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a b s t r a c t

Saline–alkali soil has become a significant problem for global agriculture and food
security as these soils have poor physicochemical conditions and reduce crop production
by causing a wide range of physiological and biochemical changes in plants. More than
800 million hectares (Mha) of land throughout the world are affected by saline–alkali
soil, which accounts for 6% of the world total land area, and about 62 Mha or 20% of the
world’s irrigated land is affected by saline–alkali soil. Numerous studies on saline–alkali
soils have been conducted throughout the years in an attempt to reduce plant produc-
tivity losses. Utilizing sewage sludge (SS) is an efficient way to improve saline–alkali
soil and its physiochemical properties for plant productivity and improve soil’s health
and crop yield. However, the in-depth mechanisms for the utilization of sewage sludge,
their nutrient levels, toxic and harmful substances such as heavy metals, pathogenic
microorganisms, antibiotics, and resistant genes that affect crop yield, groundwater
quality, and ecological risks are still uncertain. This review enhances the awareness and
knowledge to explore the sustainable mode of SS utilization in saline–alkali soil for the
crop growth with crop rhizosphere effect, saline–alkali soil micro-ecology, carbon and
nitrogen cycle enhancement. The potential future perspectives and research limitations
for the utilization of SS for the crop production in saline–alkali soil are also discussed
in review article.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Acronyms and Abbreviations

Al2(SO4)3 Aluminum sulfates
ARGS Antibiotic Resistance Genes
AS Activated Sludge
As Arsenic
B Boron
Ca2+ Calcium
Cd2+ Cadmium
C–GT Carver–Greenfield Technology
Cl− Chloride
CO2 Carbon Dioxide
Co2+ Cobalt
CO3

2− Carbonate Ions
Cr2+ Chromium
Cu2+ Copper
DEH 4-Deoxy-L-Erythro-5-Hexoseulose Uronate
dS cm−1 Decisiemens per centimeter
dS/m Decisiemens per meter
EC Electric Conductivity
ESP Exchangeable Sodium Percentage
FAO Food And Agricultural Organization
FD Fluidized Bed
2
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Fe2+ Iron
GHGs Greenhouse Gases
GMs Geomaterials
GRT Gas Residence Time
HCO3

− Bicarbonate
Hg2+ Mercury
HMs Heavy metals
HR Heating Rate
HWSD Harmonized World Soil Database
K+ Potassium
K2O Potassium oxide
Mg2+ Magnesium
MgO Magnesium Oxide
Mha Million hectares
N2O Nitrous oxide
Na+ Sodium
NACWA National Association Of Clean Water Agencies
NBC Nano-biochar
NHAP Nano Hydroxyapatite
Ni2+ Nickel
NO3

− Nitrate
NOx Nitrogen oxides
NPs Nanoparticles
OFS Oil-From-Sludge
OM Organic Matter
P2O5 Phosphorus
PAH Polycyclic Aromatic Hydrocarbons
Pb2+ Lead
PCB Polychlorinated Biphenyls
PS Primary Sludge
PTEs Potential Toxics Elements
PVC Polyvinyl Chloride
SAR Sodium Adsorption Ratio
SARS-CoV-2 Severe Acute Respiratory Syndrome Coronavirus 2.
SiO2 Silica
SO4

2− Sulfate
SOM Soil Organic Matter
Sox Sulfur oxides
SS Sewage Sludge
SSBT Siemens Schwell–Brenna Technology
T Ha−1 Tonnes Per Hectare
TDS Total Dissolved Solids
TiO2 Titanium dioxide
WAS Waste Activated Sludge
WWTP Waste Water Treatment Plant
Zn2+ Zinc

1. Introduction

Saline–alkali soil is one of the main environmental factors affecting crop productivity, especially in arid and semi-
rid areas (Zhang, 2008, 2020a,b). Due to global industrialization, unplanned urbanization, climate change, and different
ypes of soil degradation, the accessibility of soil for agriculture is rapidly decreasing, particularly in developing countries
Jia et al., 2023; Ma and Tashpolat, 2023; Mukhopadhyay et al., 2021; Pitman and Läuchli, 2002; Khan and Shoumik,
022). The anion such as calcium (Ca2+), magnesium (Mg2+) iron (Fe2+), sodium (Na+), potassium (K+) and cations such
3
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Table 1
Classification of saline–alkali soil based on physiochemical properties modified from Scherer et al. (1996) and Alonge et al. (2018).
Characteristics Saline soil Alkali soil

pH <8.5 8.5–10.0
EC (dS m−1) >4 <4
ESP (%) <15 >15
Presence of cations/anions Na+ , K+ , Ca2+ , Mg2+ , SO4

−2 , and Cl− Carbonate ions CO3
2− of Na+

SAR (mmolc kg−1) <13 >13

Color White colored, thus referred to as white
alkali soils

Black colored, thus referred to as black
alkali soils

Also known as Solonchaks Solonetz

Description Smooth soil surface, apparent salt layer,
surface salt buildup, sluggish or no
germination, very limited plant growth.

Shallow plant roots, puddles of turbid
water on the surface of the soil,
different crop growth rates, etc.

as, carbonate (CO3
2−), bicarbonate (HCO3

−), chloride (Cl−), sulfate (SO4
2−) and nitrate (NO3

−) are the essential sources
f salinity; nevertheless, sodium salts are the most common cause of salinity in soils (Rengasamy, 2006), and it has a
egative impact on agricultural plants physiological and biochemical pathways (Nabati et al., 2011). The most prominent
nvironmental factor is salt stress that restricts plants growth, development, and crop yield (Hu and Schmidhalter, 2023;
örb et al., 2019), Soil salinization is a significant risk to soil functions listed recently reported by the Food and Agricultural
rganization (FAO) (FAO, 2015a,b). The excess sodium ions (Na+) induces cytosolic potassium (K+) and Ca2+ outflow,
ausing an imbalance in their cellular equilibrium, nutritional deficiency, oxidative stress, delayed growth, and cell death
Ahanger and Agarwal, 2017).

The amount of salt in the soil has been getting worse in the last few years, more than 800 million hectares (Mha) of land
hroughout the world affected by saline–alkali soil, which accounts for 6% of the world total land area (Dagar et al., 2019;
opalakrishnan and Kumar, 2020; Zaman et al., 2018). Thus, the saline–alkali soil problems are increasing, and making
nsufficient food in several countries it is estimated that currently about 62 MhA or 20% of the world’s irrigated land is
ffected directly impacts on crop yield (Bennett et al., 2009; Rengasamy, 2016; Zaman et al., 2018; Zörb et al., 2019).
ccording to calculation by Sandra (1989), approximately 25% of the world’s irrigated lands are negatively impacted by
alt. However, Adams and Hughes (1990) have reported a higher number, suggesting that up to 50% of irrigated lands are
ffected by salt. Szabolcs (1989) declared that salt-affected soils are present in every continent, and at least 70 countries
xperience significant problems related to salt. The recently studies investigate that the world’s total area of salt-affected
oil is around 1125 million hectares (Mha) (Hossain, 2019). According to the FAO Land and Nutrition Management Service
2008), more than 831 Mha of agricultural land is salt-affected on the global level (FAO, 2008); out of that saline affected
and are 397 Mha (47.8%), while alkali affected land are 434 Mha (52.2%) (Martinez-Beltran, 2005; Setia et al., 2013). Out
f the total cultivated and irrigated agricultural land, 50% is affected by high saline–alkali soil on global level (Gengmao
t al., 2015). Due to increasing soil salinity, three hectares of arable soil are degraded every minute, posing a severe threat
o global food security (Pisinaras et al., 2010; Zaman et al., 2018). At this rate more than 50% of arable land would be
alinized by 2050 (Jamil et al., 2011). The irrigation with saline water, low precipitation, and high evapotranspiration are
ey factors that cause salinization at a rate of 10% annually to agricultural lands. Even 30% of irrigated soil in regions
ike the Middle East, North America, and Oceania affected (Goossens and Van Ranst, 1998; Shrivastava and Kumar, 2015).
he world distribution of saline and alkali soil is shown in Fig. 1a, b. The effects of saline–alkali soils in these regions are
aused by the deposition of salts released from in soil seas, parent rock, historical drainage basins and a lack of adequate
atural drainage (Bhattacharyya et al., 2015).
The characteristics of saline–alkali soils are commonly used to describe pH, electrical conductivity (EC), exchangeable

odium percentage (ESP), and sodium adsorption ratio (SAR). Saline soil comprises soluble salts and the pH < 8.5, EC >
dS/m, ESP < 15 and SAR < 13; nevertheless, sulfate and chloride ions often predominate. It has a poor exchangeable
odium content and due to excess soluble salts, a white-colored salt crust forms at the soil surface when evaporation rate
s too high; hence, it is also called white alkali soil. However, the alkali soil comprises superfluous exchangeable sodium
ons and pH > 8.5, EC < 4 dS/m, ESP > 15, SAR > 13. These soils are also known as solonetz, it is black; thus, it is also
nown as black alkali. Allison and Richards (1954) developed the definition of salt-affected soil characteristics by using
easurable soil variables. For the salt-affected soil classes, Abrol et al. (1988) proposed a pH limit of 8.2 rather than 8.5 in

esponse to the Allison and Richards (1954) restrictions. These characteristics have often been employed to classify soils
ffected by salt, the classification of saline and alkali soils are shown in Table 1. Moreover, according to Szabolcs (1987)
aline soils can be classed as potentially saline, Gypsiferous, or depending on the soluble ions, such as Ca2+, soluble Mg2+,
e2+ and aluminum sulfates Al2(SO4)3, chloride (Cl−), etc. Table 2 shows the degree of saline–alkali concerns in soil is
ypically categorized using weight, electrical conductivity, and exchangeable sodium ions (Abrol et al., 1988; Allison and
ichards, 1954; Amrhein, 1996; FAO, 2008; Jahn et al., 2006) and chinese classification of soil in coastal, semi-humid,
emi-arid, arid regions and semi-desert and desert regions (Zunqin et al., 1993).
Agricultural risks from saline–alkali soil with toxic ions and poor growth conditions severely restrict nutrient cycling,

educing crop production (Rasouli et al., 2013; Setia et al., 2013). The economic impact of saline–alkali soil induced yield
4
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t

Fig. 1. (a) Area (Mha) of saline–alkali soil in different continents data collected from FAO (2015a,b) (b) Global saline–alkali soil by type and severity
based on data from the Harmonized World Soil Database (HWSD) (FAO, 2012; Wicke et al., 2011).

losses on agriculture businesses; it is estimated that the economic effect of saline–alkali on irrigated soil exceeds 27 billion
US dollars per year (Qadir et al., 2014). Several agricultural zones are at risk of zero yield due to soil salinization (Qadir
et al., 2006). An area of 6.10 Mha of the total 14.10 Mha of agricultural land accessible in the globe is either arid or
semi-arid (Christiansen, 1982). Crop yield was evaluated in previous research for varying degrees of soil salinity. In corn,
wheat, and cotton, moderate soil salinity of 8 to 10 dS m−1 caused yield losses of correspondingly 55%, 28%, and 15%. Due
o the higher soil salinity of 18 dS m−1, cotton yield loss by 55% (Satir and Berberoglu, 2016). A vast majority of crops
are extremely salt sensitive the proper techniques are needed to implement. Although high Na+ and Cl− concentrations
are harmful to plants, especially when they accumulate in the cytosol, diminutive is known about the cytosolic functions
impeded by high salt ion concentrations, such as the toxicity of chloride in the cytosol (Geilfus, 2018). Ion-toxicities
have several consequences, including an ionic imbalance in Na+ uptake that competes with the uptake of K+, Ca2+,
5
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Table 2
Classifying severity of saline and alkali level in soil.
Severity Saline soil (ECe dS/m) Alkali soil (ESP)

FAO (2008) Allison and Richards (1954) Abrol et al. (1988) Amrhein (1996)

Extreme >15 >70 >25
Very Strong 8–15 >16 50–70 15–25
Moderate 2–4 4–8 30–50 10–15
Slight 0.75–2 2–4 15–30 6–10
None <0.75 0–2 <15 <6

Chinese classification of soil measured in gm of salt content per kg soil (g/kg) (Zunqin et al., 1993)

Coastal, semi-humid, semi-arid, and arid regions Semi-desert and desert regions

Solonchak >6 >5–10
Severe 4–6 5–10
Moderate 2–4 3–5
Light 1–2 2–3
None <1.0 <2.0

and Mg2+. Also, there is an acceleration of transpiring leaf senescence due to toxic concentrations of deleterious ions in
photosynthetic active tissues and reduced availability of beneficial nutrients, thus to increase the agricultural/crop yield,
it is required to manage the saline–alkali soil (Egamberdieva et al., 2019). Due to coastal soil salinization, the delta regions
of India, Bangladesh, and Myanmar, which make substantial contributions to the world’s rice production, are threatened
with serious problems with food security (Abedin et al., 2014; Szabo et al., 2016). Ghassemi et al. (1995) reported that
salt-affected irrigated lands cost the world economy $12 billion US dollars in yearly income. Saline–alkali soil in the
central California area of the United States causes an annual loss in crop yield of around $3.7 billion US dollars (Dove,
2017). Salinity reduces crop production by 25% on average in the Alberta, the western province of Canada, and annual
agricultural loss in Pakistan Sindh province area is 31% due to waterlogging and salinity (Ilyas, 2017).

