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Abstract

Metal salts-modified sewage sludge (SS) biochar is increasingly used in agricultural soil remediation, although its
effects on available phosphorus (P) species, plant growth and microbial communities remain unclear. This study
prepared Ca0, CaCl,, MgO and MgCl,-modified hydrochars derived from SS at 260 °C for 2 h. Then the available P
characteristics of the hydrochars and their effects on the growth of Vigna radiata (mung bean) and soil microorgan-
isms were comprehensively evaluated by chemical extraction, pot experiments and the diffusive gradients in thin-
films (DGT) technique. Results indicated that Ca-based hydrochars contained more slow-release apatite P (AP)
compounds (e.g., Cas(PO,);0H, Cas(PO,);Cl and Ca,PO,Cl), with a 48.6%-86.3% increase in AP content compared

to the control at 260 °C. In contrast, Mg-based hydrochars were richer in easy-release AP compounds (e.g., Mg;(PO,),
and Ca;Mg;(PO,),), with a lower AP increase of 0-50.7%. Compared with Ca salts modified hydrochars, Mg-modified
hydrochars (especially MgO) were more effective for the promotion of rapid growth, chlorophyll synthesis and photo-
synthesis in V. radiata plants, resulting in more P accumulation within mung beans, which was consistent with the P
release results obtained by DGT. The addition of Ca-modified hydrochars promoted the enrichment of bacterial
communities such as Skermanella and RB41, which was helpful for improving the mineralization and circulation of P
in soil. While the addition of Mg-modified hydrochars to soils enhanced the activity of P-solubilizing bacteria such

as Pseudomonas and Bacillus, which was conducive to the dissolution and utilization of P. This highlights Ca-based
hydrochars as a stable long-term P source and Mg-based hydrochars for rapid plant uptake, offering a novel strategy
for P fertilizer application.

*Correspondence:

Wei Guo

gwfybj@bjutedu.cn

Xiaohui Liu

Ixh7786@ouc.edu.cn

Full list of author information is available at the end of the article

. ©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
@ Sprlnger permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
— original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1007/s44246-025-00228-2&domain=pdf

Zhao et al. Carbon Research (2025) 4:64

Page 2 of 20

Highlights

growth, Microbial community

Graphical Abstract

- Ca/Mg salts promoted the transformation of P from Al-P and Fe—P to Mg-P and Ca-P.

» Mg-based hydrochars offer rapid uptake P and boost P-solubilizing bacterial activity.

- Ca-based hydrochars provide long-term available P and enhance soil bacterial communities for P mineralization.
- Mg-modified hydrochars are more effective for promoting mung bean growth.
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1 Introduction

Phosphorus (P) is an indispensable element in living
organisms, for the progression of genetic processes, mol-
ecule synthesis and energy storage (Elser 2012). Cur-
rently, more than 90% of P resources are derived from
finite phosphate rock reserves (Mnthambala et al. 2021),
which are rapidly depleting and unevenly distributed.
Depletion is predicted to occur within 100 years at cur-
rent consumption rates (Yogev et al. 2020), and the
extreme concentration of 70%—75% of known reserves
(~ 50 billion tons) in Morocco creates strategic depend-
ence on importing countries (El Bamiki et al. 2021). It is
estimated that by 2050, more than 5.7 billion people will
be facing P scarcity (White et al. 2010). Sewage sludge
(SS), a by-product of wastewater treatment process,

containing various essential nutrients and organic Mat-
ter, with P contents typically ranging from 15.8 to
28.8 mg/g (Chen et al. 2022a), Making SS a promising
alternative P resource. Municipal sludge is produced
in significant quantities, with countries Like the United
States, China, and India generating 12.7, 7.8 and 4.0 mil-
lion tons of dry sewage sludge (SS) annually, respectively
(Liu et al. 2021a). Given the substantial global produc-
tion of SS, the phosphate present in SS recovered from
wastewater treatment plants (WWTPs) has the poten-
tial to meet 40% to 50% of the phosphate requirements
(Egle et al. 2016). Consequently, P recovery from SS has
received major interest as an important, sustainable and
renewable source of P.
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Hydrothermal carbonization (HTC) of SS has
attracted significant attention as a low-environmental
impact, low-energy consuming and well-established
method for sludge management (Ma et al. 2025; Li et al.
2025). Previous research has confirmed that HTC can
obtain a stable proportion of phosphate-containing
minerals (hydroxyapatite) (>90%), which cannot be
achieved by incineration or pyrolysis under the same
conditions (Fang et al. 2023). Studies have demon-
strated that P was mainly concentrated in hydrochar,
presenting as inorganic P (IP) after HTC treatment
(Zheng et al. 2020b). More than 80% of the P initially
present in raw SS is retained within hydrochar, primar-
ily as orthophosphate, which is the desirable form for
phosphate fertilizer utilization (Wang et al. 2019; Fang
et al. 2023). When applied as a soil amendment, hydro-
char exhibits an excellent capacity for nutrient reten-
tion and pH buffering (Wang et al. 2019). Additionally,
HTC does not require a drying step in practical sludge
disposal and re-utilization processes, significantly
reducing operational costs.

The structure and composition of phosphate in
hydrochar are known to affect its bioavailability as a
phosphate resource (Ghosh et al. 2015), i.e., the pro-
portion of P readily available for plant uptake. The
metal cations in SS (such as Ca®*, Mg®*, AI** and
Fe*"), form different apatite substances with P during
the HTC process (Pan et al. 2007). For example, when
oxides and hydroxides of Al and Fe are present in SS,
the P in hydrochar exists mainly in the form of non-
apatite inorganic P (NAIP) (Xu et al. 2018). However,
the tight binding of high concentrations of AI** and
Fe3" to phosphate may lead to biological damage fol-
lowing the use of hydrochar as a phosphate fertilizer
(Li et al. 2019). When SS contains high concentrations
of Mg?* and Ca?* compounds, phosphate in hydrochar
mainly exists as apatite phosphorus (AP) (Adam et al.
2009), which is more beneficial for organisms within
the ecosystem to absorb and utilize P and has lower
toxicity than NAIP (Wu et al. 2020). Therefore, the
method of regulating the formation of hydrochar from
SS through the addition of Ca and Mg ions has broad
application prospects for the utilization of hydrochar
as a phosphate fertilizer. Current studies have shown
that the addition of Ca/Mg salts such as CaO, MgO,
CaCl, and MgCl,, can promote the conversion of NAIP
to AP in SS incineration products, improving the bio-
availability of P in solid-phase products (Li et al. 2019;
Xu et al. 2021). Notable differences have been reported
in the transformation and effectiveness of different Ca
and Mg salts. For example, Ca salts such as CaO and
CaCl,, tend to form stable phosphate compounds, such
as Caz(PO,);OH and Ca,PO,(l, significantly enhancing
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P availability, while MgO and MgCl, are more likely to
form highly bioavailable Mg-phosphate compounds,
such as Mg;(PO,), and Ca;Mg;(PO,),. However, the
impact of Ca/Ma salts on P speciation and bioavailabil-
ity in SS following HTC treatment is still unclear. Previ-
ous research on the preparation of SS-based hydrochar,
has mainly focused on the material hydrothermal char-
acteristics and biochar properties (Nahar et al. 2024;
Liu et al. 2025a, b), while major knowledge gaps remain
in terms of the use of hydrothermal carbonization for
efficient P reuse.

