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Abstract Due to the annual increase in wastewa-
ter treatment in most Chinese cities, a major envi-
ronmental issue has arisen: safe treatment, disposal, 
and recycling of municipal sludge. Municipal sludge 
has a high content of carbon and essential nutrients 
for plant growth; hence, it has gained interest among 
researchers as a soil fertilizer. This study discusses 
the potential usage of municipal sludge as soil ferti-
lizer (indicators include nitrogen (N), phosphorus (P), 

and trace elements) along with its shortcomings and 
drawbacks (potentially toxic elements (PTEs), organic 
matter (OM), pathogens, etc.) as well as reviews the 
latest reports on the role of municipal sludge in land 
use. The use of municipal sludge as a soil fertilizer 
is a sustainable management practice and a single 
application of sludge does not harm the environment. 
However, repeated use of sludge may result in the 
accumulation of harmful chemicals and pathogens 
that can enter the food chain and endanger human 
health. Therefore, long-term field studies are needed 
to develop ways to eliminate these adverse effects and 
make municipal sludge available for agricultural use.
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Highlights  
• China’s municipal sewage and sludge volumes are 
increasing by the day.
• The nutrients in municipal sludge have potential as soil 
fertilizer.
• Treatment of municipal sludge can improve its land 
application.
• Municipal sludge may contain organic pollutants and 
potentially toxic elements.
• Using municipal sludge for soil improvement is a 
promising technology for nutrient recovery.
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1 Introduction

Herein, data were collected from the 2011 to 2020 
annual reports by the Ministry of Ecology and Envi-
ronment of the People’s Republic of China (Fig.  1). 
According to these statistics, China’s annual waste-
water treatment volume increased from 40.29 billion 
tons in 2011 to 81.13 billion tons in 2020. The munic-
ipal domestic wastewater discharge volume increased 
from 34.97 billion tons in 2011 to 71.39 billion tons 
in 2020, and the municipal domestic wastewater dis-
charge volume accounted for 86.20–88.40% of the 
total annual wastewater treatment volume, with lit-
tle change over time. Thus, municipal wastewater 
accounts for a large proportion of the total volume of 
wastewater. The most intuitive data on the number of 
municipal wastewater treatment plants show a signifi-
cant increase in them, from 3974 in 2011 to 11,055 
in 2020. Moreover, this demonstrates that the proper 
disposal or recycling of municipal wastewater is a 
pressing environmental issue in China. The annual 
increase in the volume of municipal wastewater treat-
ment presents a major environmental problem: the 
treatment and disposal of municipal sludge. The term 

“municipal sludge” refers to a glutinous, aqueous 
substance produced during the aerobic or anaerobic 
biological treatment of municipal wastewater (Luo 
et al., 2021; Stefanakis et al., 2014).

Municipal sludge is a solid or semisolid byproduct 
of the aerobic or anaerobic digestion of the domes-
tic wastewater, storm water, plant debris, and manure 
treated in municipal wastewater treatment plants 
(Saleh Bairq et al., 2018; Seleiman et al., 2020). By 
the end of 2020, China generated an estimated 36.984 
million tons of municipal sludge. Approximately 60 
megatons (Mt) of raw wastewater sludge was gener-
ated in 2019, and this number is predicted to exceed 
90 Mt in 2025 (calculated at a water content of 80%) 
(Guo et  al., 2021). Municipal sludge typically has a 
water content of more than 80%, which leads to com-
plications in its safe handling and disposal (Kacprzak 
et al., 2017). The disposal of such large quantities of 
sludge in a safe manner has become an environmental 
concern (Li et al., 2011; Luo et al., 2021).

Conventional disposal methods for municipal 
sludge include sludge landfills, agricultural applica-
tions, incineration, and construction material applica-
tions (Jiang et al., 2021). In recent years, a number of 

Fig. 1  Summary data for municipal wastewater sludge in China, 2011–2020. Note: Data from the Ministry of Ecology and Environ-
ment of the People’s Republic of China
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high-tech disposal technologies have been developed, 
including thermochemical conversion, anaerobic 
digestion, and hydrothermal liquefaction (Han et al., 
2021). Landfilling is the most convenient but lowest-
rated disposal method because it is the least environ-
mentally efficient option in the long run and is now 
banned in many developed countries (Kacprzak et al., 
2017). In recent years, some scholars have suggested 
that incineration is an effective method for treating 
sludge (Zhao et al., 2017, 2020) because incineration 
enables the conversion of sludge into thermal energy, 
reducing its volume (Zhai et  al., 2017) and toxicity 
(Liu et  al., 2006) as well as increasing its resource 
value (Shen & Qinlei, 2006). However, the ash pro-
duced after incineration of municipal sludge must 
be disposed of in landfills, which may result in sec-
ondary pollution through the release of heavy metals 
(Wu et al., 2021). Municipal sludge contains 20–30% 
inorganic materials (mainly silicon, aluminum, iron, 
and calcium), which is similar to the composition 
of many raw materials commonly used in construc-
tion materials; hence, municipal sludge can be used 
in brick making, cement, ceramic granules, activated 
carbon, molten lightweight materials, and biochemi-
cal fiberboard production (He & Wang, 2019; Wang 
et al., 2021). Municipal sludge is rich in organic mat-
ter, N, P, K, and other mineral elements and can be 
used as an effective fertilizer and soil conditioner. 
Many countries use treated sludge for soil improve-
ment (Yakamercan et  al., 2021). The utilization of 
municipal sludge in China in 2019 was as follows: 
land use, 29.24%; incineration, 26.69%; sludge 
landfills, 20.10%; and building material utilization, 
15.88% (Fig. 2).

Municipal sludge contains many valuable nutrients 
(e.g., OM, N, P, and K). Studies show that the total dry 
solids of municipal sludge contain 20.5–40.3% organic 
carbon (C), 2.8–4.9% total nitrogen (TN), 1.2–3% total 
phosphorus, and < 1% total potassium (Collivignarelli 
et al., 2019). Therefore, the use of municipal sludge as 
a soil fertilizer makes sense from environmental and 
economic points of view. However, caution is required 
when attempting to maximize the value of munici-
pal sludge because it can contain potentially toxic 
elements (PTEs), organic pollutants, and antibiotic-
resistant microorganisms (Rivier et  al., 2019), which 
pose a serious threat to ecosystems and human health 
when they enter the food chain untreated (Hoang et al., 
2022).

Therefore, gaining insights into the feasibility, 
economics, and dynamic cycling of contaminants in 
municipal sludge is necessary before using it as a soil 
fertilizer. Several review articles have been published 
on the integrated use of municipal sludge, but they 
have mostly focused on ceramic pellet preparation, 
environmental pollution after incineration, recovery of 
nitrogen and phosphorous elements, and so on (Cheng 
et  al., 2022a, b; Hoang et  al., 2022; Nancharaiah & 
Sarvajith, 2019; Wang et al., 2021; Zhao et al., 2022). 
Information on the disposal and comprehensive use 
of municipal sludge as a soil fertilizer is scarce. This 
study aims to fill this knowledge gap by focusing on 
the potential use of municipal sludge as a soil ferti-
lizer as well as reporting on the constraints in using it 
as a soil fertilizer, recent research progress, and future 
research trends.

2  The Potential of Municipal Sludge as a Soil 
Fertilizer

The accelerated municipalization and increased envi-
ronmental protection efforts by the Chinese govern-
ment have increased the number of domestic wastewa-
ter treatment plants in operation and require existing 
facilities to be upgraded. These plants will inevitably 
produce a large amount of municipal sludge, posing 
a serious threat to the environment (Deepesh et  al., 
2016). Large-scale generation of municipal sludge 
is unavoidable. Hence, we must find an economical, 
environmentally friendly, and viable path for utilizing 
municipal sludge. The process of converting waste into 
a useful product is known as waste value addition, and 
one waste value addition option for municipal sludge is 
to use it as soil fertilizer (Arancon et al., 2016). Munic-
ipal sludge consists of nutrient-rich organic material, 
such as the C, N, P, and K elements that are important 
for plant growth (Ilker Angin et al., 2017).

