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Abstract

Sewage sludge production is increasing rapidly, yet current sludge treatment capacity and
technology remain insufficient. The thermochemical process has been widely adopted for
sewage sludge disposal; its solid product (bio/hydro-char) shows considerable potential to
improve soil quality by enriching soil nutrient contents. However, limited heavy metals
are volatilized during the thermochemical process, and the majority is concentrated in the
derived bio/hydro-char. Therefore, it is essential to ensure the environmental safety of
sewage sludge-derived bio/hydro-char and avoid heavy metal risk, and thus appropriate
heavy metal removal technology is required prior to land application. This review provides
an overview of the major sewage sludge treatment approaches focusing on the heavy
metal removal and phosphorus recovery, along with emerging challenges and future
perspectives for the sustainable utilization of sewage sludge. Notably, the combination of
electrokinetic treatment with thermochemical treatments emerges as a promising strategy
to simultaneously treat sewage sludge and achieve P reclamation.

Keywords: sewage sludge; heavy metal removal; phosphorus recovery; electrokinetic
treatment; thermochemical treatment

1. Introduction

Recently, the accelerated pace of global economic development and urbanization
has triggered a substantial surge in municipal wastewater production. As the primary
byproduct of wastewater treatment plants, sewage sludge has witnessed a corresponding
and remarkable increase in its generation [1]. On a global scale, the annual output of dry
sewage sludge has reached 75-100 million Mt, and is expected to grow at an annual rate of
approximately 3.75% [2,3]. In China, the generation of dry sludge has exhibited an even
more pronounced upward trend, rising from 6.25 million tons in 2011 to 15.05 million tons
in 2023 [4]. This dramatic growth trajectory underscores the urgency of addressing sludge-
related issues in China’s pursuit of sustainable urban development. However, a striking
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disparity exists between the soaring sludge production and the current state of sludge
treatment. The existing sludge treatment capacities and technologies remain significantly
inadequate to cope with the escalating demand.

The complexity of sewage sludge compositions leads to difficulty in sustainable sludge
management. Sewage sludge is inherently a complex multiphase mixture with valuable
nutrient elements (N, P, and K) that hold great potential for resource utilization [5], while
simultaneously containing harmful substances, especially hazardous heavy metals that
pose significant risks to ecological environments and human health [6]. The hazardous
nature restricts the sustainable management and high-value utilization of sewage sludge [7].
Therefore, the exploration and development of appropriate sludge treatment technologies
in terms of realizing its high value and safe utilization has emerged as an urgent and critical
issue worldwide.

Heavy metals, due to their non-biodegradable characteristic, tend to be accumulated
in the environment and food chain [8]. Zn, Pb, Ni, As, Cu, Hg, and Cd metals are con-
sidered priority control pollutants by the USEPA. Prolonged exposure to these heavy
elements can have negative impacts on the human central nervous system [9]. Thus, heavy
metal control of sewage sludge is crucial for public health and the environment. Many
approaches have been developed to remove heavy metals from sewage sludge, such as
bioleaching [10], chemical extraction [11], and membrane separation [12], etc. These cost-
effective and benefit-focused processes may entail notable drawbacks and limitations, such
as incomplete removal of heavy metals, high energy demands, and the generation of toxic
sludge [13]. Makowska et al. found that pyrolysis significantly reduced the environmen-
tal risk of heavy metals, from high (PERI 1158) in the sewage sludge feedstock to low
(PERI 50) in biochar obtained at temperatures above 600 °C [14]. Czerwiriska et al. indi-
cated that from 92 to almost 100% of heavy metals were transferred to the hydrochar, but
the acidic environment (pH = 2) favored a higher amount of mobile heavy metals in
hydrochar. [15]. Electrokinetic-based techniques achieve efficient de-metallization of
sewage sludge by applying an electric field; the removal rate of Cu, Ni, and Zn can reach
up to 90-96% [16]. Beyrami et al. introduced chelating agents during electrokinetic remedi-
ation and found it can facilitate the transformation of heavy metals into more exchangeable
forms; however, without acidification, these agents may raise the pH, inhibiting metal
solubilization [17]. To systematically summarize the mainstream heavy metal removal
technologies and thereby promote the enhanced recovery of phosphorus (P) from sewage
sludge, this review presents a detailed discussion of electrokinetic treatment processes
alongside a comparative assessment with traditional treatment approaches.

The availability of P represents a critical and non-negotiable factor underpinning both
human survival and global food security. Notably, over 60% of the P entering munici-
pal wastewater treatment plants is retained and concentrated in sewage sludge, making
sewage sludge an excellent resource for P recycling [18]. Sewage sludge typically contains
P with concentrations ranging from 7.74 to 48.81 mg g~ ! [19]. Its P content is the highest
among common solid wastes [20]. Several techniques have been applied to reclaim P
from sewage sludge, including direct land application, chemical precipitation, and thermal
treatment [21]. Among them, thermochemical conversion (e.g., pyrolysis and hydrothermal
carbonization) is considered as an effective process, as the P recovery efficiency approxi-
mately reached 90% after pyrolysis treatment [22]. Organic contaminants were decomposed
during pyrolysis; meanwhile, P is concentrated in the solid product (biochar), resulting in a
higher P content than in the feedstock [23]. Hydrochar has been proven to be an effective
soil amendment, as it has the ability to retain nutrients (especially P) and pH buffering
capacity [24]. Filho et al. noted that pyrolysis converted organic P into inorganic forms,
and apatite P increased with the temperature [25]. Figueiredo et al. also showed that
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pyrolysis temperature differently affected the biochar P solubility; therefore, the solubility
of P should be considered in the recommendations for biochars as an alternative phosphate
fertilizer [26]. Phosphorus recovery in hydrochars was most sensitive to extremes of pH,
and can increase wheat biomass with >5-fold higher P uptake than controls [27]. Although
bio/hydro-char has good potential to improve soil quality by increasing the contents of
soil nutrients [28], a limited number of heavy metals are evaporated during the thermo-
chemical process [29], and heavy metals are largely enriched in bio/hydro-char [30]. For
example, catalytic hydrothermal carbonization concentrated Cu (1151.4 mg kg~!) and Zn
(1569.5 mg kg 1) in hydrochar [31], and pyrolysis concentrated heavy metals in biochar
with Zn (497 mg/kg), Cr (157 mg/kg), and Ni (327 mg kg~1), respectively [32], but en-
hanced stability reduced their leachate levels. Therefore, to ensure the environmental safety
of sewage sludge-derived bio/hydro-char and improve the utilization efficiency of P in
bio/hydro-char, it is necessary to clarify the speciation mechanisms of P during pyrolysis
and the hydrothermal carbonization treatment of sewage sludge.

Several reviews have been published focusing on the heavy metal removal or P con-
version principles during the sewage sludge thermal treatment technologies, including
pyrolysis [33], incineration [34], gasification [7], and hydrothermal carbonization [35]. They
also emphasize the stabilization mechanisms of additives [36] and pay attention to the
recovery of P from sewage sludge ash [37]. In addition, the influence of process parameters
such as temperature and pH on the fraction transformation of heavy metals [24,38] and P
during sludge heat treatment is also discussed [39—42]. Unlike previous reviews that sepa-
rately discuss heavy metal removal or P recovery, this work centers on the co-speciation
mechanism governing both P availability and heavy metal immobilization in sewage
sludge treatment, filling the gap of disconnected analyses. Additionally, this review inte-
grates the electrokinetic treatment with the thermochemical process, while existing reviews
rarely cover electrokinetic treatment for sludge valorization. This review comprehensively
analyzes electrokinetic treatment as a pre-treatment to enhance heavy metal separation, fol-
lowed by pyrolysis/hydrothermal carbonization for P enrichment—providing a complete
technical chain for safe and efficient sludge resource utilization. Therefore, the objectives
of this review are to (1) clarify the pathways of sewage sludge treatment processes in the
perspective of heavy metal removal and P recovery, and (2) discuss the emerging challenges
and perspectives of sustainable utilization development of sewage sludge. This review is
structured as follows: Section 2 critically assesses conventional and electrokinetic technolo-
gies for heavy metal removal; Section 3 delves into the production, characterization, and
agricultural application of P-enriched bio/hydrochar; finally, Section 4 presents the chal-
lenges and future perspectives, with a focus on the promising integration of electrokinetic
and thermochemical treatments.

