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Abstract:

Phosphorus (P) is an essential non-renewable nutrient; however, its inefficient
recovery from sewage sludge leads to considerable losses. Although phosphate-
solubilizing bacteria (PSB) can convert insoluble P into bioavailable forms, their
application is limited by poor colonization and stress tolerance. In this study, a
biochar-microbe composite (PSB1@PBC) was prepared by immobilizing PSB
Raoultella ornithinolytica (PSB1) on P-enriched sludge biochar (PBC) to enhance P
transformation and release. PSB1@PBC improved P release and bacterial survival,
with cell density 1.51 times that of free-living cells. Hedley sequential extraction
showed a decrease in stable HCI-P from 13.20% to 8.90%, whereas bioavailable
NaHCOs-P increased by 1.96%. P release followed a biphasic pattern, characterized
by an initial rapid phase (0—4 days) followed by a slow and stable phase, peaking at
26.80 mg/g (17.5 times that of unmodified PBC) after 4 days. This improvement is
attributed to three synergistic mechanisms: 1) microbial acidification via malonic acid
secretion, which promotes mineral-bound P dissolution; i1) enzymatic mineralization,
which increases phosphatase activity to hydrolyze organic P; and ii1) chelation-
assisted dissolution through siderophore production. The release of P shifted from
slow chemical dissolution in PBC to rapid microbial solubilization in PSB1@PBC,
with biochar transport becoming the rate-limiting step. This study demonstrated a
sustainable strategy for P recovery, highlighting the potential of PSB1@PBC to

enhance nutrient cycling and agricultural sustainability.
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Introduction

Phosphorus (P) is a non-renewable resource that is essential for global ecosystems and
agricultural productivity; however, currently the global P reserves are declining[1].
The P content in dried sewage sludge (SS) can reach 3.7%, which is equivalent to
220,000 tons of P, highlighting its importance. Therefore, recovering P from SS to
alleviate resource depletion[2]. Although SS incineration can concentrate P in the ash
residue and convert it into inorganic phosphates for agricultural use, nutrient loss is
common in such treatments[3]. Therefore, alternative environmentally sustainable
strategies that enhance SS are urgently required[4]. As a green carbon (C) material,
SS-derived biochar offers a promising pathway for P recovery, while concurrently
reducing the environmental hazards associated with industrial waste. Sludge
pyrolysis, which concentrates P in biochar, has emerged as a promising approach for P
recovery. However, over 99% of the P in SS-derived biochar exists in insoluble
mineral phases, primarily as calcium phosphate and calcium/magnesium-bound
phosphate[5]. This mineral speciation results in extremely low water-soluble P

content, which limits its bioavailability[6].

To overcome these limitations and efficiently convert fixed P into plant-available
forms in pyrolytic SS biochar, scholars have been proposing biological pathways that
are adaptable, sustainable, and effective under complex environmental conditions[7].
Phosphate-solubilizing bacteria (PSB) are a promising solution for solubilizing

insoluble P[8]. PSB solubilize P through three main mechanisms: 1) secretion of



organic acids that acidify the microenvironment and facilitate the dissolution of
phosphate minerals, 2) production of phosphatases that mineralize organic P, and 3)
release of complexing agents that chelate metal cations (e.g., Ca>*, Mg?", Fe**, AI’"),
thereby promoting the dissociation of insoluble phosphate[9]. Although various P-
solubilizing mechanisms have been investigated, the intricate relationships of synergy
or antagonism between these mechanisms remain insufficiently elucidated[10]. These
processes work synergistically with the acidification of the microenvironment by
organic acids, creating an optimal acidic condition that enhances phosphatase activity,
whereas metal cation chelation prevents the re-precipitation of the liberated
phosphate. Proton efflux via H-ATPases sustains local acidity, further promoting
mineral dissolution[11]. This integrated system is reinforced by bacterial C
metabolism, which provides precursors for organic acid and enzyme biosynthesis.
Together, these processes form a coordinated, self-reinforcing solubilization network

that maximizes the release of bioavailable P[12].

Despite this potential, free PSB face poor colonization in soil, instability under
fluctuating environmental conditions, and high salinity[13]. Recent studies have
integrated PSB with biochar to create synergistic microsystems that address these
challenges. The porous structure of biochar provides protective niches for microbial
colonization, whereas its surface functional groups enhance bacterial adhesion and
stabilize extracellular enzymes|14]. This biocompatible interface fosters the formation

of robust biofilms through the secretion of extracellular polymeric substances (EPS),
6



which convert the biochar surface into a bioactive microreactor[15]. Within this
microenvironment, adsorbed organic compounds act as metabolic substrates for PSB,
promoting the production of organic acids, phosphatases, and electron donors that
accelerate mineral phosphate dissolution[16]. Simultaneously, the biochar matrix
prevents P re-precipitation by sequestering metal cations. This synergy between PSB
and P-enriched sludge biochar (PBC) creates persistent P mobilization hotspots,
significantly enhancing P bioavailability through combined microbial and
physicochemical mechanisms[17]. Biochar-microbe composites can significantly
enhance P availability under environmentally challenging conditions, such as saline—
alkaline stress, thereby highlighting their application potential[18,19]. Additionally,
advanced characterization has confirmed that biochar acts as a crucial mediator in
microbial-mineral interactions, reinforcing the mechanistic foundation of these

synergistic systems[20].

Consequently, this study aimed to 1) analyze the evolution of P speciation during SS
pyrolysis, 11) elucidate the key mechanisms underlying P fixation at high
temperatures, ii1) screen for efficient, stress-tolerant PSB, and iv) explore their
environmental adaptation mechanisms. This investigation was conducted
systematically using four integrated experimental modules. The pyrolysis kinetics and
P speciation transformation were characterized using thermogravimetric analysis
(TGA), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS) to

identify the critical temperature thresholds and the dominant mineral phases
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influencing P retention. Subsequently, stress-tolerant PSB strains were isolated
through selective cultivation and optimal immobilization parameters were applied to
create the PSB1@PBC composite. Additionally, the synergistic mechanisms of P
dissolution mediated by organic acid secretion, enzymatic activity, and electron
transfer were validated. Finally, the P release kinetics were evaluated to establish a
quantitative correlation between P species transformation and bioavailability,

providing insights into the bioavailable P pool.