The OM in soil plays an important role in promot-
ing crop growth and development, improving soil 
structure, promoting the activity of soil microorgan-
isms, and enhancing soil nutrient properties (Pedra 
et al., 2007; Zheng et al., 2022). Municipal sludge is 
rich in the OM (40–70% organic carbon and dry mat-
ter) and nutrient content required for plant growth, 
making it a potential soil fertilizer. Studies by Sci-
ubba et  al. (2013) and Dhanker et  al. (2021) on the 
addition of municipal sludge to agricultural soils 
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reported that OM increases considerably with the 
addition of wastewater sludge (up to 1.05% com-
pared to the control), and this observation has been 
confirmed by numerous studies (Ding et  al., 2020; 
No et al., 2022). Hamdi et al. (2018) investigated the 
effect of adding municipal sludge to sandy loam and 
sandy soil, respectively, on OM and found that the 
addition of 120 t·ha−1·year−1 of municipal sludge led 
to an increase in OM content of 2.92% and 2.64% in 
sandy loam and sandy soil, respectively, after three 
amendments as compared to the control. This differ-
ence was due to the high clay fraction and high sorp-
tion capacity of sandy loam (Hamdi et al., 2018).

Municipal sludge contains nitrogenous plant-promot-
ing nutrients and plant growth biostimulants, which have 
received immense attention in recent years because of 
their innate fertilization effects and characteristics (Tang 
et al., 2022). Studies have shown that the use of munici-
pal sludge can replace up to 30% of nitrogenous fertiliz-
ers when fully applied (Raheem et al., 2018). Nitrogen is 
an essential macronutrient for plant growth, and the high 
N content in municipal sludge, municipal sludge cake, 
and filtrate, especially after dewatering with  (NH4)2SO4, 

makes them potential sources of N for promoting plant 
growth; Koutroubas et  al. (2014) and Wu et  al. (2020) 
showed that the application of municipal sludge had a 
positive impact on wheat crops, with increased early dry 
matter and nitrogen accumulation compared to the con-
trol. Koutroubas et al. (2020) also explored the effects of 
municipal sludge application on N accumulation, distri-
bution, transfer, and utilization in sunflower and found 
that municipal sludge increased early crop growth rates 
and N uptake levels compared to inorganic N fertilizers. 
Moreover, municipal sludge application also increased 
soil OM and fast-acting phosphorous levels compared to 
the control (Koutroubas et al., 2020).

The looming crisis of phosphate rock depletion has 
driven the development of various solid waste–derived 
P fertilizers (Qian et  al., 2022). This led to the idea of 
recovering and using P from municipal sludge. The main 
forms of P present in the municipal sludge are orthophos-
phate and pyrophosphate (Tqa et al., 2019). Over 85% of 
P in municipal wastewater enters the sludge (Qin et al., 
2022). Moreover, if P in municipal sludge were fully 
utilized, it could replace 13% of the phosphate fertilizer 
used in German ore production. Furthermore, given 

Fig. 2  Sludge disposal 
methods in China, 2019
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the volume of municipal sludge, its potential for use as 
an agricultural fertilizer is enormous (Krüger & Adam, 
2015). Current research focuses on the application of 
purified phosphate fertilizer from municipal sludge. For 
example, Qin et al. (2022) used CaO and MgO to vitrify 
municipal sludge in order to obtain a glass phosphate 
fertilizer with a high proportion of phosphorus (approxi-
mately 99.3%) and PTE content in line with current 
regulations for agricultural use. Schambeck et al. (2021) 
successfully used alginate-like exopolymer hydrogels to 
recover phosphate from municipal wastewater, with high 
selectivity for phosphate adsorption (up to 90.8% recov-
ery) even in the presence of competing ions. Rehman 
and Qayyum (2020) explored the possibility of replacing 
the phosphate fertilizer in rice–wheat cropping systems 
with a combined compost of municipal sludge, farm-
yard manure, and rock phosphate. Moreover, Rehman 
and  Qayyum (2020) determined that compost contain-
ing a combination of municipal sludge (25%), farmyard 
manure (25%), and rock phosphate (50%) is an environ-
mentally friendly fertilizer suitable for rice–wheat crop-
ping systems and that industrial recycling of wastewater 
sludge by composting with phosphate helps to meet the P 
requirements of crops.

In addition to the nutrients in municipal sludge that 
promote plant growth and development, its high water 
content and water retention are also useful features 
(Koutroubas et al., 2014). The high water content in 
municipal sludge is a viable solution to the problem 
of low and unreliable crop yields in arid and semi-
arid regions which lack fresh water resources (Badza 
et  al., 2020; Černe et  al., 2019). Municipal sludge 
as fertilizer can improve soil structure (soil porosity, 
field capacity, and plant wilting point), fertility (OM, 
N, and P), and crop yield. In summary, municipal 
sludge is an excellent soil addition to deal with the 
challenges of water scarcity and soil fertility loss.

3  Constraints in the Use of Municipal Sludge 
as Soil Fertilizer

3.1  Threat of PTEs in Municipal Sludge

The biggest concern in using municipal sludge as 
soil fertilizer is PTEs. Municipal sludge is a distri-
bution point source of PTE contamination (Cheng 
et  al., 2022a, b). The PTEs tend to accumulate in 
the sludge, and when applied to soil as fertilizer, 

they are absorbed by herbs, shrubs, and crops in the 
ecosystem; enriched; and eventually accumulated 
in the food chain (Yakamercan et  al., 2021). Once 
PTEs enter the ecosystem, they may pose significant 
health risks to humans through ingestion, inhalation, 
and dermal contact. They are a key environmental 
pollutant because their compounds are nonbiode-
gradable, aggregated, and stable, and exposure to 
PTEs can have detrimental effects on humans, such 
as neurological problems; kidney complications; and 
liver, cardiovascular, and bone disease. Moreover, 
PTEs have teratogenic, mutagenic, and carcinogenic 
properties (Raissy et  al., 2022). Contamination due 
to PTEs has become a major obstacle in the use of 
municipal sludge as soil fertilizer. Therefore, munici-
pal sludge must meet certain regulatory requirements 
before it can be used as a soil fertilizer.

Table  1 lists the PTE content of dry sludge 
from selected municipal wastewater treatment 
plants in China. According to the statistical data, 
the PTE content in the sludge from various cit-
ies is lower than the limit standards in the Control 
Standard for Agricultural Sludge Pollutants (GB 
4282–2018), Sludge Disposal for Land Improve-
ment in Municipal Wastewater Treatment Plants 
(GB/T 24,600–2009), and Sludge Disposal for Land 
Improvement in Municipal Wastewater Treatment 
Plants (GB/T 23,486–2009) documents. The con-
cern for most researchers is that when municipal 
sludge is applied to agricultural land as a fertilizer 
year after year, the PTEs in the sludge are not used 
by the crops. Instead, PTEs accumulate in agri-
cultural soil and eventually enter the food chain, 
causing irreversible harm to human health (Adamu 
et  al., 1989; Y. Zhang et  al., 2022a, b, 2022c). 
Therefore, municipal sludge is not suitable for long-
term application as soil fertilizer because of the 
ecological risk posed by the PTEs in it. However, its 
application for sandy soil improvement at an early 
stage and reliance on natural ecological restoration 
of the environment at later stages has potential.