Industrial wastewater refers to the liquid waste that contains substances that have been dissolved or suspended in
ater, typically resulting from the utilization of water in industrial production processes or the accompanying cleaning
rocedures (Woodard and Curran, 2006). Many industrial wastewaters, whether arising from manufacturing, agricultural,
r food processing businesses, are polluted with potentially harmful ionic species such as toxic metals and bacteria. As
consequence, they represent a considerable hazard to human health and the environment (Izah et al., 2023). Domestic
ewage is wastewater that is evacuated from homes, hotels, restaurants, schools, and retail centers on a regular basis. It
as a broad variety of sources and a vast quantity. Domestic sewage is distinguished by a high concentration of pathogenic
icrobes, suspended materials, and organic stuff such as protein, carbohydrate, fat, and urea (Jiao, 2021).Two main types
f domestic wastewater black water and gray water. Black water consists of the waste discharged from toilets and
ontains significant amounts of organic matter, nitrogen, and phosphorus. On the other hand, gray water refers to all other
astewater generated in households, such as from sinks, showers, and laundry, excluding toilet waste. Gray water volume

s seven times higher than black water and typically contains lower levels of organic compounds, although some persistent
olecules may still be present. Residential structures or homes account for approximately 75% of domestic wastewater
roduction, while the remaining percentage comes from office buildings, commercial areas, public facilities, and the like.
lthough both household and non-household sources generate wastewater, the composition and quantity of domestic
astewater differ while sharing similar components (Widyarani et al., 2022). The Rural Ministry of Agriculture of China
as banned the use of sewage sludge for agricultural production due to concerns over heavy metal contamination and
ther pollutants (Yang et al., 2015). In China, most of the sewage sludge is disposed of by improper dumping. However,
ome studies have shown that composted sewage sludge can be used as fertilizer in agriculture. During composting,
traw, wood chips, bark, tree leaves, potassium fertilizer, and lime are added as bulking agents to improve the fertility of
omposted sludge (Zhihong, 1998).
Increasing crop yield to feed the rising population has been challenging since the beginning of agricultural techniques.

ence, developing strategies for managing saline–alkali soil will be crucial in tackling the issue of limited crop soil and
eeting the task of providing food security for the world’s projected 10 billion people by 2050 (Fischer et al., 2001;
onuma, 2018; Mukhopadhyay et al., 2021). Using sewage sludge (SS) is the best common technique for improving saline–
lkali soils’ physical and chemical properties and promoting plant production (Andriamananjara et al., 2016). Using SS on
aline–alkali soil for crop production is beneficial, as shown in Fig. 2 and the nutritional content is generally considered
ufficient for plant feeding (Fliessbach et al., 1994). Studies have investigated the efficacy of various organic materials,
ncluding sewage sludge, for remediating saline–alkali soil (Tejada et al., 2006; Walker and Bernal, 2008). Sewage sludge
s a significant raw resource because it is a great source of plant nutrients and contains a high concentration of organic
atter, humus content, phosphorus, nitrogen, and other micro and macro components (Madejón et al., 2001; Marschner
t al., 2003). Organic carbon-enriched SS may significantly improve agricultural soil’s physical, chemical, and biological
roperties. In addition, the usefulness of various organic additives, such as compost derived from municipal solid waste
MSW) or sewage sludge, for remediating salt-stressed soil has also been investigated (Tejada et al., 2006; Walker and
ernal, 2008). Many studies have found that chemical fertilizers, particularly phosphorus, may be efficiently substituted
6
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Fig. 2. Effects of saline–alkali soil Vs. Utilization of sewage sludge for crop productions.

with sewage sludge (Madejón et al., 2001; Marschner et al., 2003). Beneficial sludge contains up to 15% phosphorus
(P2O5), 1% K+, and roughly 10% nitrogen (Fijalkowski et al., 2017). Sewage sludge can also stimulate soil respiration,
and microorganism activity (Andriamananjara et al., 2016). Additionally, due to the lower costs, higher nutrient recovery,
and simplicity of application, sewage sludge SS can be a great organic fertilizer and the organic content of SS improves
saline–alkali soil biota, diversity, and nutrient storage and reduces erosion (Picariello et al., 2020). The physicochemical and
biological characteristics of soil are altered by the gradual release of mineral components from SS, and the soil becomes
improved (Cuevas et al., 2003). According to several studies, chemical fertilizers can be effectively replaced with SS,
especially phosphorus. However, various site-specific aspects such as applied technology, quantity, and the source of raw
wastewater vary by the macro- and microelements composition and hazard chemicals that make each SS unique. This
individuality must be considered to determine the results of SS treatment (González et al., 2019). Therefore, sludge use
has gained popularity as a resource due to the benefits of reclaiming plant nutrients and the ease of application and low
cost.

Vieira and Pazianotto (2016) demonstrated that SS could enhance soil fertility and physicochemical properties that can
consequently increase land capacity and soil structure. Many research works have shown that SS increases the physical
and chemical characteristics of soil as well as microbiological activities (Ahmadpoor et al., 2011; Fernández-Luqueño
et al., 2008; Koutroubas et al., 2023; Lakhdar et al., 2010; Shafieepour et al., 2011; Singh and Agrawal, 2008; Sousa and
Figueiredo, 2016; Yue et al., 2017). Thus, it can improve agricultural production (Picariello et al., 2020; Rajput et al.,
2022b; Tamrabet et al., 2009; Zhang et al., 2022). However, it is still unclear the effect of the absorption of nutrients
by crops under multi-factor superposition stress; accumulation and transport of heavy metals (HMs) in the crop–soil–
groundwater system can lead to environmental and ecological risks of soil/groundwater. This review paper focuses on
sources and physicochemical characteristics of sewage sludge and the regulation for the safe and sustainable utilization
of SS in saline–alkali soil for enhancing crop production. We also focuses on the utilization of SS and the mechanism for
soil fertility, as well as providing future recommendation based on our theoretical discussions.
7
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2. Sources and characteristics of sewage sludge

2.1. Sources of sewage sludge

Sludge refers to a mixture that is only partially solid and is produced by a variety of industrial processes such
s the treatment of water or wastewater, as well as on-site sanitation systems. It can be created using, for instance,
ettled suspensions obtained from routine drinking water treatment processes, sewage sludge collected from wastewater
reatment operations, or feces obtained from pit latrines and septic tanks (Raheem et al., 2018). Animal excrement
s one of the main particles found in sludge. Sludge can be a potential organic fertilizers if it is composted because
astewater sludge is a rich source of nutrients, inorganic chemicals, and organic molecules. However, an excessive usage
f uncontrolled wastewater could harm people’s health and the climate as it may contain harmful pathogens or pollutants.
Since the amount of sludge has increased over the last few years, it has become a problem that needs solving. The

nited States produces around 10 Mt of dry sludge annually on average. In the European Union, it generates around 7.2
t of sludge solids annually. China produces 39 Mt of sludge annually (Kumar et al., 2021). The utilization and treatment
rocess of this sludge has become a new dilemma these days. In a wastewater treatment plants (WWTPs), domestic and
ndustrial wastewater must be treated via a primary sedimentation tank, an aeration tank, and a secondary sedimentation
ank (Zhou et al., 2015).

Additionally, there are certain reimbursements for increasing food security, income opportunities, weather changes,
nd providing safe habitats for effective wastewater treatment (Corcoran, 2010). In Namibia, for example, 35% of all
astewater is treated, making it one of the many places in the world where filtered water has been effectively utilized

or consumption (Association, 2013). In some underdeveloped countries, fecal sludge for wastewater treatment must
e processed into dry fuel, such as briquettes (Logan et al., 2006). The main resources from wastewater treatment are
rrigation and drinking water. Due to the minimal contamination of residential sanitation systems compared to bio solids
rom wastewater treatment facilities, feces are often utilized as fertilizer, particularly in septic systems. Certain treatment
echniques absorb nutrients from wastewater’s rich nitrate and phosphate structure during treatment, as opposed to
reatment materials (Guest et al., 2009).

A highly complex mixture of molecules from proteins, peptides, lipids, polysaccharides, phenolic or aliphatic plant
acromolecules (such as lignins or tannins), cutins or suberins, as well as organic micropollutants like polycyclic aromatic
ydrocarbons (PAH) or dibenzofurans, are present in the undigested organic materials (Haghighat et al., 2020). Primary
nd secondary activated sludge properties are shown in Table 3. Primary SS is produced during mechanical wastewater
reatment (screening, grit removal, and sedimentation). It typically comprises between 93% and 99.5% water and a high
oncentration of suspended and dissolved organic materials. Waste activated sludge (WAS), also known as secondary
ludge, is generated during the biological treatment of wastewater and is primarily composed of microbial cells, which
re polymeric organic molecules. The total solids content in secondary sludge varies from 0.8% to 1.2%, depending on
he biological treatment method (Tezel et al., 2011a). The WAS contains 59 to 88% (w/v) organic material, which may
ecompose and emit unpleasant smells. Over 95% of the sludge is water, with only a minor portion solid. The organic
omponent comprises 50–55 percent carbon, 30%–35% oxygen, 15%–20% nitrogen, 6%–10% hydrogen, 1%–3% phosphorus,
nd 0.5–1.5% sulfur (Orhon, 1997). Minerals such as quartz, calcite, or microline comprise most of the waste sludge’s
sh content. Fe2+, Ca2+, K2+ and Mg2+ are among the components that contribute to the formation of these minerals.
urthermore, the sludge contains heavy metals such as Chromium (Cr2+), Nickel (Ni2+), Copper (Cu2+), Zinc (Zn2+), Lead
Pb2+), Cadmium (Cd2+), and Mercury (Hg2+) (Fonts et al., 2009). The combination of organic (volatile), inorganic matter
inert material), and wastewater in sludge determines their potential for crop production. The volatile solids, which are
urther split into easily degradable (50% in primary sludge and 25% in WAS) and not quickly degradable (30% in primary
ludge and 55% in WAS), account for the majority of the sludge’s energy content (Tezel et al., 2011a,b).