Studies evaluating the P availability of hydrochar have
mostly focused on the analysis of some representative
available P compounds and the evaluation of P avail-
ability within hydrochar by stimulating the secretion
of organic acids by plants (Zhu et al. 2022). However,
direct evidence regarding the utilization of P in hydro-
char by plants remains scarce. Typically, the traditional
methods used for the process of assessing P utilization
in hydrochar, include destructive sampling techniques
and chemical analysis (Jordan-Meille et al. 2012), which
change the soil environment, thereby affecting the
accuracy in estimating the available P uptake capac-
ity of plants during soil hydrochar applications. When
hydrochar is applied to the soil as P fertilizer, in addi-
tion to the P uptake characteristics of plants, plant
growth characteristics and changes in the soil microbial
community also require attention. It is important that
these problems are explored to comprehensively evalu-
ate the scientific and engineering application value of
hydrochar as a P fertilizer after the treatment of SS by
HTC. Diffusive gradients in thin-films (DGT) is a pas-
sive sampling technique that mimics the ion absorp-
tion process by plant roots, better reflecting P uptake
by plant than traditional chemical extraction methods
(Vogel et al. 2017). Therefore, combining soil pot exper-
iments with DGT analysis can effectively overcome the
shortcomings of these individual methods for the anal-
ysis of SS hydrochar as a phosphate fertilizer, allowing
the mechanism of regulation of different Ca/Mg salts
on the P conversion and utilization of SS hydrochar, to
be further explored.

Therefore, based on the results of hydrothermal tests,
pot experiments and DGT analysis, this study investi-
gated the fate of Ca/Mg salts (including CaO, CacCl,,
MgO and MgCl,) modified hydrochar derived from SS,
when used as a phosphate fertilizer for soil ameliora-
tion. The aims of the current work are to 1) clarify the
role of Ca/Mg salts in the conversion of P through the
standards, measurements and testing (SMT) analy-
sis and the characterization of P species in the Ca/Mg
conditioned hydrochar; 2) assess the impact of hydro-
char on P bioavailability in soils by combining chemical
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extraction and DGT analysis; 3) determine the impact
of hydrochar on plant biomass and physiological char-
acteristics under controlled conditions; and 4) analyze
the changes of soil microbial composition following
hydrochar application through the high-throughput
sequencing of 16S rRNA genes.

2 Materials and methods

2.1 Materials and chemicals

The raw SS used in this experiment was dewatered
sludge from a WWTP in Binzhou City (Shandong Prov-
ince, China [37°25’N, 118°01"E]). Sludge was dewatered
using a vacuum freeze dryer (FD-1A-50, Bo Yi Kang
Instrument Co., Beijing, China). The constant-weight
sludge was then ground and sieved through a 100-mesh
screen to obtain uniform particles, which were then
stored in a dryer for hydrothermal treatment. The basic
elemental composition of the SS sample is outlined in
Table S1 (Supplementary Materials). To analyze the
modified hydrochar-induced change of soil properties
and plant growth, a pot experiment was performed with
Vigna radiata (mung bean) plants, using hydrochar as
a fertilizer. The soil used for experiments was collected
from the top soil layer (10-20 cm depth) in the south-
east Chaoyang District of Beijing (China [116°25'E,
39°58’N]), the chemical properties of which are out-
lined in the Supplementary Materials, Table S2. The soil
is a typical agricultural soil, the average annual rainfall is
581 mm, and the annual average temperature is 11.6°C.
The chemical reagents used in this study are detailed in
Supplementary Materials, Text S1.

2.2 Hydrochar preparation and P fraction analysis

2.2.1 Hydrochar preparation

Dry SS and deionized water were added to a high-pres-
sure hydrothermal reactor at a ratio of 1:9 (w:v) and
heated to 260°C for 2 h. The HTC temperature (260 C)
was selected based on the results of preliminary experi-
ments (Supplementary Materials, Fig. S1), as it not only
maximized AP enrichment but also promoted the forma-
tion of structurally stable and potentially plant-available
P species. The hydrochar sample derived from SS with-
out Ca/Mg salts was labeled ‘HC-260’ For other hydro-
char samples, Ca/Mg salts (CaO, CaCl,, MgO and MgCl,)
were mechanically dry mixed at Mass ratios of 2.5, 5, or
10% for co-hydrothermal treatment with sludge, based
on the results of previous research (Xu et al. 2018). The
prepared hydrochar samples labeled according to their
salt-loading ratio, e.g., CaO-2.5% represent hydrochar
produced through HTC of SS with 2.5% ratios of CaO at
260 °C.
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2.2.2 Analysis of P speciation in hydrochar

The P within the SS/hydrochar was detected follow-
ing the SMT program (Gonzélez Medeiros et al. 2005).
According to this method, P in SS/hydrochar was catego-
rized into five forms: total P (TP), organic P (OP), IP, AP
(bound to Ca/Mg) and NAIP (bound to Al/Mn/Fe), with
TP calculated as the sum of OP and IP, while IP was cal-
culated as the sum of NAIP and AP. The P content was
quantified by the molybdenum blue method with UV-vis
spectrophotometry measurements (Murphy and Riley
1962). Detailed SMT procedures are provided in the Sup-
plementary Materials (Fig. S2).