3.2  Threat of Pathogens in Municipal Sludge

In addition to PTEs, pathogens in municipal sludge 
are a major barrier to its use as a soil fertilizer. This 
is because fecal-contaminated wastewater enters the 
municipal wastewater system, where most of the 
fecal pathogens are adsorbed on the activated sludge 
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(Clarke et al., 2017). With the global outbreak of new 
coronaviruses, attention has been drawn to human 
pathogens and their serious threat to public health 
(Zhang et  al., 2022a, b, c). Researchers have identi-
fied 83 pathogenic microorganisms from the macrog-
enomes of 20 municipal wastewater sludge samples, 
including 15 pathogenic microorganisms with spe-
cific functions (Ju et  al., 2016). Pathogenic Escheri-
chia coli is a well-known foodborne pathogen present 
in municipal sludge that can cause severe diarrhea 
and other serious illnesses (Zhang et al., 2022a, b, c). 
Pathogen inactivation is one of the main strategies for 
addressing this issue, and its efficacy depends on vari-
ous physical, chemical, and biological processes. This 
strategy can be used to reduce the pathogen load of 
sludge by optimizing conditions, such as temperature, 
pH, and residence time, minimizing the potential risk 
to human health (Li et al., 2021). There is a risk that 
any pathogens in municipal sludge applied to land 
as fertilizer may enter the ecosystem, so it is impor-
tant to consider the pathogens in municipal sludge 

in order to reduce the health risk to humans. Studies 
on pathogens in municipal sludge in recent years are 
listed in Table 2.

3.3  Threat of Persistent Organic Pollutants in 
Municipal Sludge

Currently, researchers have a growing concern about 
persistent organic pollutants (POPs) in municipal 
sludge. The main sources of POPs in municipal sludge 
are food waste cleaners, household chemicals (such as 
monosodium glutamate), personal hygiene products, 
pharmaceuticals, and various other products or wastes 
entering the municipal wastewater system (Rivier 
et al., 2019). During the global COVID-19 epidemic, 
disinfectants were widely detected in municipal waste-
water plants, suggesting that the byproducts of disin-
fectants are also present in municipal sludge (Guo 
et al., 2021). Current studies confirm that microplastics 
have been found in municipal sewage sludge around 
the world. Once microplastics enter the environment, 

Table 1  PTE content in various municipal sludges, unit: mg·kg−1 (dry mass)

“—” indicates that data are unavailable

Authors Cu Zn Cr Ni Pb Cd Hg As Data sources

(Huang et al., 2022) 102.0 296.0 113.0 23.2 29.5 1.6 — — Shandong wastewater treatment plant, 
China

(L. Zhang et al., 2022a, b, c) 99.5 995.0 169.0 29.1 22.8 2.3 — 20.9 Nanjing wastewater treatment plant, 
China

(Y. Zhang et al., 2022a, b, c) 192.1 706.3 152.9 50.7 54.7 1.4 — 9.8 Beijing wastewater treatment plant, 
China

(Yue et al., 2017) 99.9 868.3 53.9 — 25.2 3.5 — 26.3 Beijing wastewater treatment plant, 
China

(Xiao et al., 2016) 146.7 263.0 441.1 30.4 62.2 0.2 — 8.2 Guangdong wastewater treatment plant, 
China

(Cai et al., 2018) 139.7 901.9 102.5 26.3 15.0 2.2 1.3 — Shandong wastewater treatment plant, 
China

(Jin et al., 2017) 75.5 296.0 — — — 2.1 — — Gansu wastewater treatment plant, China
(Liu et al., 2019) 98.6 347.1 53.7 — 26.6 0.7 — 18.1 Beijing Xiaotangshan wastewater treat-

ment plant
(Cheng et al., 2022a, b) 188.7 577.5 107.3 38.6 60.3 2.6 2.1 17.6 City wastewater treatment plant in China
Grade A 500 1200 500 100 300 3 3 30 Control Standard for Agricultural Sludge 

Pollutants (GB 4282–2018)Grade B 1500 3000 1000 200 1000 15 15 75
Soil pH < 6.5 800 2000 600 100 300 5 5 75 Sludge Disposal for Land Improvement 

in Municipal Wastewater Treatment 
Plants (GB/T 24,600–2009)

Soil pH ≧ 6.5 1500 4000 1000 200 1000 20 15 75

Soil pH < 6.5 800 2000 600 100 300 5 5 75 Sludge Disposal for Land Improvement 
in Municipal Wastewater Treatment 
Plants (GB/T 23,486–2009)

Soil pH ≧ 6.5 1500 4000 1000 200 1000 20 15 75
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local microbial populations can ingest them, which in 
turn can pose health threats to humans and even nega-
tively affect factors such as species growth and repro-
duction (Rolsky et  al., 2020). Advanced technologies 
in wastewater treatment, such as ultrafiltration, nanofil-
tration, reverse osmosis, and membrane bioreactor pro-
cesses, can partially eliminate these POPs. However, 
these technologies are expensive, and these chemicals 
are difficult to remove from the municipal wastewater 
system. Hence, most of these chemicals are concen-
trated in the municipal sludge (Sarkar et  al., 2019). 
Therefore, some researchers consider the POPs in 
sludge as a potential barrier to its use as a soil fertilizer 
(Oleszczuk, 2008; Sun et al., 2019).

Researchers from the Harbin Institute of Tech-
nology assessed and summarized the risk of polycy-
clic aromatic hydrocarbons (PAHs) in the municipal 
sludge from various cities in China and found that 
the average value of ∑16PAHs in municipal sludge is 
9340 ng·g−1, which is in the midlevel range compared 
to the average value of ∑16PAHs in municipal sludge 
worldwide. Moreover, automobile exhaust, coal com-
bustion, and burning natural gas are the main sources 
of POPs in China. The EU, French, US, and Chinese 
legal regulations show that municipal sludge can be 
used for land application with low environmental risk 
(Sun et  al., 2019). In recent years, some researchers 
have also explored ways to reduce the POP content 
in municipal sludge; for example, Guo et  al. (2021) 
proposed a sludge anaerobic digestion-solar drying 
method to reduce its POP content. After this method 
was used, the PTEs, nutrients (N, P, K), and POPs in 
municipal sludge were in compliance with the rele-
vant standards for land remediation and sludge green-
ing in China (GB 24,600–2009. CJ 248–2007), while 
maintaining the high nutritional value of the sludge. 
Lu et al. (2021) summarized the effects of compost-
ing on the POPs in municipal sludge in recent years 
and reported that significant research progress has 
been made on the removal and dissipation mechanism 
of organic pollutants, optimizing composting meth-
ods and the processes to promote the removal and dis-
sipation of organic pollutants. The composted sludge 
still contains a variety of organic pollutants but gener-
ally meets the criteria for land use standards. Sludge 
composting can effectively remove some organic pol-
lutants, such as phthalic acid esters and polycyclic 
aromatic hydrocarbon compounds.

4  Recent Research Progress on Municipal Sludge 
as Fertilizer

The use of municipal sludge as soil fertilizer owing 
to its relatively high content of OM and nutrients has 
been recognized by many scholars (Collivignarelli 
et al., 2019). Numerous experiments have confirmed 
the use of municipal sludge as soil fertilizer, and this 
study summarizes the research progress on this con-
cept in recent years.