.1.1. Treated domestic and industrial sludge
The US Environmental Protection Agency (EPA) states that utilizing treated domestic wastewater effluents and sludge

n agricultural land can enhance crop production. Sewage sludge and wastewater effluents contain vital plant nutrients
nd improve the soil’s physical condition, creating a more favorable environment for managing nutrients and water
Council, 1996; da Silva Oliveira et al., 2007; Feigin et al., 2012). However, applying industrial wastewater treated sewage
ludge in farming may endanger the health and well-being of organisms exposed to contaminants over extended periods.
ndustrial sewage sludge contains heavy metals and antibiotics, which can interact and contribute to the emergence
f bacterial resistance to these pollutants. Extensive environmental research and regulatory measures are necessary to
inimize the risk of transferring these environmentally concerning pollutants and to understand their long-term effects.

mproper or excessive application of industrial sewage sludge can result in nutrient imbalances, soil contamination, and
he accumulation of heavy metals, all of which have detrimental effects on soil quality. Moreover, sludge may contain
ontaminants that can leach into water sources, posing risks to water quality. Previous studies have demonstrated that
ll pollutants are transferred to crops, posing a risk to consumers (Buta et al., 2021).
It is important to consider that the specific effects of treated domestic and industrial waste sludge can vary based

n factors such as treatment processes, sludge characteristics, application methods, and local environmental conditions.
herefore, the presence of pollutants in treated industrial sewage sludge should be considered in the ongoing scientific
iscourse regarding the use of sewage sludge in agriculture. Thus, the proper treatment, management, and monitoring
re crucial to mitigate potential negative effects and maximize the beneficial use of waste sludge while protection human

ealth and the environment.
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Table 3
Primary sludge (PS) and activated sludge (AS) characteristics (Tchobanoglus et al., 2003).
Parameters PS AS Chemical composition

pH 5.0–8.0 6.5–8.0 Non-toxic organic carbon compounds (appx.
60% on dry basis), Kjeldhal-N,
phosphorus-containing components.

Toxic pollutants: heavy metals such as, Zn2+ ,
Pb2+ , Cu2+ , Cr2+ , Ni2+ , Cd2+ , Hg2+ , As: Initial
concentration vary from 1000 mg/L to less
than 1 mg/L, PCB, PAH, Dioxins, Pesticides,
Endocrine disrupters, Nonyl-phenols.

Pathogens and other microbiological
pollutants.

Inorganic compounds: Silicates, aluminates,
Ca2+ , and Mg2+ , containing compounds.

Water, varying from a few percent to more
than 95%.

Grease and fats (%TS) 7–35 5–12
Protein (%TS) 20–30 32–41
Alkalinity (mg/L as CaCO3) 500–1500 580–1100
Organic acids (mg/L as acetate) 200–2000 1100–1700
Energy content (kJ/kg TS) 23,000–2900 19,000–23,000
Silica (SiO2%TS) 15–20 –
Iron (Fe g/kg) 2–4 –
Cellulose (%TS) 8–15 7–9.7
Potash (K2O %TS) 0–1 0.5–0.7
Phosphorus (%TS) 0.8–2.8 0.5–0.7
Nitrogen (%TS) 1.5–4 2.4–5.0
Volatile solids, VS (%TS) 60–80 59–68
Total dry solids (total solids, TS) % 5–9 0.8–1.2

2.2. Characteristics of sewage sludge

Sewage sludge is widely used in the agricultural sector as an organic fertilizer and for soil management. It can be a
ubstitute for synthetic fertilizers reducing their requirements in the agricultural field (Mtshali et al., 2014). However, the
pplication of sludge may have an adverse effect on the environment, especially if it contains HMs, organic pollutants,
r pathogens. Hence, it is required to study the physical, chemical, and biological characteristics of sludge to know its
urface properties, flocculating ability, nutrient content, probable HMs, and microbial activities.
The addition of municipal sludge can increase soil productivity by improving soil physical, chemical, and biological

roperties as sludge has a higher concentration of essential macro and micronutrients, organic carbon, and beneficial
acteria. Also, it may be a cost-effective organic fertilizer. Sustainable soil fertility may be promoted by adding organic
atter like municipal sludge, potentially enhancing the soil’s biological and physio-chemical characteristics. Various
oil characteristics benefit from wastewater sludge’s high concentrations of beneficial minerals and organic materials
onsequently, it may be a low-cost fertilizer. The separate discussions of the impact of sewage sludge on the physical,
hemical, and biological soil characteristics are described as follow.

.2.1. Physical characteristics of sewage sludge
The major physical characteristics of SS as a soil amendment include its density, porosity (void volume), water

olding capacity, particle size distribution, flocculating ability, etc. Studies have revealed a lower bulk density of sewage
ludge, and it depends on the sources of sludge materials, treatment process, water content, etc. For example, Angin and
aghanoglu (2011) found a bulk density of 0.676 gm cm−3 in anaerobically digested sewage sludge, El-Nahhal et al. (2014)
.18 gm cm−3, and Hu et al. (2012a) 1.05 gm cm−3 in wastewater treated sludge. It was explained that the decreased
ulk density of sludge could be the result of higher porosity and the presence of water vapor and gas molecules inside
he material. Without this, a higher water holding capacity and a lower filterability of sludge indicates a strong link to the
apacity to bind water molecules and pore and particles size distribution. El-Nahhal et al. (2014) showed that the moisture
etention capacity of sludge can be 2 times higher than a sandy soil, and they explained that the lesser permeability and
ore porosity could be responsible for higher water holding capacity. Moreover, water is present in four different forms

n sludge materials, and they are interstitial water, capillary water, adhesive water, and internal water (Vaxelaire and
ézac, 2004). Among these four forms, capillary, adhesive, and internal forms are very difficult to separate. Another study
onducted by found a series of different clusters with various pore sizes in sludge materials that ensured a higher void
olume and lower bulk density (Ruan and Liu, 2013). They also showed the presence of high porosity in the sludge floc (a
rocess of cluster–cluster flocculation), the gaps and holes on the floc surface, and the fractal structure with a size range
etween (0.5–50 µm). All these factors could be the reasons for lower density and high water retention capacity. Particle
ize is another important physical characteristic, but the distribution of particle size depends on the type of sludge and
he presence of gravels. For instance, Guo et al. (2020) found that the particles larger than 500 µm was more dominant
>90%) in aerobic granular sludge selection discharge, while particles less than 500 µm was dominant in aerobic granular
ludge mixture. However, in primary sludge, they found a small fraction of 500–2000 µm particles. El-Nahhal et al. (2014)
howed the domination (nearly 90%) of larger particles (630–200 µm) compared to the medium-sized (200–20 µm) and
ine-sized (<20 µm) particles. They highlighted that the domination of large particles could be due to the presence of
ggregates, large sand fractions, or small gravels.

.2.2. Chemical characteristics of sewage sludge
The chemical characteristics of sewage sludge mainly include pH, EC, organic carbon, and nutrient content. The pH of

S can be acidic to alkaline, but this pH range may differ based on the treatment and water content (El-Nahhal et al.,
9
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Table 4
Concentration of different HMs in sludge (Geng et al., 2020).
Heavy metals Concentration (mg/kg) in dry sludge

Arsenic 10
Cadmium 10
Chromium 500
Cobalt 30
Copper 800
Iron 17000
Lead 500
Mercury 6
Molybdenum 4
Nickel 80
Selenium 5
Zinc 1700

2014) found that the pH of the wastewater treated sludge was 6.78, and Angin and Yaghanoglu (2011) found a pH of
6.82 in anaerobically digested SS. The presence of organic matter could be the reason for lower pH. Because when organic
matter is decomposed and produces organic acids, they may become ionized and further produce hydrogen ions, which
can increase acidity. A research conducted by Yuan et al. (2014) concluded that the ammonia nitrogen, short-chain fatty
acids, and cations can be responsible for changing pH of sludge materials under different fermentation conditions. The
electrical conductivity of sludge depends on presence of soluble salts. El-Nahhal et al. (2014) found an average EC value
of 2.49 dS cm−1, Suanon et al. (2016) found >4 dS cm−1 in wastewater treated sludge, while Novak and Trapp (2005)
howed 14 dS cm−1 EC value in harbor sludge.
The organic matter and nutrient content of sludge vary depending on the treatment process and wastewater com-

osition. Sharma et al. (2022) disclosed that the amount of organic matter in dewatered sludge ranges between 50 and
0%, minerals between 30 and 50%, nitrogen between 3 and 4%, phosphorus between 1 and 3%. They also showed that
well-managed SS could be useful for agricultural purposes because of its high organic matter and nutrient content,
specially nitrogen and phosphorus. Other researchers also found a high amount of organic matter 70.5% (Wang et al.,
022) and 51.5% (Hurley et al., 2018). Nitrogen and phosphorus are found abundant in sewage sludge. Xu et al. (2012a,b)
epresented that sludge materials contain approximately 10% nitrogen as ammonium nitrogen and 10% phosphorus in
ater-soluble form. Another study conducted by Singh et al. (2022) showed that dry sludge may contain 2.35–4.2%
itrogen, 2.46–3.2% phosphorus, and 0.83–1.24% potassium, while sludge ash may contain around 14.6% phosphorus and
.7% potassium making it an excellent organic fertilizer for growing crops. Besides these primary macronutrients (NPK),
ludge also contain secondary macro and trace or micronutrients. However, their concentrations may vary depending on
he sources of sludge materials and treatment processes.

Despite being a potential soil amendment, sludge can cause environmental pollution because of containing destructive
hemical substances, like HMs and organic pollutants. The most common organic pollutants are polychlorinated biphenyls
PCBs) and dioxins. These compounds have higher lipid solubility but low water solubility which make them very
ard to remove from environment. HMs enter into our environment through the haphazard disposal of industrial
ffluents, wastewater, or through the corrosion of sewerage systems and accumulate in the sludge. Geng et al. (2020)
resented a probable and typical concentration of different HMs in sludge Table 4. Both HMs and organic pollutants
asily bioaccumulate in the food chain an ecosystem and pose a serious environmental and human and animal health
isk (Tytła, 2019).

.2.3. Biological characteristics of sewage sludge
Sewage sludge floc is a multiphase medium with microbial aggregates, filamentous bacterial strains, organic and

norganic particles, and plenty of water (Guangyin and Youcai, 2017; Maw et al., 2022). Generally chemical properties
f sludge, such as the macronutrient contents and pH (Wen-Feng et al., 2006); the presence of toxic elements, organic
ollutants (Balcom et al., 2016; Bettiol and Ghini, 2011); and biological treatment (redox) conditions (Hu et al., 2012b)
an directly influence the sludge bacterial community structure. A research showed by Cydzik-Kwiatkowska and Zielińska
2016) reported that many variables have been observed to influence structure of microbial community within WWTPs,
hich can shift from autotrophic to heterotrophic microorganisms depending on the effluent source. Most of the
icroorganisms found in urban WWTPs (household sewage) belonged to the phylum Proteobacteria 21%–65%, namely

he Betaproteobacteria, which are involved in organic matter decomposition and nutrient cycling. There were also
acteroidetes, Acidobacteria, and Chloroflexi, although they were far less numerous (Barnabé et al., 2008; Nielsen et al.,
010; Wan et al., 2011; Wang et al., 2012). Proteobacteria were also widespread in industrial effluent, which typically
ontained significant amounts of refractory chemicals from petroleum refineries, pharmaceutical businesses and other
ources (Ibarbalz et al., 2013; Ma et al., 2015). The biological treatment conditions have a significant impact on the
esults. Studies have shown that microorganisms were more abundant in anaerobic than in aerobic systems (Hu et al.,
012b). However, it includes harmful bacteria, viruses, and protozoa, which can pose health risks to humans, animals,
nd plants (Yang et al., 2022). The amount of harmful and parasitic organisms in SS may be greatly decreased prior
10
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f

to land application with adequate sludge treatment (Machnicka and Grübel, 2023). Pathogens in sewage and WWTP
effluents have been reported to risk health of people and animals (Schöniger-Hekele et al., 2007; Sutherland et al., 2010).
In addition, standards and regulations have not considered the pathogenic bacteria with antibiotic resistance genes (ARGs)
that provide threat of antibiotic resistance. According to recent research, SARS-CoV-2 detection in sludge is easier than in
sewage because sludge contains more virus particles and has longer residence times (Balboa et al., 2021). Because enteric
viruses tend to aggregate and adhere to solid particles, it is believed that their stability and inactivation in SS differs
from those in effluent (Bofill-Mas et al., 2006; Sidhu and Toze, 2009). There are two types of enteric viruses detected
in SS samples: enteroviruses (poliovirus, coxsackievirus, and echovirus) and heterogeneous viruses (rotavirus, human
caliciviruses, astroviruses, adenoviruses, and hepatitis A and E viruses). Usually, human adenoviruses are present in all
types of sludge (Sidhu and Toze, 2009). In the recent research the, adenovirus was effectively found in various types of
sludge with high occurrence (Assis et al., 2017; Bibby and Peccia, 2013; Jebri et al., 2012; Rhodes et al., 2015; Schlindwein
et al., 2010; Wong et al., 2010).