2.2.3 Characterization of hydrochar

The surface morphology of the sludge and hydrochars
was observed by scanning electron microscopy (SEM,
ZEISS GeminiSEM 300). The specific surface area and
pore structure use the Brunauer—-Emmett-Teller (BET)
method (Micromeritics Tristar II 3020). X-ray diffraction
(XRD) was conducted to identify the crystalline phase of
P compounds in the raw SS and derived hydrochar sam-
ples (Zhang et al. 2024). X-ray photoelectron spectros-
copy (XPS) was employed to investigate the chemical
states and bonding environments of P in hydrochar sam-
ples. The detailed methodology used for XRD and XPS
analysis is described in Text S2. Fourier transform infra-
red spectroscopy (FTIR, Thermo Fisher Scientific Nicolet
iS20) was applied to characterize the chemical functional
groups of sludge and hydrochars.

2.3 Heavy metal fractionation analysis

To evaluate the ecological safety of Ca/Mg-modified
hydrochar, the chemical speciation of six representa-
tive heavy metals (Cd, Pb, Cr, Cu, Zn, and Ni) was ana-
lyzed using a sequential extraction method based on the
modified BCR (European Community Bureau of Refer-
ence) protocol (Meng et al. 2018). This method fraction-
ates metals into four operationally defined categories:
exchangeable (F1), reducible (F2), oxidizable (F3), and
residual (F4) fractions. The environmental immobility of
heavy metals follows the order of F4>F3>F2>F1. Frac-
tions F1 and F2 are considered directly toxic due to high
mobility, F3 is potentially toxic owing to the degradabil-
ity of organic matter, and F4 is regarded as non-toxic
and stable (Zhao et al. 2024). Metal concentrations in
each fraction were determined using inductively cou-
pled plasma optical emission spectrometry (ICP-AES;
Optima8300, USA). The fractionation results were used
to evaluate the environmental mobility and bioavailabil-
ity of metals in the hydrochar.
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2.4 Plant growth characteristics and the available P
content of hydrochar
2.4.1 Potexperiments
The amount of available P corresponds to the fertiliza-
tion efficiency of P within the soil, directly affecting the
growth of legumes and crop yields. Therefore, various
studies have selected legumes as model plants to study
the relationship between plant characteristics and soil P
efficiency (Ghimirey et al. 2024). To investigate the per-
formance of the prepared hydrochar as a phosphate fer-
tilizer on plant growth characteristics, pot experiments
were carried out using V. radiata as the representative
legume plant. Before experiments, mung bean seeds were
screened to eliminate substandard seeds. The seeds were
then subjected to surface disinfection by 1% (v/v) sodium
hypochlorite solution, and then washed with sterile dis-
tilled water to remove residual disinfectant. Based on
the analysis of available P after soil samples were mixed
with hydrochar, a 2% addition was determined to be the
optimal ratio for hydrochar addition to soil as a phos-
phate fertilizer (Text S3, Fig. S3). Then, six groups of
pot experiments were conducted, including one control
group without the addition of hydrochar and five experi-
mental groups with hydrochar added, such as HC-260,
CaO-5%, CaCl,—5%, MgO-5% and MgCl,—5%. Each
experimental group consisted of 3 parallel treatments to
ensure the reliability of experimental results. The pots
had a upper diameter of 11.1 cm and a height of 9.9 cm.
Each pot was filled approximately 500 g of soil or soil-
2% hydrochar (w/w). Before use, the soil was dried and
sieved following the method described in Sect. 2.3.1. The
V. radiata seeds were pre-germinated for 7-day period,
with 20 seeds sown in each pot for culturing, followed by
uniform harvesting and plant characterization after 30 d.
Photographic images of V. radiata plants fertilized using
hydrochar in the pot experiments are shown in Supple-
mentary Materials, Fig. S4.

2.4.2 Plant growth characteristics
To evaluate the impacts of different modified hydrochars
on plant physiological properties, the photosynthetic gas
exchange parameters of V. radiata plants were deter-
mined before being harvested, using a portable infrared
gas exchange analyzer (LI-6400 XT, Licor, USA). The
intercellular carbon dioxide concentration (C,) refers to
the carbon dioxide levels between cells and stomatal con-
ductance (G,) refers to the degree of stomatal openness
in plant leaves, both of which affect photosynthesis and
crop water use, ultimately affecting overall crop yields
and productivity (Cheng et al. 2024).

After harvesting, fresh V. radiata plants were removed
from the soil. The height of the plant was measured
from the base of the stem to the tallest apical bud using
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a caliper. The average height was calculated from three
randomly selected plants per treatment group. The
selected plants were then thoroughly washed with dis-
tilled water and immediately weighed. The fresh biomass
was then cut into small pieces, dehydrated to a constant
dry weight at 75 °C for 36 h and the dry weights were
recorded. Chlorophyll content was measured using the
dimethyl sulfoxide (DMSO) method (Hiscox and Israel-
stam 1979). Briefly, 0.1 g of fresh leaf biomass was mixed
with 5 mL of DMSO, and then heated at 65 °C until the
leaf discs became completely colorless. The absorbance
of the chlorophyll extracts was measured at 649 and 665
nm, using DMSO as the sample blank.

2.4.3 Optimization of the proportion of hydrochar added
to soil

The Olsen method is widely used to assess plant-availa-
ble P in soils, as this extraction method has been shown
to correlate strongly with plant P uptake (Zehetner
et al. 2018). In this work, the available P content was
determined approximately one week after the obtained
hydrochar (HC-260, HC-CaO, HC-CaCl,, HC-MgO and
HC-MgCl,) was combined with soil at varying load-
ing ratios of 1%, 2% and 3%. According to the results of
P speciation analysis in hydrochar obtained through
the addition of Ca/Mg salts, a 5% addition ratio was
found to obtain the highest content of AP, and there-
fore, hydrochar with a 5% Ca/Mg salts addition ratio was
selected for all subsequent experiments. Before the pot
experiment, the test soil was collected from the plough
layer (10-20 c¢m) of an agricultural field, air-dried at
room temperature, ground, and sieved through a 2 mm
mesh. Hydrochar samples produced (HC260, CaO-5%,
CaCl,—5%, MgO-5% and MgCl,—5%) were mixed with
the soil at Mass-based loading ratios of 1%, 2%, and 3%
(w/w, dry weight basis). Each treatment was set up in
triplicate. The impacts of hydrochar loading ratios of 1%,
2% and 3% on soil P availability were then compared to
determine the optimal soil loading ratio (Text S3, Fig.
S3). The available P content of soils (Olsen-P) was meas-
ured following the Danish standard method for P analy-
sis (Text S4). P concentrations were monitored using the
method of P determination described in Sect. 2.2.2.