The most common way of using municipal sludge 
as a soil fertilizer is to apply it directly to agricultural 
fields, mines, municipal green spaces, and so on. 
Koutroubas et  al. (2014) conducted a 2-year experi-
ment to investigate the effects of municipal sludge 
on wheat growth, grain yield, nitrogen accumula-
tion, and trace element concentrations and found 
that the dry matter, grain yield, and soil N concen-
trations increased considerably after the application 
of municipal sludge. Moreover, the concentrations of 
PTEs such as Cu, Mn, and Zn in wheat grains did not 
exceed the standard limits. In addition to wheat, ger-
mination experiments were conducted on rape, maize, 
and sunflower, demonstrating moderate to low phy-
totoxic effects of municipal sludge dosing at 0.10%, 
0.25%, and 0.50% on the tested plants. From the 
biomass point of view, municipal sludge could pro-
vide sufficient nutrients for normal plant growth, but 
increasing the fertilizer dose could lead to the accu-
mulation of PTEs in plants and soil, especially Cd 
and Ni (Li et al., 2013). For plants not grown under 
laboratory conditions, the effect of municipal sludge 
on soil quality was explored after a specific period of 
time, and the following conclusions were reached: the 
addition of municipal sludge decreases the pH of the 
substrate, the EC value of the substrate increases, the 
OM and N content of the substrate increases consid-
erably, and the tendency for the substrate to degrade 
during the experimental period is absent. The bad 
news is that as the pH of the substrate decreases, 
the availability of PTE increased (Dhanker et  al., 
2021). Similar conclusions were observed during the 
revegetation of a mine site, where the application of 
municipal sludge resulted in considerable increase in 
the biomass of all herbaceous plants compared with 
the control. After 100 days of growth, the application 
of municipal sludge had considerable effect on the 
biomass of Kentucky bluegrass (17.54-fold increases 
in aboveground production, and 13.94-fold increases 
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in belowground production compared to the control) 
and in alfalfa-ryegrass mixtures (5.34-fold and 7.20-
fold, respectively) (Li et al., 2013). Zhao et al. (2020) 
explored the effect of bituminous ash, biomass ash, 
and municipal sewage sludge on the quantity and 
quality of grass bean mixtures and confirmed that 
biomass ash had the highest P, K, and Mg content; 
bituminous ash had the highest sodium content; and 
sewage sludge had the highest organic matter N and 
Ca content. Analysis of the chemical composition of 
the sludge showed that its heavy metal content did 
not exceed the standard limit values and that it could 
be applied to the soil, used for agriculture, or for 
reclamation.

Municipal sludge improves soil fertility in terms 
of nutrients, promotes plant growth, and improves 
soil structure. However, the presence of PTEs in 
municipal sludge poses a threat to human health. Two 
methods are suggested to eliminate the threat due to 
the presence of PTEs in municipal sludge: control-
ling the concentration of PTEs in the available state 
of municipal sludge in combination with other tech-
nologies and using municipal sludge directly in areas 
far from the biological food chain, such as desert 
environments.

The direct utilization of municipal sludge as a soil 
fertilizer is limited by putrescible OM, pathogenic 
organisms, PTEs, etc. (Tang et al., 2022). Therefore, 
in recent years, controlling the limiting factors of 
sludge before its use as soil fertilizer using techniques 
such as anaerobic digestion, aerobic composting, and 
pyrolysis has been proposed (Hoang et  al., 2022). 
Černe et al. (2019) previously evaluated the potential 
of aerobic and anaerobic composting of municipal 
sludge for use as a soil fertilizer based on the physico-
chemical characteristics, nutrient status, and concen-
trations of PTEs and radionuclides. Although eight of 
the nine experimental municipal sludge species had 
residues within local agricultural use limits and had 
potential as soil fertilizer, anaerobically composted 
municipal sludge was considered unsuitable for agri-
cultural use because of its high content of PTEs and 
radionuclides compared to aerobic compost and the 
original municipal sludge. The combination of fly 
ash, ammonium sulfate, and manure with municipal 
sludge has also been proposed, with the core of this 
process including the dewatering of municipal sludge 
to reduce its volume and enhance its nutrient utiliza-
tion (Pei et al., 2020; Tsadilas et al., 2018).

In addition to the direct application of munici-
pal sludge to soil, technologies for extracting use-
ful substances (N, P, etc.) from municipal sludge 
have emerged in recent years. Phosphorus is a non-
renewable and irreplaceable resource, and the cur-
rently detected global reserves of P may be depleted 
within a few generations (Steckenmesser et  al., 
2017). Hence, technologies for the recovery of P 
from municipal sludge have been developed. These 
technologies include chemical precipitation of P dur-
ing anaerobic digestion to form calcium stannate and 
calcium caseinate, wet chemical extraction, and ther-
mal treatment of sludge (Oliveira et  al., 2016; Qian 
et  al., 2022). Tang et  al. (2022) developed alkaline, 
a thermal hydrolysis technology, to produce dewa-
tered liquid municipal sludge for use as a fertilizer. 
The advantage of this technology is that the resulting 
liquid sludge fertilizer has a high pH level and may 
produce more nitrogenous plant growth-promoting 
nutrients and precursors of nitrogenous plant growth-
promoting biostimulants for the production of high-
liquid fertilizers.

5  Conclusions

Municipal sludge is a valuable soil fertilizer, and 
this study summarizes and analyzes recent studies 
that demonstrate sustainable management methods 
for the use of municipal sludge as a soil fertilizer. 
However, contamination of the sludge with PTEs, 
organic pollutants, and pathogens cannot be avoided. 
Moreover, a large number of current experimental 
studies are short term. In addition, municipal sludge 
is not used continuously every year; hence, conclu-
sions are drawn to meet local control limits. This 
shows that municipal sludge should be used in areas 
far from human activities (e.g., deserts, mine recov-
ery of vegetation) to improve soil fertility and accel-
erate the growth of plants. Moreover, long-term and 
valuable experimental data on the effective, nontoxic, 
and environment-friendly use of municipal sludge as 
a soil fertilizer can be obtained from further research 
in this field.

Acknowledgements Special thanks are due to the instrumen-
tal or data analysis from Analytical and Testing Center, North-
eastern University, China and Shiyanjia Lab (www. shiya njia. 
com).

 119   Page 10 of 14

http://www.shiyanjia.com
http://www.shiyanjia.com


Water Air Soil Pollut (2023) 234:119

1 3
Vol.: (0123456789)

Author Contribution Bo Zhang: formal analysis, writing—
original draft, data curation, writing—review and editing.

Xingxing Zhou: review, manuscript preparation.
Xupicheng Ren: data curation.
Xiaomin Hu: review and supervision, project 

administration.
Borui Ji: data curation.

Data Availability The data will be made available on 
request.

Declarations 

Competing Interests The authors declare no competing 
interests.

References

Adamu, C. A., Bell, P. F., Mulchi, C., et  al. (1989). Residual 
metal concentrations in soils and leaf accumulations 
in tobacco a decade following farmland application of 
municipal sludge. Environmental Pollution, 56(2), 113–
126. https:// doi. org/ 10. 1016/ 0269- 7491(89) 90170-X

Ilker Angin, Rafet Aslantas, Adem Gunes, et al. (2017). Effects 
of sewage sludge amendment on some soil properties, 
growth, yield and nutrient content of raspberry (Rubus 
idaeus L.). https:// doi. org/ 10. 1007/ s10341- 016- 0303-9

Arancon, R. A. D., Lin, C. S. K., Chan, K. M., et al. (2016). 
Advances on waste valorization: New horizons for a 
more sustainable society: Alternative technologies. Waste 
Management and Valorization. https:// doi. org/ 10. 1201/ 
b19941-4

Badza, T., Tesfamariam, E. H., & Cogger, C. G. (2020). Agri-
cultural use suitability assessment and characterization of 
municipal liquid sludge: Based on South Africa survey. 
Science of The Total Environment, 721, 137658. https:// 
doi. org/ 10. 1016/j. scito tenv. 2020. 137658

Cai, M., Hu, R., Zhang, K., et al. (2018). Resistance of black 
soldier fly (Diptera: Stratiomyidae) larvae to combined 
heavy metals and potential application in municipal sew-
age sludge treatment. Environmental Science and Pollu-
tion Research, 25(2), 1559–1567. https:// doi. org/ 10. 1007/ 
s11356- 017- 0541-x

Carraturo, F., Panico, A., Giordano, A., et al. (2022). Hygienic 
assessment of digestate from a high solids anaerobic co-
digestion of sewage sludge with biowaste by testing Sal-
monella typhimurium, Escherichia coli and SARS-CoV-2. 
Environmental Research, 206, 112585. https:// doi. org/ 10. 
1016/j. envres. 2021. 112585

Černe, M., Palčić, I., Pasković, I., et al. (2019). The effect of 
stabilization on the utilization of municipal sewage sludge 
as a soil amendment. Waste Management, 94, 27–38. 
https:// doi. org/ 10. 1016/j. wasman. 2019. 05. 032

Cheng, X., Wang, S., Huang, W., et al. (2022). Current status of 
hypochlorite technology on the wastewater treatment and 
sludge disposal: Performance, principals and prospects. 