Based on various literature reviews, it has been observed that the quantity of adenoviruses in sewage sludge can range
rom 2.5 × 103 genomic copy.g−1 of dry weight in digested sludge samples to an average of 105 genomic copy.ml −1 in
activated sludge samples (Assis et al., 2017; Rhodes et al., 2015; Schlindwein et al., 2010). The adenovirus in primary sludge
reported 104 to 105 genomic copy.L−1 (Prado et al., 2014). Human adenoviruses are typically detected in large levels 103–
108 infectious units/L in untreated wastewater (Rames et al., 2016). Adenovirus is recognized as an emerging pathogen
due to its high resistance and prevalence, as well as the detection of the infectious virus in both treated drinking water and
wastewater (Hewitt et al., 2013). Adenoviruses are more strong and have harmful for environmental conditions than other
viruses (Gholipour et al., 2021). Adenovirus perseverance is related to a long life time of 301 days in viral-contaminated
purified surface water and 132 days in wastewater (Wong et al., 2012).

3. Factors affecting the dynamics of sewage sludge in soil

3.1. Dose of sewage sludge

The optimum dosage of sewage sludge for saline–alkali soil depends on factors such as sludge quality, soil type, crop,
and local regulations (Ahmed et al., 2010). The dosage is typically determined based on the nutrient content of the sludge,
which are beneficial for plant growth (Casado-Vela et al., 2007). The previous study determine the effect of various sewage
sludge dosages on sweet sorghum yields, quality, and soil attributes. In a three-year field experiment, three sorghum
cultivars (GK Csaba, Róna 1, Sucrosorgo 506) were studied, and it was discovered that higher dosages of sewage sludge
resulted in enhanced biomass yield. The differences in yields among the varieties were related to the level of sludge
fertilization, with Sucrosorgo 506 performing best with higher sludge doses, GK Csaba with a moderate dose, and Róna
1 with lower sludge doses. With increasing sludge dosages, the content, absorption, and bioaccumulation of nutrients
and heavy metals in the sludge increased, peaking at 60 MgDMha−1 of dry matter (Bielińska et al., 2015). According to
Mbagwu and Piccolo (1990), the degradation of organic components in sludge significantly increases the accessibility of
nutrients like nitrogen and phosphorus. The net nitrogen of soil particles increased by 57% and the amount of phosphorus
by 64.2% after the amendment of SS at a dose of 200 Mt h−1. The aerobic degradation of SS components produces both
organic and inorganic acids, which raises the soil’s acidity.

Urbaniak et al. (2017) reported that the addition of different doses of sludge caused a rapid and significant increase in
soil enzymatic activities, soil biomass, soil respiration and CO2. These increases were especially noticeable in soil treated
with high doses of sludge. According to recent research, increasing the amount of composted sludge improved electrical
conductivity, soil pH, aggregate stability, percentage of moisture of the dry soil at field capacity and wilting point, available
P, and exchangeable K in soil systems (Curci et al., 2020). Adhering to local regulations and considering crop needs is
crucial to prevent health risks, environmental pollution, and meet crop-specific requirements (Chang et al., 2001).

3.2. Long and short term application effects

The long-term impacts of sewage sludge on soil are less obvious and may vary depending on factors such as soil type,
climate, and dose of sludge applied. According to certain research, long-term sewage sludge application can enhance soil
microstructure and increase the presence of biopores (Simões-Mota et al., 2022). Other studies have found that heavy
metals in sewage sludge can accumulate in soil over time and potentially affect soil microorganisms (Kinkle et al., 1987).

Limited studies have been conducted on the effects of short-term sewage sludge addition on soil properties, microbi-
ological activity, and composition. It is vital to investigate the significant changes in bacterial composition and structure
that occur with short-term utilize of sewage sludge in order to effectively integrate agronomic and economic gains with
environmental issues. The previous study aimed to show that even short-term additions may significantly boost soil
fertility, crop yields, and crop quality (Curci et al., 2020). While the application of sewage sludge over time can lead to the
accumulation of contaminants. Notably, the long-term effects of sewage sludge use in saline–alkali should be evaluated
on a case-by-case basis, considering specific site conditions, nutrient management planning for sludge application.
11
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3.3. Soil types and climatic conditions

Sewage sludge application to agricultural land can be beneficial for various soil types, depending on their specific needs
nd conditions. In general, sandy soils can benefit from sewage sludge application as it improves water-holding capacity
nd nutrient retention. The organic matter and nutrients in the sludge can enhance fertility and overall soil health. Clay
oils, with their higher water-holding capacity, may require more careful management when applying sewage sludge.
he addition of organic matter from the sludge can help improve soil structure and drainage, but care should be taken
o prevent compaction and avoid excessive nutrient buildup. Loam soils, being a balanced soil type, are generally well-
uited for sewage sludge application. They have good water-holding capacity, drainage, and nutrient retention, allowing
or effective utilization of the nutrients and organic matter in the sludge (Division, 2001; Meena et al., 2020; Singh et al.,
011). Regular soil testing and monitoring are recommended to assess nutrient levels and ensure that the application
f sewage sludge is balanced and beneficial for the specific agricultural land. The carbon content of loamy-clay soil was
nhanced from 0.16% to 1.45% by applying SS at a concentration of 60 t ha−1 (Muter et al., 2022).
Consulting with agricultural extension services or soil scientists can provide valuable guidance on the appropriate use

of sewage sludge for agricultural soil. The previous study found that the adoption of sewage sludge as an agricultural
management strategy can improve soil properties and crop production. The research also investigate the quantity of
composted sludge improved, soil pH (Curci et al., 2020). Another study revealed that organic matter input to sewage
sludge modifies the physical and chemical properties of soils, and that this addition may considerably transform soil
structure, increase soil moisture and porosity, and improve humus content and cation exchange capacity (Lloret et al.,
2016). Soil tillage refers to the mechanical manipulation of soil, such as plowing or cultivation. It can affect soil structure,
organic matter content, and nutrient availability, which in turn can influence the behavior of heavy metals and organic
compounds in the soil (Singh, 2018). A recent study discovered that applying sewage sludge improves soil characteristics
and rice production. The results demonstrated that applying sewage sludge improved soil fertility by lowering pH and
increasing OC, nitrogen, and phosphorus content in salt-affected mudflat soil (Shan et al., 2021). According to these studies,
sewage sludge consider to be beneficial to a variety of soil types. Further research is needed, to more understand the
impacts of sewage sludge on the different types of soils.

Climatic conditions is also influences the soil moisture levels, evaporation rates, and plant growth, all of which
influence the behavior and fate of heavy metals and organic compounds in the soil. Temperature, precipitation, and
humidity are dominating weather patterns in the regions. Previous study showed that sewage sludge is an effective way
to improve yield, yield parameters and metal content of barley under arid climatic conditions (Angin and Yaganoglu, 2012;
Zoghlami et al., 2020). Proper irrigation management can minimize runoff, leaching, and potential soil and groundwater
contamination by heavy metals pathogens in sewage sludge (Singh and Agrawal, 2008).

3.4. Rain-fed and irrigated conditions

In both Rain-fed and irrigated conditions can have different effects on the behavior and impacts of sewage sludge when
applied to soil. In rain-fed areas, the sewage sludge may get diluted and dispersed when rainfall occurs, which can help
distribute the nutrients and organic matter more evenly in the soil (Yagmur et al., 2017). The heavy rainfall can lead to
increased leaching of nutrients from the sludge and then nutrients may move below the root zone, potentially reaching
groundwater or surface water bodies (Urbaniak et al., 2016). High-intensity rainfall can also cause soil erosion, resulted
loss of applied sludge and associated nutrients.

Under irrigated conditions, the application of sewage sludge can have both benefits and potential challenges. Sewage
sludge contains valuable nutrients when applied under irrigated conditions, these nutrients can be readily available to
plants, promoting growth and productivity. Irrigation provides a controlled water supply, allowing for efficient water
management and nutrient distribution (Shortle et al., 2001). This can help optimize the utilization of nutrients from the
sewage sludge and reduce the risk of nutrient leaching (Levidow et al., 2014; Puy et al., 2021). The quality of the irrigation
water is crucial when using sewage sludge such as heavy metals or pathogens, can pose risks (Sehler et al., 2019; Singh
et al., 2021).

3.5. Greenhouses gases (GHG) emissions

Sewage sludge application can potentially contribute to the emission of GHGs, such as carbon dioxide (CO2), methane
(CH4), and nitrous oxide (N2O). These gases can influence the environmental impact and carbon footprint associated with
sewage sludge application (Liu, 2018). The previous study suggests that using high application rates of hydrochar derived
from activated sewage sludge and straw is preferable for soil amendment. Additionally, amending soil with hydrochar
derived from sewage sludge shows promise in reducing greenhouse gas (GHG) emissions. These findings highlight the
potential benefits of using hydrochar derived from sewage sludge as a sustainable soil amendment option, both for

improving soil quality and mitigating GHG emissions (Joshi et al., 2022).
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3.6. Nitrates (NO3
−) leaching

Sewage sludge is rich in organic matter and nutrients, including nitrogen (N). When applied to soil, it can increase
the overall N content and potentially lead to higher NO3

− levels in the soil. This may increase the risk of NO3
− leaching,

thus the higher organic matter levels can reduce the risk of NO3
− leaching by increasing the soil’s ability to retain and

immobilize nitrogen.
Furthermore, rate and timing of sewage sludge application can influence NO3

− leaching. Applying sludge in excessive
mounts or at inappropriate times, such as during heavy rainfall or in soils with high drainage rates, can increase the
ikelihood of NO3

− leaching. The soil properties play significant role in NO3
− leaching. To mitigate the risk of NO3

−

eaching from sewage sludge application, it is important to consider factors such as nutrient content, soil conditions,
nd application practices. Nitrate leaching can contribute to groundwater contamination and affect nutrient dynamics
nd the mobility of heavy metals and organic compounds in the soil (Shan et al., 2021).

.7. Freezing–thawing cycles and wetting–drying

The effect of freezing–thawing cycles and wetting–drying processes on sewage sludge can have significant effects on
ts physical characteristics and potential environmental consequences.

reezing–Thawing Cycles: When sewage sludge freezes and thaws, physical changes occur that alter its structure and
ehavior (Sahin et al., 2008). Because of the expansion and contraction associated with freezing and thawing, sludge
articles might break apart, resulting in increased surface area and the possible release of stored water and gases (Risk
t al., 2013). This can have an impact on the moisture content, porosity, and the permeability of sludge. Additionally,
reezing–thawing cycles can impact the biological activity in the sludge (Shekarrizfard, 2012). Microorganisms present in
he sludge may be affected by the extreme temperature changes, leading to changes in their activity levels and potentially
mpacting the sludge’s decomposition and stabilization processes (Semblante et al., 2015). Recent findings suggest that
pplying a high dose of sewage sludge can effectively improve clay soil. This approach is particularly useful in areas with
requent wetting–drying cycles and freezing–thawing conditions associated with wastewater (Badaou et al., 2022).

etting-Drying Processes: Wetting and drying of sewage sludge can also have notable effects, when sludge dries out,
ts moisture content decreases, leading to shrinkage and compaction. This can result in changes in the sludge’s physical
tructure, such as increased bulk density and reduced porosity (Sänger et al., 2001), Dry SS typically comprises 30%–50%
ineral constituents and about 50–70% organic content (Muter et al., 2022; Siwal et al., 2022). When agricultural soils
re treated with the organic enriched SS, their physical, chemical, and biological properties can be significantly enhanced.
articularly, a decreased bulk density results in better soil structure, water-retaining capacity, and improved soil porosity.
dditionally, when the sludge gets wet, it absorbs water, potentially leading to reduced water infiltration and drainage,
his can affect the sludge’s permeability, Ahmed et al. (2019) and Grüter et al. (1990). Both wetting and drying processes
an also influence the release of nutrients and contaminants from the sludge. When sludge dries out, it may release
irborne particles, including dust, which can contain contaminants or pathogens. When the sludge becomes wet again,
here is a possibility of nutrient and pollutant leaching into the surrounding environment if proper management practices
re not in place.
It is important to consider these processes and their potential impacts when managing sewage sludge. Proper storage,

andling, and application practices should be followed to minimize the risks associated with freezing–thawing cycles and
etting–drying processes. This may include covering the sludge to protect it from extreme weather conditions, avoiding
irect contact with water bodies, and implementing appropriate measures to prevent nutrient and contaminant runoff
uring wet periods (Badaou et al., 2022).

