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e Bio-beads containing Pseudomonas rho-
desiae HP-7 and bone char were

prepared.
e Bone char turned into effective Pb ﬁ
remedial material in the presence of HP-
. Bone char
7 strain.

e Acid soluble fraction Pb in the soil was
reduced by 34 % after remediation.

e Bio-beads show stability during one- v
month Pb contamination remediation.

Cell encapsulation

ARTICLE INFO ABSTRACT
Editor: Dr. R. Debora Mineralization of lead ions (Pb?*) to pyromorphite using phosphorus-containing materials is an effective way to
remediate lead (Pb) contamination. Bone char is rich in phosphorus, but its immobilization of Pb2* is limited by
Keywords: poor phosphate release. To utilize the phosphorus in bone char and provide a suitable growth environment for
Bioremediation phosphate-solubilizing bacteria, bone char and Pseudomonas rhodesiae HP-7 were encapsulated into bio-beads, and
]];iiipsulation the immobilization performance and mechanism of Pb in solution and soil by bio-beads were investigated. The
Phosphate-solubilizing bacteria results showed that 137 mg/g of phosphorus was re%eased from bone char in the presence of the HP-7 strain. Pb%*
Bone char removal efficiency reached 100 % with an initial Pb*" concentration of 1 mM, bone char content of 6 g/L, and bio-

bead dosage of 1 %. Most Pb>* was immobilized on the surface of the bio-beads as Pbs(PO4)3Cl. The soil remediation
experiments showed a 34 % reduction in the acid-soluble fraction of Pb. The bio-beads showed good stability in
long-term (30 d) soil remediation. The present study shows that bone char can be turned into an efficient Pb
immobilization material in the presence of phosphate-solubilizing bacteria. Thus, bio-beads are expected to be used
in the remediation of Pb-contaminated environments.
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Environmental implication

Lead (Pb) pollution is a serious environmental problem. The
mineralization of lead ions to pyromorphite is considered an
effective remediation method. The bio-beads containing bone char
and phosphate-solubilizing bacteria HP-7 developed in this work
can be used for the efficient immobilization of lead in solution and
soil. The bio-beads showed good stability in long-term soil reme-
diation, and the strain within the bio-beads could grow. This study
provides a method to achieve resourceful use of waste animal
bones and remediation of lead contamination.

Data availability

No data was used for the research described in the article.

1. Introduction

Lead (Pb) pollution has become one of the most serious environ-
mental problems endangering human and animal health [1]. Minerali-
zation of highly bioavailable lead ions (Pb%") to low-bioavailable
pyromorphite (Pbs(PO4)3X, X = F, Cl, Br, or OH, Ksp = 107716 ~
~84.4) is an effective form of remediation [2]. Phosphate is required for
pyromorphite formation [3]. Phosphate rock, tricalcium phosphate,
hydroxyapatite, fluorapatite, and other phosphate minerals have been
used for the mineralization of Pb%t [4-8]. However, phosphorus (P) is an
indispensable element for agricultural production, and the rapid
depletion of phosphate minerals has led to a rapid scarcity of P resources
[9,10]. Therefore, it is important to find safe, low-cost, and readily
available materials containing P to remediate Pb-contaminated envi-
ronments [11].

Biochar is produced from a variety of plants or manure materials
under anoxic conditions. The carbon content of biochar is usually
greater than 70 %, whereas the P content is usually less than 1 % (except
for biochar of manure origin, which contains 2.6 %—13.5 % as P20s)
[12]. Owing to its rich pore structure and large specific surface area,
biochar can be used as a carrier in functional composites [13]. Wu et al.
[14] synthesized a hydroxyapatite-tailored hierarchical porous biochar
for the adsorption and immobilization of Cd(II) and Pb(II) in water and
soil. Li et al. [15] proposed a molybdenum trioxide (MoO3)-engineered
biochar as an adsorbent for Pb%* removal. Ren et al. [16] prepared a Ca
(H2PO4)s-engineered swine manure biochar for the remediation of Pb-
and cadmium-contaminated soils. Bone char is a product of animal bone
pyrolysis under anoxic conditions and consists mainly of hydroxyapatite
(70 %—76 %), calcium carbonate (7 %—9 %), and amorphous carbon (9
%—11 %) [17]. More than 20 million tons of all types of livestock and
poultry bones are produced annually in China [18]. However, most
animal bones are not rationally used. This not only results in a waste of P
resources but also causes environmental pollution owing to bone decay.
Hydroxyapatite, the main component of bone char, is an inorganic
material with good adsorption properties that can remove metal ions
from solution by adsorption [18]. Liu et al. [19] prepared
amino-modified pig bone char for the adsorption of Pb(II) and Cu(Il),
with adsorption capacities of 120 and 30 mg/g, respectively. Xiao et al.
[20] prepared bovine bone char using a ball milling technique with
adsorption capacities of 165.8, 287.6, and 558.9 mg/g for Cd(II), Cu(Il),
and Pb(II), respectively. The mineralization of Pb is preferable for
sorption in soil remediation [21]. Soluble phosphate is essential for the
mineralization of Pb2*. Although bone char contains up to 17 % P, its
release is difficult [11]. Phosphate-solubilizing bacteria promote the
dissolution of phosphate minerals such as tricalcium phosphate and
fluorapatite [5,6]. In our previous study, a phosphate-solubilizing bac-
terium, Pseudomonas rhodesiae HP-7, was isolated and was able to
dissolve 84.5 % of P from synthetic hydroxyapatite [4]. However, there
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are few reports on phosphate-solubilizing bacteria that promote P
release from bone char [22]. Whether phosphate-solubilizing bacteria
can release P from the bone char under Pb stress remains unknown.