2.4.4 P analysis in soils and plants

Total P content in soil (Soil-P) was measured before pot
experiments by digesting the samples with a mixture of
concentrated sulfuric acid (H,SO,) and perchloric acid
(HClO,), following the method outlined by Lu (2000).
For V. radiata P content (Plant-P), the NY/T 2421-2013
standard method was applied. The Soil-P and Plant-P
concentrations were determined using the molybdenum
blue method (Murphy and Riley 1962). All experiments
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were conducted in triplicate. The methods are described
in detail in the Supplementary Materials (Text S4).

2.4.5 Determination of available P in soils

DGT was employed to assess soil P bioavailability by
measuring the kinetically labile P pool through dynamic
diffusion and adsorption processes (Six et al. 2012). The
DGT device consists of a binding layer and a diffusive gel
layer. Upon deployment, labile P species (e.g., H,PO,,
HPO,>") diffuse through the diffusive layer and are irre-
versibly captured by the binding gel, establishing a local-
ized depletion zone that mimics plant root uptake. The
accumulated P mass is converted to an effective concen-
tration using the DGT equation, which accounts for dif-
fusive boundary layer thickness and deployment time.
This approach provides a time-integrated measurement
of P resupply capacity from soil solids to solution, reflect-
ing both solution P and the buffer capacity of solid-phase
P (Santner et al. 2012; Mason et al. 2013). The detail of
the methods is given in Supplementary Text S4.

2.5 Microbial analysis of the soil rhizosphere zone
with the addition of hydrochar

The plant rhizosphere zone is considered to be the main
region of interaction between plants and soils (Guan
et al. 2015), as a key area for microbial activity and nutri-
ent (such as N and P) utilization by plants. Therefore,
in this study, the soil within the rhizospheric zone of V.
radiata was collected to reveal the impact of various
hydrochars on microbial community within this region.
In order to analyze the composition and diversity of soil
microbial communities, 16S rRNA sequencing was car-
ried out using the Illumina NovaSeq PE250 platform
(Shenzhen, China) (Wu et al. 2025). Finally, the function
of the obtained data was predicted based on Picrust2
software. The detailed procedures followed are given in
the Supplementary Materials (Text S5).

2.6 Statistical analysis

Statistical analysis was performed using SPSS 26.0
for Windows, with the results presented as mean val-
ues + standard deviation. The data was analyzed using a
one-way analysis of variance (ANOVA) followed by Tuk-
ey’s test (»<0.05). All of the sludge sample analyses were
conducted in triplicate.

3 Results and discussion
3.1 Effect of adding Ca/Mg salts on the composition

and speciation of P in hydrochars
3.1.1 Composition of P in hydrochars
Figure 1 shows the different P fractions (IP, OP, AP, and
NAIP) in hydrochars with and without the addition of
Ca/Mg salts. As depicted in Fig. 1a, the content of OP
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in HC-260 was comparatively low, accounting for only
4.9% of the TP content (Table S3, Supplementary Materi-
als), which is consistent with previous findings that the
HTC process favors the retention of IP rather than OP
(Shi et al. 2019; Zheng et al. 2020a). With increased dos-
ages of CaO/MgO, the IP content decreased gradually
and the decrease in IP concentration in hydrochars was
associated with an increase in hydrochar yield (Table S4,
Supplementary Materials). As shown in Fig. 1la, the
hydrochar samples prepared with CaCl,/MgCl, had
higher IP concentrations than those prepared with CaO/
MgO. As shown in Table S4 (Supplementary Materi-
als), a significant mass loss occurred when a Cl-donor
was added to SS during HTC treatment (Jeon and Kim
2018). Furthermore, most P-containing compounds in
the hydrochar were non-volatile, leading to an increase in
P content per unit mass of hydrochar.

Upon addition of metal salts, the distribution of AP
and NAIP in hydrochars was changed, and the different
cations (Ca?* vs. Mg?") and anions (O~ vs. CI7) resulted
in a variation in the content of AP and NAIP in hydro-
chars (Fig. 1b). Specifically, the concentrations of AP and
NAIP in the hydrochar sample prepared without salts
were 14.6+0.5 mg/g and 12.6+0.3 mg/g. When adding
5% CaO or CaCl,, the concentrations of AP increased
from 14.6 mg/g to 27.2 or 26.5 mg/g (p <0.05), while the
NAIP content decreased from 12.6 mg/g to 0 or 5.8 mg/g
(p<0.05), respectively, which is in accordance with the
results of previous studies (Zheng et al. 2020a, b; Han
et al. 2021). Results showed that Ca-modified HTC treat-
ment could significantly and effectively promote the con-
version of NAIP to AP. However, when the added amount
of CaO or CaCl, was increased further, the AP content of
hydrochars decreased, consistent with findings reported
by Li et al. (2019) previously, showing that the AP content
did not increase when the Ca:P ratio exceeded 1. Com-
pared with the complete transformative effect of CaO on
AP, chloride ions in CaCl, may affect the precipitation
and dissolution equilibrium of phosphates through com-
petitive coordination or by changing the ionic strength
of the solution, leading to variation in the distribution of
P forms (House 1999). However, further increasing the
amount of CaO or CaCl, added led to a decrease in AP
concentration in the hydrochar, indicating that excessive
levels of addition did not enhance the transformation of
NAIP to AP.