. Effects of sewage sludge on saline–alkali soil, crop, and groundwater

.1. Effects of sewage sludge in saline–alkali soil

Saline–alkali soil is a result of both natural and man-made influences (Yuan-xiu et al., 2001). Soil salinization caused
y human factors by excessive irrigation with saline water, overuse of synthetic fertilizers, blind reclamation, excessive
ogging, overgrazing, unreasonable construction, and other activities. The wastewater drainage may lead to groundwater,
he groundwater level will rise, and the salt will remain on the surface due to the evaporation of water, resulting in salt
ccumulation in the soil. Soluble salts, primarily Na+, Ca2+, Mg2+, SO4

2− and secondarily K+, HCO3
−, NO3

−, and B, can
ffect saline–alkali soil.
The efficacy of different organic supplements, such as compost made from municipal solid waste (MSW) or sewage

ludge, has been examined for remediating saline soil, both amendments increased soil carbon and nitrogen levels,
onsistent with the observations of studies (Tejada et al., 2006; Walker and Bernal, 2008).
Sewage sludge is a valuable raw material for agriculture because it is high in organic matter, phosphorus, nitrogen,

nd other micro and macro elements. The high salt content in sewage sludge can limit its use in agriculture because it

an increase soil salinity levels (Wei et al., 2019). However, some studies have shown that composted sewage sludge can
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Fig. 3. Positive and negative sides of SS on soil and agricultural production.

be used as fertilizer in agriculture. During composting, straw, wood chips, bark, tree leaves, potassium fertilizer, and lime
are added as amending and/or bulking agents to improve the fertility of composted sludge (Zhihong, 1998). The use of
sewage sludge in agriculture can affect the salt content and pH of the soil. Sewage sludge contains various organic and
inorganic compounds, including nutrients and salts. When sewage sludge is applied to soil, it can increase the salt content,
specifically the concentration of ions such as sodium, chloride, and others.

To reduce the salt content in soil when using sewage sludge can be implemented:

• Dilution: Mixing the sewage sludge with other soil amendments or organic matter can help dilute the salt
concentration. This can be done by incorporating compost, manure, or other organic materials into the soil along
with the sewage sludge (Alvarenga et al., 2015).
Regarding the pH of the soil, sewage sludge tends to have a high pH due to its alkaline nature. This can be attributed
to the presence of calcium compounds and other alkaline substances in the sludge.
To neutralize the pH and make it suitable for agriculture, several approaches can be employed:

• Acidification: Adding acidic materials such as sulfur or elemental sulfur to the soil can help lower the pH. This process
is known as soil acidification and should be done carefully, taking into account specific soil requirements and crop
preferences (Wei et al., 2019).

• Liming: If the soil is highly acidic, applying lime (calcium carbonate or other liming materials) can help raise the
pH to a more neutral level. However, attention should be consider to prevent excessive liming as it can lead to an
overly alkaline pH (Pagani and Mallarino, 2012).

Sludge properties change the soil’s properties, which may impact metals’ and other nutrients biogeochemical behavior
(mobility and bioavailability). As a result, changes in soil quality induced by SS usage could have a major impact
(Badaou and Sahin, 2022). Consequently, SS for crop irrigation in the agricultural sector has the possibility impact to soil
quality/productivity, crop production in both positive and negative ways, as illustrated in Fig. 3. Pathogens and chemical
substances in SS may pose health and environmental risks (Lewis and Gattie, 2002; Wang and Wang, 2007). Crop irrigation
using wastewater has negative implications owing to the high concentrations of total suspended and dissolved particles,
nutrients, and potential toxics elements (PTEs) (Li et al., 2017; Rattan et al., 2005). Salt concentrations in SS can degrade
the quality of soil and output by accumulating in the root zone (Goldan et al., 2022). The long term use of saline and
sodium-rich wastewater can have harmful effects on soil structure and productivity over time. The presence of HMs,
which are well-known to have a negative impact on agricultural productivity, accounts for the significant effect of SS on
crop yield (Li et al., 2017; Rattan et al., 2005). Sludge nutrients can degrade soil structure or restrict plant development
near the dumping site, causing groundwater pollution through infiltration or surface water contamination through runoff
(Goldan et al., 2022; Kirchmann et al., 2017).

The soil pH is the critical variable that governs metal partitioning between the solid and solution phases of soil. The
pH of soil influences the adsorption/desorption of PTEs and, as a result, their biogeochemical behavior in the soil–plant
system (Moolenaar and Beltrami, 1998; Palansooriya et al., 2020). There is a negative association between soil pH and
PTE bioavailability in plants for several PTEs (Shahid et al., 2018). Due to the enhanced availability of most nutrients,
most vegetables grow best on soils with a pH between 6.0 and 7.5. The influence of sludge on soil pH is complicated; in
most investigations, soil pH increased considerably following long-term irrigation with sludge from various wastewater
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treatment plant sources. (Hassanli et al., 2008; Kunhikrishnan et al., 2012). Yet, in other research, long-term SS did not
affect soil pH (Christou et al., 2014), while others observed decreasing soil pH (Rattan et al., 2005). The pH of the sludge
and the soil’s pH buffering capacity dictates the sludge’s impact on soil pH. Changes in the equilibrium of complex dynamic
processes occurring in the soil simultaneously can alter soil pH. Previous studies (Badaou and Sahin, 2022; Sousa et al.,
2011; Tandi et al., 2004) on SS usage enhanced soil pH, whereas other research observed pH declines (Delibacak et al.,
2020; Hornick et al., 1984; Iticescu et al., 2021; Stabnikova et al., 2005). The formation of H+ ions induces the decrease
in soil pH during oxidation processes, and it may also be caused by the neutralization of H+ ions in sludge by calcium
carbonate. As a result, the total effect on soil pH is influenced by the baseline soil pH, as well as the cation/anion ratio
and sludge chemistry.

Similarly, soil organic matter (SOM) is important in assessing soil quality, the SOM influences the soil–plant system’s
metal and nutrient biogeochemical behavior (mobility/bioavailability) (Orlov and Sadovnikova, 2005). The organic matter
mostly determines the processes that influence metal behavior in soil. SOM is stated to be suspended or dissolved in an
aqueous media. Mehmood et al. (2017). As a result, SOM has the potential to significantly affect (increase or decrease)
the mobility of PTEs in soils and their availability to plants (Huang et al., 2017; Shahid et al., 2017). Organic matter
(OM) also provides essential nutrients for plant development (Muter et al., 2022). SOM content is also required for soil
microbial activity regulation. Due to aeration concerns in the soil, high OM inputs increase microbial proliferation while
closing soil pores, limiting soil penetration, and promoting anaerobic microbiological growth (Bot and Benites, 2005;
Usharani et al., 2019). Applying SS may enhance the OM content of the soil, which is thought to be helpful to soil (Bot
and Benites, 2005). The soil’s structure is improved, its capacity for cation exchange is boosted, it helps retain metals
by decreasing their bioavailability and mobility, and it feeds the soil with nutrients by adding organic matter through
wastewater application (Bot and Benites, 2005; Usharani et al., 2019). Yet, wastewater application might result in greater
organic matter concentrations that can negatively affect the soil’s porosity and lead to anaerobic conditions in the root
zone (Singh and Kalamdhad, 2011). Also, if a larger OM content in agricultural runoff enters groundwater, it might cause
the water’s dissolved oxygen to drop, leading to hypoxic conditions and a rise in the death of aquatic species.

Moreover, adding high carbon content containing organic matter may help mitigate the ‘‘salting-out’’ process associated
with the decline in enzyme solubility by altering the enzyme’s catalytic site. Furthermore, (Rasul et al., 2006) predicted
that these microbes would probably have poor substrate use efficiency. Thus, microorganisms could combat the short-term
effects of salt stress by directing the consumption of organic substrates to continue a metabolic activity (Evelin et al., 2019).
It has been demonstrated that adding sludge to the soil as a soil amendment increases the activity of soil enzymes such as
arylsulfatase, acid phosphatase, and alkali phosphatase. Increasing SS dosage, basal respiration, and fluorescein diacetate
hydrolysis efficiency increased (Vieira and Pazianotto, 2016). Alterations in urease activity by soil microorganisms can be
covered in two aspects. First, urease activity indicates the behavior of microorganisms engaged in the soil nitrogen cycle
(Marschner et al., 2003). Another factor is the worldwide loss of nitrogen, about 70% caused by urease activity if urea is
used as a fertilizer. To sustain soil fertility, urease suppression is used worldwide (Modolo et al., 2018).

4.2. Effects of sewage sludge on crop production

The distinctiveness of SS is found in its multi-mineral composition and a wide variety of organic matter. SS comprises
nitrogen–phosphorus–potassium organic fertilizer containing all the micro elements required for crop growth (Bai et al.,
2017). Improving crop yield, as well as the deposition of nutrients and organic materials in the soil, can be accomplished by
amending the soil with SS. However, if the SS is consistently utilized, it is necessary to regularly monitor the concentration
of humic substances in soil and plant tissue (Eid et al., 2020). After pyrolysis, SS could potentially be utilized as fertilizers.
The single treatment of SS and the corresponding biochars provided sufficient P for the plants to produce higher biomass
than traditional P-fertilizers (Rehman et al., 2018). Depending on its application, SS affects plant growth differently, such
as ‘‘mulching’’ at the soil’s surface or mixing it evenly with the soil. Using SS on the substrate has certain benefits,
including limiting water evaporation by creating a physical barrier that prolongs soil moisture retention. These enhanced
the biological and chemical activities involved in transforming organic matter (Boudjabi and Chenchouni, 2021). One
of the studies noted that the best wheat production was attained when dried SS is applied at the surface of clayey–
silty soil (mulching) compared to when SS was mixed with soil homogeneously. Incubation experiments were carried
out with the dewatered sludge from municipal sewage applied to highly saline alkali soil in various concentrations.
Sludge-amended saline–alkali soil’s physical and chemical characteristics and changes over time were investigated. Results
revealed that the bulk density of soil, pH, and sodium percentage exchange was significantly lowered.