Science of The Total Environment, 803, 150085. https:// 
doi. org/ 10. 1016/j. scito tenv. 2021. 150085

Cheng, X., Wei, C., Ke, X., et  al. (2022). Nationwide review 
of heavy metals in municipal sludge wastewater treatment 
plants in China: Sources, composition, accumulation and 
risk assessment. Journal of Hazardous Materials, 437, 
129267. https:// doi. org/ 10. 1016/j. jhazm at. 2022. 129267

Clarke, R., Peyton, D., Healy, M. G., et  al. (2017). A quanti-
tative microbial risk assessment model for total coliforms 
and E. coli in surface runoff following application of bio-
solids to grassland. Environmental Pollution, 224, 739–
750. https:// doi. org/ 10. 1016/j. envpol. 2016. 12. 025

Collivignarelli, M. C., Canato, M., Abbà, A., et  al. (2019). 
Biosolids: What are the different types of reuse? Journal 
of Cleaner Production, 238, 117844. https:// doi. org/ 10. 
1016/j. jclep ro. 2019. 117844

Deepesh, V., Verma, V. K., Suma, K., et al. (2016). Evaluation 
of an organic soil amendment generated from municipal 
solid waste seeded with activated sewage sludge. Journal 
of Material Cycles and Waste Management, 18(2), 273–
286. https:// doi. org/ 10. 1007/ s10163- 014- 0329-8

Dhanker, R., Chaudhary, S., Goyal, S., et al. (2021). Influence 
of municipal sewage sludge amendment on agricultural 
soil parameters. Environmental Technology & Innovation, 
23, 101642. https:// doi. org/ 10. 1016/j. eti. 2021. 101642

Ding, Z., Kheir, A. M. S., Ali, M. G. M., et  al. (2020). The 
integrated effect of salinity, organic amendments, phos-
phorus fertilizers, and deficit irrigation on soil proper-
ties, phosphorus fractionation and wheat productivity. 
Scientific Reports, 10(1), 2736. https:// doi. org/ 10. 1038/ 
s41598- 020- 59650-8

Estrada, I. B., Aller, A., Aller, F., et al. (2004). The survival of 
Escherichia coli, faecal coliforms and Enterobacteriaceae 
in general in soil treated with sludge from wastewater 
treatment plants. Bioresource Technology, 93(2), 191–
198. https:// doi. org/ 10. 1016/j. biort ech. 2003. 10. 022

Guo, Y., Guo, Y., Gong, H., et al. (2021). Variations of heavy 
metals, nutrients, POPs and particle size distribution dur-
ing “sludge anaerobic digestion-solar drying-land utiliza-
tion process”: Case study in China. Science Total Envi-
ronment, 801, 149609. https:// doi. org/ 10. 1016/j. scito tenv. 
2021. 149609

Hamdi, H., Hechmi, S., Khelil, M. N., et al. (2018). Repetitive 
land application of municipal sewage sludge: Effect of 
amendment rates and soil texture on fertility and degrada-
tion parameters. CATENA, 172, 11–20. https:// doi. org/ 10. 
1016/j. catena. 2018. 08. 015

Han, W., Jin, P., Chen, D., et al. (2021). Resource reclamation 
of municipal sewage sludge based on local conditions: A 
case study in Xi’an, China. Journal of Cleaner Produc-
tion, 316, 128189. https:// doi. org/ 10. 1016/j. jclep ro. 2021. 
128189

He, B., & Wang, G. (2019). Is ceramsite the last straw for sew-
age sludge disposal: A review of sewage sludge disposal 
by producing ceramsite in China. Water Science and Tech-
nology, 80(1), 1–10. https:// doi. org/ 10. 2166/ wst. 2019. 223

Hoang, S. A., Bolan, N., Madhubashani, A. M. P., et al. (2022). 
Treatment processes to eliminate potential environmental 
hazards and restore agronomic value of sewage sludge: A 
review. Environmental Pollution, 293, 118564. https:// doi. 
org/ 10. 1016/j. envpol. 2021. 118564

Page 11 of 14    119

https://doi.org/10.1016/0269-7491(89)90170-X
https://doi.org/10.1007/s10341-016-0303-9
https://doi.org/10.1201/b19941-4
https://doi.org/10.1201/b19941-4
https://doi.org/10.1016/j.scitotenv.2020.137658
https://doi.org/10.1016/j.scitotenv.2020.137658
https://doi.org/10.1007/s11356-017-0541-x
https://doi.org/10.1007/s11356-017-0541-x
https://doi.org/10.1016/j.envres.2021.112585
https://doi.org/10.1016/j.envres.2021.112585
https://doi.org/10.1016/j.wasman.2019.05.032
https://doi.org/10.1016/j.scitotenv.2021.150085
https://doi.org/10.1016/j.scitotenv.2021.150085
https://doi.org/10.1016/j.jhazmat.2022.129267
https://doi.org/10.1016/j.envpol.2016.12.025
https://doi.org/10.1016/j.jclepro.2019.117844
https://doi.org/10.1016/j.jclepro.2019.117844
https://doi.org/10.1007/s10163-014-0329-8
https://doi.org/10.1016/j.eti.2021.101642
https://doi.org/10.1038/s41598-020-59650-8
https://doi.org/10.1038/s41598-020-59650-8
https://doi.org/10.1016/j.biortech.2003.10.022
https://doi.org/10.1016/j.scitotenv.2021.149609
https://doi.org/10.1016/j.scitotenv.2021.149609
https://doi.org/10.1016/j.catena.2018.08.015
https://doi.org/10.1016/j.catena.2018.08.015
https://doi.org/10.1016/j.jclepro.2021.128189
https://doi.org/10.1016/j.jclepro.2021.128189
https://doi.org/10.2166/wst.2019.223
https://doi.org/10.1016/j.envpol.2021.118564
https://doi.org/10.1016/j.envpol.2021.118564


Water Air Soil Pollut (2023) 234:119

1 3
Vol:. (1234567890)

Huang, Y.-H., Chen, X.-H., Li, Q.-F., et  al. (2022). Fungal 
community enhanced humification and influenced by 
heavy metals in industrial-scale hyperthermophilic com-
posting of municipal sludge. Bioresource Technology, 
360, 127523. https:// doi. org/ 10. 1016/j. biort ech. 2022. 
127523

Jiang, G., Xu, D., Hao, B., et  al. (2021). Thermochemical 
methods for the treatment of municipal sludge. Journal 
of Cleaner Production, 311, 127811. https:// doi. org/ 10. 
1016/j. jclep ro. 2021. 127811

Jin, C., Nan, Z., Wang, H., et  al. (2017). Plant growth and 
heavy metal bioavailability changes in a loess subsoil 
amended with municipal sludge compost. Journal of Soils 
and Sediments, 17(12), 2797–2809. https:// doi. org/ 10. 
1007/ s11368- 017- 1698-0

Ju, F., Li, B., Ma, L., et al. (2016). Antibiotic resistance genes 
and human bacterial pathogens: Co-occurrence, removal, 
and enrichment in municipal sewage sludge digesters. 
Water Research, 91, 1–10. https:// doi. org/ 10. 1016/j. 
watres. 2015. 11. 071

Kacprzak, M., Neczaj, E., Fijalkowski, K., et al. (2017). Sew-
age sludge disposal strategies for sustainable develop-
ment. Environmental Research, 156, 39–46. https:// doi. 
org/ 10. 1016/j. envres. 2017. 03. 010

Khalil, A. I., Hassouna, M. S., El-Ashqar, H. M. A., et  al. 
(2011). Changes in physical, chemical and microbial 
parameters during the composting of municipal sew-
age sludge. World Journal of Microbiology and Bio-
technology, 27(10), 2359–2369. https:// doi. org/ 10. 1007/ 
s11274- 011- 0704-8