2. Heavy Metal Removal Processes
2.1. Characteristics of Sewage Sludge

Sewage sludge is the main byproduct of wastewater treatment plants; it is a heteroge-
neous material composed of a complex mixture of different components [43].

As shown in Figure 1, the main composition of sewage sludge mainly depends
on the source and wastewater treatment process [44]. Elemental and proximate com-
position determines the thermal chemical characteristics during the pyrolysis and hy-
drothermal process [45], which affects the heavy metal removal rate and the phosphorus
recovery efficiency.
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Figure 1. The basic composition of sewage sludge.

The average heavy metal contents in the sewage sludge of China ranked the accumu-
lation rate in the following order: Zn > Cu > Cr > Ni > Pb > As > Hg > Cd [35]. A summary
of heavy metal concentration in the representative cities of China is listed in Table 1.

Table 1. Heavy metal contents (mg kg ~!) in representative cities of China.

As Cr Cd Cu Hg Ni Pb Zn Reference

Shanghai - 226.89 2.93 186.89 - 163.12 - 2011.52 [46]
Xi'an 34.29 154.29 <25 240.0 80.48 30.95 113.33 1005.71 [47]
Tianjin 38.12 952.54 <25 455.57 <25 328.53 22.22 909.54 [48]
Chengdu 3.13 275.40 <25 178.40 8.09 3.23 56.80 8330 [49]
Dalian 51.30 935.00 3.00 5248.20 - 342.50 86.40 2277.30 [50]
Shenzhen - 126.20 33.4 591.40 - 301.20 291.0 3884.00 [51]
Tibet 38.09 209.67 0.63 121.15 2.68 29.88 58.33 412.23 [52]
Nanchang - 112.50 11.72 383.47 - 692.94 113.19 609.44 [53]
Class A 30 500 5 500 3 100 300 1200 [54]
Class BP 75 1000 15 1500 15 200 1000 3000 [55]

Note:  Class A standard in control standards of pollutants in sludge for agricultural use GB 4284-2018 [54]: the
sludge can be used in cultivated land, garden land, and pastoral grassland; ® Class B: the sludge can be used in
garden land, grazing grassland, and cultivated land without growing edible crops. The pH values of sewage
sludge are around 5.5~8.5. “-” indicates the lack of data in the literature.

Several techniques have been applied to remove heavy metals from sewage sludge. In
the following section, the conventional technologies, including pyrolysis, hydrothermal
carbonization, chemical extraction, bioleaching, membrane separation, electrokinetic treat-
ment, and enhanced electrokinetic processes, are described. Table 2 highlights the metal
removal performance of the above-mentioned techniques. Specifically, considering the prac-
tical requirements of subsequent P application, the pyrolysis, hydrothermal carbonization,
and electrokinetic treatment have been emphasized as the core research focus.
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Table 2. Heavy metal removal performance (%) of selected processes [12,16,56,57].
Heavy Metal Chemical Extraction Bioleaching Membrane Separation Enhanced Electrokinetic
Cd 10-100 28-84 ~90 24-89
Cr 5-100 9-27 ~85 49-95
Cu 5-100 8-85 ~99 33-84
Hg 42 Not applicable ~99 28-63
Ni 8-100 12-99 ~85 66-82
Pb 11-90 15-69 ~90 44-87
Zn 8-100 8-87 ~98 42-90

2.2. Conventional Technologies
2.2.1. Pyrolysis

Sewage sludge pyrolysis technology refers to the thermal conversion process
(300~900 °C) carried out in an inert atmosphere (Np, Ar, etc.). The solid byproduct, biochar,
exhibits substantial potential in enhancing soil quality through augmenting levels of soil
nutrients, soil microbial biomass, and soil pH.

However, a limited quantity of heavy metals undergoes evaporation during the py-
rolysis process, while inorganic salts and heavy metals are predominantly converted
into biochar. Heavy metals exhibit enrichment within the biochar matrix, with their con-
centrations potentially escalating at elevated pyrolysis temperatures and heating rates.
Hossain et al. demonstrated that Pb, Ni, Cu, and Zn were enriched in the sewage sludge-
derived biochars under 500 °C or less [58]. However, at 600 °C, Ca compounds were found
to be volatilized, and complete volatilization of Hg occurred at 350 °C. Gong et al. observed
that the heavy metal concentration of derived biochar was 2.5-6.0 times higher than that in
sewage sludge [59]. But, compared to incineration ash and the hydrochar, the leachable
heavy metal contents of the biochar are lower [60]. Zhu et al. pointed out that movable
metal forms were reduced during the pyrolysis process, which facilitates the agricultural
use of biochar [61]. Although heavy metal transformations have been extensively investi-
gated, the variability in heavy metal contents within raw sewage sludge and differences in
operating conditions pose challenges to reaching a unified conclusion. Consequently, direct
application of sewage sludge-derived biochar as a P source in agriculture is discouraged
due to these uncertainties.

2.2.2. Hydrothermal Carbonization

Hydrothermal carbonization treatment facilitates the utilization of wet wastes, partic-
ularly sewage sludge containing 70% to 80% muoisture. It is recognized as a process that
converts sewage sludge into carbonaceous products known as hydrochar, achieved by
subjecting it to temperatures between 180 °C and 260 °C under autogenously saturated
pressures within the subcritical region for several hours. The high hydrophobicity and
homogeneous properties of hydrochar facilitate its separation from suspension [62]. Tem-
perature, pressure, water medium, and residence time are the main characteristics affecting
the hydrothermal carbonization process [63].

Hydrothermal carbonization is typically conducted at temperatures below 300 °C, re-
sulting in the concentration of heavy metals, primarily in hydrochars [64]. Liu et al. reported
that the levels of Ni, Cu, Zn, Cr, and Hg in hydrochar derived from sewage sludge exceeded
the land application standards set by China, Japan, Canada, the US, and the EU [65]. Dur-
ing the hydrothermal carbonization process, a significant immobilization of heavy metals
occurs in hydrochars, leading to a reduced environmental risk. Shi et al. reported that the
leachable Cu, Cd, Cr, and Ni decreased by 72-97% after hydrothermal carbonization and
decreased with the increase in the reaction temperature [66]. It should be noted that the
substantial presence of metal ions in sewage sludge can impact dehydration, decompo-
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sition, and carbohydrate hydrolysis. Unsuccessful removal or reduction in heavy metal
contents from sewage sludge limits the practical applications of hydrochars [67]. Therefore,
researchers have added chemicals (HCI, FeCls, AI(OH)3, etc.) to improve the heavy metal
removal of hydrochars. Xu et al. illustrated that importing FeClz and Al(OH)z during the
hydrothermal carbonization process could transfer the exchangeable state of heavy metals
into residual states, which decreased the leaching risk of hydrochars [68]. However, the
removal of heavy metals was not ideal; alternative processes or electrokinetic treatment
should be developed to optimize nutrient recovery and reduce contaminant accumulation.

2.2.3. Traditional Processes

Conventional heavy metal removal treatments have various advantages, but some
concerns are hindering the application of these techniques [69].

The strengths and limitations of these technologies are summarized in Table 3. The
chemical extraction process consumes large numbers of chemical treatments, which neg-
atively impact its further utilization, and the membrane technology requires stringent
application conditions [70]. The bioleaching technique offers various advantages, including
low production of waste material, easy operation, regeneration capabilities of the bio—-
sorbents, and high pollutant removal efficiencies, which have attracted increasing interest
among researchers. However, drawbacks including high temperature, pH dependence,
high maintenance, and energy requirements are unavoidable [71]. Most processes are cur-
rently performed at the laboratory scale, with the exception of electrokinetic remediation,
which has been applied at the pilot scale level. The electrokinetic technique has shown
promise in removing heavy metals and organic pollutants from soil [72], making it an
innovative technology for effluent treatment to date. In the following section, a detailed
discussion is conducted focusing on the electrokinetic treatment.

Table 3. Comparison of different heavy metal removal processes.