In contrast, soil nutritional contents increased significantly, and the hazard potential from HMs in the amended
soil was reduced during 20 months. A good sludge dose was determined using wheat germination and growth as a
diagnostic indicator. It was revealed that sludge accounted 30% to 50% of the weight of mixed soil (Meng et al., 2014).
Research showed that using SS with mineral fertilizers positively impacted maize productivity and soil microbial activity.
Additionally, studies involving cucumbers and leaf mustard have been conducted. The combination of SS preparation with
nitrogen-enriched fertilizers considerably increased plant growth and increased plant development, but SS preparation
solely did not supply the plants with suitable amounts of mineral nutrients. The nutrition of plant minerals may benefit
over the long term as a result. Additionally, our results revealed that various plants respond to SS in various ways (Dubova
et al., 2020). A species-specific effect, in that scenario, can be described by (i) different susceptibility of plants to the
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Table 5
Utilization of sewage sludge for crop productivity and their effects.
Dose Crops Effects References

40 t ha−1 Wheat Increase grain yield Jamil et al. (2004)
80 t ha−1 Increase straw yield
5 t ha−1 Cabbage Increase head and stump Mathakiya and Meisheri (2007)
25 t ha−1 Radish Yield increased Lima et al. (2016)
42, 58 and 77 tons ha−1 Cotton Increase yield Samaras and Kallianou (2000)
10 Mg ha−1 Cotton Increase nutrient uptake and yield

along with soil properties
improvement

Samaras et al. (2008)

30 t ha−1 Sunflower Improved yield production Albuquerque et al. (2015)
33 kg ha−1 urea and 20, 30, and
40 t dry sludge ha−1

Wheat higher grain and straw yield
attributes

Tamrabet et al. (2009)

120 and 240 kg N ha−1 in sewage
sludge

Maize yields increased Černý et al. (2012)

300 t ha−1 Rye grass Increased biomass of roots and
aboveground plant parts

Gu et al. (2013)

sewage sludge Maize and Barley A sufficient increase in yields Hernández et al. (1991)
20 t ha−1 , 40 t ha−1 , 30 t ha−1 Rice and Wheat Enhanced rice grain and wheat straw

yield
Özyazici (2013)

SS and 50% NPK Beta vulgaris Increase production Roy et al. (2013)
80 t ha−1 Lettuce Increased head yield Sönmez et al. (2006)
40 t ha−1 Rice Improved grain production Latare et al. (2014)
60 Mg dry weight S.S ha−1 Winter wheat higher grain weight and yield Koutroubas et al. (2014)
250 t ha−1 Sweet Sorghum Biomass increased Zuo et al. (2019)
12 t ha−1 Wheat and Barley increased test weight, height, number

of tillers, and grain yield
Outhman and Firdous (2016)

SS (30 g kg−1)+Thiourea (6.5 mM) Wheat Improved growth attributes Mansoora et al. (2021)

constituents in SS preparations; (ii) requirement for mineral components during the early periods of ontogenesis owing
to a slower release of minerals from SS; (iii) inadequate maturation and the prevalence of growth inhibitors within SS
(Muter et al., 2022). SS is employed in all developed and developing countries as an effective organic fertilizer. Table 5
lists the crop responses to the application of sludge.

4.3. Effects of sewage sludge on groundwater

Water is main resource for human life, but the presence of pathogens, chemical and microbial contamination in
roundwater threaten its quality (Dilpazeer et al., 2023; Jat Baloch et al., 2023, 2020, 2022b; Li et al., 2023; Tariq et al.,
022; Zhang et al., 2022a). Thus the contaminated groundwater has been linked to various health problems. The interval
etween applying SS to the soil and making management measures to safeguard groundwater quality is crucial to consider
Barber et al., 1988; Li et al., 2017; Mora et al., 2022; Rattan et al., 2005). A widespread technique that increases crop yield
nd boosts climate resilience owing to the use of SS for irrigation (Muamar et al., 2014). Unfortunately, In areas where
astewater is irrigated intensively and over an extended period, this activity degrades the quality of the groundwater,
otentially endangering both human health and ecological security (Akram et al., 2020b; Iqbal et al., 2021; Jat Baloch and
angi, 2019; Jat Baloch et al., 2021, 2022b; Rattan et al., 2005; Talpur et al., 2020). The salinization of groundwater is
ne of the most detrimental effects, describing the primary mechanisms involved in the movement of certain pollutants
rom the topsoil to the saturated zone (Modi et al., 2022). This approach causes significant salt accumulation in soils
nd groundwater due to SS (Zuo et al., 2022). These salts leak beyond the vadose zone and root zones, contaminating
he aquifers and changing the chemistry of the groundwater (Akram et al., 2020a; Pulido-Bosch et al., 2018). Zones with
igh total dissolved solids (TDS) concentrations in the groundwater might eventually reach levels of long-term SS (Akram
t al., 2021; Rattan et al., 2005; Zuo et al., 2022). Due to the buildup of salt content, more specifically sodium chloride,
roundwater becomes more saline because of the accumulation of sodium and chloride ions (Iqbal et al., 2023; Jat Baloch
t al., 2022a; Zhang et al., 2022b). The alkali and salinity might cause the type of groundwater to change from Ca2+-Mg2+-
CO3

− to Na+Cl−. Furthermore, high alkali conditions may degrade the soil structure and impair plant development in
ntegrated systems when groundwater is used for irrigation (Rattan et al., 2005).

Thus, based on salinity and alkali criteria, water classification methods have been devised to limit water use for
rrigation. Also, the SS would be properly treated before being used on the soil, perhaps preventing groundwater
ontamination (Rattan et al., 2005). HMs in sludge may collect in the topsoil and subsoil layers of sludge farming sites
ecause the positive metal ions immensely attract the negative hydroxyl groups of organic matter and clays (Badaou
nd Sahin, 2022; Zuo et al., 2022). Recent studies have shown that elements like As, Cd2+, Cr2+, and Pb2+ can travel
o deep soils in regions exposed to long-term pollution, where they can then reach and contaminate shallow aquifers
Yang et al., 2021). This could be brought on by the soil systems being more salinized since increasing soil salinity
ay allow metals like Cd2+, Hg2+, and Pb2+ to leach from sludge farming soils into groundwater. Even though several
16
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metals can permeate the soil column, their infiltration into aquifers may be influenced by a variety of variables, including
soil chemistry and grain size, low unsaturated zone thickness values (water tables typically lower than 8 m), and the
hydrogeological structure of aquifers (Yadav et al., 2015).

5. Sewage sludge as a source of heavy metal pollution: Effect on agriculture sector

Heavy metals in SS can be found in the form of dissolved, precipitated, adsorbed, or linked to solid particles there is
imits set for HMs in SS approved for agricultural purposes (Bianchini et al., 2016; Hernández et al., 1991; Mininni et al.,
015). Raw sewage’s source is the only factor determining the number of HMs found in industrial wastewater are Zn2+,
r2+, Cd2+, Pb2+, Cu2+, As, Hg2+, and Ni2+ (Olujimi et al., 2012). SS utilized for agricultural purposes is contaminated
ith HMs due to toxic metals in raw sewage (Gao et al., 2015). Industrial wastewater and soil surface runoffs are the
ain sources of HMs in SS (Fijalkowski et al., 2017; García-Gil et al., 2004; Korboulewsky et al., 2002). Although the
oncentration of HMs in SS infrequently exceeds the legal limit, a protracted accumulation of these substances in the sites
here SS is disposed of can be extremely hazardous to the environment (Iglesias et al., 2018). Heavy metal concentrations

n soil are raised using excessive quantities of manure, industrial wastes, sewage sludge, and toxic agricultural chemicals
Kelepertzis, 2014). According to studies, they were utilizing SS as fertilizer results in higher soil concentrations of HMs
Marguí et al., 2016). Although if toxic metals are found in soil at very low concentrations, roots can easily absorb them and
eposit them in edible plant portions (Jolly et al., 2013). (Shi et al., 2016) documented that the absorption of HMs through
oil varied in different wheat plant parts; it was found that Cu2+, and Ni2+ concentrations were the highest. According to
u et al. (2013), supermarket-purchased vegetables contained Pb2+ (16%), Cd2+ (26%), and Cr2+ (0.56%) contamination.
epending on the concentration levels of the recognized HMs, the abundance above sequence was suggested: Cr2+ >

n2+ > Ni2+ > Cd2+ > Mn2+ > Pb2+ > Cu2+ > Fe2+. The Ni2+, Pb2+, Cd2+, and Cr2+ levels were 90%, 28%, 83%, and 63%
higher than the World Health Organization’s threshold limits (Balkhair and Ashraf, 2016). HMs create selective pressure
on microorganisms, encouraging the growth and spreading microbial resistance to such contaminants (Menz et al., 2018).

HMs pose a serious health concern to animals and humans because they can concentrate in SS and spread to crops
and soil water (Gul et al., 2015; Korboulewsky et al., 2002). However, the impact of SS as fertilizer on soil has not yet
been thoroughly studied. Extensive research is required, as microorganisms confronted with toxic HMs quickly acquire
resistance to many antibiotic drugs. Therefore, application of SS can potentially enhance metal concentrations in plant
parts. This enhancement can generate disorganization at the cell and organ levels, such as disruption in mitochondria
and chloroplast Fig. 4. As stated by one study, urban sewage use is safe, especially in the short and medium term.
However, industrial sludge was found to have the most negative consequences (Lassoued and Essaid, 2022). Heavy
metal contamination has emerged as the main barrier to applying SS in agriculture (Liu and Sun, 2013). Plants play
a crucial role in the speciation and availability of HMs in soil, particularly when sludge is used as a nutrient source.
Metal-chelating substances and metal-reducing proteases found in plant root exudates impact heavy metal diversification.
Plant roots discharge protons, contributing to the acidification of the rhizosphere soil and increasing the acid-soluble
component. Soil microorganisms and their community composition also influence heavy metal availability. Different
plants produce distinct types and amounts of exudates, affecting soil microbes in unique ways. The concentration of HMs
in the rhizosphere and non-rhizosphere differs as a result of the combined interaction of the aforesaid factors (Sivapatham
et al., 2014; Su et al., 2004). Importantly, it is not suggested to apply SS directly to agricultural soils. It was demonstrated
that the SS that had undergone hygienic treatment by liming retard the white mustard growth at a proportion of 10%.
Sludge’s phytotoxicity was reduced in all measured ratios, ranging from 5 to 50%, by adding compost (5%, 15%, and 25%)
(Šindelá et al., 2020). Therefore, it is essential to maintain and enhance localized implementation of sewage sludge, either
to improve and restore deteriorated soils or to assist the phytoremediation process of contaminated soils, integrating the
accessibility of these wasted bio-resources with the evaluation of their ability to improve agro system sustainability. It is
important to balance the benefits and drawbacks of using these bio resources.

5.1. Immobilization of toxic metals

Two techniques are available to reduce the pollution caused by HMs in sewage sludge: removal and immobilization. The
first step eliminates the pollution hazard posed by HMs by removing them from SS via chemical leaching, bioleaching,
electrochemistry, or a combination of these methods. The cost of immobilizing harmful metals from sludge is higher
than the cost of removing HMs from sludge. The heavy metal contaminants removed from SS should be carefully
considered to prevent secondary pollution. The second step converts HMs into relatively stable components, lowering
their permeability and bioavailability (He et al., 2015). The two most often utilized immobilization techniques are
composting of SS and chemical immobilization. Composting is a complicated dynamic digestive process with three main
phases: mesophilic, thermophilic, and cooling phase (Bernal et al., 2009). The most often used chemical immobilizing
agents are aluminosilicate, phosphorus-based minerals, essential compounds, and sulfides. Removing toxic pollutants from
SS can be accomplished through chemical immobilization or composting. Composting or chemical additives would alter
environmental properties over time. For instance, phosphoric acid helps in lowers the pH of sewage sludge, enhancing
the leaching chances of various metals. The two main issues that must be resolved are enhancing the fixing impact of
HMs and assuring their long-term stability.
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Fig. 4. Sewage sludge as a source of heavy metals in agriculture.

Fig. 5. Treatment techniques of sewage sludge for the crop production.