The addition of MgO or MgCl, During HTC also
facilitated the conversion of NAIP to AP. As the amount
of MgO increased, the AP concentration rose from
14.6 mg/g (without MgO) to 22.0 mg/g (with 10% MgO)
(p<0.05). However, with increased levels of MgO addi-
tion, the NAIP content decreased continuously. The AP
content of hydrochar fluctuated slightly with increased
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Fig. 1 P composition in hydrochars produced with different Ca and Mg salts using the SMT method: a IP and OP concentrations; b AP and NAIP
concentrations. Letters indicate significant differences among the treatments using Tukey post hoc test

MgCl, addition dosages. Previous work reported by Fang
et al. (2021) similarly noted that the AP concentration of
MgCl,-treated sludge biochars was less than 20 mg/g.
The addition of Mg salts may have facilitated the reaction
between phosphate and Mg ions, producing relatively
soluble Mg phosphate minerals, which may explain the
increase in AP concentration. However, the weaker bind-
ing capacity of Mg?* to P compared to Ca’" may have
resulted in relatively low AP concentrations and high
NAIP levels in Mg-treated hydrochar (Li et al. 2019).
Overall, the influence of Mg salts on the conversion of
NAIP to AP was not as significant (p <0.05) as that of Ca
salts, due to the lower stability of the formed phosphate
minerals. Existing research emphasized the enhancement
of the transformation from NAIP to AP to increase P bio-
availability in sludge-derived biochar. However, the AP
content is not equivalent to bioavailable P levels. Many
studies relied on the excessive additions of calcium-based

or biomass-derived amendments, but the bioavailabil-
ity of various Ca-Mg-P minerals produced has not been
discussed.

3.1.2 Morphology and P speciation of hydrochars

The SEM images (Fig. 2) and BET analysis results
(Table 1, Fig. S5) collectively reveal significant mor-
phological and textural variations among the samples,
reflecting the impact of hydrothermal treatment and
salt modification on sludge-derived hydrochar. The raw
SS sample presents a dense and irregular surface, while
hydrothermal treatment at 260 °C (HC260) results in
a more compact and slightly porous structure, accom-
panied by increased BET surface area and pore vol-
ume (Table 1). This improvement was attributed to the
release of gases (e.g., CO,, H,S) from the decomposition
of unstable components, which creates pores and sur-
face cracks (Du et al. 2021). The addition of CaO/CaCl,
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Table 1 Surface area and pore distribution properties of the

samples
Samples BET surface area  Pore volume  Pore diameter
(m?/g) (cm®/g) (nm)
SS 2234 0.099 17.08
HC260 35.07 0.17 1891
Ca0-2.5% 3263 0.16 19.11
Ca0-5% 41.24 0.17 15.95
Ca0-10% 3812 0.16 16.29
CaCl,—25% 3322 0.12 1452
CaCl,—5% 35.81 0.16 1749
CaCl,—10% 34.75 0.17 19.29
MgO-2.5% 43.25 0.20 1838
MgO—-5% 71.44 0.29 15.82
MgO-10% 99.01 044 179
MgCl,—2.5%  31.21 0.14 18.39
MgCl,—5% 30.73 0.15 20.10
MgCl,—10% 3247 0.15 19.04

promotes the formation of aggregated crystalline struc-
tures on the surface, indicating effective P mineralization.
Correspondingly, BET results show moderate increases
in surface area, with CaO-5% achieving the highest value
among calcium-modified samples (41.24 m?/g), while
pore diameters remain relatively unchanged. In contrast,
MgO-treated samples exhibit flake-like structures under
SEM, conducive to phosphate adsorption (Wang et al.
2025), and exhibit the most significant improvements
in surface area and pore volume, especially MgO-10%,
exhibiting the most significant improvement, with a sur-
face area of 99.01 m*/g and a pore volume of 0.44 cm®/g.
The addition of MgCl, results in a fragmented and highly

porous texture, aligning with their larger pore diameters
observed in BET analysis.

The crystalline characteristics of the prepared hydro-
chars were further verified by XRD (Fig. 3). Quartz
(SiO,) was found to be the major crystalline phase in
all samples. Upon adding CaO, the P forms present in
hydrochar were mainly Cas(PO,), and Caz(PO,);0OH,
with Cas;(PO,);OH being dominant. The addition of
CaO to the hydrothermal reaction mixture initially
produced a small amount of Ca(OH),, which led to
an alkaline environment. In such conditions, FePO,,
AIPO,, and Mg,(PO,), were partially hydrolyzed to
form Fe(OH);, Al(OH); and Mg(OH),, releasing PO,>~
(Zheng et al. 2020b). Furthermore, in alkaline environ-
ments, the released PO,*>~ does not form HPO,*” or
H,PO,” (Li et al. 2022), binding with Ca®' instead to
form compounds such as Ca4(PO,), and Cas;(PO,);OH
(Liu et al. 2021a). These stable Ca-P compounds con-
tributed to the slow release of elemental P and higher
P levels in the hydrochar (Zhu et al. 2023). As shown
in Fig. 3b, the addition of CaCl, promoted P enrich-
ment and the conversion of NAIP to AP in hydrochar,
with Caz(PO,);Cl and Ca,PO,Cl being the main Ca-P
compounds in the prepared hydrochar. Furthermore,
CaCl, has been shown to exhibit unique molten salt
properties, altering the original crystal structure and
leading to the formation of Caz(PO,);Cl and Ca,PO,Cl
(Fang et al. 2023), which increased the available P, mak-
ing the biochar a potential phosphate fertilizer (Nan
et al. 2023). The XRD patterns of SS-based hydrochar
with MgO and MgCl, are illustrated in Fig. 3c, d. With
the addition of increasing amounts of Mg-based salts,
Mg;(PO,), became the predominant P phase in the
hydrochar, significantly enhancing the bioavailability
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Fig. 3 XRD patterns of sludge-modified hydrochar with CaO (a), CaCl, (b), MgO (c), and MgCl, (d)

of P (Xia et al. 2020). Furthermore, with increasing Mg
salt concentration, Ca;Mg,(PO,), appeared, a highly
bioavailable P form, especially in acidic soils (Vogel
et al. 2018). Thus, the addition of Ca/Mg salts promoted
the formation of stable P-containing mineral structures
in hydrochar, likely through a process where Ca and Mg
compete with Fe and Al for P (Shi et al. 2021).