Process Influence Factors Advantages Disadvantages Applicable Scope Reference
Chemical Types of chemicals, Various types of agents, Cause secondary SS with a high concentration :
. properties, and forms of suitable for different types of . [11]
extraction h pollution of heavy metals
eavy metals
. . Microbial species, sewage Low operating cost, high Strlc_t operation and SS that is suitable for the
Bioleaching sludge properties, . conditions limit, long e - [10]
removal efficiency . growth of specific bacteria
temperature, pH duration
Membrane Membrane type, solution Less space requirement, ngh}?peratlonal cost, . . .
. - - igh energy Organic and inorganic wastes [12]
separation type separation selectivity b
consumption
- Heavy metal forms and High removal efficiency, low . SS with high
Electrokinetic content, pH, type of SS impact on properties of SS High cost ion-exchangeable fractions 1]

2.3. Electrokinetic Treatment
2.3.1. Electrokinetic Technology

The electrokinetic technology is a promising remediation process with high removal
efficiency [57]. It utilizes low-level direct current to pass through sewage sludge, facil-
itating the migration of contaminants by electrophoresis, electromigration, and electro-
osmosis [43].

As shown in Figure 2, during electrokinetic treatment, water oxidation takes place in
the anode chamber, leading to the generation of hydrogen (H*) ions (Equation (1)), while
water is reduced in the cathode chamber, resulting in hydroxyl (OH™) ion (Equation (2))
production. When an electric field (e.g., input voltage of 20-50 V) is applied across sewage
sludge, H* ions drift toward the cathode and interact with cationic metals on the surface,
causing desorbed metal ions to move toward the cathode along with H* ions [73]. Heavy
metal removal can be achieved through precipitation, electrodeposition, or ion exchange
during their migration process. The pH value of sewage sludge is affected by the migration
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rate and distribution of H" and OH™, which is gradually decreased from the cathode to the
anode [74]. Heavy metal removal efficiency of the electrokinetic technique is influenced by
the pH value of sewage sludge, electrolyte concentration, voltage gradient, current density,
and electrode material [75].

2H,O —4e” = O, +4H™" 1)

4H,0 +de~ = 2H, + 40H ™ @)

f 5 -+
i O O' [ ) +
= *

Oe @~

® Electromigration

n oo
/ Sewage sludge chamber Cathode

® Electromigration
® Electro-osmosis

« @ Electro-osmosis __________ o_|
V ® Electrophoresis @ )
\

Vi

Hydroxide,
carbonate

7 2H,0—4H*O,()+4e 2H,0+2¢ —~20H +H,(,)
Figure 2. Schematic diagram of the mass transport mechanism in the electrokinetic process.

The core mechanism of electrokinetic treatment can be illustrated in Figure 2, including
electromigration, electro-osmosis, and electrophoresis. The electromigration mechanism
refers to the transportation of ions and complexes in solution when negatively charged
particles are placed in an electrical field. Each species moves according to its ionic mobility,
determined by the ionic charge number. Electro-osmosis occurs at the solid /liquid interface,
where the movement of ions in the liquid is induced by a stationary charged surface. Within
a pore, electro-osmosis arises from the interaction between the bulk liquid and a thin layer
of charged fluid near the pore wall that migrates under an electric field. Charged thin-
layer fluids appeared because surface charges should be balanced by fluids with opposite
charges to maintain charge neutrality [76]. Electrophoresis is the reciprocal phenomenon
of electro-osmosis, where a charged particle undergoes relative motion with respect to a
stationary liquid [77]. Upon application of an electric field on heavy metal ions, the charge
on these particles interacts with the field and propels them towards an electrode carrying
opposite charge [78].

The performance of the heavy metal removal rate and energy consumption is quan-
tified by voltage gradient (1.0-1.5 V-cm™!), sludge pH, and heavy metal speciation.
At 1.25 V-em ™!, Cu/Zn removal rate reaches 45-60% with an energy consumption of
0.8-1.2 kW-h-kg ! [79]. Initial pH 4-6 of sludge maximizes metal mobility, while alkaline
sludge (pH > 8) requires pre-acidification [80]. Exchangeable fractions (e.g., exchangeable
Pb) achieve removal rates > 70%, while residual fractions (e.g., residual Cr) show removal
rates < 20% [81].

Researchers applied various chemicals to reduce electrolyte pH variation, which
confirmed the feasibility of electrokinetic treatment with considerable heavy metal removal
rates (19-34%) [82,83]. The electrokinetic method exhibits minimal secondary pollution and
holds promise due to its high efficiency in removing heavy metals within a short treatment
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duration. However, the electrokinetic remediation method is limited by its economic (high
investment and electrode stability) and energy consumption [43]. The low concentration
of resources in the sludge source restricts its efficacy. Therefore, enhanced electrokinetic
treatment has attracted increasing interest by coupling it with other techniques (for example,
chemical extraction) to improve heavy metal removal and reduce consumption.

2.3.2. Enhanced Electrokinetic Technology

The electrokinetic process exhibits minimal secondary pollution [84] and high
efficiency [85]. However, the electrokinetic remediation process is limited by its energy
consumption [86], which may restrict its industrial application [87]. Therefore, enhanced
electrokinetic treatment has attracted increasing interest by coupling it with other tech-
niques (for example, chemical extraction) to improve heavy metal removal and reduce
consumption [88]. In this section, enhanced electrokinetic technology with processes of
adding electrodes and additives is discussed.

e  Effects of electrodes on electrokinetic technology

The selection of appropriate electrolytes (anolytes and catholytes) is crucial for the
electrokinetic process, as the chemical properties of electrolytes can significantly impact
metal speciation, pH values, electrical conductivity, Zeta potential, and electro-osmotic
flow in sewage sludge. It has been reported that a lower pH level can enhance the re-
moval efficiency of heavy metals by dissolving and transforming stable heavy metals into
exchangeable forms [89]. However, the pH values are affected by hydrolysis during the
electrokinetic treatment; thus, researchers have applied various chemicals as electrolytes to
maintain the pH values [73]. Inorganic acid, organic acid, chelant, and alkali solutions are
used for electrolytes.

Liu et al. developed electrokinetic equipment with two and three sewage sludge
chambers and indicated optimal heavy metal removal efficiency with Cu (~51.5%) and
Ni (~46.6%) with 0.2 mol-L~! HNO; as electrolytes [75]. Almeira O. et al. confirmed
that the addition of HNOj as electrolytes enhanced the Cd removal of Cd from kaolin
by 63% [89]. Wu et al. applied citric acid as an electrolyte, which decreased the pH to
lower than 1.2 [90]. They indicated Cr concentration in the contaminated soil decreased by
45.04-138.13 mg-kg ! after the electrokinetic treatment. The electro-osmotic flow direction
in sewage sludge is influenced by its low pH value, and the electromigration efficiency
can be enhanced by employing an appropriate alkaline solution as an anolyte to adjust the
pH value. Alkaline soluble salts, such as NaHCO3; and NaOH [91], are widely accepted
for maintaining a favorable electro-osmotic flow direction in electrokinetic treatment due
to their cost-effectiveness and environmentally friendly properties. Tang et al. reported
the high removal efficiency of Cu, Zn, Cr, Pb, and Ni (~60.40%) by applying biodegradable
ethylene diamine disuccinic acid (EDDS) as electrolytes to acidify sewage sludge and
reduce pH values [92]. The introduction of electrolytes enhances the mobilization of heavy
metal ions through electrokinetic treatment.

e  Effects of additives on electrokinetic technology

The electrokinetic technique encounters challenges due to the adsorption of dissolved
heavy metal ions on sewage sludge particles, resulting in the formation of precipitates with
carbonates, hydroxides, and other compounds near the cathode (high pH region), thereby
obstructing the electrokinetic process. Moreover, highly mobile heavy metals can be readily
eliminated from sewage sludge through electrokinetic treatment. To enhance overall
removal efficiency, chemical agents such as acids (citric acid, HNO3), chelating agents
(ethylene diaminete traacetic acid (EDTA), nitrilotriacetic acid (NTA), and dicarboxymethyl
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glutamic acid (GLDA)), surfactants (such as saponin, sophorolipid, and rhamnolipid), and
inorganic salts (NaCl, FeCl3) are frequently employed for solubilizing heavy metals [83].