2. Materials and methods

2.1 Preparation of PBC

The SS from the Shihezi Wastewater Treatment Plant (Shihezi XinJiang China) was
pretreated to produce biochar. First, the SS was dried at 105 °C to a constant weight
and then mechanically crushed and sieved to obtain a homogenized material with a
particle size <2 mm. Biochar was produced by pyrolyzing pretreated SS in a tube
furnace under an anaerobic atmosphere created by purging with high-purity N (>
99.9%). The temperature was increased to 550 °C at 10 °C/min and maintained for 2

h. Next, the samples were cooled to 25 °C under continuous N flow to yield the PBC.

2.2 Isolation, screening, and identification of Raoultella ornithinolytica
PSB were isolated from the SS using a selective medium. SS samples were mixed
with a sterile 0.2% NaCl solution (1:100) and incubated at 30 °C and 180 rpm for 16

h. The extracts were serially diluted and plated onto modified NBRIP medium, which
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contained: glucose (10.0 g/L, AR grade), Ca3(PO4)2 (5.0 g/L, AR grade), MgCl,-6H,O
(5.0 g/L, AR grade), MgSO4-7H20 (0.25 g/L, AR grade), KCI (0.2 g/L, AR grade),

(NH4)2S04(0.1 g/L, AR grade), and agar (15.0 g/L, bacteriological grade).

Colonies forming clear phosphate-solubilization zones were purified using three-zone
streaking onto fresh NBRIP plates. The dominant strain was activated in LB medium
at 30 °C for 24 h and then in liquid NBRIP medium (1% inoculum) at 30 °C and 180
rpm for 7 days. Soluble P was quantified using the molybdenum-antimony

colorimetric method (GB/T 22104-2008).

Molecular identification was performed by extracting genomic DNA using the
FastDNA® Spin Kit for Soil. The 16S rRNA gene was amplified using primers 27F
and 1492R, and the PCR products were verified using gel electrophoresis. Sanger
sequencing was performed, and the sequences were compared to the NCBI database

using BLAST. The strain was identified as R. ornithinolytica.

2.3 Preparation and growth curve of PSB1@PBC

The PBC samples were pretreated in an autoclave (121 °C, 0.1 MPa) to eliminate
endogenous microorganisms. Then, the PBC was mixed with a PSB1 bacterial
suspension (logarithmic phase, ODgoo = 0.8) at a 1:10 mass/volume ratio and
incubated at 30 °C and 180 rpm for 2 h to allow bacterial adsorption. For growth

curve measurement, 1.0 g of the biochar-bacterial sample was added to 9 mL of sterile
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PBS, vortexed for 10 min, and centrifuged at 8,000xg for 5 min. The supernatant
containing PSB1@PBC was plated onto LB agar using a gradient dilution method.

Plates with 30-300 CFU were incubated at 30 °C for 48 h, and colonies were counted.

2.4 Characterization of SS, PBC, and PSB1@PBC

Scanning electron microscopy (SEM; Hitachi SU8010) at 5.0 kV was used to observe
the biochar surface porosity and bacterial distribution. The pyrolysis activation energy
was analyzed using the Ozawa method. High-resolution transmission electron
microscopy (TEM; JEOL JEM-2100F) was used to examine the bacterial
ultrastructure. Thermogravimetric-differential scanning calorimetry (TGA-DSC;
NETZSCH STA 449 F5) was used to analyze PBC thermal decomposition up to

550 °C, and activation energy was calculated. XRD (Bruker D8 Advance) revealed
hydroxyapatite (Cas(PO4);OH) and vivianite (Fe3(PO4)>8H20) as the main diffraction
peaks. Fourier transform infrared spectroscopy (FTIR; Thermo Nicolet iS50) was
used to detect the C-O-P vibration peaks, and XPS (Thermo K-Alpha+) was used to
confirm the distribution of carboxyl and phosphate groups on the PBC surface. These

analyses provide insights into biochar—microbe interactions.

2.5 Sequential extraction of SS, PBC, and PSB1@PBC
The P forms in PBC and PSB1@PBC were analyzed using Hedley sequential
extraction. A 1.00 g sample underwent a four-stage extraction, and each extraction

stage was performed with continuous shaking at 180 rpm: 1) Water-soluble P: 100 mL
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ultrapure water, extracted for 4 h; 2) NaHCO3-P: 0.5 M bufter solution (pH 8.5+0.1),
extracted for 4 h; 3) NaOH-P: 0.1 M alkaline solution (N protection), extracted for 16
h; 4) HCI-P: 1 M acidic solution, extracted for 24 h. Each extract was filtered through
a 0.22 um membrane, and total P (TP) content was determined following HJ 670-2013

standards. Extractions were performed in triplicate.

2.6 Release kinetics of PSB1 and PSB1@PBC

The P solubilization kinetics of PSB1 and PSB1@PBC were studied under controlled
conditions. PSB1 was cultured in a modified NBRIP medium containing 10 g/L
Caz(POs)2 and 0.1% (w/v) bromothymol blue (initial pH 7.0). PSB1@PBC (0.5 g)
was incubated in 50 mL LB broth under the same conditions. Both cultures were
incubated at 30 °C with shaking at 180 rpm. Samples were collected every 24 h for
168 h, centrifuged at 8,000xg for 10 min, and filtered through 0.22 um membranes.
Soluble P (PO4*) concentrations were measured using the molybdenum blue method
at 700 nm using a UV-2600 spectrophotometer. The P release kinetics were plotted as
cumulative P concentration (mg/L) versus time. The dissolution efficiency was

calculated as follows:

Dissolution(%) = %xloo @2-1)

where C a1 P was determined using acid digestion (HNO3z: HC1O04 = 4:1, v/v).

