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a b s t r a c t 

Increase of sewage sludge (SS) has led to the construction of more incineration plants, exac- 

erbating to the production of SS incineration residues. However, few studies have considered 

the mass balance of elements in large-scale SS incineration plants, affecting the residues 

treatment and utilization. In this study, flow analysis was conducted for major and trace ele- 

ments in the SS, the fly ash (sewage sludge ash, SSA) and bottom ash from two large-scale SS 

incineration plants. The elemental characteristics were compared with those of coal fly ash 

(CFA), and air pollution control residues from municipal solid waste incineration (MSWIA), 

as well as related criteria. The results showed that the most abundant major element in 

SSA was Si, ranging from 120 to 240 g/kg, followed by Al (76–348 g/kg), Ca (26–113 g/kg), Fe 

(35–80 g/kg), and P (26–104 g/kg), and the trace elements were mainly Zn, Ba, Cu, and Mn. 

Not all the major elements were derived from SS. Most trace elements in the SS incineration 

residues accounted for 82.4%–127% of those from SS, indicating that SS was the main source 

of trace elements. The partitioning of heavy metals in the SS incineration residues showed 

that electrostatic precipitator ash or cyclone ash with high production rates were the major 

pollutant sinks. The differences in some major and trace elements could be indicators to 

differentiate SSA from CFA and MSWIA. Compared with related land criteria, the pollutants 

in SSA should not be ignored during disposal and utilization. 

© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of 

Sciences. Published by Elsevier B.V. 

Introduction 

Sewage sludge (SS) is one of the byproducts of wastew- 
ater treatment, and the generation of SS increases with 

the wastewater treatment rate and upgrading of advanced 

wastewater treatment facilities. The prevalent treatment pro- 
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cesses for SS include thickening, conditioning and dewatering, 
while anaerobic or aerobic digestion, drying, incineration and 

other thermal treatment technologies are used before landfill 
disposal, land application, and secondary reuse ( Mininni et al., 
2015 ; Panepinto et al., 2016 ; Yang et al., 2015 ). In particular, in- 
cineration has been adopted increasingly because of its high 

efficiency waste reduction and harmlessness. Due to the high 

moisture content of SS, co-incineration with coal or munici- 
pal solid waste (MSW) was employed initially, but this process 
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was criticized due to the polluting characteristics of the ex- 
haust gas and residues ( Barbosa et al., 2009 ; Cenni et al., 2001 ). 
Recently, separate incineration of SS after thermal drying has 
been implemented widely, thereby generating bottom ash in 

the boilers, as well as fly ash in the cyclone or electrostatic 
precipitators (ESP) and air pollution control residues in the bag 
filter after flue gas cleaning, which are referred to as sewage 
sludge ash (SSA). 

The elemental composition of SSA has been studied for 
several purposes. A survey investigated the contents of 57 ele- 
ments in approximately 97% of the SSA produced in Germany 
annually ( Krüger et al., 2014 ) in order to assess the resource re- 
covery potential. SSA samples were also collected from seven 

SS incinerators in the UK, to identify whether they could be ac- 
cepted in landfill according to the EU Hazardous Waste Direc- 
tive ( Donatello et al., 2010 ). However, most studies were con- 
ducted based on SSA samples collected from a few countries 
in Europe, whereas few have investigated SSA in Asia, where 
SS treatment is a major issue. As the control of emission from 

incineration plants is strengthened, the processes and equip- 
ment for flue gas treatment are becoming more complicated. 
Thus, it is necessary to recognize the characteristics of SSA 

collected from different units. 
In order to understand the migration of eight heavy met- 

als during incineration, the residues from different units were 
analyzed during 33 weeks in a large-scale SS incinerator in 

Belgium ( Van de Velden et al., 2008 ), where the mass balance 
results showed that seven heavy metals were concentrated in 

the ESP ash. However, the major elements and other trace ele- 
ments were not considered in this study. Other studies of the 
mass partitioning of elements in large-scale SS incineration 

are rare. 
The fly ash from coal combustion (coal fly ash, CFA) and 

air pollution control residues from MSW incineration (mu- 
nicipal solid waste incineration ash, MSWIA) have similari- 
ties and differences compared with SSA. They share some 
common elemental characteristics with SSA, but some may 
vary from the various types of fly ashes. Limited comparisons 
of those martials have been conducted ( Nowak et al., 2013 ), 
which is detrimental to their utilization and treatment. The 
application of CFA occurred much earlier than that of MSWIA 

and SSA, and thus more studies of its application have led 

to analogous application of MSWIA. However, recent studies 
have indicated that more pollutants can be accumulated in 