Contaminant toxicity and competition from indigenous microor-
ganisms can inhibit the growth of phosphate-solubilizing bacteria in the
environment. To address this issue, researchers have considered
encapsulating bacteria or providing bacteria with habitat carriers to
counteract inhibitory effects. For example, Zhang et al. [8] encapsulated
the phosphate-solubilizing bacteria Leclercia adecarboxylata L15 and
Cag(PO4), in capsules for remediation of lead-contaminated sediments.
Teng et al. [23] encapsulated L. adecarboxylata L15, biochar, and
nano-zero-valent iron in bio-beads, and investigated the solubilization
ability of Ca3(PO4)2 and the immobilization performance of Pb%*. The
results showed that the bio-beads had higher P solubilization and Pb
immobilization capacity than free bacteria. Tu et al. [24] found that
biochar with a porous structure could serve as an ideal habitat for mi-
croorganisms, thereby improving the effectiveness of pig manure com-
posting. Although bone char has a higher P content than biochar, it does
not provide a habitat for microorganisms because of its small specific
surface area and pore structure [11]. To use the abundant P in bone char
and provide a suitable environment for the growth of
phosphate-solubilizing bacteria, this study used sodium alginate and
gelatin to encapsulate both bone char and the phosphate-solubilizing
HP-7 bacteria in bio-beads. Sodium alginate is a polysaccharide
extracted from algae or bacteria that can be combined with divalent
cations to form a hydrogel with a certain mechanical strength. It is
commonly used for cellular encapsulation and controlled release of
drugs [25]. Gelatin is a product of collagen hydrolysis, and its compo-
sition is similar to that of the natural extracellular matrix. It supports cell
adhesion and proliferation and is commonly used in 3D cell culture;
however, its mechanical strength is low [26]. The combination of algi-
nate and gelatin not only mimics the amino acid and polysaccharide
components of the extracellular matrix but also has a certain mechanical
strength, which facilitates the construction of suitable bacterial encap-
sulation materials.

The aims of this study were 1) to construct bacterial encapsulation
materials by optimizing the ratio of sodium alginate to gelatin; 2) to
study the ability of the HP-7 strain to release P from bone char; and 3) to
investigate the mechanism of Pb>" immobilization and long-term sta-
bility of bio-beads encapsulated with phosphate-solubilizing bacteria
and bone char.

2. Materials and methods
2.1. Chemicals

Sodium alginate was purchased from Aladdin Reagent Company
(Shanghai, China). Gelatin, calcium chloride, and other reagents were
purchased from Sinopharm (Shanghai, China). Bovine bone granules
were purchased from Xingtai (Hebei Province, China). The nitric acid,
hydrochloric acid, and hydrofluoric acid used in this study were of su-
perior purity, and all other reagents were of analytical purity.

2.2. Preparation of bone char

The bovine bone particles were crushed using a pulverizer and sieved
to obtain small particles with diameters less than 0.45 mm. The particles
were placed in a ceramic crucible and charred in a tube furnace under
anoxic conditions [20]. High-purity nitrogen (99.999 %) was continu-
ously introduced into the tube furnace at a rate of 0.1 NL/min during the
charring process. The charring temperature was between 200 °C and
600 °C (100 °C intervals), with a heating rate of 5 °C/min and charring
time of 5 h. After charring, the bone char was sieved again to obtain
0.075 mm < d < 0.15 mm for encapsulation.
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2.3. Culture of P. rhodesiae

Pseudomonas rhodesiae HP-7 was isolated from Pb-contaminated soil
[4]. The conserved P. rhodesiae was activated in beef extract-peptone
liquid medium (BP medium: 3 g/L beef extract, 10 g/L peptone, and
5 g/L NaCl). The pH of the medium was adjusted to 7.0. Activated
P. rhodesiae were re-transformed into BP medium at 30 °C and 150 rpm
for 15 h. The resulting broth was centrifuged at 3000 x g for 5 min to
obtain bacteria. The bacteria were washed three times using mineral
medium (5 g/L NaNOs, 0.2 g/L KCl, and 0.1 g/L (NH4)2SO4, pH 6.5),
resuspended, and adjusted to an of ODggp = 1.0. This suspension was
used to encapsulate bacteria.

2.4. Preparation of bio-beads

Preparation of beads was performed as previously described with
modifications [27]. Specifically, gelatin (1 g) and sodium alginate (0.25
g,0.333g,0.58,1g,2g,3g,or4g)weredissolved in 100 mL of mineral
medium and stirred at 80 °C in a water bath until completely dissolved.
The ratios of gelatin to alginate in the solution were 4:1, 3:1, 2:1, 1:1,
1:2, 1:3, and 1:4. After the solution had cooled to room temperature
(25-30 °Q), it was transferred to a 10 mL syringe and added dropwise to
a 2 % CaCl; solution using a syringe pump at a flow rate of 0.95 mL/min.
After 3 h of curing, the beads were washed thrice with the mineral
medium.

Based on the morphology and mechanical strength of the resulting
beads, an optimum ratio of seven was selected for encapsulation of the
HP-7 strain and bone char. The process of encapsulating the HP-7 strain
and bone char was as follows. Briefly, 100 mL of bacterial solution at
ODgoo = 1 was centrifuged (3000xg, 5 min), resuspended in 10 mL of
mineral medium, and subsequently added to 90 mL of cooled gelatin and
alginate solution with a certain mass of bone char. After thorough
mixing, the mixture was transferred to a 10 mL syringe following the
same procedure. Bio-beads containing only bacteria and beads con-
taining only bone char were prepared in the same manner. The resulting
beads were used for subsequent experiments.