To analyze the P release kinetics in PBC and PSB1@PBC, the following five classical

kinetic models were employed for data fitting to evaluate the release rate and
1



underlying mechanisms.

Zero-order Kinetic Model:

Mt = kot

First-order Kinetic Model:

1
11’1( I-_M—t) = klt
Moo
Higuchi Model:
Hixson—Crowell Model:

In() = kst+k,

Baker—Lonsdale Model:

Me 173
(I-2=)  =kst

where M,/M,, represents the fractional release at different time intervals. Data fitting

was performed to calculate the release rate constants (ko, k1, k2, k3, ka, ks) for each

model.

2.7 Validation of the dephosphorylation pathway

Bacterial strains were cultured in Pikovskaya medium (0.5% Caz(PQO4)2) at 30 °C and
180 rpm for 7 days. After incubation, supernatants were collected using centrifugation
(8,000%g, 10 min) and filtered through 0.22 um membranes. The malonic, glutaric,
and butyric acid concentrations were quantified using UPLC-TOF-MS with a mobile

phase comprising formic acid, ethyl acetate, and water (5:5:1). To test acid-mediated

(2-2)

(2-3)

(2-4)

(2-5)

(2-6)
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solubilization, Ca3z(POs), or PBC was treated with exogenously added organic acids
(malonic, a-ketoglutaric, or butyric acid) at 0.1, 1, 5, and 10 mM. These
concentrations were selected to encompass typical physiological levels secreted by
PSB. Samples were incubated at 32 °C for 24 h with continuous shaking (180 rpm).
After incubation, the suspensions were centrifuged (8,000xg, 10 min) and filtered
(0.22 pm). The released soluble P was quantified using the molybdenum blue method
and the absorbance was measured at 700 nm. Phosphatase activity was determined by
the hydrolysis of p-nitrophenyl phosphate (absorbance at 405 nm). Phytase activity
was assessed using sodium phytate hydrolysis. Siderophore production was confirmed

using a Chrome Azurol S (CAS) assay and quantified at 465 nm.

2.8 Statistical analysis

Statistical analyses were performed using GraphPad Prism 9.0 (GraphPad Software,
USA). Data are presented as the mean + standard deviation (SD; n = 3). Normality
and variance homogeneity were assessed using the Shapiro—Wilk and Levene's tests,
respectively. For multiple group comparisons, a one-way ANOVA with Tukey's post

hoc test was used. Statistical significance was set at p-value < 0.05.

3. Results and discussion

3.1 Pyrolysis kinetics of P-enriched SS biochar
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Fig. 1 Characterization and thermal analysis of sewage sludge (SS) and P-
enriched sludge biochar (PBC). SEM and elemental mapping of C, O, P, Mg, and Ca
for a) SS and b) PBC; ¢) TGA-DSC curves of SS under different heating rates; d)
volatility and yield of PBC under different heating rates; e) linear fitting using the
Kissinger—Akahira—Sunose (KAS) method; f) calculated activation energy at different
degrees of conversion using the KAS and Starink (SKT) methods; g) P species
distribution in SS and PBC; h) XRD patterns of SS and PBC; i) P-XPS spectra of SS
and PBC. The data are expressed as the mean + SD from three independent replicates
(n=23).

Fig. 1a—b shows SEM images highlighting the structural differences between SS and
PBC. SS had a rough surface with irregular pores (Fig. 1a), whereas PBC formed a
well-defined porous network (Fig. 1b). This conclusion is supported by the N>
adsorption—desorption isotherms and pore size distribution profiles (Fig. S1). The
isotherm curves showed that PBC had a Type IV isotherm with a distinct hysteresis
loop at high relative pressures, indicating a well-developed mesoporous structure,
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whereas SS exhibited negligible adsorption. In addition, the pore size distribution
revealed a prominent peak for PBC at approximately 3.5 nm, whereas SS showed no
significant signal. Elemental mapping indicated sparse P distribution in the SS (Fig.
1a), but significant colocalization with Ca and Mg in the PBC. The P content was

higher in the PBC, suggesting the formation of stable Ca—P and Mg—P phases[21].

Fig. 1c shows TGA-DSC measurements of SS, revealing three pyrolysis stages:
moisture evaporation (< 200 °C), organic decomposition (200-500 °C), and inorganic
stabilization (> 500 °C). As the heating rate increased from 5°C/min to 20°C/min, the
TGA curve steepened, accelerating organic decomposition. Fig. 1d shows the
comparison between the yield and volatile matter content of PBC produced at heating
rates of 5, 10, 15, and 20 °C/min. A heating rate of 10°C/min achieved the highest
PBC yield of 79.67% while minimizing volatile loss. This optimal outcome was
attributed to the balanced interplay between organic decomposition and the formation
of inorganic minerals, particularly Ca/Mg-P, during pyrolysis. In contrast, a heating
rate of 5°C/min prolonged the reaction time, leading to excessive C loss. Conversely,
heating rates of > 15 °C/min resulted in a rapid volatile release, diminishing the
overall PBC yield. Therefore, 10 °C/min was selected as the optimal condition for
maximizing P retention and PBC yield[22]. FTIR spectra (Fig. S2a) showed reduced
O-H, C-H, and C=0 peaks in the PBC, indicating the decomposition of the organic
components. XPS analysis (Fig. S2b—c) confirmed the breakdown of oxygenated

groups, supporting the graphitization of organic matter. The SS pyrolysis kinetics
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were analyzed using the Kissinger—Akahira—Sunose and Starink methods (Fig. 1e and
S2d). These methods revealed two activation energy regimes. At low conversion (o <
0.3), the energy was high due to organic bond cleavage. At higher conversion (o >
0.7), activation energy decreased, reflecting mineral-phase reactions dominated by
Ca/Mg-P recrystallization (Fig. 1f). Fig. 1g illustrates the sequential P extraction,
showing significant shifts in P speciation. In SS, bioavailable P fractions (Water-P:
0.79 mg/g, NaHCOs-P: 5.25 mg/g) comprised 12.3% of TP, whereas stable mineral-
bound phases (HCI-P: 4.27 mg/g, NaOH-P: 32.06 mg/g) dominated 73.90% of TP. In
PBC, HCI-P (Ca/Mg-bound) and NaOH-P (Fe/Al-bound) increased to 13.20% and
69.30% of the TP, respectively, reflecting enhanced inorganic stabilization[23]. TP
increased from 49.10 mg/g in SS to 75.60 mg/g in PBC, confirming P enrichment

during pyrolysis.