MSWIA ( Bogush et al., 2015 ; Shi et al., 2019 ; Zhang et al., 2008b ; 
Zhou et al., 2015b ), and thus pretreatment technologies have 
been developed to reduce/immobilize the pollutants before 
disposal or application ( Chen et al., 2019 ; Dontriros et al., 2020 ; 
Shi et al., 2019 ). After incineration, the inorganic pollutants 
in SS are also transferred into the residues. More compar- 
isons of the SS incineration residues obtained with CFA and 

MSWIA are needed to explore analogous disposal and applica- 
tion methods. In general, the amount of bottom ash generated 

in SS incineration plants is low, where it mainly comprises 
quartz sand, which can be used as a raw construction mate- 
rial, and it is rarely sent to landfill, so the elements present 
in bottom ash were not compared in the present study. When 

applied or disposed of onto land, the elements in SSA, espe- 
cially heavy metals, may affect the quality of the surrounding 
soil and water systems. Thus, comparisons of SSA and related 

pollution control criteria can help engineers to select more ap- 
propriate utilization and treatment processes. 

Therefore, the objectives of this study were: a) to analyze 
the elemental characteristics of residues from large-scale SS 
incineration plants; b) to quantify the partitioning of elements 
during SS incineration by flow analysis; and c) to conduct com- 
parisons with other thermal treatment residues and related 

criteria for land use in order to understand the potential for 
contamination with SSA. 

1. Materials and methods 

1.1. Materials 

The samples were collected every 3 months from two large- 
scale SS incineration plants in East China, which were desig- 
nated as plants Z and S (with capacities of 250 tons/day and 

750 tons/day, respectively, on a moisture content basis of 80%). 
Thermal drying was applied before circulating fluidized bed 

incineration. ESP and cyclones were equipped for primary dust 
removal in plants Z and S, respectively, followed by lime and 

activated carbon injection as well as bag filtration (BF). De- 
tailed operation processes are explained in Appendix A S1 . 
Centrifuge dewatered sludge, thermally dried sludge, bottom 

ash, ESP ash, cyclone ash, and BF ash were codes as CD, TD, B, 
ESP, CA and BF, respectively, and the samples were named in 

the form of "Plant-ash/sludge-month", e.g., S-CA-07 indicates 
the CA collected from plant S in July 2018. More sampling in- 
formation are given in Appendix A S2 . 

The moisture contents of the CD sludge, TD sludge, B ash, 
ESP ash, CA ash, and BF ash were 75%–85%, 6.4%–14.3%, 0.00%–
0.09%, 0.00%–1.46%, 15.9%–27.8% and 0.10–1.43%, respectively, 
and their losses on ignition were 47%–75%, 59%–74%, −0.03%–
0.15%, 0.11%–1.56%, 0.16%–0.42%, −0.54%–2.35%. The negative 
values were due to weight increases caused by carbonation 

and oxidation during heating. 

1.2. Analytical methods 

The contents of major elements (except for C, N, and H) in the 
samples were analyzed with X-ray fluorescence spectrometry 
(XRF; UniQuant, Thermo, USA). The contents of C, H and N 

were examined using an elemental analyzer (vario EL III, El- 
ementar, Germany). The trace elements were analyzed by in- 
ductively coupled plasma-optical emission spectroscopy (ICP- 
OES, 720ES, Agilent, USA) and inductively coupled plasma- 
mass spectrometry (ICP-MS, 7700, Agilent, USA) after digestion 

with HCl-HNO 3 -HF-HClO 4 ( Zhang et al., 2008b ). 

1.3. Flow analysis calculation 

According to the law of mass conservation, the flow balance 
of each heavy metal can be described as Eq. (1) (dry basis) 
( Zhang et al., 2008b ): 
∑ 

i 

M input i = 

∑ 

j 

M output j (1) 

where M input i and M output j are the dry mass of elements in 

each input and output subject. 
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Table 1 – Elemental compositions of the SS and residues 
samples (%, dry basis). 

