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Abstract
More and more new materials have been developed, but the research on the development and utilization
of the single-phase materials has been neglected. Assembled from nano-particles, a high speci�c surface
area and porous hydroxyapatite (BI-HA) has been synthesized by feasible bacterial induction. The surface
structure and morphology of the nanocomposites were characterized by Brunauer–Emmett–Teller (BET)
apparatus, X-ray diffraction (XRD), transmission electron microscopy (TEM). The results suggest the
obtained BI-HA powder with porous morphology, which were composed of nanoparticles with (100)
crystal plane. The photoactivity of different HA samples was evaluated by the photocatalytic degradation
of tetracycline hydrochloride (TC). The HA with (100) crystal plane displayed an obviously enhanced
photocatalytic activity (75.33–86.43% for 60 min). Combined with experiments and DFT calculations, for
the BI-HA with (100) crystal plane, it displayed better photocatalytic performance for photodegradation of
TC. This study provides a viewpoint to fabricate high-performance nonmetal photocatalyst for
wastewater treatment.

1. Introduction
Tetracycline (TC) is often detected from groundwater, surface water and sewage treatment systems as a
new source of water pollution. It has caused "pseudo-persistence" pollution to water bodies, leading to an
increase in drug-resistant pathogenic microorganisms, which has aroused widespread concern (Zhou et
al. 2020; Islam et al. 2019; Du et al. 2019). In recent years, physical and chemical methods, biological
treatment methods, and chemical treatment methods have been devoted into the removal of TC from
wastewater (Qu et al. 2020; Zhao et al. 2019). Among them, photocatalysis technology, as an advanced
oxidation technology, has the advantages of utilizing the potential advantages of sunlight and high
processing e�ciency, and is used for the treatment of refractory organic pollutants (Khodadadi et al.
2019; Zhang et al. 2020; Wang et al. 2017). However, there are not many reports on the degradation of
antibiotics by photocatalytic technology, so it is necessary to intensify efforts to explore the use of
photocatalytic technology to treat antibiotic wastewater(Yu et al. 2019; Wei et al. 2020).

Hydroxyapatite (HA), which is the main inorganic component in bone and enamel, has the advantages of
good biocompatibility, safety and non-toxicity, and is therefore widely used in biomedical materials
(Yadav et al. 2020; Farraris et al. 2020; He et al. 2019), drug carriers (Yi et al. 2016; Xiong et al. 2016) and
catalysts (Schiavoni et al. 2018; Shariffuddin et al. 2013). At the same time, due to the simple preparation
process and low cost of HA, it is also widely used in the �elds of catalyst carrier and water body repair.
However, the photocatalytic activity of HA is still much lower than expected because of its poor charge
transport, slow redox reaction kinetics, and low carrier mobility. Therefore, the development of a
modi�cation strategy to improve the HA charge kinetics is essential for achieving high performance HA
(Reeta Mary et al. 2018; Valizadeh et al. 2014; Ekka et al. 2018; Lv et al. 2019; Jiraborvornpongsa et al.
2019; Huang et al. 2017). At present, several modi�cation strategies have been shown to improve the
photocatalytic e�ciency of HA, including material design and preparation(Reeta Mary et al. 2018),
cocatalyst deposition (Lv et al. 2019) and elemental doping (jiraborvornpongsa et al. 2019; Ishisone et al.
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2020). Several groups have reported that synthetic HA has better degradation properties of organic dyes
by controlling the preparation conditions of hydroxyapatite. Nathanael et al. prepared a TiO2-HAP
composite by high-speed centrifugal gravity mixing of hydroxyapatite and Ti(OH)4 colloids (Joseph
Nathanael et al. 2010). Compared with hydroxyapatite or TiO2 alone, the composite catalyst was under
ultraviolet light. It has better degradation ability to methyl orange. Reddy et al. used hydroxyapatite to
degrade calcium and magnesium indicators under ultraviolet light, which can remove 92% of COD and
improve the biodegradability of dye wastewater (Reddy et al. 2007). They believe that UV irradiation can
change the electronic structure of PO4

3− on the surface of hydroxyapatite, generate oxygen vacancies

and active •O2
‒, and then degrade dye molecules. Although the research on the degradation of pollutants

using hydroxyapatite composite photocatalyst has made some progress, there are some disadvantages.
For example, hydroxyapatite can only be used as a support, and only plays an auxiliary role in the
photocatalytic process. The preparation process of HA composite catalyst is complicated and their
structure is unstable. Generally, the prepared composite catalyst can only be used under ultraviolet
irradiation. Although the introduction of precious metals can increase the visible light activity of
composite materials, it also increases manufacturing costs. Based on the characteristics of
hydroxyapatite with different surface activity, the development of highly active hydroxyapatite
photocatalyst has certain theoretical signi�cance and practical value.