Adding HNOj in the sewage sludge chamber, and adjusting pH = 2.0, 68-95% of heavy
metals can be removed by the electrokinetic treatment [93]. The utilization of citric acid as
an additive exhibits superior efficacy in heavy metal removal compared to deionized water
and sodium dodecyl sulfate [94]. Conventional chelating agents, including EDTA [95],
EDDS, and NTA [96], could solubilize the heavy metals and improve the electro-osmotic
flow rate, thereby confirming the viability of electrokinetic treatment with significant
removal efficiencies (19-34%) for heavy metals [97].

A comparison of different conditions on electrokinetic treatment is listed in Table 4.
Chemical addition has the potential to enhance heavy metal removal efficiency through
chelation and pH regulation; however, conventional agents such as EDTA and EDDS are
non-biodegradable, leading to secondary pollution and posing environmental risks [82].
Hence, selecting more environmentally friendly, efficient, and biodegradable chelating
agents is of great importance. Recently, biosurfactants have been investigated due to their
low toxicity, ecological safety, and exceptional biodegradability [98]. The high removal
efficiencies of Zn (>70%), Cr, and Ni (>60%) were observed when adding rhamnolipid in the
electrokinetic process [99]. Chen et al. added GLDA for pretreating flue gas desulfurization-
derived sewage sludge in an electrokinetic treatment [97]. Their findings demonstrated a
significant 22.48% increase in Cr removal efficiency compared to the unenhanced electroki-
netic process. Sophorolipids and saponins as novel surfactants have also been reported to
enhance the remediation efficiencies of the electrokinetic treatment [100].

Table 4. Comparison of different conditions on electrokinetic treatment [43,93,101-104].

Energy
Feedstock Source Chemical Mechanism Conditions Removal Rate Consumption
(kW-h)
Anaerobically - 125V-em™?; Graphite plate Cu: 96%, Zn: 95%, Pb: 19%Ni:
digested dewatered HNO; Adjusting sludge pH to 2.0 electrode 90%, Cr: 68%, As: 31%
V Ammonia:Vwater:Vss = 0.4:1:4,
Ammonia Increased the exchangeable content Electrolyte: 0.05 mol L! Cu: 66%, Zn: 81%, Pb: 41% 1.10
of heavy metals
Dewatered sewage NaCl
sludge Adding ethylenediamine does not V Ammonia: Vwater:Vss = 0.2:1:4,
Ethylenediamine affect the acidification and Electrolyte: 0.05 mol Lt Cu: 65%, Zn: 82%, Pb: 53% 1.20
current density NaCl
L Electrolyte: deionized water, . .
Deionize water 2Vem-! 150 h Cu:1%, Pb: 2% 0.40
. Catholyte: 4 g L~! PASP, Cazo
PASP Corr0510tl;\;nelféz;1(§)crl18effect on Anolyte: deionized water, g‘g ggéo . 0.83
2Vem1,150 h oo
0-20 cm topsoil - Catholyte: 0.1 mol L1 CA,
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area of Spain

L~! NaOH, current density
2mA cm ™2

The heavy metal removal efficiency of the unenhanced electrokinetic process is limited,

and the energy consumption restricts its further industrial application. In addition, the
hydrolysis under the electric field affects the pH values in the sludge chamber, which
may cause heavy metal accumulation during the electrokinetic process. Therefore, agent-
assisted electrokinetic treatment holds great promise for sewage sludge disposal as it has
the potential to overcome the aforementioned challenges. Citric acid has been utilized to
enhance heavy metal removal efficiencies by pH adjustment, while ammonium hydroxide

https://doi.org/10.3390/pr14010136


https://doi.org/10.3390/pr14010136

Processes 2026, 14, 136

10 of 30

can induce a transformation of stable heavy metals into unstable states [105]. FeCl3 has been
reported for its ability to increase ion concentration in the sewage sludge solution during
heavy metal removal [106]. However, the underlying mechanism of biosurfactants in
electrokinetic treatment remains unknown. Since different agents operate through distinct
mechanisms, resulting in varying effects on heavy metal removal efficiency, further study
is required to understand the effectiveness of agent-assisted electrokinetic treatment.

3. P-Enriched Bio/Hydrochar Derived from Sewage Sludge

3.1. Characterization and Characteristics of Sewage Sludge and the Derived Bio/Hydrochar
3.1.1. Methods for P Characterization

The speciation of P, defined by its chemical state and physical distribution, primarily
controls its bioavailability, mobility, and solubility [107]. P exists in diverse molecular forms,
including phosphonates, orthophosphates, polyphosphates, and organophosphates [108].
Several analytical methods are employed to determine P speciation, including 3! P nuclear
magnetic resonance (3!P NMR) spectroscopy [109], sequential extraction [107], and P K-
edge X-ray absorption spectroscopy (P K-edge XANES) [110].

Fristak et al. found the P content of biochar increased by 2-3 times after the pyrolysis
treatment of sewage sludge [111]. Most P is present in inorganic forms, accounting for 60%
to 90% of total P. Inorganic P species primarily occur as phosphate compounds bound to
metal cations, such as Al, Ca, Mg, and Fe [112]. Among these, apatite inorganic phosphorus
(AP) mainly contains Ca—-P and Mg-P, which account for 35-40% of inorganic P [113]. While
non-apatite inorganic phosphorus (NAIP) is the most prevalent form, P is bound with
the oxides/hydroxides of Al, Fe, and Mn [42]. To examine changes in P speciation and
their associated metals, researchers selected the standard measurement and testing (SMT)
protocol and XANES spectroscopy [114].

Most organic P and inorganic P in sewage sludge is non-bioavailable, and sequen-
tial chemical extraction effectively differentiates major P pools. (1) Water-soluble P
(e.g., HoPO,~, HPO42") can be directly absorbed by plants with the highest bioavail-
ability [115], but accounts for <5%. (2) NaHCOg3-extractable P consists of weakly adsorbed
P combined with Ca and Mg, and part of easily mineralizable P in microorganisms, which
is highly bioavailable in neutral or weakly alkaline soil [116]. (3) NaOH-extractable P
(Fe/ Al oxides/hydroxides) exhibits moderate bioavailability. (4) HCl-extractable P (stable
Ca/Mg-bound) [117] with high stability and can only be slowly dissolved in strongly acidic
soils. NaOH and HCl-soluble P are the dominant fractions (~60-90% of the total P) [118] in
sewage sludge-derived bio/hydro-char. (5) Residual P(accounts for <10%) is tightly bound
to insoluble minerals, has extremely low bioavailability, and can be regarded as a long-term
potential P pool [119].

Liquid 3'P NMR is also employed to characterize P fractions extracted from feedstock
and the derived bio/hydro-chars, which offers insights into relatively labile P fractions [117].
Extensive existing studies have demonstrated that the orthophosphate, which is associ-
ated with Al, Ca, and Fe metals and their minerals, is the main fraction in the sewage
sludge [120].

The content of available P in the soil can be estimated by a variety of methods. Com-
pared with standard chemical extraction tests, the diffusive gradients in thin films (DGT)
technology has a higher correlation with plant-available P in the soil [115,121]. Vogel
et al. used DGT technology to determine the available P content in fertilized soil in pot
experiments, and the correlation between P content and the P absorption of corn was much
higher than that of traditional extraction methods, such as Olsen [122]. Six et al. also found
that the correlation (R? = 0.84) between the soil-available P concentration measured by
DGT technology and corn yield was significantly higher than that of traditional extracts
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such as Olsen, Colwell, Brray-1, Mehlich-3, ammonium oxalate, and resin (R2 < 0.53) [123].
At the same time, DGT, as an in situ sampling technology, can eliminate the risk of P form
changes during sample transportation, storage, and analysis. At present, this technology
has been widely used to analyze the distribution and migration law of available P in water
bodies and soil [124]. Combining traditional P extraction methods with DGT technology
can more accurately evaluate the availability of P in biochar.

3.1.2. P Speciation in Raw Sewage Sludge

Before exploring P transformation during biochar /hydrochars production, it is critical
to understand the initial speciation of P in raw sewage sludge. Inorganic P typically
accounts for 50-80% of total P in sewage sludge, and Ca-bound, Al-bound, and Fe-bound P
species are the predominant forms [125]. These inorganic phosphate forms are relatively
stable under normal conditions, although their bioavailability can be affected by the pH
value of the environment [126].