Samples C H N 

Z-CD-03 40.2 ± 0.4 6.14 ± 0.06 6.92 ± 0.17 
Z-TD-03 40.5 ± 0.5 6.05 ± 0.10 6.73 ± 0.05 
Z-CD-07 33.1 ± 0.3 4.93 ± 0.07 5.61 ± 0.07 
Z-TD-07 34.0 ± 0.1 4.84 ± 0.05 5.49 ± 0.03 
Z-CD-09 32.4 ± 0.0 4.15 ± 0.31 5.13 ± 0.02 
Z-CD-12 33.9 ± 0.1 5.20 ± 0.02 6.06 ± 0.03 
Z-TD-12 30.3 ± 0.0 4.78 ± 0.01 5.17 ± 0.05 
S-CD-04 25.8 ± 0.5 4.28 ± 0.16 4.31 ± 0.07 
S-CD-07 24.7 ± 0.3 4.00 ± 0.00 3.65 ± 0.10 
S-CD-10 24.4 ± 0.3 4.40 ± 0.12 3.53 ± 0.03 
S-CD-12 25.8 ± 0.3 4.13 ± 0.29 4.36 ± 0.10 
Z-ESP-03 0.28 ± 0.05 0.50 ± 0.15 0.06 ± 0.02 
Z-ESP-07 0.17 ± 0.03 0.47 ± 0.02 0.01 ± 0.00 
Z-ESP-09 0.11 ± 0.00 0.30 ± 0.04 0.01 ± 0.00 
Z-ESP-12 0.14 ± 0.02 0.35 ± 0.07 0.21 ± 0.03 
Z-BF-03 0.51 ± 0.05 0.52 ± 0.04 0.14 ± 0.01 
Z-BF-07 0.23 ± 0.03 0.38 ± 0.02 0.06 ± 0.00 
Z-BF-09 0.44 ± 0.01 0.33 ± 0.01 0.04 ± 0.00 
Z-BF-12 0.10 ± 0.01 0.36 ± 0.03 0.26 ± 0.01 
Z-B-07 0.04 ± 0.01 0.49 ± 0.09 0.00 ± 0.00 
Z-B-12 0.07 ± 0.01 0.62 ± 0.11 0.19 ± 0.05 
S-CA-07 0.09 ± 0.01 0.35 ± 0.03 0.01 ± 0.00 
S-CA-10 0.06 ± 0.01 0.31 ± 0.02 0.00 ± 0.00 
S-CA-12 0.06 ± 0.01 0.33 ± 0.01 0.20 ± 0.00 
S-A-04 0.16 ± 0.01 0.88 ± 0.06 0.04 ± 0.01 
S-BF-07 1.38 ± 0.06 0.44 ± 0.03 0.03 ± 0.01 
S-BF-10 0.16 ± 0.01 0.50 ± 0.08 0.02 ± 0.00 
S-BF-12 0.16 ± 0.00 0.31 ± 0.10 0.21 ± 0.07 
S-B-04 0.38 ± 0.02 0.41 ± 0.08 0.06 ± 0.00 
S-B-12 0.10 ± 0.02 0.46 ± 0.05 0.17 ± 0.04 

In the incineration of sewage sludge, the source of heavy 
metals is mainly sludge. Trace amount of heavy metals can 

be found in reagents used for flue gas pollutants removal. Ma- 
jor sinks for heavy metals include fly ash collected in ESP, cy- 
clones and BF, B ash, and exhaust gas. In this paper, during 
each sampling process, the amount of incinerated sludge, gen- 
eration of fly ash and bottom ash and concentrations of heavy 
metals in each material were used for flow analysis, and the 
final results were averaged from all sampling results in each 

plant. 

2. Results and discussion 

2.1. Contents of major elements in SS and their 
incineration residues 

The contents of the major elements in SS and their incinera- 
tion residues are shown in Table 1 and Fig. 1 . The C contents in 

the CD and TD sludges from plant Z were approximately 3.4%–
16.2% higher than those in the samples from plant S. The H 

and N contents in the sludges from plant Z were also higher 
than those in the samples from plant S. However, there were 
larger discrepancies in the samples from plant Z during dif- 
ferent seasons, with a difference of up to 10% for C, possibly 
due to the complex sludge sources processed by plant Z (from 

four wastewater treatment plants), since small changes in LOI 
were observed. Almost all wastewater treated in these plants 
was domestic sewage, which varies slightly among the sea- 
sons. 

The most abundant element after C/H/N/O in the sludge 
from plant Z was Si, ranging from 30 to 68 g/kg, which could 

be attributed to the large amount of sand in the sludge with 

particle sizes of less than 200 μm. Grit chambers are imple- 
mented in many wastewater treatment plants in China, and 

much sand is carried from the wastewater collection systems 
( Dai et al., 2014 ). The Si content of the sludge from plant S was 
34–52 g/kg, which was similar to those from plant Z. More Al 
was found in the sludge from plant S, i.e., up to 60 g/kg (S-CD- 
10), compared with the sludge from plant Z, i.e., 11–27 g/kg. 
These contents were all within the ranges of the Al contents 
reported for sludge samples from EU countries, i.e., 1–60 g/kg 
( Gawlik, 2012 ). 