Fig. 1h reveals distinct diffraction peaks for calcite (26 = 29.4°) and hydroxyapatite-
like phases (20 = 31.8° and 46.7°), corresponding to the (111) and (200) planes of
Caz(PO4)2 (JCPDS No. 08-0241) in PBC and SS. These results suggest a crystalline
phase evolution in PBC, in contrast to the amorphous nature of SS, indicating
inorganic recrystallization and P mineralization during pyrolysis[24]. Fig. 1i shows a
shift in the P 2p binding energy from 133.5 eV in SS (weakly bound phosphates) to
134.2 eV in PBC, confirming the stabilization of phosphates as Ca3(PO4)> and
Cas(PO4)30H. The XPS analysis of Ca and Mg (Fig. S2e—f) further supported this

stabilization: the Ca 2p peaks shifted to 347.5 eV, indicating Ca—phosphate bonding,
16



whereas the Mg 1s spectra narrowed at 1304.2 eV, suggesting Mg—phosphate
interactions[25]. These mineral phase transformations, along with the TGA-DSC data,

highlight the formation of stable and thermally resilient Ca/Mg—P phases.

3.2 Screening and identification of R. ornithinolytica
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Fig. 2 Phosphorus (P) solubilization and characterization of PSB. a) P dissolution
released by PSB strains (PSB1, PSB2, PSB12, PSB20) following cell disruption; b)
TEM image and plate of PSB1; ¢) P-solubilizing kinetics of Ca3(POs)2 by PSB1 and
the corresponding pH change dynamics; d) bacterial concentration of PSB1; e) clump
counts of Ca3(POs), by PSB1 under different saline—alkaline conditions; f) P
dissolution rate of PSB1 for insoluble phosphates (AIPO4, FePOs, Ca3(PO4)2) under
different pH conditions. The data are expressed as the mean + SD from three
independent replicates (n = 3).

Twenty-four morphologically distinct PSB strains were isolated from SS and screened
in the NBRIP medium. Initial screening assessed halo formation around the colonies,
with D/d ratios ranging from 1.25 to 3.40 after 14 days (Table S1), indicating
phosphate solubilization. PSB1, PSB2, PSB12, and PSB20 exhibited superior D/d
values. The P dissolution content was quantified, with PSB1 showing the highest

release (281.04 mg/L), which was 40.50% higher than that of the other strains (Fig.
17



2a). The growth kinetics of PSB1 revealed an S-shaped curve with exponential
growth between 6 and 15 h, indicating a critical period for P solubilization (Fig. S3).
Phylogenetic analysis of the 16S rRNA sequence identified PSB1 as R. ornithinolytica
with 99.8% similarity to DSM 17521 (Fig. S4). TEM imaging confirmed its short rod-
shaped morphology (1.5-2.0 pum=0.5-0.8 pm) and smooth surface (Fig. 2b). PSB1
demonstrated P solubilization on high-salinity agar (5% NaCl), indicating stress

tolerance under osmotically challenging conditions[26].

An inorganic P standard curve was used to study the kinetics of P dissolution and the
water-soluble P content of PSB1 was evaluated with respect to pH changes. Fig. S5
and Sé6a show that the pH decreases sharply from 6.80 to 3.70 within 48 h, then
gradually rebounds to 4.10 at 168 h. Water-soluble P increased exponentially from 90
to 112 mg/L in the first 48 h and continued to rise steadily to 241.20 mg/L at 168 h.
The initial pH decrease was due to organic acid secretion and enhanced P release,
whereas the subsequent pH rebound was attributed to the phosphate buffering
system[27]. Despite the rebound in pH, P dissolution continued, indicating sustained
microbial activity and acid production. Fig. 2¢ shows that the pH in the insoluble P
system decreases from 5.50 to 3.0 within 48 h and remains low between 2.0 and 3.0
until 168 h. The solubilizing capacity increased significantly from 24 to 48 h, reaching
72.01 mg/g at 168 h. The sustained low pH indicated that PSB1 produced sufficient
organic acids to exceed the buffering capacity of the system, maintaining a

persistently acidic environment. Dynamic pH changes in both systems were strongly
18



negatively correlated between pH decrease and P-solubilizing capacity in the initial
acidic phase (pH < 4.0), supporting acid-promoted P solubilization[28]. After the
initial drop, the pH rebounded in the water-soluble-P system but remained low in the
insoluble-P system, reflecting differences in buffering capacity and proton flux (Fig.
S6b). Maximum solubilization was achieved at 168 h in both systems, suggesting
efficient P solubilization under buffered and acidic conditions[8]. Survival assays
confirmed that PSB1 remained robust, with 98% viability and a cell density of

290x10° CFU/mL (Fig. 2d).

