the relative contents of CO, were lower, while the
relative content of H, and CH,4 were higher with the increase of
temperature. This might be related to the secondary cracking of
organic macromolecules and aromatization, which could gen-
erate more H radicals and then produced H, and CHy. The
catalysts of soluble in water inhibited the formation of CO, at
high temperature, which might be due to more hydrated calci-
um ion by hydration and better diffusion compared with poorly
soluble in water. Figures S6—S8 show that with the rise of
temperature, the actual production of H,, CO, and CH, in-
creased even though the relative content of H,, CO, and CH4
decreased slightly under different conditions. Moreover, even
the actual production of CO, increased with the increase of
temperature. It meant high temperatures increased the produc-
tion of four components in gaseous products.

Figures S9—S11 show that the surface of solid products is rich
in functional groups, and the strong absorption peaks of
1030 cm ™! certify the existence of C-O and C-O-C. The catalyst
reduced the peak strength and promotes the release of oxygen at
400 °C, while catalyst increased the peak strength and promoted
the formation of oxygen-containing functional groups on the
surface of solid products at 600 °C. The decrease of peak number
indicates that pyrolysis leads to the decrease of functional groups
on the surface and promoted the yield of gaseous products.

Conclusion

In this paper, the quantity and quality of liquid products and
gaseous products from catalytic pyrolysis of municipal sludge
(moisture of 50%) were studied. The existence forms of calci-
um ion and temperature had a great impact on the pyrolysis
process. The high temperature and catalysts strengthened sec-
ondary cracking of volatiles, resulted in the liquid product yield,
reached maximizes at 600 °C, and then decreased. The catalytic
effect was ranked as such: poorly soluble in water (Ca(OH)s,
CaCO3;, Ca0) > soluble in water (CaCl,, Ca(H,PO,),'H,0).
At 400 °C, the catalysts decreased the hydrocarbon content
and increased the O content in liquid product. However, high
temperature promoted the aromatization and polymerized of
olefin, and the breaking of the oxygen-containing functional
group resulted in the increase of hydrocarbon content and the
decreased of O content in liquid product. Moreover, the cata-
lysts promote the fracture of branched chain and the substituent
groups on the benzene ring at 600 °C and 800 °C, generating
more hydrocarbons (mainly PHAs) compared with MS group.
The content of aromatics in liquid product was 83.99% at
800 °C, which is suitable as chemical raw materials. At
400 °C, the Ca(OH), group had the highest aliphatics content,
and the H/C molar ratio was 1.42, which is suitable as fuel.
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