In addition to Si and Al, large amounts of Ca, Fe, and P were 
found in the sludge samples. The Ca and Fe contents were 
similar in plants Z and S, where they ranged from 10.8 g/kg to 
19.1 g/kg. Molysite and unslaked lime are often used as floc- 
culating and dehydrating agents in sewage and sludge treat- 
ment processes ( Metcalf et al., 2003 ). The P contents were high 

in the sludge samples from both plants Z and S, with 12.1–
20.5 g/kg. The sludge has good potential for use as a secondary 
P resource and previous studies have proposed suitable recov- 
ery methods ( Blocher et al., 2012 ; Cieslik and Konieczka, 2017 ; 
Xu et al., 2015 ). 

In addition, the sulfur (S) contents were around 6.2–
12.5 g/kg in the sludge samples from plants Z and S, which 

may have been present mostly in the form of sulfate and or- 
ganic matter ( Huang et al., 2018 ). During incineration, the gen- 
eration of sulfur oxides and sulfates may corrode boilers and 

heat exchangers via the production of a SO x -rich atmosphere 
( Viitala and Taskinen, 2016 ) or salt deposition ( Srikanth et al., 
2003 ). The Cl contents of the sludge samples were too low to 
be detected by XRF. However, the presence of even a small 
amount of Cl may exacerbate the corrosion of boilers by sulfur 
compounds ( Nielsen et al., 2000 ). 

Except for S-BF-07, the C, H, and N contents of the residues 
were lower than 1%, thereby indicating that the organics in 

the SS were effectively reduced so very little organic mat- 
ter remained in the residues. The most abundant element in 

the residues was Si, which ranged in abundance from 120 to 
240 g/kg in the ESP ash, CA ash and BF ash, whereas the lev- 
els were around 2–4 times higher in S-B-04. The difference in 

the Si content in S-B-04 might have been due to the addition 

of a large amount of lime during incineration, as indicated by 
the higher Ca content in S-B-04 ( Fig. 1 d). In addition, the uti- 
lization of sand as a bed material could have served as an- 
other source of Si. High Al, Ca, Fe, and P contents were also 
found in SSA, with 76–348 g/kg, 26–113 g/kg, 35–80 g/kg, and 

26–104 g/kg, respectively. The results were similar with the 
content from Biswas et al. (2009) and other literature using SSA 

as secondary P sources. The contents of those elements in BF 
ash were around 1.2–3.4 times higher than those in the ESP 
ash and CA ash samples collected in the same season, but the 
seasonal changes were small in SSA samples collected from 

the same unit. The Al and P contents of S-BF-07 were twice 
those found in S-A-04 because of the different flue gas treat- 
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Fig. 1 – Contents of major elements in the SS and residues samples from plants Z (a, c) and S (b, d). 

ment processes employed. In April, lime was added to the in- 
cinerators to remove sulfur oxides ( Cheng et al., 2003 ) and SSA 

was collected without cyclone in plant S. 

2.2. Contents of trace elements in SS and their 
incineration residues 

The trace elements with the highest contents in SS from Z 

and S plants ( Fig. 2 ) were Ba and Zn, with maximum levels of 
850 mg/kg and 1690 mg/kg, respectively. The Zn and Ba con- 
tents determined in the present study were higher than those 
in the sludge samples from 61 wastewater treatment plants 
surveyed in EU by Gawlik (2012) . The Cu, Mn, and Pb contents 
were lower than the Ba and Zn contents, with 122–463 mg/kg, 
177–1094 mg/kg, and 40.5–302 mg/kg, respectively, which were 
similar to the EU survey results ( Gawlik, 2012 ). There were neg- 
ligible differences in the trace elements contents between the 
TD and CD sludge samples from plant Z, thereby indicating 
that the thermal-drying process had no significant effect on 

the loss of trace element contents. It also means that cal- 
culating total amount of heavy metals input by sludge can 

use either thermal-dried or centrifuged sludge. However, the 
trace element contents in SS varied among the seasons, with 

higher values in March and April compared with the other 
seasons. 