2.5. Growth of the HP-7 strain in bio-beads and dissolution of phosphate
in bone char

To show that the HP-7 strain could grow properly inside the bio-
beads, the following experiments were performed. Low levels of bacte-
ria (5 mL ODggy = 1) were encapsulated inside the bio-beads, which
were placed in 96-well plates. Each well contained one bio-bead, and
200 pL of BP medium was added to each well. The 96-well plates were
then incubated at 30 °C. At regular intervals, the bio-beads were
removed, the center of the bio-beads was sectioned and stained with
STYO9 (Thermo Fisher, LIVE/DEAD BacLight Bacterial Viability Kits),
and the growth of the bacteria was observed under a fluorescent mi-
croscope (green fluorescence). Bio-beads containing the HP-7 strain,
beads containing bone char, and bio-beads containing both the HP-7
strain and bone char were used for phosphate dissolution experiments.
The dissolution experiments were carried out in 50 mL of a defined
medium (DM medium) (10 g/L glucose, 5 g/L NaNOs, 0.1 g/L
MgCly-H0, 0.2 g/L KCl, and 0.1 g/L (NH4)2SO4). The pH was adjusted
to 6.5 and then autoclaved at 121 °C for 20 min. The carbon source,
glucose, was sterilized separately at 115 °C for 15 min and then added to
the DM medium at a final concentration of 10 g/L. Three parallel ex-
periments were performed for each experimental group. Approximately
3 mL of culture solution was collected at 0, 6, 12, 24, 48, and 72 h. The
solutions were filtered through a 0.22 ym membrane and the pH was
determined using a pH meter (UB-7, Denver, USA). The dissolved P
content was determined using inductively coupled plasma optical
emission spectrometry (ICP-OES, 7000 DV, PerkinElmer, USA).
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2.6. Pb** removal

Pb%* removal experiments were carried out in 200 mL conical flasks
containing 50 mL of DM medium. Pb** mother liquor (10 g/L) was
obtained by dissolving 1.6 g of Pb(NO3), in 100 mL of ultrapure water.
The corresponding concentration of Pb?" solution was obtained by
pipetting a volume of Pb?" mother liquor into the DM medium. Batch
experiments were carried out to compare Pb?" removal performance:
(1) control experiment, (2) free bacteria, (3) bio-beads containing the
HP-7 strain, (4) beads containing bone char, and (5) bio-beads con-
taining both bone char and the HP-7 strain. The effects of bone char
content (3, 4, 5, 6, and 7 g/L), bio-bead dosage (0.5 %, 0.8 %, 1 %, 1.2 %,
and 1.5 %), and initial Pb%>* concentration (10.3, 103.5, 207, 310.5, 414,
and 621 mg/L) on Pb*" removal were also investigated. Three parallel
experiments were performed for each experimental group. The conical
flasks were incubated at 30 °C for 3 d at 150 rpm. After incubation, the
supernatant was filtered through a 0.22 pm membrane, the pH was
determined, and the dissolved Pb?" concentration was measured using
ICP-OES. The amount of P remaining in the solution was determined
using the molybdenum blue colorimetric method (soil quality determi-
nation of available P-sodium hydrogen carbonate solution- Mo-Sb anti
spectrophotometric method HJ 704-2014).

Pb?* removal efficiency in solution was calculated according to the
following formula:

C,—-C

0

Pb* removal efficiency = x 100%

where C, and C are the initial and final concentrations of Pb?*,
respectively (mg/L).

2.7. Lead-contaminated soil remediation

Lead-contaminated soil was collected from a smelter in Zhuzhou,
Hunan Province, China. The total Pb content in the soil was 505 mg/kg,
and the pH of the soil was 8.0. According to the Soil Environmental
Quality Risk Control Standard for Soil Contamination of Development
Land (GB 36600-2018), the soil was polluted by Pb (the minimum limit
of total Pb is 400 mg/kg). After air-drying, grinding, and sieving (100-
mesh), the soil sample was used for remediation experiments, which
were carried out in 200 mL conical flasks after mixing 50 mL of DM
medium and 5 g of soil [8]. To evaluate the remediation effect of
bio-beads on lead-contaminated soil, five groups of experiments were
conducted: (1) control experiment, (2) free bacteria (2 mL of bacterial
solution with an ODggg of 1 was added to 50 mL of soil solution), (3)
bio-beads containing the HP-7 strain (30 g/L), (4) beads containing
bone char (30 g/L), and (5) bio-beads containing the HP-7 strain and
bone char (30 g/L). The conical flasks were shaken at 30 °C for 30 days.
After remediation, 10 mL of the soil solution was freeze-dried, and
various fractions of Pb were extracted using a modified Community
Bureau of Reference (BCR) sequential extraction method (Soil and
sediment-Sequential extraction procedure of speciation of 13 trace ele-
ments GB/T 25282-2010). The Pb%* concentrations in the extracts were
determined using an inductively coupled plasma mass spectrometer
(ICP-MS, Agilent 7500cx, USA).