Koutroubas, S. D., Antoniadis, V., Fotiadis, S., et  al. (2014). 
Growth, grain yield and nitrogen use efficiency of Medi-
terranean wheat in soils amended with municipal sewage 
sludge. Nutrient Cycling in Agroecosystems, 100(2), 227–
243. https:// doi. org/ 10. 1007/ s10705- 014- 9641-x

Koutroubas, S. D., Antoniadis, V., Damalas, C. A., et  al. 
(2020). Sewage sludge influences nitrogen uptake, trans-
location, and use efficiency in sunflower. Journal of Soil 
Science and Plant Nutrition, 20(4), 1912–1922. https:// 
doi. org/ 10. 1007/ s42729- 020- 00262-6

Krüger, O., & Adam, C. (2015). Recovery potential of Ger-
man sewage sludge ash. Waste Management, 45, 400–406. 
https:// doi. org/ 10. 1016/j. wasman. 2015. 01. 025

Leroy-Freitas, D., Machado, E. C., Torres-Franco, A. F., et al. 
(2022). Exploring the microbiome, antibiotic resistance 
genes, mobile genetic element, and potential resistant 
pathogens in municipal wastewater treatment plants in 
Brazil. Science of The Total Environment, 842, 156773. 
https:// doi. org/ 10. 1016/j. scito tenv. 2022. 156773

Li, X., Ke, Z., & Dong, J. (2011). PCDDs and PCDFs in sew-
age sludges from two wastewater treatment plants in Bei-
jing. China, Chemosphere, 82(5), 635–638. https:// doi. 
org/ 10. 1016/j. chemo sphere. 2010. 11. 039

Li, S., Di, X., Wu, D., et al. (2013). Effects of sewage sludge 
and nitrogen fertilizer on herbage growth and soil fertil-
ity improvement in restoration of the abandoned open-
cast mining areas in Shanxi. China, Environmental Earth 
Sciences, 70(7), 3323–3333. https:// doi. org/ 10. 1007/ 
s12665- 013- 2397-9

Li, M., Song, G., Liu, R., et  al. (2021). Inactivation and risk 
control of pathogenic microorganisms in municipal sludge 

treatment: A review. Frontiers of Environmental Sci-
ence & Engineering, 16(6), 70. https:// doi. org/ 10. 1007/ 
s11783- 021- 1504-5

Liu, Z., Liu, Z., & Li, X. (2006). Status and prospect of the 
application of municipal solid waste incineration in China. 
Applied Thermal Engineering, 26(11), 1193–1197. https:// 
doi. org/ 10. 1016/j. applt herma leng. 2005. 07. 036

Liu, X., Liu, L., Leng, P., et  al. (2019). Feasible and effec-
tive reuse of municipal sludge for vegetation restoration: 
Physiochemical characteristics and microbial diversity. 
Scientific Reports, 9(1), 879. https:// doi. org/ 10. 1038/ 
s41598- 018- 37338-4

Liu, X., Tang, R., Li, H., et al. (2022). The physiological and 
ecological properties of bacterial persisters discovered 
from municipal sewage sludge and the potential risk. 
Environmental Research, 205, 112481. https:// doi. org/ 10. 
1016/j. envres. 2021. 112481

Lu, H., Chen, X. -H., Mo, C. -H., et  al. (2021). Occurrence 
and dissipation mechanism of organic pollutants dur-
ing the composting of sewage sludge: A critical review. 
Bioresource Technology, 328, 124847. https:// doi. org/ 10. 
1016/j. biort ech. 2021. 124847

Luo, H., Cheng, F., Yu, B., et al. (2021). Full-scale municipal 
sludge pyrolysis in China: Design fundamentals, environ-
mental and economic assessments, and future perspec-
tives. Science of the Total Environment, 795, 148832. 
https:// doi. org/ 10. 1016/j. scito tenv. 2021. 148832

Nancharaiah, Y. V., & Sarvajith, M. (2019). Aerobic granu-
lar sludge process: A fast growing biological treatment 
for sustainable wastewater treatment. Current Opinion in 
Environmental Science & Health, 12, 57–65. https:// doi. 
org/ 10. 1016/j. coesh. 2019. 09. 011

No, A., Ldpa, B., As, C., et  al. (2022). Drip fertigation with 
treated municipal wastewater and soil amendment with 
composted sewage sludge for sustainable protein-rich rice 
cultivation. Environmental Technology & Innovation, 28, 
102569. https:// doi. org/ 10. 1016/j. eti. 2022. 102569

Oleszczuk, P. (2008). Phytotoxicity of municipal sewage 
sludge composts related to physico-chemical properties, 
PAHs and heavy metals. Ecotoxicology and Environ-
mental Safety, 69(3), 496–505. https:// doi. org/ 10. 1016/j. 
ecoenv. 2007. 04. 006

Oliveira, V., Ottosen, L. M., Labrincha, J., et  al. (2016). Val-
orisation of phosphorus extracted from dairy cattle slurry 
and municipal solid wastes digestates as a fertilizer. Waste 
and Biomass Valorization, 7(4), 861–869. https:// doi. org/ 
10. 1007/ s12649- 015- 9466-0

Pedra, F., Polo, A., Ribeiro, A., et al. (2007). Effects of munici-
pal solid waste compost and sewage sludge on mineraliza-
tion of soil organic matter. Soil Biology and Biochemistry, 
39(6), 1375–1382. https:// doi. org/ 10. 1016/j. soilb io. 2006. 
12. 014

Pei, K., Xiao, K., Hou, H., et al. (2020). Improvement of sludge 
dewaterability by ammonium sulfate and the potential 
reuse of sludge as nitrogen fertilizer. Environmental 
Research, 191, 110050. https:// doi. org/ 10. 1016/j. envres. 
2020. 110050

Qian, T., Ong, W. S., Lu, D., et al. (2022). A potential phospho-
rus fertilizer to alleviate the coming “phosphorus crisis”-
biochar derived from enhanced biological phosphorus 

 119   Page 12 of 14

https://doi.org/10.1016/j.biortech.2022.127523
https://doi.org/10.1016/j.biortech.2022.127523
https://doi.org/10.1016/j.jclepro.2021.127811
https://doi.org/10.1016/j.jclepro.2021.127811
https://doi.org/10.1007/s11368-017-1698-0
https://doi.org/10.1007/s11368-017-1698-0
https://doi.org/10.1016/j.watres.2015.11.071
https://doi.org/10.1016/j.watres.2015.11.071
https://doi.org/10.1016/j.envres.2017.03.010
https://doi.org/10.1016/j.envres.2017.03.010
https://doi.org/10.1007/s11274-011-0704-8
https://doi.org/10.1007/s11274-011-0704-8
https://doi.org/10.1007/s10705-014-9641-x
https://doi.org/10.1007/s42729-020-00262-6
https://doi.org/10.1007/s42729-020-00262-6
https://doi.org/10.1016/j.wasman.2015.01.025
https://doi.org/10.1016/j.scitotenv.2022.156773
https://doi.org/10.1016/j.chemosphere.2010.11.039
https://doi.org/10.1016/j.chemosphere.2010.11.039
https://doi.org/10.1007/s12665-013-2397-9
https://doi.org/10.1007/s12665-013-2397-9
https://doi.org/10.1007/s11783-021-1504-5
https://doi.org/10.1007/s11783-021-1504-5
https://doi.org/10.1016/j.applthermaleng.2005.07.036
https://doi.org/10.1016/j.applthermaleng.2005.07.036
https://doi.org/10.1038/s41598-018-37338-4
https://doi.org/10.1038/s41598-018-37338-4
https://doi.org/10.1016/j.envres.2021.112481
https://doi.org/10.1016/j.envres.2021.112481
https://doi.org/10.1016/j.biortech.2021.124847
https://doi.org/10.1016/j.biortech.2021.124847
https://doi.org/10.1016/j.scitotenv.2021.148832
https://doi.org/10.1016/j.coesh.2019.09.011
https://doi.org/10.1016/j.coesh.2019.09.011
https://doi.org/10.1016/j.eti.2022.102569
https://doi.org/10.1016/j.ecoenv.2007.04.006
https://doi.org/10.1016/j.ecoenv.2007.04.006
https://doi.org/10.1007/s12649-015-9466-0
https://doi.org/10.1007/s12649-015-9466-0
https://doi.org/10.1016/j.soilbio.2006.12.014
https://doi.org/10.1016/j.soilbio.2006.12.014
https://doi.org/10.1016/j.envres.2020.110050
https://doi.org/10.1016/j.envres.2020.110050