During incineration, most of the organic matter is de- 
stroyed, whereas metal elements migrate into the bottom ash 

or flue gas ( Balogh, 1996 ), and they are then removed. Simi- 
lar to SS, the trace element with the highest content in the 
residues was Zn, with 401–5016 mg/kg, followed by Ba, Cu, and 

Mn, with 145–2700 mg/kg, 77–1859 mg/kg, and 151–2220 mg/kg, 
respectively. Compared with the CA and BF ash samples from 

a sludge incineration plant investigated in Hong Kong ( Li et al., 
2017 ), the Zn, Cu, Ni, of Pb contents of most the SSA samples 
examined in the present study were similar, where only a few 

samples had slightly higher contents of these elements. 
The trace elements contents in the B ash from plant Z were 

much lower than those in the ESP and BF ash samples. Fur- 
thermore, the Zn, Ba, Mn, Cu, Pb, Cr, and Sr contents in the 
BF ash from plant Z were higher than those in the ESP ash, 
thereby indicating that more trace elements could be enriched 

in the smaller particles of the BF ash, which has also been 

shown in terms of the distribution of heavy metals in dif- 
ferent particle size fractions of MSWIA ( Zhang et al., 2008a ; 
Zhou et al., 2015b ). Due to their higher contents in SS, more 
Ba, Cu, and Zn were detected in the SSA samples collected in 

March, with approximately 1.5–2 times those found in other 
samples. In addition, the Ni, Sn, and V contents were high 

in two samples, with 238 ± 8 mg/kg, 314 ± 14 mg/kg, and 

279 ± 13 mg/kg in Z-ESP-03, respectively, and 269 ± 3 mg/kg, 
289 ± 49 mg/kg, and 284 ± 5 mg/kg in Z-BF-03. 
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Fig. 2 – Contents of trace elements in SS (a, b, c, d) and residues (e, f, g, h) collected from plants Z and S in different seasons. 

The trace elements contents were higher in the BF ash from 

plant S compared with those of the CA ash and S-B-12. The 
different flue gas control process used in April 2018 led to dif- 
ferences in the trace elements contents in the S-A-04 and S- 
B-04 samples compared with those of the samples collected 

in other seasons. The Mn contents of S-A-04 and S-B-04 were 
2220 ± 57 mg/kg and 1830 ± 187 mg/kg, respectively, which 

were around 3–4 times higher than those in the other sam- 
ples. The Sn contents of S-A-04 and S-B-04 were also 1–5 times 
higher than those in the other samples. The As content of S- 
B-04 was 347 ± 16 mg/kg, which was 7–20 times higher than 

those of the other samples, possibly due to the addition of 
lime in the incinerators, which may immobilize much of the 
As in B ash ( Sorum et al., 2003 ). Se is an important element for 
pollution control in sanitary landfill sites ( MEP, 2008 ). In the 
SS samples, the Se contents ranged between 0 and 20 mg/kg, 
but there were no great variations among different seasons. 
In the SSA samples, the highest Se content was found in Z- 
BF-03 with 658 ± 21 mg/kg, which was much higher than 

those in the other samples. Moreover, all of the BF ash sam- 
ples from plant Z had higher Se contents than the ESP ash 

samples. 
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Fig. 3 – Flow analysis and proportion of elements during incineration. Subfigures a and b show the major and trace 
elements in plant Z, c and d show the major and trace elements in plant S without the separate collection of fly ash in April, 
and e and f show the major and trace elements in plant S with the separate collection of fly ash in other seasons. Dark 

orange and purple dots are the proportion of trace elements in each ash, based on the total contents in all residues. SS is 
sewage sludge, ESP is electrostatic precipitator ash, BF is bag filter ash, B is bottom ash, FG is exhaust gas, A is the mixed 

ash containing fly ash and air pollution control residues, and CA is cyclone ash. The emissions of elements via flue gas 
were estimated based on the pollutants’ limits in the exhaust gas from the incinerators. (For interpretation of the references 
to color in this figure legend, the reader is referred to the web version of this article.) 