2.8. Bead characterization

The beads were quickly washed thrice with 0.9 % NacCl solution,
twice with ultrapure water, frozen overnight at —20 °C in a refrigerator,
and subsequently dried using a freeze dryer. The dried beads were cut
from the center using a razor blade and the resulting samples were
observed using scanning electron microscopy (SEM, S-4800, Hitachi,
Japan) for morphology evaluation. The dried beads were crushed, and
the crystal structure of the material was determined using X-ray
diffraction (XRD, X' Pert Pro, PANalytical, Netherlands). Infrared
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samples of alginate and gelatin were obtained by Ca?* cross-linking into
the films. The thin films were directly characterized using Fourier
transform infrared spectroscopy (FT-IR, iS10, Thermoelectric Corpora-
tion, USA). The HP-7 strain (ODggp = 0.5, 50 mg/L Pb2+, 12 h incuba-
tion) and bone char (0.05 g bone char, 300 mg/L Pb2*, 12 h incubation)
were characterized using FT-IR after pressing with KBr. The activity of
bacteria inside the bio-beads was observed using fluorescence micro-
scopy (Axio Imager A1, Zeiss, Germany) and laser confocal microscopy
(LSM710, Zeiss, Germany). The center of the bio-beads was sectioned
(thickness of approximately 100 uym) and subsequently stained with
STYO9/PI for 20 min to visualize dead or live bacteria under a fluo-
rescence microscope. After staining the bio-beads with STYO9/PI, the
3D distribution and activity of bacteria in the bio-beads were observed
directly using laser confocal microscopy.

3. Results and discussion
3.1. Optimization of the alginate-to-gelatin ratio

The appearance and morphology of the beads produced using the
seven ratios of gelatin-to-alginate are shown in Fig. S1. At ratios of 4:1 to
1:2, the beads were spherical in shape; when the ratio was reduced to 1:3
and 1:4, the beads showed trailing. This resulted from a gradual increase
in viscosity of the mixed solution. The inset shows the cross sections of
the beads in the seven ratios. When the ratio was 4:1 and 3:1, the me-
chanical strength of the beads was low and the spherical shape of the
beads could not be maintained after drying and cutting off the faces;
when the ratio was 1:2, the beads not only maintained their spherical
shape but also showed a regular three-dimensional structure within,
which not only facilitated the flow of nutrients but also the growth of
bacteria within the bead (Fig. 1). When the ratio increased to 1:3 and
1:4, the beads were tadpole-shaped and showed an internal three-
dimensional structure. The ratio of gelatin to alginate was chosen to
be 1:2 for the encapsulation of the HP-7 strain and bone char, based on a
combination of bead appearance, mechanical strength, and internal
morphology.

3.2. Growth of the HP-7 strain in bio-beads

To determine whether the HP-7 strain encapsulated in the bio-beads
could grow, the bio-beads were sectioned and stained, and the growth of
the strain was observed under a fluorescence microscope (Fig. 2). At0 h
(Fig. 2a), only a few isolated strains were observed; after 24 h of incu-
bation (Fig. 2b-d), the individual strain gradually grew into colonies
consisting of multiple strains, with an increasing number of strains in the

dik:5did]

S4800 5.0kV 8.6mm x30 SE(M)

Journal of Hazardous Materials 447 (2023) 130772

colonies. This result indicates that the bio-beads made from alginate and
gelatin were biocompatible, and that the HP-7 strain encapsulated inside
the bio-beads could grow.

3.3. P release from bone char in bio-beads

Bone char is a product of pyrolysis of waste animal bones under
anoxic conditions [20]. It contains 10 % C and is rich in hydroxyapatite,
an inorganic material with good adsorption properties for the removal of
heavy metal ions [18]. However, the low solubility of hydroxyapatite
limits the mineralization of Pb?* [28]. Our previous study found that the
HP-7 strain metabolized glucose to produce acetic acid, butyric acid, and
isobutyric acid, and that these organic acids dissolved hydroxyapatite,
thereby releasing soluble P [4]. The ability of the free HP-7 strain to
release P from bone char at different pyrolysis temperatures is shown in
Fig. S2. After 120 h of incubation, the bone char pyrolyzed at 500 °C in
the presence of the HP-7 strain released the most soluble P, reaching
275 mg/L (137 mg P/g bone char). Tang et al. [22] investigated the P
release properties of bone char obtained by pyrolysis of a porcine bone
source at 100-300 °C in the presence of Enterobacter spp. The results
showed that bone char pyrolyzed at 100 °C released the most soluble P
at 77.37 mg/L (19.3 mg P/g bone char). Chen et al. [21] found that rice
husk- and sludge-derived biochar released 122.1 mg/L (2.4 mgP/g
biochar) and 84.3 mg/L (1.7 mg P/g biochar), respectively, of P under
the action of Enterobacter spp. In the present study, the release of P from
bone char in the presence of the HP-7 strain was much higher than that
reported in previous studies. Comparing the results of this study with
those of previous studies, the P content released by bone char under the
action of phosphate-solubilizing bacteria was approximately 100 times
higher than that of biochar. After pyrolysis, waste animal bones can be
transformed into valuable P resources under the action of
phosphate-solubilizing bacteria.

To confirm whether the HP-7 strain encapsulated inside the bio-
beads still had the ability to release P, this study investigated the P-
dissolving ability of the HP-7 strain by encapsulating it and bone char
pyrolyzed at 500 °C inside the bio-beads, and the results are shown in
Fig. 3. As shown in Fig. 3a, the pH gradually increased from 5.7 to 6.7 in
the group of beads encapsulated with only bone char owing to its
alkaline nature. The pH values of the groups encapsulating only the HP-
7 strain and both the HP-7 strain and bone char decreased from 5.7 to
4.5 and 4.4, respectively, indicating that the HP-7 strain encapsulated
inside the bio-beads could still metabolize glucose normally and secrete
organic acids. As shown in Fig. 3b, dissolved P was released only in the
group that encapsulated both bone char and HP-7 strain. The amount of
dissolved P reached 41.9 mg/L after 72 h. This indicated that the HP-7

Fig. 1. (a) Digital photo and (b) electron microscopy image of bead prepared with gelatin-to-sodium alginate ratio 1:2.