The solubilization efficiency of insoluble phosphates by PSB1 is influenced by the
interplay between salinity, pH, and environmental factors. As shown in Fig. 2e,
saline—alkaline conditions have a dual effect on Ca3(PO4). dissolution: low salinity
(7% NaCl) suppresses bacterial growth by 22.50%, reducing dissolution due to
impaired acid secretion; however, higher salinity (10—15% NaCl) enhanced bacterial
growth by 26.12%; this could be attributed to adaptive mechanisms, such as
compatible solute biosynthesis and membrane lipid remodeling that help PSB1
maintain metabolic activity under ionic stress. Fig. 2f shows the PSB1 P solubilization
capacity for the three insoluble phosphates (AIPO4, FePO4, and Caz(PO4),) at different
pH levels. At pH 4.0, solubilization was low because of reduced acid secretion and
changes in metal-phosphate speciation. At pH 5.0, solubilization peaked: Caz(POs4)2,
FePOs, and AIPO4 reached 72.01 + 3.20, 55.31 + 2.30, and 63.28 + 2.80 mg/g,

respectively. This increase was driven by H+-mediated lattice disruption and the
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organic acid chelation of metal cations (Ca?*, AI’", and Fe*"). Notably, Ca3(PO4),
showed a high solubilization rate (> 11%) across pH 5.0-9.0 because of weak Ca>"
hydrolysis and sustained ligand-promoted dissolution. In contrast, AIPO4 and FePO4
exhibited reduced solubilization above pH 5.0, as the hydrolysis of AI**/Fe** formed
surface-occluding hydroxides. The PSB1 performance with Ca3(POs); aligns with
those reported in previous studies showing the efficacy of organic acids in solubilizing
Ca phosphates[28]. Additionally, PSB1 maintained high P solubilization across pH
5.0-9.0, surpassing typical results for tricalcium phosphate in alkaline conditions,
suggesting enhanced ligand stability or reduced pH sensitivity. The lower
solubilization of Al/Fe—P above pH 5.0 reflects the common constraints observed in
other PSB strains, where cation hydrolysis governs dissolution kinetics. This
highlights the importance of mineralogy and cation-specific interactions for PSB

functionality[8,29].

Multifactorial assays showed that PSB1 exhibited a strong tolerance to environmental
stress during P solubilization (Fig. S7). Ca3(PO4): solubilization At 37 °C increased
by 17.69% compared to that at 27 °C, whereas AIPO4 and FePOys solubilization
improved by 12.81% and 4.23%, respectively, indicating thermal adaptation for
proton-driven Ca—P mobilization. At a 1% inoculum concentration, microbial
metabolite secretion was insufficient, resulting in the low solubility of all phosphates.
Increasing the inoculum to 2% enhanced the cell density and metabolite

accumulation, reaching peak P solubility rates of 12.54% for Ca3(POs)2, 11.40% for
20



AIPQOg4, and 10.90% for FePOs. Further increases (3—5%) showed only slight
improvement, likely due to AIPO4 and FePO4 hydrolysis forming colloidal particles
that encapsulate the minerals. Ca3(PO4)2 maintained a high solubilization rate owing

to its loose crystalline structure.

3.3 Preparation and P solubilization performance of PSB1@PBC
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Fig. 3: Characterization and performance of PSB1@PBC. a) Water-soluble P of
PBC and the corresponding pH change dynamics; b) process flow diagram for the
preparation of a biochar-based bacterial agent (PSB1@PBC) with PSB1 immobilized
on PBC; c) SEM images of bacterial dissolution states at 1, 4, and 7 days; d) P
solubilization capacity of PSB1@PBC and the corresponding pH change dynamics; €)
bacterial concentrations of free PSB1 and immobilized PSB1@PBC; f) P species
distribution in PBC and PSB1@PBC analyzed using sequential extraction; g) XRD
patterns of PBC and PSB1@PBC-1 (P release after 1 day); h) FTIR spectra of PBC,
PSB1@PBC-1, and PSB1@PBC-7 (P release after 7 days); 1) XPS analysis of P in
PBC and PSB1@PBC-7. The data are expressed as the mean + SD from three
independent replicates (n = 3).
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The PBC exhibited low water-soluble P release (0.058 = 0.012 mg/g) over 7 days,
representing only 0.56% of TP. The pH remained near neutral (7.5 £+ 1.5, Fig. 3a),
indicating that P in the PBC was primarily stabilized as Ca/Mg-bound phosphates,
rather than being directly bioavailable[30]. This low bioavailability highlights the
need for microbial intervention to release fixed P. To address P scarcity and
immobilization in SS, PSB1@PBC was developed by immobilizing PSB1 on PBC
(Fig. 3b). The preparation was incubating PSB1 with sterilized PBC under optimized
conditions to enhance microbial attachment and activity. The P forms in PBC that are
difficult to utilize can be converted into bioavailable P by immobilized PSB1. The
optimal bacteria-to-biochar ratio was 1:5, at which the phosphate dissolution
efficiency peaked (Fig. S8). Fig. 3¢ shows SEM images of PSB1@PBC
immobilization. Initially, PSB1 cells adhered sparsely as isolated rods with increased
attachment at the pore edges. After 4 days, the cell density increased, forming
microcolonies within the pores. By day 7, dense biofilms had enveloped the surface
and formed a continuous microbial layer. This colonization process confirmed that the
P-retention capacity of PBC created a stable environment that supports microbial

growth and enhances mineral-phosphate reactions.

XPS analysis (Fig. S9a—b) showed increased C-O and carboxylate peak intensities in
the loaded PBC, indicating a higher surface O content. This functionalization could be
attributed to bacterial EPS that provided attachment sites via hydrogen bonding and
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electrostatic interactions, driving the morphological changes observed in the SEM
images. PSB1@PBC exhibited significantly enhanced P dissolution kinetics compared
to free PSB1. Over 7 days, the composite system released soluble P in a biphasic
pattern, reaching a maximum P-solubilizing capacity of 26.80 + 3.10 mg/g by day 4
(Fig. 3d). The pH curve showed a sharp decline from 6.0 to 4.8 within 48 h, followed
by stabilization driven by organic acid secretion during bacterial growth, which
protonated the Ca/Mg phosphate surfaces, disrupted metal-phosphate bonds, and
promoted P dissolution[31]. Moreover, under identical NBRIP conditions,
PSB1@PBC exhibited superior performance compared with free PSB1 in terms of
cumulative P release and sustained dissolution activity. This underscores the
synergistic role of biochar in enhancing microbial activity and regulating P release
dynamics (Fig. S10). PSB1@PBC reached a bacterial density of 4.40x10% CFU/g,
1.51 times that of free cells (2.90x10® CFU/mL, Fig. 3e). This increase was due to the
protective microenvironment provided by the PBC matrix, which shielded bacteria
from osmotic pressure and adsorbed growth factors, thereby promoting microbial

adhesion[32].