Organic P in sewage sludge mainly derives from the residual organic matter in
wastewater, such as phospholipids, nucleic acids, and humic acid-bound P, accounting for
around 20-50% of total P [127]. The stability and bioavailability of organic P are closely
related to its molecular structure [128]. For example, phospholipids and nucleic acids
are relatively labile and can be decomposed into orthophosphate via microbial activity,
whereas humic acid-bound P exhibits high stability and limited biological availability [129].
Shober et al. pointed out that the distribution of these forms of P varies significantly de-
pending on the source of the raw wastewater and the sludge stabilization techniques
employed [130].

3.2. Migration and Transformation of P During the Bio/Hydrochar Production Processes
3.2.1. Pyrolysis

During pyrolysis, P remains mostly in the solid product, biochar [131]. It drives
P transformation via thermal decomposition, redox reactions, and mineral transitions
across three stages: dehydration (<200 °C), devolatilization (200-500 °C), and carboniza-
tion (>500 °C) [120]. The key transformation mechanism could be summarized as
(1) the decomposition of organic phosphorus, (2) the conversion of inorganic P fractions,
and (3) the migration of P in the biochar matrix [132]. At below 300 °C, labile organic P
(e.g., phospholipids) undergoes hydrolysis, releasing soluble inorganic P [133]. At above
300 °C, recalcitrant organic P (humic-bound) degrades progressively, resulting in a reduc-
tion in the organic P fraction from approximately 30% of total P in raw sewage sludge to
less than 10% at 600 °C [134]. P volatilization is negligible (<5% of total P) due to its high
boiling point, ensuring that the majority of P is retained in the biochar matrix [40].

As for the conversion of inorganic P fractions, at temperatures around 300-500 °C,
labile inorganic P desorbs and reacts with Fe/Al oxides originating from flocculants to
form stable Fe/Al-P compounds (NAIP) [135]. This transformation is facilitated by the
enhanced crystallinity and adsorption capacity of metal oxides under thermal treatment.
While at temperatures > 500 °C, elevated temperatures promote the dissolution of Fe/Al
oxides, releasing ions that subsequently react with Ca?* and PO,3~ to form apatite-like
minerals (e.g., hydroxyapatite) [136]. XRD confirms that AP becomes the dominant P
species (accounting for 40-60% of total P) at temperatures > 600 °C [137]. Simultaneously,
a portion of Fe/Al-P is converted into oxyhydroxide-bound P (e.g., FePO4-2H,0) through
redox-driven reactions.

The migration of P in the biochar matrix is also affected by the reaction
temperature [14]. At <400 °C, P accumulates on the surface of biochar as amorphous
organic and inorganic byproducts [138]. At temperatures above 500 °C, P migrates into
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Orthophosphate ~ 2dsorbed phosphate Pyrophosphate

the pores and precipitates as crystalline AP and Fe/AI-P phases, thereby reducing its
leaching potential [25]. SEM-EDS reveals the uniform distribution and embedding of P
in high-temperature biochars (700-800 °C) [139], in contrast to the surface-concentrated
localization observed in low-temperature biochars [140].

e  [Effects of process parameters

The migration and transformation behavior of P during the pyrolysis process is
strongly influenced by temperature [141], residence time [14], heating rate [142], and the
physicochemical properties of raw sewage sludge [143].

Among them, the reaction temperature is the most critical factor, and P exhibits a
distinct pattern as the temperature increases [144]. At 300400 °C, labile organic P decom-
poses into orthophosphate [145], as shown in Figure 3a which forms more stable Fe-P,
Al-P, and Ca-P [146]; therefore, the NAIP is the main fraction [147]. During this phase,
the decomposition of organic P is incomplete, leading to high bioavailability of P, but
may elevate the leaching risk [148]. At 500-700 °C, complete organic matter decomposi-
tion drives amorphous Fe-P and Al-P into crystalline FePO, and AIPO,, which exhibit
greater stability [149]. Ca-P may react with S5iO, forming Caz(POy),-CaSiO3, which is
characterized as lower solubility [133]. The volatilization loss of P is typically less than
5% [150]. At temperatures above 800 °C, marked P volatilization due to the decomposition
of stable phosphate minerals (e.g., Caz(POy),) [40]. Researcher [151] indicates that, at
900 °C, the volatilization loss of P can reach 10-15%. Therefore, to minimize P loss and
produce sludge-derived biochar with high P retention, the recommended pyrolysis temper-
ature range for biochar production is typically maintained between 400 °C and 700 °C.

Sewage sludge

Polyphosphate AIPO, Ca—PO, Polyphosphate

Orthophosphate

Ferrihydrite/alumina (short chain)
(P—containing

Phytic acid 250-600 °C WO TN ETEES 600—800 °C minerals)

Sewage sludge 3 P—Ferrihydrite
S

Ferrihydrite/alumina Orth O_P
Orthophosphate adsorbed phosphate
Phytic acid

Polyphosphate AIPO, Ca-PO . -
¥ . Hydrolysis i P—Alumina
ipitay AIPO,

Figure 3. The potential P transformation pathways during (a) pyrolysis and (b) hydrothermal
carbonization of sewage sludge [14].

Extending residence time (from 30 to 90 min) enhances the complete decomposition
of organic P (15-20% reduction) [152] and facilitates a more thorough transformation
of amorphous inorganic P into crystalline forms (crystalline Fe-P and Al-P increase by
10-15%) [153]. Equilibrium is reached after 120 min [154].

The heating rate influences the pyrolysis process by modulating the decomposi-
tion kinetics of organic matter and the characteristics of biochar. A low heating rate
(5-10 °C min~!) favors stable P species but increases energy consumption [155]. In contrast,
a high heating rate (50-100 °C min~!) can accelerate the decomposition of organic matter,
resulting in the rapid release of volatile substances [156]. Currently, a medium heating rate
(20-30 °C min~!) is recommended for the preparation of biochars [8], as it achieves an opti-
mal compromise between the decomposition of organic matter, efficient P transformation,
and acceptable production efficiency.
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3.2.2. Hydrothermal Carbonization

Firstly, aqueous conditions facilitate the hydrolysis of organic P through acid-base
catalysis. Macromolecular organic P compounds (e.g., phytate) are decomposed into smaller
organic P molecules (e.g., orthophosphate monoesters) and subsequently mineralized
into inorganic P, as shown in Figure 3b. The mineralization rate of organic P during
hydrothermal carbonization (50-80%) is lower than that in pyrolysis (>90%), primarily due
to the lower reaction temperature, which restricts complete degradation [157].

Furthermore, the transformation of P during the hydrothermal carbonization can also
be characterized by the solubilization and re-adsorption of inorganic P species. In the de-
rived hydrochar, inorganic P is mainly present as Fe/Al-bound P (NaOH-extractable P) and
loosely bound P (NaHCO;-extractable P). In the presence of Ca?* ions, part of the dissolved
P in the process water reprecipitates as Ca-bound P (HCl-extractable P) and is adsorbed
on the surface of hydrochar [18]. In contrast to pyrolysis, the hydrothermal carbonization
process does not lead to the formation of residual P, as the relatively low temperature is in-
sufficient to incorporate P into the carbon matrix. The hydrochar is enriched with carboxyl
(-COOH) and hydroxyl (-OH) functional groups, which facilitate the adsorption of soluble
inorganic P through electrostatic attraction and cation complexation (e.g., CaZ*, Fe3+). The
adsorption capacity increases with rising reaction temperature, attributable to an enhanced
specific surface area and the greater availability of surface functional groups [158].

e  Effects of process parameters

Shi et al. indicated that various factors including reaction temperature, duration,
sludge-to-water ratio, the presence of metallic metals such as Ca, Mg, Al, and Fe in raw
sewage sludge, and pH exert varying degrees of influence on the transformation of different
P species [159]. Among these, reaction temperature plays a key role in governing both the
hydrothermal carbonization process and the migration and transformation behavior of
P [160]. At 180-220 °C, the organic matter in sewage sludge mainly undergoes hydrolysis
and dehydration reactions, resulting in limited decomposition of organic P [161]. Inorganic
P content increases slightly, with Fe-P, Al-P, and Ca-P remaining the dominant forms [162].
At 230-260 °C, organic P is mineralized into orthophosphate, which subsequently reacts
with metal ions (e.g., Fe, Al, and Ca) to form new inorganic P compounds [163]. When
the reaction temperature exceeds 270 °C, the organic matter is further carbonized to form
hydrochars with elevated carbon content. But certain inorganic P species may react with
other sludge components to form more stable phosphate minerals [164]. In addition, a
minor amount of P may dissolve into the aqueous phase, resulting in a slight reduction in
the total P content of the derived hydrochars. Therefore, the optimal temperature range is
generally considered to be 230-260 °C.