2.3. Flow analysis of elements during SS incineration 

B ash, SSA, and exhaust gas are generated during the incin- 
eration of SS. According to the mass balance principle, metals 
can migrate into derivative byproducts after a series of phys- 
ical and chemical reactions. The mass balances determined 

for the major and trace elements are shown in Fig. 3 . The to- 

tal amounts of major elements in the incineration byproducts 
(residues and exhaust gas) approximately agreed with those 
in the SS samples. The total amounts of Al, Mg, P, and Si in the 
byproducts exceeded those in the SS samples because of sev- 
eral factors. The bed materials comprising sand in both plants, 
where the major component was Si, were not counted in the 
calculations. In addition to quartz, other minerals containing 
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major elements such as Mg and Al could have been present 
in the bed materials, thereby increasing the amounts of these 
elements in the residues. Some of the B ash was retained or re- 
cycled in the fluidized bed as a bed material, which decreased 

the amounts of non-volatile elements in the residues. Varia- 
tions in the contents of the elements in the SS samples could 

also have influenced the mass balance. The higher amount of 
Ca in the residues compared with the SS samples from plant 
S can be attributed to the lime added to the flue gas treatment 
system. 

The trace element contents in the residues and exhaust 
gas agreed well with those in the SS samples, where they ac- 
counted for 82.4%–127%, except the contents of Ba, Pb, Sr, and 

Sb did not exceed 80% of those in the SS samples. Variations 
in the generation of residues, the element contents of the SS 
and residues, the fine particles brought from bed materials, 
and the B ash retained in the fluidized bed could have influ- 
enced the mass balance in the incineration byproducts and 

the SS samples. 
Based on the total amounts of elements in the residues, the 

partitioning of heavy metals was calculated ( Fig. 3 ). During in- 
cineration, more than 90% of the heavy metals accumulated 

in SSA in a similar manner to the monitoring results obtained 

in an SS incineration plant in Belgium ( Van de Velden et al., 
2008 ). Compared with the incineration of MSW ( Belevi and 

Moench, 2000 ; Zhang et al., 2008a , b), a higher proportion of 
heavy metals were found in SSA due to the fluidized bed in- 
cineration process where more ash was generated from flue 
gas than B ash (approximately 2000–3000 times). The BF ash 

generated in plant Z had high heavy metal contents but low 

yields (no more than 0.2% of that in the incinerated wet sludge 
on average), thereby leading to a low proportion of heavy met- 
als partitioning in the residues. In contrast, more BF ash was 
generated in plant S, which accounted for 1/5th of the gener- 
ated CA ash, and relatively higher heavy metal contents were 
found, so more heavy metals partitioned in the BF ash, with 

around 20.8%–30.1%. 

2.4. Comparison with other thermal treatment residues 

Several similarities and differences can be found between 

CFA, MSWIA, and SSA compared with the thermal treatment 
residues obtained from coal combustion and MSW inciner- 
ation, as shown in Fig. 4 . Among the major elements, most 
of the results determined in previous studies of SSA differed 

from the values found in CFA and MSWIA. The Al, Ca, Na, and 

Si contents of SSA ranged between those in CFA and MSWIA, 
but the Fe and P contents of SSA were higher than those in CFA 

and MSWIA. Interestingly, the K, Mg, S, and Ti contents partly 
overlapped, which may suggest that these elements had sim- 
ilar sources. Data regarding the Cl contents of CFA were lack- 
ing, but the Cl contents determined for the SSA samples in our 
study were below the limit of detection and much lower than 

those in MSWIA, which contains lots of Cl source in the in- 
cinerated material ( Lu et al., 2019 ). Thus, analyzing the major 
elements in residues might be a useful method for identifying 
the type of fly ash, although more evidence is still required to 
validate this hypothesis. 

One of the most important factors that affect the char- 
acteristics of the residues from different incinerations is the 

materials that undergoes combustion. Thus, the type of coal 
used ( Gollakota et al., 2019 ), the complex and variable com- 
positions of MSW ( Gotze et al., 2016 ; Zhou et al., 2015a ), and 

the wastewater and sludge sources and treatment processes 
( Krüger et al., 2014 ) can influence the elemental compositions 
of CFA, MSWIA, and SSA. The application of CaO, Ca(OH) 2 , 
Na 2 CO 3 , and other alkaline agents can increase the Ca and Na 
contents of fly ashes, and fine particles generated from bed 

materials can also increase the contents of some elements. 
The characteristics of CFA, MSWIA and SSA are influenced 

by the specific incinerated material, but also by the type of 
furnace employed ( Zhang et al., 2018 ), combustion conditions 
(e.g., temperature and the air: fuel ratio) ( Sorum et al., 2003 ), 
the addition of reagents in flue gas treatment systems (e.g., 
types and amounts of chemicals) ( Dal et al., 2016 ), and the 
generation of fly ash (e.g., yield and collection units) ( Li et al., 
2017 ). In the present study, the distributions of most of the ma- 
jor elements were within 25%–75% of the previously reported 

ranges, and only the Al, Mg, and Si contents varied slightly 
from the usually reported values. These differences may be 
explained by the diverse properties of the bed materials used 

in fluidized bed furnaces. According to the geotechnical prop- 
erties reported for SSA samples ( Li et al., 2017 ), quartz, mont- 
morillonite and feldspar could have been the sources of Al, Mg, 
and Si, although the exact minerals present in bed materials 
are unknown and variable. 