6. Innovative treatment techniques to improve sewage sludge use efficiency

Many types of sewage sludge treatment strategies have been implemented for crop production in order to accomplish
the treatment effects of sludge stability and harmlessness as shown in Fig. 5. However, due to the vast scale of sludge
disposal, high treatment costs of existing technologies, and low safe disposal rate (Cieślik et al., 2015; Mustapha et al.,
18
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2017), the current economic treatment technology and scientific utilization mode of sludge need to be further investigated.
Moreover, sludge’s material/nutrient levels vary due to the diversity of sources (Tyagi and Lo, 2013), and sludge may
contain toxic and harmful substances such as HMs, pathogenic microorganisms, antibiotics and resistance genes (Chen
et al., 2012; Kelessidis and Stasinakis, 2012; Muamar et al., 2014). Sludge can negatively affect soil health, crop growth,
groundwater, biodiversity, and human health if it is used without proper treatment (Li et al., 2017; Mora et al., 2022).
It is found that 70%∼90% of HMs (Zn2+, Cu2+, Ni2+, Cd2+, Pb2+, etc.) are transferred to sludge through adsorption or
edimentation during sewage treatment, which can increase the content of HMs in soil and crops to varying degrees
osing a potential threat to ecological or food security and human health (García-Gil et al., 2004; Zuo et al., 2022). Firstly,
he regulation of key components of sludge and their impact on crops, water, and soil environment is one of the difficulties
n this technical breakthrough. Based on the preliminary work, combined with biotechnology and nanotechnology, the
icroecological regulation of water and soil environment and the simultaneous removal and absorption of risk factors
nd nutrient elements in sludge farming.
The exothermic oxidation of biosolids during incineration produces ash, CO2, and H2O, as well as a small quantity of

eat Eq. (1). Although 90% less sludge is produced when burned, and pathogens are eliminated. About 30% of the ash left
ver can be used to make building materials, or used in crop production. Due to the limited use of WAS on arable land
or food production (Peccia and Westerhoff, 2015), the incineration of WAS has recently attracted much interest in some
ountries (Adam and Krüger, 2014). But the increased concentrations of HMs and the restricted access to phosphorus by
lants are often linked to incineration (Adam and Krüger, 2014). So, many strategies are being explored to either enhance
he incineration ashes or directly recirculate WAS-P. Previous studies provide an overview of the operational parameters
nd outcomes of numerous novel techniques, including acid leaching (Xu et al., 2012a), electrodialysis (Viader et al.,
015), and the process of thermal treatment using polyvinyl chloride (PVC) and magnesium oxide (MgO) (Vogel et al.,
013). Thomsen et al. (2017) indicated that sludge is an effective and valuable source of P fertilizer for agricultural systems
ecause of the high quantity of total P retained in char and ash and the reduced HMs per unit of P. The recovery of energy
n the form of heat or electricity via WAS incineration methods has become more prevalent recently (Gorgec et al., 2016;
horpe et al., 2017).

Biosolids/organics + O2(excess)→CO2 + H2O + energy + ash (1)

luidized bed (FD) incinerators have been deemed to be well effective for burning WAS in the form of dry or wet phase
with approximately 35–59 wt% moisture content) due to their high combustion efficiency (e.g., lower organic fraction
n the fly ashes, 0.3%) and very low pollution generation Sulfur oxides (SOx) and Nitrogen oxides (NOx) 200 mg Nm−3

Fytili and Zabaniotou, 2008). In Murakami et al. (2009). successfully demonstrated the combustion of WAS in a special
D incinerator (capacity: 4.32 t day−1) (Murakami et al., 2009). Less than half of the CO2, NOx, and nitrous oxide (N2O)
missions measured in the flue gases were compared to conventional plants. An incineration facility with a daily capacity
f 100 tons can save 50% on energy, over 40% on CO2 emissions, and $200,000 on fuel and energy expenses. The metro
WTP in St. Paul, Minnesota has successfully deployed an incineration technology with a 4.7 MWe energy-generating

apacity, resulting in annual savings of around $1 million and a 20% reduction in greenhouse gases (GHG) emissions,
ccording to the National Association of Clean Water Agencies (NACWA) (Anderson et al., 2016). Another instance of
ffective use of this technique is the Vassiliko cement mill in Cyprus (Jorge and Dinis, 2013).
The following summarizes the benefits of WAS co-incineration in coal-fired power plants (Hong et al., 2013).
(i) To avoid the high expense of incinerator technology;
(ii) To decrease GHG emissions;
(iii) To improve energy retrieval’s effectiveness and increase public acceptance.
Additionally, low-caloric excess heat from exhaust gases emitted by power plants may successfully improve the sludge

rying process (Rulkens, 2008). So, more research needs to be done on the co-incineration of WAS with other feedstocks
like coal, wood, etc.), the design of energy-efficient incinerators, and the improved and optimized management of ashes
o that energy can be used and nutrients can be recovered at the same time.
Pyrolysis is the heat conversion of WAS (350–900 ◦C) in an oxygen-deficient atmosphere, producing vapors or pyrolytic

gases. The vapors must be condensed by cooling to separate the liquid or oil, leaving char as a solid byproduct (Tian
et al., 2013). These factors influence the process parameters, such as operating temperature, reaction time, pressure, and
WAS properties, as well as the amount and quality of the liquid, gas, and char products all these factors are the key
parameters determining the pyrolysis process. Slow pyrolysis is characterized by lower HR (0.1–1 ◦C s−1), lower operating
emperatures (300–400 ◦C), and longer GRT (5–30 min). In contrast, fast pyrolysis involves higher HR (10–200 ◦C s−1),
igher temperatures (450–600 ◦C), and shorter GRT (0.1–0.3 s−1). Fast pyrolysis is a suitable approach for converting WAS

into liquid or gaseous products. Advanced applied approaches to produce renewable fuel (bio-oil) by the pyrolysis of WAS
include the Carver–Greenfield technology (C–GT), the Oil-from-Sludge technology (OFS), and the Siemens Schwell–Brenna
Technology (SSBT) (Manara and Zabaniotou, 2012).

C–GT produces important products, including oil, animal feed, and fertilizer, via the multi-effect dehydration of
water-bearing, WAS, and centrifugation (Ni et al., 2017). The generation of straight-chain hydrocarbons, which are later
condensed into oil, is improved by OFS-based pyrolysis at 450 ◦C for more than 30 min under atmospheric pressure
(Manara and Zabaniotou, 2012). Co-pyrolysis of WAS and crushed wastes at 450 ◦C in a rotating kiln is a part of SSBT
Werle and Wilk, 2010). The outcomes of WAS pyrolysis were performed using several techniques, including slow
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pyrolysis (Gao et al., 2017), rapid pyrolysis (Atienza-Martínez et al., 2017), and microwave-aided pyrolysis (Raheem et al.,
2018). Because different processes, operational settings, and raw materials are used, there are observable differences in
the product properties and dispersion of WAS pyrolysis (Atienza-Martínez et al., 2017) when pretreatment (Torrefaction)
and post-treatment (catalytic) were tested, reported a maximum liquid yield for anaerobically digested and thermally
dried WAS rapid pyrolysis (32%) at 275 ◦C in FD reactor. (Raheem et al., 2018) recorded 46.14% of the maximum tar
production at 550 ◦C. The low working temperatures of WAS pyrolysis prevent the HMs from melting and evaporating,
which is one advantage (Leijenhorst et al., 2016). WAS pyrolysis primarily produces substantial volumes of char (about
50% of the bulk of sludge). These chars could be used to absorb HMs or other organic pollutants (Khan et al., 2019), or they
could be used as a solid fuel source for heating. Pyrolysis char derived from WAS has been studied as a potential catalyst,
catalytic support, and soil conditioner due to its low cost. Nevertheless, the potential risks associated with the behavior of
HMs in pyrolysis char present concerns that need to be addressed before its utilization or disposal. In response, numerous
recent studies have concentrated on investigating the distribution of HMs within pyrolysis char and bio-oil obtained from
dried WAS (Gao et al., 2017). Most HMs were found retained in the char, while only a small amount was present in the
bio-oil, regardless of the pyrolysis temperature used (Trinh et al., 2013).

Additionally, the bulk of the HMs that accumulated in the char at 600 ◦C significantly decreased in bioavailability,
suggesting minimal environmental risk or eco-toxicity associated with the exposure of the char to the environment
(Raheem et al., 2018). However, it may be strongly supported by increasing oil yields and making high-value products from
char produced during pyrolysis. Oil, gas, and char are among the byproducts of WAS that may be used as raw materials
to make biofuels and chemicals, among other things, such as used as bio fertilizers. Compared to other technologies,
pyrolysis was shown to be a zero-waste process, potentially providing a remedy for the pollution associated with WWT.
Overall, it can be concluded that the pyrolysis technique for WAS can address both economic and social problems and
environmental standards for sustainable development (Samolada and Zabaniotou, 2014; Wang et al., 2016). To increase
bio-oil production and immobilize or minimize the transfer of HMs to the products, it is necessary to implement more
efficient strategies (based on the type and content of HMs in the WAS). These strategies include pre- and post-treatment,
sorbents, and temperature optimization of pyrolysis.

6.1. General treatment

The presence of high levels of hazardous pollutants in soils can have detrimental effects on the soil ecology, impacting
various soil characteristics such as pH, electrical conductivity, cation exchange capacity, soil mineralogy, and microbio-
logical activity (Kabata-Pendias, 2011). Therefore, it is crucial to concentrate on introducing soil remediation strategies
to ensure continuous soil usage, particularly because soils affected by industrial activities frequently sustain a sparse
natural plant cover because of unfavorable growth circumstances caused by elevated accumulation and availability of
HMs (Burges et al., 2018; Zou et al., 2018). In addition, reestablishing plant cover on polluted soils is a crucial step against
environmental pollution (Mahar et al., 2016). Numerous traditional methods available for the removing HMs from the
environment, these include soil washing, drain and treat, flushing, electrokinetic remediation, stabilization, solidification,
vitrification, permeable reactive barriers, and regulated natural attenuation (Sharma and Reddy, 2004). Although, most
conventional methods for achieving cleanup levels require physically removing HMs from the soil environment, which
have major secondary environmental effects and consume a lot of energy. Therefore, there is an important need to develop
more environment-friendly remediation methods for polluted areas (Song et al., 2019).

6.2. Nano-biotechnological interventions for reclamation of sewage sludge-treated

Nanotechnology is very convenient, economic and environment friendly therefore it is gaining attention day by day
over other conventional ways. The field of agriculture is observing an increasing trend towards the adoption of this
technology, scientists are trying to design nanoparticles for agricultural applications on nanoplatforms (Asghar et al.,
2018; Jiang et al., 2022). There are physical and chemical methods are used to synthesize the nanomaterials but it
involves the utilization of forces and hazardous chemical reactions, which results in the degradation of nature (Javed
et al., 2021). To overcome this environmental issue as well as the most economic, convenient, environment friendly
and cost effective way is the green synthesis. The synthesis of nanomaterials through plant-mediated methods offers
advantages over traditional physical and chemical synthesis approaches and these methods are biocompatible and provide
viable alternative to conventional fertilizers, playing a significant role in agricultural applications (Jiang et al., 2022). The
use of nanoparticles are cost effective method for synergistically enhance the efficiency of sewage sludge as compared
to other methods (Yuan and Dai, 2017). This innovation introduces novel materials that present unique and valuable
solutions to address the limitations of conventional materials, resulting in a wide range of applications (Khan, 2012).
Nanomaterials have 1–100 nm nanoscale dimensions and often show novel and more significantly improved biological,
physical, and chemical properties because of their nano-sized structure, increased surface area to volume, and quantum
effects (Theron et al., 2008). In the past several years, there have been notable advancements in nanotechnology for
treating and purifying water (Masciangioli and Zhang, 2003). Therefore, it is essential to evaluate the level of science
of nanotechnology, which can enhance the quality of contaminated soil and restore degraded soil, and to investigate
the feasibility of utilizing nano-enhanced materials in substitution of traditional amendments in agriculture. The specific
20
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applications of nanotechnology being pursued include improving soil pH and fertility, enhancing soil physical properties,
minimizing HMs toxicity, mobility and availability, and other toxic contaminants, stabilizing soil components and reducing
soil erosion at different mining sites. This work aims to review the existing literature on numerous environment-friendly
Nano-based materials that could be employed as soil amendments for soil reclamation of alkali saline soil treated
with sewage sludge (Yuan and Dai, 2017).