At a specific temperature, prolonging the residence time promotes the decomposition
of organic P and facilitates the thorough conversion of orthophosphate into inorganic
P [127]. When the residence time exceeds 120 min, the transformation process tends
to stabilize, and metal ions approach equilibrium. Extended residence time can also
promote the crystallization of inorganic P phases, increased energy consumption, and
higher production costs [165]. Hence, the hydrothermal residence time is usually controlled
between 60 and 120 min.

3.2.3. Comparison of P Migration and Transformation Between Pyrolysis and
Hydrothermal Carbonization

The hydrothermal carbonization process is conducted in a liquid medium, driving hy-
drolysis, and solvation rather than thermal decomposition. In addition, lower temperature
and higher pressure compared to pyrolysis treatment lead to distinct P behavior [120]. The
main difference is summarized in Table 5.
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Table 5. Difference in P migration and transformation between pyrolysis and hydrothermal
carbonization [166].

Aspect

Pyrolysis Hydrothermal Carbonization

P Retention in Solid
P Speciation in Product

Volatile P Loss
Organic P Mineralization

Application Oriented

High (70-95%), low volatilization loss Medium (40-70%), high solid-liquid migration
Dominated by HCI-P (high temperature) or Dominated by NaOH-P and NaHCO3-P;
NaOH-P (low temperature); low bioavailability high bioavailability
Significant (>5%) at high temperature (>700 °C) Negligible (<1%), no P volatilization
High (>90%) Medium (50-80%)
Suitable for long-term P supply in acidic soils Suitable for short-term P supply in
(high HCI-P) neutral/alkaline soils (high NaHCO3-P)

3.3. Applications of Sewage Sludge-Derived Bio/Hydrochar as P Fertilizer in Agricultural Soils

Bio/hydro-char is applied in many research fields, including soil improvement, carbon
sequestration, pollutant removal, and energy production. Bio/hydro-char can increase
the overall surface area of soils and improve water retention capacity [167]. The use of
bio/hydro-char in land application also contributes to the mitigation of global warming
through carbon sequestration [168]. Among them, sewage sludge-derived bio/hydro-chars
can serve as a soil amendment [169] due to their enhanced nutrient, low density, and
porous structure [170]. Particularly, bio/hydro-chars, by retaining all or part of the mineral
elements of the original feedstock (N, P, K, and S), constitute a stable source for the mineral
nutrition of plants in the long term [150]. Numerous studies have reported that sewage
sludge-derived bio/hydro-char exhibits substantial potential in enhancing soil quality
through augmenting levels of soil nutrients, soil microbial biomass, and soil pH [171].
The advantages, mechanisms, influencing factors, and existing challenges of applying
sewage sludge-derived bio/hydrochar P Fertilizer in agricultural soils are summarized in
this section.

3.3.1. Advantages for Serving as Agricultural P Fertilizer

The risk of heavy metal contamination by sewage sludge was efficiently reduced
through the pyrolysis and hydrothermal carbonization process. The leaching potential eval-
uated by the toxicity characteristic leaching procedure (TCLP) was all under the threshold
and decreased with the hydrothermal carbonization temperature [172]. Thus, compared
with sewage sludge, the derived bio/hydro-char has lower heavy metal toxicity, which is
more beneficial to land applications.

Table 6 presents the total P amount and TCLP-derived leaching rates of heavy met-
als in sewage sludge and the derived bio/hydrochars. However, considering that the
bioaccumulation of heavy metals is a significant concern during the practical applica-
tion of bio/hydrochar, it is essential to establish control standards for heavy metals in
bio/hydrochar. Additionally, toxicity analysis of specific bio/hydrochars is recommended
before large-scale practical application.

Table 6. The total P amount and TCLP-derived leaching rates of heavy metals in sewage sludge and
the derived bio/hydrochars [52,173,174].

Sample Total P (mg-g~1) P Recovery Rate (%) Ni (%) Cu (%) Zn (%)

SS 16.17 £0.23 30.74 £ 2.14 17.28 £1.30 40.48 £ 0.03

ESS 17.87 £ 0.06

Not applicable 27.73 + 0.55 15.30 + 0.03 23.77 +0.37

SB300 22.85 £+ 3.55 97.15 2.83 £0.29 1.21 £ 0.03 13.72 £ 0.06
ESB300 26.53 £ 0.12 ~100 2.26 £0.10 1.06 + 0.07 11.59 £0.19
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Table 6. Cont.
Sample Total P (mg-g—1) P Recovery Rate (%) Ni (%) Cu (%) Zn (%)
SB500 32.79 + 0.60 ~100 6.93 £ 0.16 1.71 £ 0.01 6.22 £ 0.10
ESB500 34.56 £+ 0.36 ~100 0.78 & 0.03 1.82 £+ 0.09 3.33 +0.34
SB700 35.04 £+ 0.94 ~100 5.77 £ 0.12 1.18 £0.11 1.92 +£0.03
ESB700 35.76 = 0.71 ~100 1.19 +0.15 1.14 4+ 0.06 1.79 4+ 0.06
SH180 22.85 + 3.55 82.09 13.25 £ 0.01 3.23 £ 0.00 21.27 £ 0.00
ESH180 26.53 + 0.12 82.40 5.66 £ 0.01 1.57 + 0.00 6.06 £ 0.00
SH220 32.79 £+ 0.60 96.12 8.06 £ 0.05 1.71 £+ 0.00 9.49 4+ 0.00
ESH?220 34.56 £ 0.36 94.76 6.84 £ 0.02 1.27 £ 0.00 4.00 £+ 0.00
SH260 35.04 + 0.94 94 .48 7.20 + 0.05 0.97 £+ 0.00 17.02 £ 0.00
ESH260 35.76 = 0.71 86.05 8.71 £ 0.01 0.53 £ 0.00 11.97 £ 0.00

Note: SS represents sewage sludge, ESS represents the electrokinetic-treated sewage sludge, SB represents
sewage sludge-derived biochar, ESB represents biochar derived from electrokinetic-treated sewage sludge, SH
represents sewage sludge-derived hydrochar, and ESH represents hydrochar derived from electrokinetic-treated
sewage sludge.

The total P content of sewage sludge-derived bio/hydro-chars ranges from 28.6 to
106.0 mg-g~! [19], significantly higher than that of biochars derived from common biomass
(e.g., wood and crop residues), which only have a total P content of 0.1-16.6 mg-g~! [175].
As discussed in Section 3.2, 21-26% of water-soluble P in sewage sludge is partially con-
verted into moderately labile P during the pyrolysis process [65]. This conversion not
only avoids the P loss risk associated with direct sludge application but also ensures
continuous P supply for crops, balancing ‘immediate availability’ and ‘long-term sustain-
ability’. Brar et al. reported that biochars significantly reduce nutrient leaching in soils [176].
Wang et al. showed that bio/hydro-char derived from sewage sludge exhibited a slower
release rate of P compared to animal manure, thereby reducing the risk of P loss [177]. Com-
pared to sewage sludge-derived biochars, the moderately labile P (e.g., citric acid-soluble
P) in hydrochars accounts for 30-55% of total P, which is higher than that (20-40%) in
biochars [178]. Thus, avoiding P leaching risks from excessive water-soluble P better meets
short-term crop P demands. Therefore, sewage sludge-derived bio/hydro-char shows great
potential for improving soil quality through nutrient retention and its capacity to store
carbon in the soil for long periods.