J. Lietal

Journal of Hazardous Materials 447 (2023) 130772

Fig. 2. Fluorescence micrographs of the HP-7 strain in bio-beads at different growth times. (a) 0 h, (b) 6 h, (¢) 12 h, and (d) 24 h.
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strain encapsulated inside the bio-beads still had the ability to dissolve
and release P into the solution from the bone char encapsulated inside
the bio-beads.

3.4. Pb?>* removal performance of bio-beads

Fig. 4 shows the removal efficiency of Pb®" under different treat-
ments. In the control check, the residual Pb®>" concentration was
182.1 mg/L. Compared with the control check, the residual Pb?* con-
centration slightly increased in the group with the addition of free
bacteria. This may result from the rupture of the strain and binding of
intracellular material to the insoluble state of Pb, which increased the

concentration of soluble Pb>*. The Pb?* removal efficiency of the bio-
beads containing only the HP-7 strain was 51.7 %. The number of bac-
teria encapsulated in the bio-beads was the same as that of the free
bacteria. Bacteria have a lower adsorption capacity for Pb?*, indicating
that alginate and gelatin are the main contributors to the removal of
Pb2* by the bio-bead containing only the HP-7 strain. Alginate and
gelatin absorb part of the Pb?*, which reduces the toxicity of Pb2* to the
HP-7 strain within the bio-bead. The Pb?" removal efficiency of beads
containing only bone char was 72.7 %. In addition to the adsorption of
alginate and gelatin, hydroxyapatite (the main component of bone char)
is also a good adsorbent. Pb>" can replace Ca®" in hydroxyapatite
through ion exchange. In addition, Pb?* in solution easily forms Pb
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(OH), when the pH is greater than 6. Therefore, Pb2* removal experi-
ments are usually performed in solutions with pH lower than 6. In this
study, after adding Pb?*, the pH of the solution was 5.1. Under acidic
conditions, hydroxyapatite also dissolves and releases phosphate to
react with Pb2*. The removal efficiency of Pb?* in the bio-bead con-
taining bone char and the HP-7 strain increased to 83.5 %. This was
because the metabolic activity of the HP-7 strain further reduced the pH
to 4.6. A lower pH value further promotes the dissolution of hydroxy-
apatite, releasing phosphate ions, and reacting with Pb2* to form a
precipitate [4]. He et al. [27] found that Phanerochaete chrysosporium
can similarly promote hydroxyapatite dissolution by secreting organic
acids. The released phosphate reacts with Pb?>* to form Pb-phosphate
compounds, thus enhancing the removal efficiency of Pb2*. The
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changes in the solution and bio-beads before and after the reaction with
Pb%t are shown in Fig. S4. No large amounts of precipitation were
observed in the solution before and after the reaction with Pb%*
(Fig. S4b). After reacting with Pb%*, many white spots formed on the
surface of the bio-beads (Fig. S4d). This may indicate that most of the
Pb?* was first adsorbed on the bio-bead surface, and then the phosphate
released by the HP-7 strain from the bone char combined with the
adsorbed Pb*" to form Pb-phosphate compounds on the bio-bead
surface.

Fig. 5a shows the effects of bone char content in the bio-beads on
Pb?* removal. When the bone char content increased to 6 g/L, the re-
sidual Pb%" concentration decreased to 0.6 mg/L (Pb2" removal effi-
ciency reached 99.4 %, as shown in Fig. S5a) and the residual dissolved
P content was 1.5 mg/L. Continuing to increase the bone char content
also increased the residual dissolved P content to 2.6 mg/L. Excessive
dissolved P not only increases the cost of remediation but also leads to
the eutrophication of the water body [8]. Therefore, 6 g/L of bone char
was chosen for subsequent experiments. Fig. 5b shows the effects of
bio-beads dose on Pb?" removal. As can be seen in the figure, the re-
sidual Pb?" concentration decreased and amount of residual dissolved P
increased as the dose of bio-beads increased. At a bio-beads dose of 1.0
%, the residual Pb%* concentration decreased to 0 mg/L (Pb%>" removal
efficiency reached 100 %) and the residual soluble P concentration was
0.9 mg/L. On further increasing the bio-beads dose, the Pb** removal
efficiency continued to remain at 100 % and the residual soluble P
content increase to a maximum of 6.5 mg/L. Therefore, a bio-beads dose
of 1.0 % was chosen for subsequent experiments. The concentration of
Pb?" has an important influence on the Pb>" removal efficiency. In the
present work, Pb2* removal efficiency by bio-beads at different initial
concentrations (0.05—3 mM) were investigated (Fig. 5c). At initial
concentrations of 0.05 mM, 0.5 mM, and 1 mM, the removal efficiencies
were 100 %, 100 %, and 99.5 %, respectively. With continued increase
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in the initial Pb%* concentration, the removal efficiency of the bio-beads
for Pb%" decreased significantly. This may be due to two reasons. On the
one hand, as the initial Pb>" concentration increased, it inhibited the
metabolic activity of the phosphate-solubilizing bacteria; on the other
hand, the P content of the bone char in the bio-beads was not sufficient
to immobilize the high concentration of Pb?*. To verify the long-term
stability of the bio-beads, 50 mg/L Pb?>* was added to the solution
every 2 days. The concentration of residual Pb* in the solution is shown
in Fig. 5d. After the first three additions of Pb?*, no residual dissolved
Pb%" was detected in the solution; after the fourth, fifth, and sixth ad-
ditions of Pb2+, the concentrations of the remaining Pb%* were 7.1,38.8,
and 95.9 mg/L, respectively. This may be because the P in the bone char
in the bio-beads was sufficient during the first three additions of Pb2*;
after the fourth addition, the P in the bone char in bio-beads was
depleted, thus leaving residual Pb2* in the solution.