Sequential extraction was performed on PBC and PSB1@PBC (Fig. 3f) to clarify the
changes in the P forms. Compared with PBC, HCI-P (Ca/Mg-bound P) decreased
from 13.20% to 8.90% in PSB1@PBC, whereas NaHCO3-P (available P) increased by
1.96%, from 5.22 to 6.95 mg/g. This change was attributed to bacterial secretions

chelating Ca**/Mg?*, disrupting the Ca3(PO4), lattice structure, and releasing
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bioavailable P[33]. The TP content remained stable (75.60—78.36 mg/g), indicating
conversion rather than loss of P. The increase in NaHCOs3-P highlighted the enhanced
bioavailability, with insoluble P being transformed into soluble forms. XRD analysis
showed sharp diffraction peaks for Ca3(POs); at 20 = 31.8° in PBC (Fig. 3g), whereas
PSB1@PBC exhibited broadened, weakened peaks, suggesting partial dissolution and
amorphization[34]. Diffuse signals between 20-25° indicated microbial-induced
mineral weathering, where bacterial acidification disrupted the Ca/Mg-P lattice
structures and facilitated P release. In the FTIR spectrum (Fig. 3h), PSB1@PBC
showed enhanced P-related vibration peaks for P=0 (1200-1300 cm™!) and P-O (900—
1200 cm). The P-XPS peak-fitting results (Fig. 3i) revealed that bacterial loading
increased the number of P functional groups on the PBC surface, promoting the
conversion and adsorption of P forms[35]. XPS showed shifts in Ca 2p (from 347.5
eV to 346.9 eV) and Mg 2s (from 1304.2 eV to 1303.6 V), indicating that bacterial
secretions formed carboxylate complexes with Ca** and Mg" (Fig. S9¢—d),
suggesting that Mg and Ca participated in chemical reactions on the PBC surface,

creating a metal-organic/inorganic composite environment with P-related groups[36].

3.4 Verification of the three main P solubilization pathways by PSB1
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Fig. 4: Role of organic acids, enzymes, and siderophores in P solubilization. a)
Response dynamics over 3 days for the three main P-solubilizing organic acids (o-
ketoglutaric, malonic, and butyric acids); b) effect of the acids on P solubilization
from Ca3(PO4)2; c) effect of the acids on P solubilization from PBC; d) enzymatic
activity during P solubilization by PSB1 with Ca3(POs)2; €) enzymatic activity during
P solubilization by PSB1 with PBC; f) Fe** production and the corresponding ODgoo
change dynamics. The data are expressed as the mean + SD from three independent
replicates (n = 3).

Fig. 4a shows that PSB1 secreted malonic, a-ketoglutaric, and butyric acids during
the critical P solubilization phase (72 h). Malonic acid was the predominant acid
(7203 £ 32.04 a.u.), significantly surpassing a-ketoglutaric (2448 = 41.30 a.u.) and
butyric acid (2670 = 34.01 a.u.). This secretion pattern is attributed to the upregulation
of genes encoding malonyl-CoA synthetase (matB) and acetyl-CoA carboxylase
(accD) during the stationary phase. The low pKa of malonic acid (2.83) aids in
maintaining an acidic microenvironment, which is essential for mineral dissolution.
To verify solubilizing capacity, acids were added exogenously to media containing
different P sources (Caz(PO4), and PBC). Fig. 4b shows that all acids enhance P
release compared to the uninoculated control in the Ca3(PO4). system, with malonic
acid achieving the highest solubilization (48.19 + 5.58 mg/g at 72 h). Butyric acid had
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delayed efficacy (44.83 £ 2.7 mg/g at 72 h), whereas a-ketoglutaric acid showed rapid
initial dissolution (22.93 + 3.0 mg/g at 24 h). The superior performance of malonic
acid is attributed to its bidentate chelation of Ca** ions, which disrupts the Ca3(PO4),
lattice, the slower kinetics of butyric acid suggest weaker or slower chelation, and the
early advantage of a-ketoglutaric acid is likely because of rapid proton release or co-
metabolic effects. Fig. 4c¢ illustrates the dissolution kinetics of PBC. The
solubilization efficiency of exogenous acids was significantly lower than that of
Caz(POs4)>. Malonic acid reached only 26.06 + 2.7 mg/g at 72 h, 45% lower than with
Caz(POa). This reduced efficiency is due to the encapsulated Cas(PO4)30H in the
PBC matrix and microporous diffusion barriers, which limit the acid-mineral contact

and extend the dissolution kinetics[37].

Fig. S11a presents a standard curve for quantifying the phosphatase activity, showing
that the release of p-nitrophenol from the PNPP substrate follows linear kinetics (y =
0.002x-0.0118, R* = 0.9924). Fig. S11b identifies 37 °C as the optimal temperature
for phosphatase activity (31.75 + 3.10 U/mL), significantly higher than that under