A large number of field experiments and pot experiments have shown that ap-
plying biochar to soil can improve the growth rate and yield of crops (such as kidney
beans, cucumbers, strawberries, tomatoes, corn, watermelons, and black peppers) [179].
Zhang et al. conducted a six-year experiment on biochar soil improvement in paddy fields
and found that, compared with traditional chemical fertilizers, the application of biochar
increased crop yields by 10-16% [180]. Organic acid generation during the hydrother-
mal carbonization process renders the derived hydrochars weakly acidic (pH 4.5-6.0), in
contrast to the alkaline nature of sewage sludge-derived biochars (pH 8.0-10.0) due to high-
temperature decarboxylation [181]. This trait enables the derived hydrochars to activate
Fe/Al-bound P in alkaline soils and mitigate Ca-P fixation, addressing the limitation of low
P availability when the derived biochars are applied in alkaline soils [182]. In addition, the
mild hydrothermal carbonization conditions (low temperature, moist environment) better
preserve mineral elements (N and K) in sludge. Thus, the total N content of the derived
hydrochar reaches 1.5-3.0%, higher than that (1.0-2.0%) in the derived biochars, enabling
the synergistic supply of ‘P-N-K” and enabling soil nutrient imbalance.
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e  Heavy metal mobility and plant uptake

The long-term application of bio/hydrochar (10-40 t/hm?) reduced the exchangeable
fraction of Cd, Pb, and As in contaminated soils by 32-67% (average: 48%) after 5 years,
with the reduction efficiency positively correlated with the char’s specific surface area and
functional group content [183]. For example, a 10-year trial in Cd-contaminated paddy soil
showed that wheat straw biochar application (20 t/hm?) decreased exchangeable Cd by
59% [184], while converting it to Fe/Al oxide-bound and residual fractions (accounting for
62% of total Cd after 8 years) [185].

For food crops (rice, wheat, maize), long-term bio/hydrochar application reduced
grain Cd/Pb accumulation by 21-53% (average: 34%) [186], with the effect more pro-
nounced in acidic soils (pH < 6.0) than alkaline soils [187]. Leafy vegetables (e.g., spinach,
lettuce) showed a higher reduction in heavy metal uptake (37-61%) due to their stronger
reliance on soil solution nutrients [188]. Notably, the uptake reduction efficiency tended to
stabilize after 3-5 years, as the dynamic balance between char aging (functional group loss)
and soil remediation (microbial community optimization) was established [189].

3.3.2. Mechanisms of Soil Quality Enhancement

e Biochar

Sewage sludge-derived biochars exert their P fertilizer effect in soils through a dual
pathway combining direct P supply and indirect efficiency enhancement, and there are
three potential impact mechanisms [190]: (1) Bochar, as a phosphorus source, can provide
soluble and exchangeable P to the soil. The P contained in the derived biochars (includ-
ing moderately labile P retained after pyrolysis) is slowly released into plant-available
P under the action of soil moisture and microorganisms. Its release rate is slower than
that of animal manure, which reduces P leaching loss [33]. (2) Biochar enhances the avail-
ability of soil-endogenous P by affecting phosphorus-related complexation and metabolic
reactions. Biochars weaken the fixation of P by Fe/Al—(hydr)oxides by altering soil pH
(especially in acidic soils) and releasing dissolved organic matter [191]. Simultaneously,
it adsorbs metal cations (e.g., Fe3*, AI’*) bound to P in soils, releasing fixed native P and
improving the overall P availability of soils [192]. (3) Biochar directly or indirectly affects P
leaching by adsorbing P, improving the soil’s retention of P, and promoting the assimila-
tion of P by plants. Biochar promotes the reproduction of P-solubilizing microorganisms
(e.g., Pseudomonas putida, Lysinibacillus) and increases soil phosphatase activity [193].
This accelerates the conversion of organic P to available P in soils, establishing a positive
loop characterized by ‘P supply promotion of conversion’.

e  Hydrochar

Similarly to biochar (Figure 4), the mechanism of the sewage sludge-derived hy-
drochars on soil quality enhancement also contains three main pathways: (1) the direct
release of endogenous P, (2) soil microenvironment regulation for P transformation, and
(3) reduction in P leaching loss. P in the derived hydrochars is predominantly weakly
bound and released under the influence of soil moisture and microbial activity. This results
in a 15-30% faster release rate than that of the derived biochars, with a sustained release
period of 6-8 months, well matching the P requirements of most crop growth cycles [194].
The acidity of hydrochars reduces the pH of alkaline soils by 1-1.5 units, weakening
Ca-mediated P fixation. The porous structure of hydrochars, characterized by a specific
surface area of 20-80 m? g~ 1, enriches P-solubilizing microorganisms, which increases soil
phosphatase activity by 25-40% and accelerates the transformation of organic P to available
forms. Oxygen-containing functional groups (<COOH, -OH) on the surface of hydrochars
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electrostatically adsorb PO4®~ in soil, reducing P leaching by 30-50% [195]. The adsorption
capacity of hydrochars is approximately 20% higher than that of biochars [39].
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Figure 4. Potential effects of bio/hydrochar on P behavior in soil.
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The main difference in the agricultural application of the biochars and hydrochars is
listed in Table 7. The P supply ability of biochar to soil depended not only on the content
and form of P in biochar, but also on the interaction between biochar and soil, which
was affected by soil properties such as pH, cation concentration, P activity, and microbial
community [190]. Xu et al. [196] applied DGT technology to evaluate the agricultural
application potential of the biochar by measuring the changes in available P concentration
in soil after applying it to the soil. The DGT-P concentration of soils with the additions of
sewage sludge and the derived biochars (326.90-1314.63 g L) was much higher than that
of the control soil (142.18 ug L~1) [173], demonstrating that adding sludge and the derived
biochars could enhance the available P content in the soil. The available P can promote
the growth and development of plants, and thus increase their yield [197]. Compared
with the control soil (103.19 ug L~1), the DGT-P concentration of the mixed samples was
significantly improved (970.8 ug L), suggesting that the addition of sewage sludge-
derived hydrochars would raise the available P content in soil [174]. Li et al. reported
that the application of chemical fertilizers increased the soil-available P concentration by
2.1-4.8 times, implying that the application of bio/hydro-chars could reduce the reliance
on chemical fertilizers by improving soil fertility [198].

Table 7. Agricultural application effects of biochars and hydrochars [199,200].

Application Scenario

Sewage Sludge-Derived

Hydrochar Sewage Sludge-Derived Biochar

Suitable soil types
Short-term P availability (1-3 months)

Long-term P supply (6-12 months)

Soil amendment focus

Crop yield increase (wheat/rice)

Alkaline soils (pH > 7.5), neutral soils (6.5 < pH <7.5).
High (available P release rate: 40-60%).

Acidic soils (pH < 6.5), neutral soils (6.5 < pH < 7.5).
Medium (available P release rate: 25-45%; slightly higher
atlow pyrolysis temperatures).

High (stable P slowly converts, maintaining supply in
later stages).

Water/nutrient retention enhancement, carbon
sequestration, heavy metal immobilization.
10-20% (significant advantage in acidic soils).

Medium (sustained release but decelerated in later stages).

pH regulation, synergistic N supply, microbial activity
promotion.
10-18% (significant advantage in alkaline soils).

3.3.3. Key Influencing Factors

e  Reaction conditions
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The pyrolysis and hydrothermal carbonization temperature determined the speciation
and availability of P. At low/medium pyrolysis temperature (~300 °C), the derived biochar
exhibits a higher proportion of available P. Similarly, under hydrothermal carbonization
conditions at 180-220 °C, moderately labile P accounts for 50-55% of total P, corresponding
to the highest short-term P release rate [201]. This temperature range also sustains high crop
yield during the residual application phase, thereby representing the optimal condition for
P availability and agronomic performance [25]. At high pyrolysis temperature (>500 °C), P
is predominantly converted into stable forms (e.g., hydroxyapatite) [202], which is suitable
for soils requiring long-term fertility enhancement. Meanwhile, when the hydrothermal
carbonization temperature exceeds 230 °C, partial moderately labile P is transformed to
stable P species (e.g., AP), reducing the immediate P supply capacity [203].