As shown in Table 1, the bio-beads synthesized in the present study
using alginate and gelatin with encapsulated P. rhodesiae HP-7 and bone
char exhibited high Pb?" removal efficiency compared to that of other
materials in previous studies. Bone char, made from waste animal bones,
can replace phosphate minerals such as Ca3(PO4)2 or Ca;o(PO4)s(OH)s
as P sources. In the presence of the HP-7 strain, P within the bone char
can be released to immobilize Pb. This is important for both resource
utilization of waste and remediation of Pb contamination.

3.5. Characterization of bio-beads

The morphological changes on the surface and inside the bio-beads
before and after the reaction with Pb2" were observed using SEM.
Fig. 6a shows that, before the reaction with Pb%*, the bio-bead surface
was flat and had strains adhering to it. Fig. S6b shows the EDS spectra of
the bio-bead surface before the reaction with Pb?*. The main elements
are C, O, Ca, P, and Cl. Fig. 6b shows the morphology of the bio-bead
surface after the reaction with Pb?". Folds appeared on the bio-bead
surface, along with a large amount of granular material. In addition,
the strains that adhered to the bio-bead surface disappeared, probably
because the high concentration of Pb2* caused the strains on the surface
of the bio-beads to break up, die, and fall off [1]. Fig. S6d shows the EDS
spectra of the bio-bead surface after the reaction with Pb®". As can be
seen in the figure, the main elements were Pb, Cl, P, C, and O.
Comparing Fig. S6d and S6b, it was found that the characteristic peak of
Ca on the bio-bead surface disappeared and a new characteristic peak of
Pb appeared. This results from the gradual dissolution of bone char in
the presence of the HP-7 strain and the gradual release of Ca and P into
the solution [4]. In contrast, Pb?>" diffused from the solution to the
bio-bead surface and was adsorbed by the bio-beads or immobilized by
phosphate. Fig. 6¢ and 6d show the morphology of the bio-bead inner
before and after the reaction with Pb>*. The presence of these strains can
be observed in both figures. Fig. S6h shows the EDS spectra of the
bio-beads after reaction with Pb?". The main elements inside the
bio-beads were Pb, P, Cl, C, and O. This indicates that Pb>" diffused not
only from the solution to the surface of the bio-beads but also through
the bio-bead surface and into its interior.

FT-IR characterization was performed to determine the changes in
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the functional groups of the bio-bead components before and after re-
action with Pb3t (Fig. 7). Alginate exhibited characteristic peaks at
1605.33 cm ! and 1421.01 cm ™! owing to asymmetric and symmetric
stretching vibrations of C=0 in the carboxyl group (Fig. 7a); these two
peaks shifted to 1588.87 cm™! and 1412.85 cm™! after reaction with
Pb?*, indicating the involvement of the carboxyl group in the adsorption
of Pb%t [29]. The peak shifted from 1030.64 cm! to 1026.45 cm’l,
implying the binding of hydroxyl groups and Pb?* [30]. In the alginate
and gelatin samples, carboxyl and hydroxyl groups were the main
functional groups involved in the adsorption of Pb". Fig. 7b shows the
changes in the HP-7 strain and bone char before and after reaction with
Pb?*. The absorption peaks of the HP-7 strain at 1541.39 cm ™' and
1080.91 cm ™! were attributed to the stretching vibration of the —NH
and —POF functional groups, respectively; the peaks shifted to
1539.12 cm ™! and 1078.21 cm ™! upon adsorption of pPb2* [31,32]. In
contrast, the intensity of the characteristic peak of the C—O functional
group at 1384.46 cm™! was significantly lower, indicating that the C—O
bond on the strain surface was also involved in the adsorption of Pb%".
Teng et al. investigated the mechanism of Pb*" removal by
L. adecarboxylata. The results showed that the carboxyl, hydroxyl, and
amino functional groups in the extracellular polymer secreted by bac-
teria removed Pb2* through complexation [33]. The characteristic peaks
at 1640.43 cm™! and 1469.07 cm™! for the bone char sample corre-
spond to the stretching vibrations of the aromatic C=C/C=0 and aro-
matic C=0 bonds [20]. The absorption peaks at 1038.04 cm™! are
attributed to the stretching vibration of v3 P—O. The peaks at
961.38 cm ™!, 604.11 cm ™! and 564.51 cm ™! correspond to the bending
vibration of v9 O—P—0 and v4 O—P—0, respectively [20]. After reaction
with Pb%*, the peak at 1640.43 em™! (C=C and C=0) shifted to
1647.09 cm ™. The characteristic peaks of —COO (1469.07 crn’l), —OH
(1448.70 cm™Y), and the phosphate group (1038.04 cm 1) shifted after
the adsorption of Pb?*. These results suggest that carboxyl, hydroxyl,
and phosphate groups in bone char are involved in binding to Pb2*.