30 °C (16.80 £ 1.8 U/mL) and 40 °C (12.50 + 1.2 U/mL). This temperature
dependence reflects enzyme stability and secretion kinetics, with reduced activity at
suboptimal temperatures due to decreased catalytic efficiency (30 °C) or enzyme
denaturation (40 °C)[17]. Fig. 4d shows the dynamic changes in acid phosphatase
(ACP), alkaline phosphatase (ALP), nucleases (NP), and phytase during Ca3(PO4)>

dissolution by PSB1. ACP activity peaked rapidly at 26.34 U/mL (32.60% of the total
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activity) after 48 h, strongly correlating with the soluble P release. ALP activity was
lower, peaking at 16.35 U/mL, whereas NP and phytase activities peaked later, with
phytase reaching 33.75 U/mL at 168 h. ACP dominance is linked to Ser129 residue
stability under acidic conditions, facilitating a strong nucleophilic attack on Ca—P
bonds. The inhibition of ALP is due to Zn>*-coordinated site denaturation at low pH,
and NP and phytase activities are limited by substrate availability, such as the late
accumulation of nucleic acids and scarcity of phytate[38]. Fig. 4e shows phosphatase
activity in the PBC system. All four phosphatases increased in activity, with ALP
being dominant, reaching 123.35 +2.90 U/mL at 48 h (86.74% higher than in the
Caz(POa)> system). ACP activity peaked later and at a lower level (85.74 U/mL at 168
h; 26.10% of the total activity). NP and phytase also peaked later (95.75 U/mL and
16.36 U/mL on day 4, respectively). The shift towards ALP dominance is explained
by the hydroxyapatite-like structure of PBC, which requires prior Ca**/Mg**
dissociation to expose the phosphate groups for enzymatic hydrolysis, a step less
critical for Cas(PO4)2. Additionally, ACP catalytic efficiency was inhibited by Mg**
ions in PBC, which binded to the His159 residue at the active site[39].

Chelation of metal ions is a well-established chemical strategy for solubilizing
insoluble phosphates. As demonstrated by synthetic chelators such as EDTA, the
sequestration of ions such as Ca®*, Fe**, and AI** disrupts the mineral lattice, causing
phosphate to be released into the solution. The siderophores secreted by PSB1 are
likely to sequester Fe** and AI** ions, thereby facilitating the dissolution of

corresponding metal-bound phosphates (e.g., FePO4, AIPO4) and enhancing P
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bioavailability. Fig. 4f shows the dynamic process of siderophore production in PSB1
as measured by Fe’" release. Siderophore production was quantified using the CAS
liquid assay, which is a standardized method for assessing siderophore activity based
on Fe-chelating capacity. The assay relies on colorimetric changes that occur when
siderophores competitively chelate Fe*" from the CAS- Fe** complex, causing a
decrease in absorbance at 465 nm. Siderophore production increased rapidly from
trace amounts to 13.40 mg/L on day 1, peaked at 24.70 = 2.10 mg/L on day 3, and
declined to 15.50 + 0.60 mg/L by day 7. This pattern closely resembled that of the
bacterial growth curve. This initial surge in siderophore production was linked to the
upregulation of siderophore biosynthesis genes (entC and foxA) under Fe-limited
conditions. This decline corresponds to reduced bacterial growth and downregulation
of the energy-intensive siderophore production pathway as Fe bioavailability

increases through dissolution or cell lysis[40].

3.5 Analysis of P solubilization kinetics and release mechanism
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Fig. 5: Kinetics, characterization, and functional analysis of PSB1@PBC. a) P
release rate kinetics of PSB1@PBC and PBC over time with curve fitting using the
Higuchi and Baker models; b) XRD patterns of PBC (aqueous dissolution),
PSB1@PBC-1(bacterially solubilized for 1 day), and PSB1@PBC-7 (bacterially
solubilized for 7 days); ¢) XPS analysis of P in PBC (aqueous dissolution) and
PSB1@PBC (bacterially solubilized for 7 day); d) SEM images of the aqueous
dissolution state and bacterial dissolution state on days 1, 4, and 7; e) correlation
heatmap analysis of PSB1@PBC system functionality.

Fig. Sa shows the P release kinetics of PBC and PSB1@PBC over 5 days. PBC
released only 0.058 mg/g of P, whereas PSB1@PBC demonstrated a significantly
higher cumulative release of 26.80 mg/g on day 4. To investigate the P release
mechanisms, the first-order, Higuchi, Hixson—Crowell, Baker—Lonsdale, and Ritger—
Peppas models were applied for curve fitting. The fitting parameters are listed in
Table S2. The release of P from PBC was best described by the Baker—Lonsdale
model (R?>= 0.994), indicating a dissolution-controlled release[41]. This suggests that

P release from PBC is limited by the slow dissolution of P through the microporous
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structure of the biochar, which is consistent with the low solubility of mineral-bound
P. In contrast, PSB1@PBC followed the Higuchi model (R? = 0.992), indicating
diffusion-controlled release. Microbial activity, enzymatic catalysis, and chelation
enhanced P solubilization and facilitated continuous diffusion through the modified
biochar pores, explaining the sustained and improved P availability in

PSB1@PBC[42].

To explore the structural changes related to P release, XRD analysis (Fig. 5b) was
performed, which showed the crystallographic evolution of the PBC. The distinct
diffraction peaks at 29.4° and 31.8° confirmed the presence of Caz(POs),. After 1 day
in PSB1@PBC, the peaks decreased in intensity and broadened, indicating initial
dissolution. By day 7, the crystallinity was significantly reduced, with a broad hump
in the 20-25° range, indicating extensive amorphization due to microbial activity. The
XPS analysis of the P 2p region (Fig. Sc) revealed that in PBC, P was mainly Ca-
bound, with a peak at 134.2 eV. After 7 days in PSB1@PBC, the spectrum split into
two peaks: a mineral P peak at 134.2 eV and a new peak at 133.7 eV, indicating
bioavailable forms such as HPO4™ or NaHCO3™ extractable P. This shows the
microbial conversion of mineral P into labile plant-available forms without significant
TP loss. The SEM images (Fig. 5d) show structural changes at the biochar-microbe
interface. In the control group (PBC in LB broth), the PBC structure remained
unchanged with no microbial colonization and only minor inorganic deposits by day

7. In contrast, PSB1@PBC exhibited time-dependent microbial colonization. Sparse
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bacterial cells adhered to pore edges on day 1. By day 4, bacterial proliferation and
microcolony formation enhanced the local acid and enzyme concentrations. By day 7,
a continuous biofilm developed, which facilitated metabolite exchange and retained

solubilized P, thereby supporting sustained and efficient P release from PSB1@PBC.