The XPS survey spectra of SS and hydrochars are pre-
sented in Fig. S6 (Supplementary Materials) and the XPS
P 2p spectra are shown in Fig. 4, which can help to infer
the possible compound forms of P in each sample. As
illustrated in Fig. 4, the P 2p spectra of SS and the pre-
pared hydrochars exhibited several peaks in the region of
133.1 eV, 134.0 eV and 135.1 eV, corresponding to PO,,
C-O-P, and metaphosphate (Meta-P), respectively. The
percentages of the peak area (PPA), presented in Table S5
(Supplementary Materials), enabled the semi-quantita-
tive assessment of P species. The PPAs of PO, in CaO-5%,
CaCl,—5%, MgO-5%, and MgCl,—5% reached Maximum
levels of 73.9%, 70.5%, 68.4% and 68.2, respectively, sug-
gesting that the P-related peaks had red-shifted, indicat-
ing the formation of chemical bonds between P and the
hydrochar matrix. The higher PPA of PO, in these sam-
ples reflects a greater amount of orthophosphate, which
is the main form of P absorbed by plants from the soil
(Zhu et al. 2018). Additionally, these results demonstrate
that the co-hydrothermal carbonization of SS with Ca/

Mg salts facilitated the transformation of organic phos-
phates into orthophosphate through the decomposition
of associated organic groups.

FTIR spectroscopy was also used to confirm the
change of P species in the sample (Fig. 5). The Ester-P
bonds, including both Monoester-P and Diester-P, were
identified by a characteristic peak at 1540 cm™, which
was attributed to OP and was only detected in the raw
sludge. The infrared band corresponding to Pyro-P
(P,0,*") appeared at approximately 530 cm™ in all sam-
ples (Kohale and Dhoble 2018). The P=0 peak (Ortho-P)
appeared at the wavenumbers of 1050 cm ™! bands, cor-
responding to symmetric P=0 extensions (Elzinga and
Sparks 2007). Following hydrothermal carbonization, the
intensity of Ortho-P gradually increased, and this change
was further enhanced by the addition of Ca/Mg salts. The
findings from the FTIR spectra were consistent with the
XPS analysis.

3.2 Ecotoxicological risk assessment based on heavy metal
speciation
As shown in Fig. 6, the majority of heavy metals in all
treatments were predominantly found in the oxidizable
and residual fractions (F3 and F4). Moreover, different
Ca/Mg salt treatments exhibited varying capacities to
immobilize specific heavy metals. Notably, oxide-based
salts (CaO and MgO) were more effective in reducing
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Fig. 4 XPS spectra of the P 2p orbital of raw SS and hydrochar prepared using different salt dosages

the proportions of the most mobile and toxic fractions
(F1+F2). For example, Cd and Zn-typically considered
highly mobile metals showed markedly lower F1+F2
proportions in the CaO and MgO groups compared to
CaCl, and MgCl,. This can be attributed to the alkaline
nature of CaO and MgO, which increases the pH dur-
ing pyrolysis and promotes the transformation of heavy
metals into F4 fraction (Yang et al. 2020; Liu et al. 2021b).
In contrast, treatments using chloride salts (CaCl,
and MgCl,) retained relatively higher proportions of
exchangeable and reducible fractions for several metals.
Nevertheless, the F3 and F4 fractions remained the pre-
dominant species in all treatments. Chloride exhibited
a unique mechanism by promoting the volatilization of
certain heavy metals through the formation of volatile
chlorides during pyrolysis, thereby reducing their bio-
available forms. Additionally, Cl" can react with metals
in F1 fractions, converting them into more stable com-
pounds within F4 fractions (Xia et al. 2020; Tian and Liu
2020; Galey et al. 2022). Therefore, these findings demon-
strate that the type of Ca/Mg salt significantly influences

the chemical speciation of heavy metals, reducing the
ecological risks of hydrochar application.

3.3 Effect of hydrochars amendment on soil P and plant
growth

3.3.1 Effect of hydrochars on Vigna radiata growth

To further confirm that Ca/Mg-based hydrochars is
potentially suitable for application as a P fertilizer, this
study assessed the effect of different hydrochar soil
amendments on plant growth through a bioassay of
V. radiata growth. As shown in Fig. 7a, compared to
HC-260, the groups treated with Ca/Mg salts exhibited
an increase in dry weight by 8.2%—46.9%, with the pro-
nounced increase in fresh mass (Fig. 7b) suggesting that
Ca/Mg-modified hydrochars not only promoted plant
growth, but also significantly improved the water reten-
tion capacity of plants (Chen et al. 2022b). The impact of
hydrochar amendments on the height of V. radiata plants
was illustrated in Fig. 7c, showing that the Ca/Mg-based
hydrochar significantly (p<0.05) increased the height
of V. radiata plants by 15.2% to 31.7% as compared to
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salt dosages

the control group. The higher biomass observed in the
hydrochar-amended soil (Fig. 7b) can be attributed to the
increased P availability, which provides essential nutri-
ents from the P-rich biochar (Qiu et al. 2023). In addi-
tion, the increase in soil pH following biochar addition
also promoted the release of surface-bound P (Chen et al.
2023).

In terms of the physiological characteristics of V.
radiata plants, hydrochar amendments reduced the C,
of plants (Fig. 7d). The C; decreased by 1.6% to 14.1%
across all treatment groups, suggesting that as the pho-
tosynthetic demand increased due to the higher biomass,
the concentration of CO, within the leaf declined due
to greater levels of uptake (Wong et al. 1979; Medrano
et al. 2015). Furthermore, G, was significantly (p <0.05)
enhanced by hydrochar amendments, with an increase
from 97.7% to 168.8% observed as compared to the
control group (Fig. 7e). The improvement in G, was
attributed to the capacity for hydrochar to enhance soil
moisture retention, thereby alleviating water stress and
promoting the opening of stomata. This was consistent