The contents of many trace elements did not differ greatly 
among the three types of fly ash. The Cd, Pb, Sb, and Zn con- 
tents were approximately one order higher in MSWIA than 

SSA, which could be another useful indicator for differentiat- 
ing residues. The Ba and Mn contents were slightly higher in 

SSA than MSWIA and CFA, but similar Ba and Mn contents can 

be observed in different types of fly ash. In the present study, 
the Ba contents were similar to those in MSWIA and CFA. An- 
other interesting observation was that the Se contents of the 
SSA samples were higher than the values generally reported 

in previous studies. Se has both anthropogenic and natural 
sources and it is important for organic life ( Paikaray, 2016 ), 
but it can also be bioaccumulated. Thus, the wastewater treat- 
ment plants may have received some sewage containing high 

concentrations of Se, and the Se could have been transferred 

to the sludge via microorganisms or precipitated during the 
wastewater treatment process, thereby resulting in a higher 
Se content in the SSA. 

2.5. Land-related limitations for SS and incineration 

residues 

The As, Cd, Cr and Ni contents of the SS samples from plants 
Z and S were lower than the standard limit values for heavy 
metals in sludge for land-related use ( Table 2 ) ( AQSIQ and 

SAC, 2009 ; CEC, 1986 ; MUDEP, 1984 ). The Cu contents of Z-CD- 
03, Z-TD-03, and S-CD-04 were 451 ± 3 mg/kg, 463 ± 17 mg/kg, 
and 414 ± 4 mg/kg, respectively, which are much higher than 

the limit values for agricultural sludge use in acidic soils and 

lower than the limit values for other applications. The Pb con- 
tent of Z-TD-03 was 302 ± 59 mg/kg, which exceeded the 
lower standard limit, but the Pb contents of the other SS sam- 
ples were below the limit. High Zn contents were detected 

in the SS samples from plants Z and S, and they exceeded 
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Fig. 4 – Comparison of contents of major elements (a) and trace elements (b) in CFA, MSWIA and SSA. The CFA, MSWIA, and 

SSA data reported in previous studies (A list of these studies can be found in Supplementary material) are shown in boxes, 
and the experimental values donated with orange dots are the results obtained in the present study. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.) 

Table 2 – Limitations for the application of SS to land (Unit: mg/kg, dry basis). 

Standards As Cd Cr Cu Hg Mo Ni Pb Se Zn Conditions 

GB 4284–84 ( MUDEP, 1984 ) 75 5 600 250 5 — 100 300 — 500 pH < 6.5 
20 1000 500 15 — 200 1000 — 1000 pH ≥6.5 

GB/T 23,486–2009 ( AQSIQ and SAC, 2009 ) 75 5 600 800 5 — 100 300 — 2000 pH < 6.5 
20 1000 1500 15 — 200 1000 — 4000 pH ≥6.5 

40 CFR Part 503 ( EPA, 2018 ) 75 85 — 4300 57 75 420 840 100 7500 Ceiling concentrations 
86/278/EEC ( CEC, 1986 ) — 5 800 800 5 — 200 500 — 2000 —

the limit for Zn in sludge for application to acidic agricul- 
tural soils. Moreover, even if the concentrations of toxic sub- 
stances are below the limit concentrations, the application of 
SS to agricultural land, forest, or public contact sites is also 
limited by annual loading rates or cumulative loading rates 
( AQSIQ and SAC, 2009 ; EPA, 2018 ; MUDEP, 1984 ). The plants 

grown on amended soil also need to be monitored frequently 
because they may accumulate metals ( Fang et al., 2018 ). 