Water Air Soil Pollut (2023) 234:119

1 3
Vol.: (0123456789)

removal sludge. Science of The Total Environment, 838, 
156559. https:// doi. org/ 10. 1016/j. scito tenv. 2022. 156559

Qin, P., Hui, H., Song, W., et  al. (2022). Characteristics of 
fused calcium magnesium phosphate fertilizer (FCMP) 
made from municipal sewage sludge and its properties. 
Journal of Environmental Chemical Engineering, 10(6), 
108563. https:// doi. org/ 10. 1016/j. jece. 2022. 108563

Raheem, A., Sikarwar, V. S., He, J., et al. (2018). Opportuni-
ties and challenges in sustainable treatment and resource 
reuse of sewage sludge: A review. Chemical Engineering 
Journal, 337, 616–641. https:// doi. org/ 10. 1016/j. cej. 2017. 
12. 149

Raissy, M., Ansari, M., Chaleshtori, R. S., et al. (2022). A sys-
tematic review of the concentration of potentially toxic 
elements in fish from the Persian Gulf: A health risk 
assessment study. Food and Chemical Toxicology, 163, 
112968. https:// doi. org/ 10. 1016/j. fct. 2022. 112968

Rehman, R. A., & Qayyum, M. F. (2020). Co-composts of sew-
age sludge, farm manure and rock phosphate can substi-
tute phosphorus fertilizers in rice-wheat cropping system. 
Journal of Environmental Management, 259, 109700. 
https:// doi. org/ 10. 1016/j. jenvm an. 2019. 109700

Rivier, P.-A., Havranek, I., Coutris, C., et al. (2019). Transfer 
of organic pollutants from sewage sludge to earthworms 
and barley under field conditions. Chemosphere, 222, 
954–960. https:// doi. org/ 10. 1016/j. chemo sphere. 2019. 02. 
010

Rolsky, C., Kelkar, V., Driver, E., et al. (2020). Municipal sew-
age sludge as a source of microplastics in the environment. 
Current Opinion in Environmental Science & Health, 14, 
16–22. https:// doi. org/ 10. 1016/j. coesh. 2019. 12. 001

Saleh Bairq, Z. A., Li, R., Li, Y., et  al. (2018). New advance-
ment perspectives of chloride additives on enhanced heavy 
metals removal and phosphorus fixation during thermal 
processing of sewage sludge. Journal of Cleaner Produc-
tion, 188, 185–194. https:// doi. org/ 10. 1016/j. jclep ro. 2018. 
03. 276

Sarkar, B., Mandal, S., Tsang, Y. F., et al. (2019). Sustainable 
sludge management by removing emerging contaminants 
from municipal wastewater using carbon nanotubes. 
Industrial and Municipal Sludge (pp. 553–571). Butter-
worth-Heinemann. https:// doi. org/ 10. 1016/ B978-0- 12- 
815907- 1. 00024-6

Schambeck, C. M., Costa, R., & Derlon, N. J. B. T. (2021). 
Phosphate removal from municipal wastewater by algi-
nate-like exopolymers hydrogels recovered from aerobic 
granular sludge. Bioresource Technology, 333, 125167. 
https:// doi. org/ 10. 1016/j. biort ech. 2021. 125167

Sciubba, L., Cavani, L., Marzadori, C., et  al. (2013). Effect 
of biosolids from municipal sewage sludge composted 
with rice husk on soil functionality. Biology and Fer-
tility of Soils, 49(5), 597–608. https:// doi. org/ 10. 1007/ 
s00374- 012- 0748-4

Selambakkannu, S., Bakar, K. A., Ting, T. M., et  al. (2022). 
Assessment of pathogenic microorganisms inactivation by 
electron beam irradiation and physico-chemical character-
istics evaluation in sewage sludge. Radiation Physics and 
Chemistry, 199, 110358. https:// doi. org/ 10. 1016/j. radph 
yschem. 2022. 110358

Seleiman, M. F., Santanen, A., & Mäkelä, P. S. A. (2020). 
Recycling sludge on cropland as fertilizer – Advantages 

and risks. Resources, Conservation and Recycling, 155, 
104647. https:// doi. org/ 10. 1016/j. resco nrec. 2019. 104647

Shen, B., & Qinlei. (2006). Study on MSW catalytic com-
bustion by TGA. Energy Conversion and Management, 
47(11), 1429–1437. https:// doi. org/ 10. 1016/j. encon man. 
2005. 08. 016

Steckenmesser, D., Vogel, C., Adam, C., et  al. (2017). Effect 
of various types of thermochemical processing of sewage 
sludges on phosphorus speciation, solubility, and ferti-
lization performance. Waste Management, 62, 194–203. 
https:// doi. org/ 10. 1016/j. wasman. 2017. 02. 019

Stefanakis, A., Akratos, C. S., & Tsihrintzis, V. A. (2014). 
Chapter 9 - general aspects of sludge management. In A. 
Stefanakis, C. S. Akratos, & V. A. Tsihrintzis (Eds.), Ver-
tical flow constructed wetlands (pp. 181–189). Elsevier. 
https:// doi. org/ 10. 1016/ B978-0- 12- 404612- 2. 00009-X

Sun, S.-J., Zhao, Z.-B., Li, B., et al. (2019). Occurrence, com-
position profiles and risk assessment of polycyclic aro-
matic hydrocarbons in municipal sewage sludge in China. 
Environmental Pollution, 245, 764–770. https:// doi. org/ 
10. 1016/j. envpol. 2018. 11. 067

Tang, Y., Xie, H., Sun, J., et  al. (2022). Alkaline thermal 
hydrolysis of sewage sludge to produce high-quality liq-
uid fertilizer rich in nitrogen-containing plant-growth-pro-
moting nutrients and biostimulants. Water Research, 211, 
118036. https:// doi. org/ 10. 1016/j. watres. 2021. 118036

Tqa, B., Qin, Y., Dcfja, B., et  al. (2019). Transformation of 
phosphorus in sewage sludge biochar mediated by a phos-
phate-solubilizing microorganism. Chemical Engineering 
Journal, 359, 1573–1580. https:// doi. org/ 10. 1016/j. cej. 
2018. 11. 015

Tsadilas, C. D., Hu, Z., Bi, Y., et al. (2018). Utilization of coal 
fly ash and municipal sewage sludge in agriculture and for 
reconstruction of soils in disturbed lands: Results of case 
studies from Greece and China. International Journal of 
Coal Science & Technology, 5(1), 64–69. https:// doi. org/ 
10. 1007/ s40789- 018- 0202-9

Wang, H., Xu, J., Liu, Y., et al. (2021). Preparation of ceram-
site from municipal sludge and its application in water 
treatment: A review. Journal of Environmental Manage-
ment, 287, 112374. https:// doi. org/ 10. 1016/j. jenvm an. 
2021. 112374

Wang, Y., Zheng, G., Wang, D., et  al. (2022). Occurrence 
of bacterial and viral fecal markers in municipal sew-
age sludge and their removal during sludge conditioning 
processes. Journal of Environmental Management, 310, 
114802. https:// doi. org/ 10. 1016/j. jenvm an. 2022. 114802

Wu, B., Dai, X., & Chai, X. J. W. R. (2020). Critical review 
on dewatering of sewage sludge: Influential mechanism, 
conditioning technologies and implications to sludge re-
utilizations. Water Research, 180, 115912. https:// doi. org/ 
10. 1016/j. watres. 2020. 115912