According to Liu and Lal (2012), some nanomaterials with significant capability for soil reclamation are zeolites,
ero-valent iron nanoparticles (NPs), iron oxide NPs, phosphate-based NPs, iron sulfide NPs, and Carbon nanotubes.
owever, the use of SS on agricultural soils may be constrained by the presence of PTEs. If sewage sludge-based PTE
oncentrations exceed the threshold limits, they may pollute the food chain and ultimately endanger human health
Antoniadis et al., 2019). As a result, lowering PTEs availability in soils amended with SS is very important from an
gricultural and environmental perspective. The inclusion of materials having high retention capacities, like geomaterials
GMs) and nanoparticles (NPs), may improve a soil’s capability to hold PTEs (Dan et al., 2020; Lu and Astruc, 2018).
eomaterials (zeolite and bentonite) have strong sorption potential for PTEs due to their large surface area and negative
harge (Shaheen et al., 2015; Tahervand and Jalali, 2017). As a result, these geomaterials can stabilize PTEs in SS and
ontaminated soils with SS (Shaheen et al., 2014), but further research is required to determine how zeolite and bentonite,
articularly when combined with NPs, affect the competitive and single-metal sorption of PTEs found in SS treated soils.
arious synthesized metal oxide nanoparticles are used for the sorption of PTEs and immobilize them in soils due to their
trong chemical efficiency and large surface area (Ibrahim et al., 2016). In a few investigations, PTEs were immobilized in
oils using metal oxide nanoparticles (Ettler et al., 2015; Liu et al., 2020). One of the studies explored how geo materials
uch as zeolite and bentonite and nanoparticles such as ZnO and MgO affected the competitive adsorption of various
etals, including Cd2+, Cu2+, Ni2+, and Zn2+, in an alkali soil augmented with three different concentrations of sewage

sludge. In the soil that had been treated with SS, the nanoparticles and geo materials dramatically enhanced Cd2+, Cu2+,
i2+, and Zn2+ sorption. As compared to the GMs, nanoparticles efficiency for the mono-sorption of copper and zinc was
ubstantially higher. Contrarily, the GMs considerably higher the NPs in terms of Cd metal mono-sorption.
The NPs demonstrated more sorption than the GMs for all PTEs in the competitive sorption of metals. Compared to

he GMs, the NPs showed a greater ability for Zn sorption with the three sewage sludge-treated soil. We conclude that
eolite, bentonite, ZnO, and MgO have complicated interactions with the adsorption of Cd2+, Cu2+, Ni2+, and Zn2+ and
re highly specific to PTEs and SS sources. Regarding waste management techniques and reclamation of SS-amended soils
y adsorption of PTEs, reactive GMs, and introduced NPs can be helpful for a successful environmental treatment. We are
oncerned that field-scale verification of modified GMs and synthetic NPs is necessary to validate our laboratory findings
n the solubility and availability of PTEs as impacted by sewage sludges.
Additionally, particular sorption mechanisms must be investigated using spectroscopic approaches for the fate of

articular PTEs in soils treated with SS, NP, and GM may be further thoroughly evaluated (Feizi et al., 2019). MgO and
nO nanoparticles have high surface areas and reactive sites, making them effective in metal sorption. Similarly, zeolite
nd bentonite have large surface areas and are effective at sorbing various metals (Nagappa and Chandrappa, 2007; Qi
t al., 2020). The specific trends in metal sorption were influenced by the composition of the soil and metals. (Moharami
nd Jalali, 2013). In another report, it is demonstrated that zeolite and bentonite sorption capability for various metals is
elated to their large surface area, similar to nanosized oxides (Hamidpour et al., 2011). Metal sorption using zeolite and
entonite is thought to occur through mechanisms such as ion exchange, large surface area, inner-sphere complexation,
nd chemisorption, with inner-sphere complexation in zeolite responsible for the irreversibility of the sorption process
or both metals (Mahdavi and Akhzari, 2016; Mahdavi et al., 2015). Additionally, NPs can immobilize toxic metals by a
ariety of methods, including co-precipitation, reduction, physical sorption, and chemisorption (Duan et al., 2021; Jalali
nd Moharrami, 2007; Pan et al., 2021a).
In environmental research, a reduction in the availability of HMs is a major factor. This study examined the impact

f iron oxide and nano hydroxyapatite (NHAP) on the cadmium uptake by bean plants grown in soil amended with
ewage sludge. The bean plants were collected after 90 days, and the concentrations of Fe, Zn and Cd in the plants were
ssessed. Additionally, the rate of soil microbial respiration was estimated. The addition of NHAP to the soil boosted its
n and Fe concentrations by 12.8 and 14.5%, respectively, in the plants grown in the soil supplemented with 15 t/ha
f sewage sludge. However, there was a 17.2% reduction in the Cadmium concentration. While, Zn and Fe contents in
he bean plants were dramatically enhanced by 13.1 and 14.6%, respectively, when 15 and 30 t/ha of SS were used. The
oliar application of FeO NPs at a concentration of 1 ppm dramatically reduced Cd uptake by 18.3%. The proportion of SS
sed (30 t/h) and NHAP (0.5% (W/W)) both considerably enhanced the soil microbial respiration as well. According to the
tudy’s findings, introducing organic amendments like NHAP, sewage sludge, and application of iron oxide NPs can have
positive impact on the environment by reducing the uptake of toxic metals by plants (Baghaie and Aghilizefreei, 2021).

.2.1. Biochar, nano-biochar, and their nanocomposites
Biochar has recently been proposed as a soil amendment and has generated interest because of its ability to adsorb

etals in contaminated soil and serve as a green environmental sorbent. Being a green environmental sorbent, biochar
as been proposed as an amendment and has gained interest due to its ability to sequester metals in polluted soil
Meng et al., 2018). Biochar is a carbonaceous substance synthesized when biomass is burned in pyrolysis (Lehmann and
oseph, 2015). Puga et al. (2016) demonstrated that biochar enhances soil pH and decreases the mobility and accessible
21
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concentrations of metals, including Cd2+, Pb2+, and Zn2+. As a result, plants can tolerate contaminated soil, thrive, and
ecrease the deposition of toxic metals in soils, rendering them suited for soil restoration (Martins et al., 2018; Soudek
t al., 2017). Pyrolysis of SS is a practical method for removing organic contaminants and infectious organisms while
educing volume. The resulting biochar from industrial waste can be used to enhance soil characteristics such as nutrient
low, soil pH, water retention, and carbon storage. This biochar has promising potential for use as a soil amendment due to
ts beneficial physicochemical properties (Randolph et al., 2017). Furthermore, combining biochar with SS may improve
he efficacy of revegetation because of their distinct qualities (Bogusz and Oleszczuk, 2018; Miller-Robbie et al., 2015)
xamined the co-production and co-application of SS along with biochar to saline–alkali soil and reported that biochar
as numerous advantages for managing SS regarding energy integration and minimizing the emission of greenhouse gases.
he following are possible mechanistic strategies that could immobilize the toxic metals from the soil via biochars: (i)
ormation of large precipitates, (ii) metal adsorption, (iii) ions exchange and electrostatic interactions, (iv) the development
f persistent chelates and complex compounds, with organic matter. According to this research, functional groups such
s -OH,-COOH, and C = N can bind to the transitional metals to produce stable complexes, enhancing their capacity to
ind to biochar (Lu et al., 2017).
Alkali, acid, metal ions, and oxidizing agents are used to produce designed and modified biochar composites in order to

odify biochar in order to enhance its physio-chemical characteristics (Lee et al., 2017; Pan et al., 2021b). Biochar has been
odified using a variety of inorganic substances, including zeolites, silica, metals, and nano-metal oxides. The preparation
f MgO/biochar composites, for instance, included coupled electrochemical modification. In order to adsorb contaminants
nd degrade them by photocatalysis, Titanium dioxide TiO2-coated biochar composites were created (Mandal et al., 2021).
agnetic biochar, which is biochar that has been coated with metal oxides, has a high capacity to bind pollutants like
hosphate (Chen et al., 2011). The use of engineered biochar has effectively reduced the bioavailability and transport of
Ms in soil settings. As an example, biochar that has been changed with sulfate or sulfate-iron may reduce the availability
f Cd2+, while biochar that has been altered with red mud can reduce the availability of arsenic (Li et al., 2022; Rajendran
t al., 2019; Zou et al., 2018).
Modified biochar-based nanocomposites were engineered for enhanced physicochemical attributes through various

odifications such as metal ions, alkali, and reducing and oxidizing agents. Some inorganic agents such as silica, chitosan,
eolites, and nano-metals and their oxides have been used for biochar modifications. For instance, MgO/biochar nanocom-
osites were synthesized through electrochemical modification. Titanium dioxide (TiO2) coated biochar composites were
ormulated for photocatalytic degradation and adsorption of pollutants (Mandal et al., 2021). Magnetic biochar, or biochar
oated with metal oxides, has demonstrated excellent adsorption capacity for pollutants such as phosphate (Chen et al.,
011). Modified biochar has been used to efficiently remove toxic metals from polluted areas, including arsenate As(V)
Rahman et al., 2021), lead, and cadmium (Wu et al., 2021). Engineered biochar has been effectively used to reduce the
vailability and transmission of heavy metal ions in soil environments. For instance, Rajendran et al. (2019) found that
ulfur and sulfur-iron-modified biochar reduced cadmium availability, and (Zou et al., 2018) found that red mud-modified
iochar reduced the availability of arsenic. However, relatively few researchers have documented the application of nano-
iochar (NBC) composites to reduce toxic metals-induced toxicity and soil contamination. In one of the experiments,
our crops were tested cucumber, lettuce, carrot, and tomato. The Cd pollution significantly decreased seed germination,
eedling length, and their biomass. The nano-BC augmented soil reduced the plants uptake cadmium concentration. High
hroughput sequencing also showed that nano-BC increased the biomass, variety, and abundance of microorganisms in
d-treated soils, particularly Bacteroidetes and Actinobacteria (Rajput et al., 2022a). There is no data reported on biochar
ased nanocomposites for enhancement of SS use efficiency. So as the future recommendation, the use of nanobiochar
long with SS will be useful to enhance the agricultural yield as well immobilize the HMs Fig. 6.

. Conclusion and future perspective

Saline–alkali soil has become a major environmental threat, especially in arid and semi-arid regions for crop production
nd agricultural sustainability. This review explicitly signifies that the application of sewage sludge is effective at
anaging saline–alkali soil. However, the sources, collection, utilization of SS in agriculture have challenges concerning

ts usefulness and environmental and health effects. While it appears beneficial regarding a strategy to reuse and
anage municipal/industrial water, conserve fertilizer, and achieve specific environmental and social goals. Moreover, the
utritional importance of SS has also contributed to its extensive usage in crop production, despite several environmental
nd human health issues. One of the major concerns associated with this practice is the accumulation of HMs in soil,
lants, food chains, and, eventually humans. When the ecological/environmental and human health problems related
o crop production are evaluated globally, considering the rapid increasing of population, economic development, and
npredicted climate change, the utilization of SS in the agricultural sectors may face many challenges.
Despite the efficacy of sewage sludge to manage saline–alkali land, strategies and techniques for its application

hould be prioritized in saline–alkali soils to improve these soils’ conditions. However, more scientific investigations
re required to ensure the effective and sustainable development and implementation of sludge farming systems,
specially in developing countries. Our findings highlight the issues required to be addressed in future research, such
s possible mechanistic strategies that could immobilize the toxic metals from the soil and accumulation of HMs in soil–
roundwater, soil–plant, and plant–human body due to utilization of sewage sludge. We have also recommended the
iochar based nanocomposites for enhancement of SS use efficiency for the future studies, the use of nanobiochar along
ith SS can be useful to enhance the crop yield as well immobilize the HMs in soil/ groundwater and plant from the
pplication of SS for the growth of crop.
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Fig. 6. Immobilization of bioavailability of heavy metals from sewage sludge by nano-biotechnology.
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