After incineration, the organic contents of the residues 
were very low and the loss on ignition was only 0%–2.35%, 
which is much lower than the nutrient content required for 
application to land ( AQSIQ and SAC, 2009 ). The possible agri- 
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Fig. 5 – Comparisons of trace elements in the SS incineration residues and soil screening limits. The solid lines donate the 
minimum (green lines) and maximum (red lines) limits found in the relative regulations and standards imposed in China, 
the USA, Canada, the Netherlands, and Japan. The limit values in Chinese and American standards are the screening 
values, whereas the intervention values are used in regulations imposed in the Netherlands. The limits for Cr are values for 
Cr (VI) because it is more toxic in the environment, and the screening values may vary according to the pH and different 
plants in some standards. The maximum limits of Cu and V are outside the ranges of the axis, and only one limit value was 
found for Mn and Mo in the standards. No limits were found for Sr, Sn and Tl in the regulations and standards. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

cultural application of SSA is usually assessed based on its 
potential source for P fertilizer (available P 2 O 5 content is 20%–
48%, ( University of Minnesoda Extension, 2018 )) production. 
The P contents of the SSA samples were 26–104 g/kg, and thus 
they have high potential as P sources ( Franz, 2008 ; Weigand 

et al., 2013 ) for use in agriculture. However, the accumulation 

of heavy metals in SSA should not be ignored ( Vogel et al., 
2016 ). The heavy metal contents of the SSA samples were vari- 
able but some exceeded the limitations for the application 

of SS to land. The highest Zn content was over 4000 mg/kg 
and the minimum limits for application to acid and base soils 
in China ( MUDEP, 1984 ) are only 500 and 1000 mg/kg, respec- 
tively, and thus the SSA is not suitable for direct application 

to land. 
The Cd, Co, Cr, Cu, Pb, Se, V, and Zn contents of the 

SSA samples were higher than the minimum screening soil 
quality standards ( CCME, 1999 ; US EPA, 1996 ; ME, 2007 , 2019 ; 
MEE, 2018a, 2018b ; VROM, 2009 ) in different countries ( Fig. 5 ), 
and thus the application of SSA to land could increase the 
heavy metal contents of soils. However, the maximum limi- 
tations for most elements in soil are much higher, so the ap- 
plication of SSA to land would be allowed in specific areas or 
situations. The Ba, Mn, and Sb contents of the SSA samples 
ranged above and below the minimum limits, thereby indicat- 
ing that they may be potential pollutants in some situations 
and assessments would be required before application. The As 
contents of the residues were higher than the maximum soil 
screening limits, which might lead to severe issues regarding 
the application of SSA to land. SSA has similar geotechnical 
properties to soils but more evaluations of trace elements and 

other characteristics ( Shi et al., 2017 ) on the land application 

are necessary to avoid potential contamination and other is- 
sues. 

3. Conclusions 

Incineration has been developed for the treatment of various 
types of waste. However, limited data are available concern- 
ing the elemental characteristics and mass balance of SSA ob- 
tained from large-scale incineration plants, thereby prevent- 
ing a comprehensive understanding of the treatment process 
and possible utilization of the product. Thus, the contents of 
the major and trace elements in SSA samples were analyzed 

in this study. The major element in SSA was Si, with contents 
ranging from 120 g/kg to 240 g/kg, followed by Al, Ca, Fe, P, and 

S, and the most abundant trace elements were Zn, Ba, Cu, and 

Mn. 
Similar amounts of most of the major elements were found 

between SS and the residues, but not all of the major elements 
were derived from SS because the major elements in the bed 

materials and reagents added to flue gas treatment systems 
also affected the contents of the major elements in the SSA. 
However, 82.4%–127% of the trace elements in the residues 
were derived from SS, thereby indicating that SS was the main 

source of the trace elements. Analysis of the partitioning of 
heavy metals in the residues showed that the high amounts of 
ESP ash or CA produced were the major pollutant sinks. When 

dealing with SSA, more attention should be paid on the poten- 
tial pollution of ESP ash or CA, instead of only BF ash. 

The Al, Ca, Na, and Si contents of the SSA samples were 
similar to those of CFA and MSWIA, and the K, Mg, S, and Ti 
contents overlapped with those of CFA and MSWIA, but higher 
Fe and P contents were found in SSA. The low Cd, Pb, Sb, and 

Zn contents, and high Ba, Mn, and Se contents of SSA can be 
employed as indicators to distinguish SSA from MSWIA and 

CFA. However, more information is still needed to define these 
indicators. 
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When SSA is applied to or disposed of on land, the possi- 
bility of pollution should not be ignored. According to various 
related criteria, SSA can only be applied under a limited range 
of soil conditions. Thus, careful design, construction, and op- 
eration processes are required in order to reduce the release of 
hazardous elements when SSA is disposed of in landfill sites. 
In addition, the removal of pollutants is necessary before its 
utilization as a secondary resource. 
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