Here, HA particles were �rst prepared by using a novel bacterial induction method. The crystal structure,
morphological characteristics, and speci�c surface area of HA particles were studied, and the
photocatalysis of the prepared HA particles on the degradation of tetracycline (TC) under ultraviolet light
was studied. This synthesis method is different from the conventional synthesis methods. Phosphatase
can be released by Bacillus subtilis to control apatite mineralization. A large number of �ne-pored, high
speci�c surface area HA crystal materials are surprisingly obtained. HA itself has good photocatalytic
activity, and it does not need to add other photosensitive materials to enhance its photocatalytic
performance. In addition, the intrinsic relationship between crystal morphological characteristics and
photocatalytic activity of HA was preliminarily discussed. This work provided a simple method for
improving the photocatalytic activity of HA, and also deepened the understanding of the photocatalytic
mechanism of phosphate photocatalysts.

2. Materials And Methods

2.1 Materials
Disodium phenyl phosphate dihydrate (C6H5PO4Na2·2H2O) was obtained from Aladdin (Shanghai,
China), CaCl2, HCl, NaCl, and NaOH were purchased from Kelong Chemical Inc (Sichuan, China), and all
were analytical grade. Yeast powder and peptone were purchased from Beijing Aoboxing Bio-Tech Co.,
Ltd (Beijing, China), and both were biological reagent. Bacillus subtilis was purchased from China General
Microbiological Culture Collection Center. Deionized water was used in all experiments.

2.2 Synthesis of hydroxyapatite
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HA was synthesized by following steps. The �rst step, Luria-Bertani (LB) liquid medium was prepared and
conducted by high pressure steam sterilization. The second step, the activated Bacillus subtilis was
inoculated into LB medium (V/V = 10%), and cultured in air bath oscillator under 37 oC for a certain time
to obtain bacteria solution with different concentration. The last step, CaCl2 and C6H5PO4Na2 (Ca/P =
1.67) were dissolved completely in deionized water at room temperature, and the solution was conducted
by sterilization. And the obtained solution was added into the above bacteria solution under a clean
bench, and the mixture was cultured in air bath oscillator under 37 oC for 12 h. The obtained products
were washed with ethyl alcohol and deionized water, and freeze dried for 24 h.

2.3 Characterization
The crystal structures of products were determined through X-ray powder diffraction (XRD; DMAX1400;
Rigaku; Japan) with Cu Kα radiation, 2θ = 3‒80°. The images of the particle morphology and of the
products were obtained using a scanning electron microscope (SEM; TM-4000; Hitachi; Japan) and
transmission electron micro-144 scopy (TEM; Zeiss Libra 200FE; Germany). Fourier transform infrared
spectroscopy (FT-IR; Nicolet-6700; PerkinElmer; America) in transmittance mode was used within the
range of 400–4000 cm‒1 to identify the functional groups. Nitrogen adsorption–desorption isotherms
were measured with an automatic surface area and porosity analyzer (AUTOSORB-1-C, Quantachrome,
America) at the temperature of liquid nitrogen. The pore size distributions were derived from the
adsorption branches of the isotherms using BJH theory. The particle size distribution of the as-
synthesized powder was analyzed by using a laser particle size analyzer (90 plus; Brookhaven
Instruments Corporation; America). The values of pH at the point of zero charge (pH pzc) of HA were
analyzed using Zeta Potential Analyzer Zeta potential (zetaPALS; Brookhaven; America).

2.4 Photocatalytic experiments
The TC degradation activity of the as-prepared HA samples was measured under 300 W mercury lamp.
Typically, 13.0 mg catalyst was dispersed in 50 mL aqueous solution containing TC with an initial
concentration of 10 mg L−1. The mixed solution was placed in the reactor, and the magnetic stirring was
carried out for 30 min under the dark environment to reach an equilibrium of adsorption and desorption.
At given time intervals, 5 mL solution was taken out every 15 min and centrifuged (4000 rpm, 5 min) to
remove the catalyst. The concentration of supernatant was then measured using the UV–vis
spectrometer.