To determine the types of Pb compounds formed after the reaction,
the bio-bead samples before and after reaction with Pb were charac-
terized using XRD (Fig. 8). No new diffraction peaks were observed
before and after the reaction with Pb2* for the bio-beads alone or for the
bio-beads containing the HP-7 strain. The characteristic peaks of hy-
droxyapatite could be seen in the bio-beads containing bone char before
the reaction with Pb?* because the main component of bone char is
hydroxyapatite. After reaction with Pb?", the characteristic peak of
Pbs(PO4)3Cl was observed because, under weakly acidic conditions (pH
5.1), the bone char slowly dissolved and the released phosphate that
reacted with Pb?* to form Pbs(PO4)3Cl. The characteristic peak of bone
char was also detected in the bio-beads containing both bone char and
phosphate-solubilizing bacteria before reaction with Pb?*. After reac-
tion with Pb?*, the characteristic peak of bone char disappeared, and a
new peak of Pbs(PO4)3Cl appeared. The metabolic activity of the HP-7
strain in the bio-beads resulted in a lower pH (4.6), which facilitated
the release of phosphate from the bone char, thus allowing Pb%* to be
transformed into Pbs(PO4)3Cl.

To characterize the activity of phosphate-solubilizing bacteria after
reaction with Pb", the HP-7 strain was observed using fluorescence

Table 1
Comparison of Pb>* removal efficiency of bio-beads in this study with that reported in previous studies.
Materials Phosphorus source pH Initial concentration of Pb?* ( (mg/L) Time (h) Pb?* removal efficiency (%) Ref.
PSB capsules” Cas(POy), 3.0 140 24 98.4 [8]
PSB beads” Cag(POy), or beef peptone medium 5.0 200 24 93 [23]
PSB microcapsules® Cay9(P0O4)6(OH), 6.0 100 144 89.67 [27]1
PSB beads'! bone char 5.1 200 72 100 This study

@ Capsules formed by alginate encapsulated L. adecarboxylata 115 and Ca3(PO4),.

b Bjo-beads of polyvinyl alcohol and alginate encapsulated with L. adecarboxylata L15 and biochar loaded with zero-valent iron nanoparticles.
¢ Microcapsules formed by alginate encapsulated Phanerochaete chrysosporium and hydroxyapatite.
4 Bio-beads of alginate and gelatin encapsulated with P. rhodesiae HP-7 and bone char.
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Fig. 6. SEM images of bio-beads containing the HP-7 strain and bone char: Surface of bio-beads (a) before and (b) after reacting with Pb(II). Inner region of bio-beads

(c) before and (d) after reacting with Pb(II).
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Fig. 7. FT-IR spectra of bio-bead components before and after reaction with Pb?*. (a) Alginate, alginate and gelatin; (b) HP-7 strain and bone char.

microscopy after staining with STYO9/PI. STYOO stains both dead and
live bacteria and they emit green fluorescence, whereas PI stains only
dead bacteria which emit red fluorescence. As shown in Fig. S7a and
S7b, after reaction of the free strain with 1 mM Pb?*, most of the strain
showed red fluorescence, indicating lysis of the strain. When only the
HP-7 strain was encapsulated (Fig. S7c and S7d), some HP-7 strains died,
indicating that Pb2" that entered the interior of the bio-beads was still
toxic to the HP-7 strain. The encapsulation of both the HP-7 strain and
bone char (Fig. S7e and S7f) resulted in the death of only a small number

of strains. This result suggests that encapsulation can improve the
resistance of the HP-7 strain to high concentrations of Pb*" (1 mM).

3.6. Mechanism of Pb*>* removal using bio-beads

Based on the above characterization results, two types of mecha-
nisms for the removal of Pb>" using bio-beads were proposed. The first
of these is adsorption. Pb%" in the solution reached the surface of the bio-
beads by diffusion. The hydroxyl and carboxyl groups in alginate and
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gelatin on the surface of the bio-beads bind to Pb?" and adsorb some of
them to the surface of the bio-beads. As Pb?* diffused further into the
bio-beads, the bone char and P. rhodesiae strain were able to adsorb
Pb%*. The hydroxyl, carboxyl, and phosphate groups in bone char and
the C-O bond, -NH, and PO} functional groups of the bacteria are
involved in Pb?* binding. The second removal mechanism involved
mineralization, which can be subdivided into two types. 1) Chemical
substitution reactions, where Pb%* can replace Ca®* in Cas(PO4)30H
(hydroxyapatite, the main component of bone char), whereas CI in so-
lution can replace OH’, resulting in the formation of Pbs(PO4)3Cl. 2) A
dissolution-precipitation mechanism involving the HP-7 strain, where
organic acids produced by P. rhodesiae HP-7 lower the pH of the solu-
tion, thus allowing hydroxyapatite in bone char to dissolve and release
phosphate. Phosphate combines with Pb?* to form Pbs(P0O4)sCl pre-
cipitate. Dissolution precipitation has been shown to be the dominant
mechanism for the formation of Pbs(PO4)3Cl compared to substitution
reactions [28,34]. Thus, P. rhodesiae HP-7 plays an important role in the
immobilization of Pb>* by bone char.