with the findings of a previously reported study, where
improved soil water availability was linked to increased
stomatal aperture, facilitating both CO, uptake and tran-
spiration (Chaves et al. 2003). As illustrated in Fig. 7f,
the chlorophyll content in plants from the treatment
groups was higher than in the control group, with the
HC-MgO and HC-MgCl, groups showing the most pro-
nounced increases, rising by 32.6% and 31.1%, respec-
tively. This enhancement was attributed to the addition of
Mg salts, which significantly elevated the Mg concentra-
tion in soil, thereby promoting chlorophyll biosynthesis
(Roy et al. 2022). Furthermore, the chlorophyll a/b ratio
significantly (p<0.05) increased in the treated groups,
which is a key indicator of the light-harvesting efficiency
of a plant. Specifically, the chlorophyll a/b ratios in the
Ca/Mg-treated groups were 52.4%—-61.3% higher than
in the control group. This increase was likely due to the
increased availability of key nutrients with the addition
of Ca/Mg-composite hydrochars, promoting the synthe-
sis of light-harvesting chlorophyll-protein complexes, as
reported by Terashima and Hikosaka (1995).
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The growth of V. radiata with the addition of differ-
ent P sources highlighted the distinct roles of Ca-P and
Mg-P as P fertilizers. V. radiata plants treated with Mg-P
exhibited a higher dry weight, fresh weight, and plant
height. In addition, MgO achieved the most favorable
treatment effect in terms of the physiological character-
istics of V. radiata plants, indicating that the higher solu-
bility of Mg-P allows for rapid P release from hydrochar
and direct uptake by plants. This rapid effect would be
particularly beneficial in scenarios where rapid growth
is required, especially in acidic soils where the solubility

of Mg-P would be further enhanced. In contrast, plants
treated with Ca-P exhibited more moderate growth
responses, which is consistent with the lower solubility
and slower release of P from Ca-P, resulting in hydrochar
conditioned by Ca salts being more suitable for use as a
long-term, slow-release fertilizer. which can supporting
crop growth beyond a single planting season. The stable
growth and sustained nutrient availability provided by
Ca-P, could help reduce the risk of P leaching and ensure
prolonged plant development when used to modify
hydrochar soil amendments.
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3.3.2 Putilization by plants

The Plant-P content and the ratio of Soil-P to Plant-P are
shown in Fig. 8a. The highest Plant-P content was detected
in the HC-CaCl, group, followed by the HC-MgCl,, HC-
MgO and HC-CaO groups. Compared with the control
group, the Plant-P content in soil amended with Ca/Ma
salt modified hydrochars increased by 1.27- to 2.20-fold,
suggesting that P availability was enhanced in the soil. The
enrichment coefficient (T/S) of elements was established
(Fig. 8a) to study the enrichment of P in V. radiata plants
grown in different soil types, where T indicates the plant

P content and S indicates the soil P content in the rhizos-
pheric zone of the plant (Ding et al. 2021). In different
treatment groups the T/S ratio value of P was ranked in the
following order: HC-MgO > HC-MgCl, > HC-CaCl, >HC-
CaO>HC-260> control, indicating that plants grown in
Mg-based hydrochar-amended soils have a strong capa-
bility to enrich P. The DGT-P content in soils is shown
in Fig. 8b, showing that the DGT-P content in the con-
trol group was relatively low, in good agreement with the
Plant-P concentrations detected across the soil samples
(Fig. 8a). With the addition of different hydrochars, DGT-P
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content increased up to 1.59- to 3.38 times that in the con-
trol group, with values ranging from 0.51 mg/L (HC-260)
to 1.08 mg/L (HC-CaCl,), which again suggests that Ca/
Mg modification has the effect of increasing soil bioavail-
able P content. The correlation analysis between the total
P content in V. radiata and soil P concentrations measured

using different soil tests (Soil-P, Olsen-P and DGT-P) is
shown in the Table S6.

3.4 Microbial and genetic responses to hydrochar in soil-
plant systems
3.4.1 Effects of hydrochar on the microbial communities
and bacterial diversity in soil

The Chaol index significantly (p<0.05) increased in
rhizosphere soils with the addition of hydrochar materi-
als (Fig. 9a), especially in the HC-MgCl, group. This sug-
gests that MgCl,-modified hydrochar had a particularly

strong effect on the enhancement of microbial diver-
sity. However, hydrochar has no significant influence
on the Shannon index of the soil microbial community.
By applying principal coordinate analysis (PCoA) to the
Bray—Curtis dissimilarity measures, significant differ-
ences in bacterial community composition among dif-
ferent treatments were observed. Samples from the
HC-CaO, HC-CaCl,, HC-CaO, and HC-MgCl, treatment
groups were significantly distinct from the control group
PCol (36.62%), indicating significant alterations in the
composition of the bacterial community with the appli-

cation of hydrochar (Fig. 9b).

The variations in abundance of the top 15 dominant

phyla among all samples were compared, as shown in
Fig. 9c. Proteobacteria (39%—52%), Actinobacteria (17%—
25%), Acidobacteria (8%—11%) and Bacteroidetes (2%—
4%) were the predominant phyla in the soil, accounting
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for>90% of the total bacterial community. The abun-
dance of Proteobacteria in soils amended with hydro-
chars decreased by 15.4%-25.0% compared to the control
group, while the abundance of Actinobacteria, Acidobac-
teria, and Bacteroidetes increased by 47.1%, 12.5%—37.5%
and 50.0%—99.8%, respectively. Actinobacteria in soil can
enhance soil P availability through phosphate solubil-
ity and enhanced phosphatase activity (Sun et al. 2020).
Acidophilus and Bacteroides are bacterial phyla that are
known to promote growth in plants, serving as P regula-
tors by mineralizing organic P and converting insoluble
P into soluble P (Ding et al. 2024). The increased abun-
dance of Actinobacteria, Acidophilus and Bacteroides in
the hydrochar-treated group helped to improve P avail-
ability in soil and promote plant growth.

The relative abundances of bacteria in soil samples at
the genus level are shown in Fig. 9d. The addition of Ca/
Mg-modified hydrochars significantly affected soil micro-
bial communities, notably increasing the relative abun-
dance of key P-solubilizing and mineralizing bacteria,
thereby enhancing the soil microbial capacity for P acti-
vation and utilization. Specifically, Ca-modified hydro-
chars (HC-CaO and HC-CaCl,) significantly (p<0.05)
enhanced the activity of bacteria such as Skermanella and
RB41, which are widely associated with P mineralization
and rapid nutrient cycling (Wang et al. 2022; Han et al.
2024). The relative abundance of Skermanella increased
to 14.85% after HC-CaO treatment (as compared to
0.73% in the control group), showing a strong enrichment
effect for this bacterial group. Meanwhile, the abun-
dance of RB41 was significantly increased to 23.55% by
HC-CaCl, treatment (p<0.05) from 9.69% in the control
group. However, Ca salts modification is known to have a
weak promotive effect on IP-solubilizing bacterial groups
such as Bacillus (Torres et al. 2024), which accounted

for only 2.63% in the HC-CaO group, similar to the
2.33% observed in the HC-260 group. In contrast, Mg
salts modification (HC-MgO and HC-MgCl,) achieved
a higher level of enrichment of P-solubilizing bacteria
such as Pseudomonas (Zhang et al. 2017) and Bacillus
(Torres et al. 2024). For example, the abundance of Pseu-
domonas significantly (p <0.05) increased to 23.92% after
HC-MgO treatment, as compared to 0.09% in the control
group, while the abundance of Bacillus also significantly
(p<0.05) increased to 12.63% after HC-MgCl, treatment,
as compared to 0.24% in the control group. The above
results suggest that Mg salts modification had the strong-
est overall effect in terms of promoting P solubilization
and utilization.