Wu, Z., Jiang, Y., Guo, W., et al. (2021). The long-term perfor-
mance of concrete amended with municipal sewage sludge 
incineration ash. Environmental Technology & Innovation, 
23, 101574. https:// doi. org/ 10. 1016/j. eti. 2021. 101574

Xiao, Z., Yuan, X., Leng, L., et  al. (2016). Risk assessment 
of heavy metals from combustion of pelletized munici-
pal sewage sludge. Environmental Science and Pollution 
Research, 23(4), 3934–3942. https:// doi. org/ 10. 1007/ 
s11356- 015- 5213-0

Page 13 of 14    119

https://doi.org/10.1016/j.scitotenv.2022.156559
https://doi.org/10.1016/j.jece.2022.108563
https://doi.org/10.1016/j.cej.2017.12.149
https://doi.org/10.1016/j.cej.2017.12.149
https://doi.org/10.1016/j.fct.2022.112968
https://doi.org/10.1016/j.jenvman.2019.109700
https://doi.org/10.1016/j.chemosphere.2019.02.010
https://doi.org/10.1016/j.chemosphere.2019.02.010
https://doi.org/10.1016/j.coesh.2019.12.001
https://doi.org/10.1016/j.jclepro.2018.03.276
https://doi.org/10.1016/j.jclepro.2018.03.276
https://doi.org/10.1016/B978-0-12-815907-1.00024-6
https://doi.org/10.1016/B978-0-12-815907-1.00024-6
https://doi.org/10.1016/j.biortech.2021.125167
https://doi.org/10.1007/s00374-012-0748-4
https://doi.org/10.1007/s00374-012-0748-4
https://doi.org/10.1016/j.radphyschem.2022.110358
https://doi.org/10.1016/j.radphyschem.2022.110358
https://doi.org/10.1016/j.resconrec.2019.104647
https://doi.org/10.1016/j.enconman.2005.08.016
https://doi.org/10.1016/j.enconman.2005.08.016
https://doi.org/10.1016/j.wasman.2017.02.019
https://doi.org/10.1016/B978-0-12-404612-2.00009-X
https://doi.org/10.1016/j.envpol.2018.11.067
https://doi.org/10.1016/j.envpol.2018.11.067
https://doi.org/10.1016/j.watres.2021.118036
https://doi.org/10.1016/j.cej.2018.11.015
https://doi.org/10.1016/j.cej.2018.11.015
https://doi.org/10.1007/s40789-018-0202-9
https://doi.org/10.1007/s40789-018-0202-9
https://doi.org/10.1016/j.jenvman.2021.112374
https://doi.org/10.1016/j.jenvman.2021.112374
https://doi.org/10.1016/j.jenvman.2022.114802
https://doi.org/10.1016/j.watres.2020.115912
https://doi.org/10.1016/j.watres.2020.115912
https://doi.org/10.1016/j.eti.2021.101574
https://doi.org/10.1007/s11356-015-5213-0
https://doi.org/10.1007/s11356-015-5213-0


Water Air Soil Pollut (2023) 234:119

1 3
Vol:. (1234567890)

Yakamercan, E., Ari, A., & Aygün, A. (2021). Land applica-
tion of municipal sewage sludge: Human health risk 
assessment of heavy metals. Journal of Cleaner Produc-
tion, 319, 128568. https:// doi. org/ 10. 1016/j. jclep ro. 2021. 
128568

Yue, Y., Yao, Y., Lin, Q., et  al. (2017). The change of heavy 
metals fractions during hydrochar decomposition in soils 
amended with different municipal sewage sludge hydro-
chars. Journal of Soils and Sediments, 17(3), 763–770. 
https:// doi. org/ 10. 1007/ s11368- 015- 1312-2

Zhai, Y., Peng, C., Xu, B., et  al. (2017). Hydrothermal car-
bonisation of sewage sludge for char production with dif-
ferent waste biomass: Effects of reaction temperature and 
energy recycling. Energy, 127, 167–174. https:// doi. org/ 
10. 1016/j. energy. 2017. 03. 116

Zhang, B., Fu, Y., Wang, F., et al. (2022a). Multidrug-resistant 
enteroaggregative Escherichia coli (EAEC) enters dor-
mant state during heat treatment: A potential hazard in 
municipal sludge. Environmental Pollution, 305, 119312. 
https:// doi. org/ 10. 1016/j. envpol. 2022. 119312

Zhang, L., Liu, Y., & Duan, F. (2022b). Metal recovery and 
heavy metal migration characteristics of ferritic stainless 
steel pickling sludge reduced by municipal sludge. Waste 
Management, 144, 57–66. https:// doi. org/ 10. 1016/j. was-
man. 2022. 03. 010

Zhang, Y., Zhou, C., Deng, Z., et  al. (2022c). Influence of 
corn straw on distribution and migration of nitrogen and 
heavy metals during microwave-assisted pyrolysis of 
municipal sewage sludge. Science of The Total Environ-
ment, 815, 152303. https:// doi. org/ 10. 1016/j. scito tenv. 
2021. 152303

Zhao, Y., Zhan, J., Liu, G., et al. (2017). Field study and theoreti-
cal evidence for the profiles and underlying mechanisms of 
PCDD/F formation in cement kilns co-incinerating munici-
pal solid waste and sewage sludge. Waste Management, 61, 
337–344. https:// doi. org/ 10. 1016/j. wasman. 2016. 12. 008

Zhao, J., Li, B., Wei, X., et al. (2020). Slagging characteristics 
caused by alkali and alkaline earth metals during munici-
pal solid waste and sewage sludge co-incineration. Energy, 
202, 117773. https:// doi. org/ 10. 1016/j. energy. 2020. 117773

Zhao, Q., Peng, Y., Li, J., et al. (2022). Sustainable upgrading 
of biological municipal wastewater treatment based on 
anammox: From microbial understanding to engineer-
ing application. Science of The Total Environment, 813, 
152468. https:// doi. org/ 10. 1016/j. scito tenv. 2021. 152468

Zheng, X., Wang, J., Zhang, C., et  al. (2022). Influence of dis-
solved organic matter on methylmercury transformation dur-
ing aerobic composting of municipal sewage sludge under 
different C/N ratios. Journal of Environmental Sciences, 
119, 130–138. https:// doi. org/ 10. 1016/j. jes. 2022. 06. 035

Publisher’s Note Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

Springer Nature or its licensor (e.g. a society or other partner) 
holds exclusive rights to this article under a publishing 
agreement with the author(s) or other rightsholder(s); author 
self-archiving of the accepted manuscript version of this article 
is solely governed by the terms of such publishing agreement 
and applicable law.

 119   Page 14 of 14

https://doi.org/10.1016/j.jclepro.2021.128568
https://doi.org/10.1016/j.jclepro.2021.128568
https://doi.org/10.1007/s11368-015-1312-2
https://doi.org/10.1016/j.energy.2017.03.116
https://doi.org/10.1016/j.energy.2017.03.116
https://doi.org/10.1016/j.envpol.2022.119312
https://doi.org/10.1016/j.wasman.2022.03.010
https://doi.org/10.1016/j.wasman.2022.03.010
https://doi.org/10.1016/j.scitotenv.2021.152303
https://doi.org/10.1016/j.scitotenv.2021.152303
https://doi.org/10.1016/j.wasman.2016.12.008
https://doi.org/10.1016/j.energy.2020.117773
https://doi.org/10.1016/j.scitotenv.2021.152468
https://doi.org/10.1016/j.jes.2022.06.035

	Recent Research on Municipal Sludge as Soil Fertilizer in China: a Review
	Abstract 
	1 Introduction
	2 The Potential of Municipal Sludge as a Soil Fertilizer
	3 Constraints in the Use of Municipal Sludge as Soil Fertilizer
	3.1 Threat of PTEs in Municipal Sludge
	3.2 Threat of Pathogens in Municipal Sludge
	3.3 Threat of Persistent Organic Pollutants in Municipal Sludge

	4 Recent Research Progress on Municipal Sludge as Fertilizer
	5 Conclusions
	Acknowledgements 
	References