Retention time is another key influence parameter. A retention time of 2—4 h is optimal
for hydrothermal carbonization preparation; shorter reaction time leads to incomplete
carbonization and unstable P speciation, while longer time increases energy consumption
without significant improvement in P retention rate [197]. In addition, adding calcium
and organic additives can also affect the speciation of P in the hydrothermal carbonization
reaction. Specifically, adding calcium salts facilitates the formation of moderately labile
Ca-bound P, thereby stabilizing P supply [204]; in contrast, organic acids enhance the
dissolution of Fe/Al-bound P in sewage sludge, which in turn increases the proportion of
available P in the derived hydrochars [205].

e  Soil Physicochemical Properties

As the most critical factor, soil pH determines the adaptability of the derived biochars
and hydrochars in agricultural soils. In acidic soils (pH < 6.5), the alkalinity of biochars
neutralizes the acidity of soil, reducing the fixation of Fe/Al-bound P. Notably, this ef-
fect enhances soil-available P by 5.1-fold compared to the control soil, representing the
optimal adaptability of the biochars [206]. Conversely, the weak acidity of hydrochars
may exacerbate soil acidification, requiring combined application with lime (1-2 t ha™1)
to adjust pH levels [207]. In neutral soils (6.5 < pH < 7.5), applying biochars increases
soil-available P by 2.4-fold [208], though this improvement is less pronounced than that
observed in acidic soils. For hydrochars, their application in neutral soils promotes the
activity of soil microorganisms, thereby improving P use efficiency by 20-30% [209]. In
alkaline soils (pH > 7.5), the alkalinity of biochars intensifies the fixation of Ca-bound P.
To mobilize Fe/Al-bound P, acidic soil amendments or sewage sludge-derived hydrochar
should be applied in combination. The inherent acidity of hydrochars helps neutralize soil
alkalinity, reducing Ca-P fixation and increasing P availability by 40-60% [210]. Regarding
soil texture, in sandy soils, the porous structure of hydrochars enhances water and nutrient
retention, reducing P leaching losses by 35-50% [211]. In clay soils, the derived hydrochars
improve soil aggregation, enhance soil aeration, and accelerate P diffusion to crop roots,
therefore increasing P uptake rates by 15-25% [212].

e  Application Strategies

The application rate of sewage sludge-derived biochars and hydrochars should be
adjusted according to the total P content of soil and crop nutrient demand. The excessive
application of biochars or hydrochars may easily cause P leaching, while insufficient
application fails to satisfy the P requirements of crops. In practical agricultural scenarios,
biochars or hydrochars can be combined with a small proportion of chemical P fertilizer.
This combination not only ensures rapid P supply but also reduces the chemical P loss
through the retention capacity of biochars and hydrochars, thereby improving the overall
P utilization efficiency [213]. In addition, the application rate also varies by the biochar
or hydrochar type and soil pH. The biochars are primarily applied in acidic (pH < 6.5) or
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neutral (6.5 < pH < 7.5) soils. In acidic soils with low available P content (<5 mg kg 1),
the optimal application rate of biochar is 15-25 t-ha~!, which increases soil-available P by
3.2-4.5-fold and avoids excessive alkalinity-induced nutrient imbalance [214]. Exceeding
30 t ha~! may cause P leaching and soil pH over-elevation, while rates below 10 t ha~!
fail to meet crop P requirements [215]. In contrast, the hydrochars are mostly used in
alkaline (pH > 7.5) or neutral soils. In alkaline soils with low P content (<10 mg kg_l),
the optimal application rate of hydrochar is 20-30 t ha~!, enhancing soil-available P
by 7.4-8.5-fold and crop yield by 15-18% [216]. Rates > 40 t ha~! may pose nitrogen
accumulation risk and elevate heavy metal bioavailability, whereas rates < 10 t ha~! may
be insufficient for crop P supply [217]. Moreover, both biochar and hydrochar exhibit
improved performance when combined with other amendments, including chemical P
fertilizer, livestock manure, potassium, P-solubilizing microbial agent, or mineral, though
the optimal combinations differ by material. Notably, when applying bio/hydrochars, the
P,0Os5 content of the bio/hydrochars should be carefully tested to ensure it remains within
permissible limits, which vary depending on soil and plant type. Otherwise, it may lead to
nutrient imbalance, reduced uptake of micronutrients such as zinc and iron, and inhibited
plant root development.

Exploring the short-term disturbance and long-term recovery trajectory of plant com-
munities is crucial to improving the comprehensiveness of sludge-derived bio/hydrochar’s
long-term sustainability assessment [218]. The potential influence of sewage sludge-derived
bio/hydro-char application on human health and the soil environment is unclear [219].
Some studies found that sewage sludge-derived bio/hydro-char inhibits plant growth
and changes soil bacteria after applying it to soil due to the content of potentially toxic
elements [220]. Hence, necessary procedures should be conducted to ensure the environ-
mental friendliness of sewage sludge-derived bio/hydro-char, especially to reduce their
heavy metal toxicity.

4. Perspectives and Challenges

Coupling electrokinetic with thermochemical treatments may be optimal to mitigate
the eco-toxic risk of sewage sludge while maximizing P recovery. Although our prelim-
inary research has verified the effectiveness of this coupling approach in immobilizing
heavy metals and reducing bio/hydrochar toxicity, critical knowledge gaps remain that
require targeted investigation [52,173,174]. To address these gaps, corresponding research
is suggested to be carried out with the following aspects:

1.  The potential impact of electrokinetic treatment on the separation and transfor-
mation of heavy metals in sludge and the derived bio/hydro-chars remains un-
explored. Adopting the BCR (Community Bureau of Reference) sequential extraction
for the whole coupling treatment is suggested to enhance the rigor of heavy metal
speciation characterization.

2. It will be highly beneficial to explore the synergistic effect between electrokinetic
treatment and thermochemical conversion treatment on P reclamation and heavy
metal removal. This can be achieved by integrating batch experiments and advanced
spectroscopic analyses, combined with big data modeling calculations.

3. Whether the soil properties, including water holding capacity, pH value, P bioavail-
ability, and heavy metal stability, would alter after applying these bio/hydrochars in
soil, long-term (2-10 years) field experiments can be further investigated.

4. Other combined treatment processes are also a significant research prospect, for ex-
ample, electrokinetic-coupled catalyst pyrolysis [221], electro-Fenton treatment [222],
and joint SVM-GIS pollution mapping linking mineral exploration [223], sludge
remediation, and soil amendment.
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5. Conclusions

Sewage sludge, a nutrient-rich yet heavy metal-contaminated wastewater byproduct,
demands sustainable treatment balancing resource recovery and environmental safety. Con-
ventional methods like pyrolysis and hydrothermal carbonization effectively concentrate P
in bio/hydrochar but accumulate heavy metals, limiting direct application. Electrokinetic
treatment, especially when enhanced with electrolytes or additives, achieves efficient heavy
metal removal (up to 96% for certain metals) and emerges as a complementary solution. P
speciation transformation during thermochemical processes is critical for bioavailability,
with optimal conditions identified as 400-700 °C for pyrolysis and 230260 °C for hydrother-
mal carbonization. Sewage sludge-derived bio/hydrochar exhibits significant agricultural
potential as a P fertilizer, improving soil quality and crop yields. The integration of elec-
trokinetic and thermochemical treatments stands out as a promising strategy to mitigate
eco-toxic risks and enhance resource recovery. Future research is suggested to address
knowledge gaps in their synergistic mechanisms, investigating the long-term soil impacts
of bio/hydrochar application, and exploring the effects of electrokinetic treatment on heavy
metal transformation. This holistic approach will advance the sustainable utilization of
sewage sludge, balancing environmental safety and resource reclamation.
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Abbreviations

The following abbreviations are used in this manuscript:

SS Sewage sludge

P Phosphorus

EDDS Ethylene diamine disuccinic acid

EDTA Ethylene diamine tetraacetic acid

NTA Nitrilotriacetic acid

GLDA Dicarboxymethyl glutamic acid

PASP Polyaspartic acid

NayEDTA Ethylenedinitrilotetraacetic acid disodium salt dihydrate
3P NMR 31P nuclear magnetic resonance

P K-edge XANES
AP

P K-edge X-ray absorption spectroscopy
Apatite inorganic phosphorus

NAIP Non-apatite inorganic phosphorus

SMT Standard measurement and testing

DGT Diffusive gradients in thin films

TCLP Toxicity characteristic leaching procedure
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