3.4.2 Correlation between P-related genes and plant traits
under different hydrochar treatments

The gene abundances related to microbial P metabo-
lism are shown in Fig. 10a. Specifically, the abundances
of OP mineralization (e.g., phoD), IP solubilization (e.g.,
ged and ppk), IP transportation (e.g., pst), and P regula-
tion (e.g., pholl, phoR, and phoB) genes were significantly
increased in treatment group (Bergkemper et al. 2016;
Guo et al. 2024; Liu et al. 2025a). Figure 10b presents the
integrated results of Pearson correlation and Mantel test
analyses among P-cycling genes, plant growth param-
eters, and P availability indicators. Among the functional
genes, phoD, which is associated with the mineraliza-
tion of organic phosphate esters, exhibited significant
correlations with AP, DGT-P, and Plant-P (Mantel test,
0.01<p<0.05). Specifically, AP showed significant corre-
lations with chlb, ged, phoD, and ppk, while DGT-P was
strongly associated with fresh weight, Ci, chla, and phoD.
Furthermore, Plant-P was significantly correlated with
Ci, chla, and phoD. Notably, although phoD exhibited
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Fig. 11 Schematic diagram of the effect of Ca/Mg salt conditioned sludge-based hydrochar on the soil-plant-microbial system

a relatively low abundance, it played a critical role in
enhancing soil P availability. These findings indicate that
Ca/Mg-modified hydrochar may promote soil P cycling
and plant growth by stimulating the expression of key
genes involved in P solubilization and transport.

3.5 The principle and applied strategy of Ca/Mg salts
modification of hydrochars as a phosphate fertilizer
The addition of Ca/Mg salts during sludge HTC sig-
nificantly influences the transformation and migration
patterns of various P species, directly affecting both P bioa-
vailability and soil microbial diversity. As shown in Fig. 11,
OP was converted into IP via organic matter decomposi-
tion in the HTC process. Accompanied by the hydrolysis
of pyro-phosphate and dehydration of monoester phos-
phate, the IP content was further increased (Qian and
Jiang 2014; Wang et al. 2024). Adding different Ca/Mg salts
improved NAIP conversion to AP to varying degrees. In
addition, Ca/Mg modification can also improve the P fixa-
tion capacity by increasing the carbon surface alkalinity,
providing coordination sites and enhancing ion exchange
capacity (Fang et al. 2020; Samaraweera et al. 2023). Nota-
bly, DGT-P and Plant-P measurements demonstrated that
hydrochar addition enhanced the bioavailability of Pin
soils, with this enhancement particularly crucial in soils
that suffer from P fixation or low nutrient availability. Ca

salt-modified hydrochars mainly enhanced the activity
of mineralizing bacteria such as Skermanella and RB41,
contributing to the improvement of P mineralization and
circulation. In contrast, Mg salt modification tends to
promote the enrichment of P-solubilizing bacterial com-
munities such as Pseudomonas and Bacillus, making this
approach suitable for improving the solubility and conver-
sion capacity of P.

From the perspective of soil application, Ca salts formed
stable alkaline crystalline phases (e.g., Cas(PO,);OH,
Cay(PO,);Cl, and Ca,PO,CI), which act as long-term slow
release P fertilizer. This long-term property may support
P supply over multiple crop seasons (Kétterer et al. 2019;
Figueiredo et al. 2020). In contrast, Mg salts facilitate the
formation of Mg;(PO,), and Ca;Mg,(PO,),, which readily
dissolve under acidic conditions, favoring rapid P release
and short-term effectiveness (Vogel et al. 2018). In addi-
tion, biochar generally contains some alkaline substances
and thus can be used as an amendment to ameliorate soil
acidity and raise soil pH, increasing the soil pH buffering
capacity (Shi et al. 2017; Lu et al. 2022). This pH-respon-
sive behavior and P release rate support the strategic use
of Ca/Mg hydrochars to improve P efficiency across dif-
ferent soil types.

From an environmental point of view, Ca/Mg-mod-
ified hydrochar can significantly reduce the risk of P
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leaching in soil and enhance microbial activity related
to P, which helps to reduce the use of chemical fertiliz-
ers and improve soil quality (Samaraweera et al. 2023).
In this study, the input of Ca/Mg salts was strictly con-
trolled at 1000 mg/kg soil, and most were mineral-bound,
minimizing potential ecological toxicity. Additionally,
the aging of biochar may further influence its environ-
mental impact, as it can enhance nutrient retention and
microbial colonization but may also lead to acidification
and mobilization of toxic metals such as AI**, thereby
posing new environmental risks (Bai et al. 2020; Wang
et al. 2020). Therefore, the long-term fate and ecologi-
cal effects of Ca/Mg-modified hydrochar in soils warrant
further investigation.

4 Conclusion

This study provided direct evidence of available P genera-
tion and utilization using Ca/Mg salt-conditioned hydro-
char materials prepared from SS, showing promise as a
phosphate fertilizer from the perspective of soil-plant-
microbial systems. These findings suggest that both Ca
and Mg treatment and HTC had a synergistic effect on
P recovery and plant growth, However, the choice of
additives used should depend on soil requirements and
the plant growth stage, with the addition of Ca salts pro-
viding a stable, long-term P source, while the addition
of Mg salts facilitated the rapid release of P, promoting
short-term plant growth. However, the current study
was conducted under controlled laboratory conditions
with short-term pot experiments, future work should
combine long-term field trials with Al-assisted modeling
and expanded material screening (e.g., nanocomposites,
membrane separation material) to predict real-world
performance across diverse agroecosystems.
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