The heatmap in Fig. Se shows the Pearson correlation coefficients of the 12 variables
affecting P solubilization in the PSB1@PBC system. Strong positive correlations (r =
0.7, p<0.001) are red, whereas negative correlations (r = -0.6) are blue. Salt-tolerant
colony counts were strongly correlated with PSB1@PBC CFU (r = 0.89, p < 0.001)
and free PSB1 CFU (r = 0.76, p < 0.01), confirming that PBC protects bacteria from
osmotic stress, which is consistent with the SEM observations (Fig. 3¢). Cell densities
negatively correlated with PBC pH (r = -0.71 and r = -0.68, respectively, p < 0.01),
reflecting acidification-driven growth. The pH dropped from 6.0 to 3.9 within 96 h
(Fig. 3d) as a result of malonic acid secretion, which dissociated 62% of the Ca*"
from the PBC hydroxyapatite. Malonic acid was most strongly correlated with
PSB1@PBC P solubility (r = 0.93, p <0.001), surpassing free PSB1 (r =0.81, p <
0.001), owing to bidentate Ca>" chelation (K = 10%°), which reduced the lattice energy
by 23%. Its negative correlation with pH (r =-0.85, p < 0.001) confirmed proton-
mediated dissolution. At pH 4.5, 78% dissociation enabled continuous Ca—P cleavage.
ACP activity was positively correlated with Fe** (r = 0.79, p < 0.001), indicating
synergistic metal chelation and hydrolysis. Fe*"-siderophore complexes (K = 10%*)

solubilized FePOus, releasing PO4>~ for ACP mineralization (Fig. 4f). ACP inversely
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correlated with PBC water P (r = -0.63, p < 0.05), suggesting microbial reuptake of
solubilized P. PSB1@PBC P solubility correlated more with Fe carriers (r =0.72, p <
0.001) than free PSB1 (r=0.51, p <0.01), reflecting PBC-enhanced Fe** reduction.
XPS revealed a 2.1-fold increase in the Fe?*/Fe*" ratio in PSB1@PBC. The minimal
correlation between PBC water P and microbes indicated 31% readsorption by PBC,
suggesting that acid-overproducing strains could outcompete biochar for P

binding[43].

3.6 Integrated multi-pathway mechanisms for P solubilization
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Fig. 6: Three mechanistic pathways for PSB1 to dissolve insoluble P in PBC.

We clarified the multifaceted strategies and mechanisms through which PSB1@PBC
enhances P bioavailability by drawing on the experimental results (Fig. 6). In the
organic acid-driven pathway, PSB1 secreted low-molecular-weight acids, including
malonic, a-ketoglutaric, and butyric acids (Fig. 4a). These acids released protons that

acidified the microenvironment, thereby promoting the dissolution of mineral
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phosphates according to the reaction: Cas(PO4);0H + 7H" — 5Ca?" + 3H,PO4 +
H,0. Additionally, the anions of these organic acids chelated metal cations (e.g., Fe**
and AI’"), forming soluble complexes that displaced phosphate (e.g., FePO4 +
CeHs507*" — FeCeHsO7 + PO4>). This process generated bioavailable forms of P,
specifically HoPO4” and HPO4*. Experimental data on acid secretion dynamics (Fig.
4a—c) support this mechanism and are consistent with previous studies on organic
acid-mediated phosphate dissolution[15]. In the enzymatic hydrolysis pathway,
microbial phosphatases and phytases acted on organic and mineral-bound P by
cleaving P-O-C and P-O-P bonds in compounds such as phytates (Figs. 4d and 4e).
These enzymes demonstrated high catalytic efficiency, with optimal activity observed
at 37 °C (31.75 £ 3.1 U/mL, Fig. S9a-b). The PBC matrix enhanced this enzymatic
process by concentrating enzymes and substrates on its surface, thereby facilitating
the formation of orthophosphate (H3PO4). This pathway is consistent with the
established mechanisms of enzymatic dephosphorylation reported for PSB[44]. In the
ion-exchange pathway, H"-ATPase activity generated a proton-rich zone at the cell-
biochar interface (Fig. 3e), which promoted cation exchange with phosphate-bound
metals (e.g., Ca3(PO4)2+ 4H'— 2H,PO4 + 3Ca*"). PBC facilitated this exchange
through its ion-binding surface functional groups (-COOH, -OH), further enhancing
phosphate mobilization[45]. Acidolysis, chelation, enzymatic dephosphorylation, and
proton-coupled exchange processes operate synergistically within the PSB1@PBC

composite, effectively converting insoluble P into plant-available forms.
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4. Conclusion

In this study, a highly efficient, stress-tolerant, phosphate-solubilizing bacterium, R.
ornithinolytica (PSB1), was isolated from SS and immobilized on PBC to create a
composite PSB1@PBC. Compared to unmodified PBC, the release of soluble P from
this composite increased 17.5-fold, reaching 26.80 mg/g within 4 days. P release was
driven by three synergistic mechanisms: 1) malonic acid-induced acidification
(Ca**/Mg*" ion chelation), ii) enzymatic mineralization by ALP, and iii) siderophore-
mediated chelation, promoting mineral dissolution. Hedley extraction confirmed the
conversion of stable HCI-P to bioavailable NaHCO3-P with minimal TP loss. Kinetic
analysis (Higuchi model, R?= 0.992) revealed a diffusion-controlled, sustained
release of P. The formation of a biofilm on biochar enhanced long-term microbial-
mineral interactions. This study demonstrates the potential of biochar-based
biocomposites to improve nutrient cycling and agricultural sustainability, and close

the global P loop.
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Highlights:

1.A novel biochar-microbe composite for enhanced phosphorus release.

2. Superior bacterial phosphate solubilization under saline-alkaline stress.

3. Multi-mechanism P solubilization via malonic acid, phosphatase and siderophores.
4. Converts mineral-bound P to a bioavailable form without P loss.

5. Sustained P release kinetics with high agricultural potential.

41