3.7. Remediation of lead-containing soils by bio-beads

The results of lead passivation in the soil by control check (CK), free
HP-7 strain, beads containing bone char, bio-beads containing HP-7
strain, and bio-beads containing HP-7 strain and bone char are shown
in Fig. 9. The acid-soluble fraction of Pb in the original soil was 29.8 %.
Among all the treatments, the bio-beads containing both bone char and
the HP-7 strain showed the best remediation efficiency after 10 days of
remediation. Compared to the control check, the acid-soluble fraction
decreased from 29.8 % to 19.7 % (a 34 % reduction), the reducible
fraction increased from 56.8 % to 60.9 %, and the oxidizable fraction
increased from 7.1 % to 11.5 %. This indicates that the bio-beads con-
taining both bone char and the HP-7 strain transformed the unstable
acid-soluble fraction into reducible and oxidizable fractions. The frac-
tion transformation may result from the adsorption and precipitation of
lead from phosphate released by the HP-7 strain from bone char or soil
to form a relatively stable lead-containing phosphate. Similarly, Zhao
et al. [35] found that phosphate-solubilizing bacteria dissolved
biochar-supported nano-hydroxyapatite (nHAP@biochar) to release
soluble P, thereby converting the acid-soluble fraction Cd in the soil to
reducible, oxidizable, and residual fractions of Cd. The acid-soluble
fractions in soil treated with free HP-7 strain, beads containing only
bone char, and bio-beads containing only HP-7 strain were reduced to
only 29.7 %, 29.2 %, and 25.7 %, respectively. In soil remediation, the
beads containing only bone char exhibited essentially no lead immobi-
lization, which was completely different from Pb?" removal in solution
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Fig. 9. Percentage of lead fractions in soil after 10 days of remediation with
control check, free HP-7 strain, beads containing bone char, bio-beads con-
taining HP-7 strain, and bio-beads containing bone char and HP-7 strain.

(Fig. 4). Possible reasons include: 1) Pb in the soil was insoluble and the
bone char within the beads was unable to immobilize insoluble lead by
adsorption or substitution reactions; 2) the pH of the soil solution was
8.0, which is different from the acidic conditions (pH 5.1) of the pPb3*
removal experiments. Under alkaline conditions and in the absence of
the HP-7 strain, bone char could not dissolve and release phosphate to
immobilize lead. The results of the soil remediation experiments also
demonstrated the important role of the HP-7 strain and the effectiveness
and superiority of the combined bio-beads. To verify the long-term
stability of the bio-beads in flooded soil, we extended the remediation
experiments to 30 d. After 30 d, the bio-beads were removed from the
soil, and the shape of the bio-beads is shown in Fig. S8. The bio-beads of
all groups still maintained their spherical shape. This indicates that the
bio-beads formed from alginate and gelatin in this study have good
long-term stability.

To observe the survival of the strain inside bio-beads after 30 d of
remediation of Pb-contaminated soil, we used a laser confocal micro-
scope to observe dead and live cells in 3D (Fig. 10 and S9). The 3D
photographs of bio-beads containing only the HP-7 strain and bio-beads
containing both the HP-7 strain and bone char after 30 d of remediation
of lead-contaminated soil are shown in Fig. 10a and b. Most bacteria in
the bio-beads showed green fluorescence, indicating that the vast ma-
jority of the cells in the bio-beads were viable. The statistical results for
the number of live bacteria inside the bio-beads on day 0 (Figs. S9a or
S9b) and day 30 (Fig. 10a or b) are shown in Fig. 10c. There was a
significant increase in the number of bacteria inside the bio-beads after
30 d compared with that on day 0. This indicated that alginate and
gelatin provided a suitable environment for the growth of the HP-7
strain. Compared with the number of live bacteria in the bio-beads
containing only the HP-7 strain and those containing both the HP-7
strain and bone char on day 30, the addition of bone char significantly
increased the number of HP-7 bacteria. This is because the metabolism
of the HP-7 strain can dissolve bone char and release phosphate. On the
one hand, it provides an additional P source for the growth of the HP-7
strain; on the other hand, phosphate reduces the bioavailability of Pb in
soil (Fig. 9), thus reducing toxicity to the HP-7 strain. The above results
showed that the bio-beads made of alginate and gelatin-embedded HP-7
strain and bone char had good stability and could be used to remediate
Pb-polluted environments.

The bio-beads proposed in this study showed good lead immobili-
zation performance in both solution and soil. However, some factors
must be considered when applying them in a real environment, such as
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Fig. 10. Three-dimensional laser confocal microscopy images of (a) bio-beads containing only the HP-7 strain and (b) bio-beads containing both the HP-7 strain and
bone char after 30 d of remediation of lead-contaminated soil; (c) Statistical graph of the number of live bacteria in the bio-beads.

the limitations of carbon and nitrogen sources and the water content of
the soil. In reality, carbon and nitrogen sources may be too low for the
growth of phosphate-solubilizing bacteria. When sufficient carbon and
nitrogen sources are added directly to the environment, it can easily lead
to environmental eutrophication. Future work should consider encap-
sulating the carbon and nitrogen sources required for microbial growth
in bio-beads. The water content of the soil is also a key factor. In this
study, flooded soil was used in the soil remediation experiments to allow
nutrients to enter the interior of the bio-beads and P from bone char to
be released from the interior of the bio-beads to the soil environment.
The bio-beads prepared in this study are more suitable for the remedi-
ation of soils with high water content, such as sediments and paddy soils.

4. Conclusion

In the present study, bio-beads containing the HP-7 strain and bone
char were constructed using sodium alginate and gelatin. The ability of
the HP-7 strain to release P from bone char, the immobilization mech-
anism of Pb by bio-beads, and the long-term stability of bio-beads were
investigated. The results showed that bone char released phosphate in
the presence of the HP-7 strain. Most Pb>" was immobilized on the
surface of bio-beads through the formation of Pbs(PO4)sCl. The acid-
soluble fraction of Pb in the soil was transformed into reducible and
oxidizable fractions. The bio-beads showed good stability after up to 30
d of soil remediation, and the HP-7 strain inside the bio-beads grew
normally. The present study shows that bone char can be transformed
into a low-cost and efficient Pb immobilization material by the action of
phosphate-solubilizing bacteria; the bio-beads containing the HP-7
strain and bone char have the potential to remediate Pb-contaminated
environments.
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