2.5 Computational details
All DFT calculations were performed by using the Vienna ab initio simulation package (VASP). The
generalized gradient approximation (GGA) with Perdew-Burker-Ernzerhof (PBE) functional was applied to
address the nonlocal exchange correlation energy. DFT method with the Ueff = 5.0 eV was used in all
calculations (Yang et al. 2009). The kinetic cutoff energy of 600 eV was adopted, and the Brillouin zone
integration was sampled with the 2 × 2 × 3 k-point mesh. Structure optimization was deemed as
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converged until the force of all atoms less than 0.03 eV/Å, and the criteria of energy convergence was set
to 1 × 10 −5 eV.

3. Results And Discussion

3.1 Material characterization
The mechanism of BI-HA synthesis is presented in Figure 1. The morphologies of the as-prepared
samples were investigated by SEM and (HR)TEM techniques. Figure 1 shows the SEM images of the
products. Figures 2a and 2b indicate that the morphology of the products was of nanoparticles when the
Ca2+ concentrations were 0.01 and 0.03 mol L−1. When the Ca2+ concentration was 0.05 mol L−1, these
sheets were combined into uniform porous shapes with a rough surface (Figure 2c). Meanwhile, the Ca2+

concentration was 0.10 mol L−1 (Figure 2d), the obtained BI-HA with porous morphology, which were
composed of nanoparticles. The TEM and HRTEM images of nanoparticles in Fig. 2d is displayed in Figs.
2e and 2f. The morphology was sheet-like and consisted of nanoparticles. The lattice spacing of 0.27nm
agreed with the distance between two (300) planes of BI-HA.

The crystal structure of as-prepared catalysts was thoroughly investigated by X-ray diffraction (XRD). The
XRD patterns of the products prepared under different Ca2+ concentrations are shown in Figure 3. The
characteristic peaks in Figures 3(a–d) remained consistent with the BI-HA according to the JCPDS card
(NO. 09-0432), thereby indicating that the product was successfully converted into BI-HA. Figures 3b and
3c present the characteristic peaks of the standard card and the increase in intensity, thereby indicating
that the high concentration of bacterial solution was conducive to BI-HA production. The phenomenon
can be interpreted for the production of phosphatase during the metabolism of B. subtilis (Molla et al.
1984). Disodium phenyl phosphate, as a substrate, slowly released PO4

3− to the solution under the action

of phosphatase. Then, the PO4
3− and Ca2+ from the solution reacted to form porous BI-HA crystals under

suitable conditions.

The FT-IR spectra of disodium phenyl phosphate dihydrate and the products prepared under different
bacterial concentrations are presented in Figure 4. Figure 4a shows the FT-IR spectrum of
C6H5PO4Na2·2H2O. The CH stretching modes for monosubstituted benzene were found in the region

3105–2900 cm−1. The bands at 1596, 1489 and 1238 cm−1 were assigned as benzene ring-stretching
modes. The bands observed at 1159 and 1115 cm−1 were assigned to the asymmetric stretching
vibrations. Bands at 1009 and 995 cm−1 were assigned to the PO4 symmetric stretching vibrations. The

bands at 886, 763 and 734 cm−1 were assigned as the out-of-plane CH deformations of the phenyl ring
(Anto et al. 2010). Compared with Figure 4a, the adsorption bands of Figures 4b-4e were not consistent
with Figure 4a. The BI-HA characteristic peaks appeared in the FT-IR spectra shown in Figures 4 (b and e).
The wide absorption bands at ca. 3434 and 1633 cm−1 are attributed to the adsorbed water. The
absorption peak at 1427 cm−1 may be caused by the carbon dioxide in the aqueous solution or air. The
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peaks at 1113 (ν3), 1092 (ν3), 963(ν1), 602 (ν4), and 564 cm−1 (ν4) are the characteristic bands for PO4
3−.

This phenomenon demonstrated that the addition of Bacillus subtilis solution could favor the formation
of BI-HA products.

As presented in Figure 5, the nitrogen adsorption and desorption isotherms and the pore size distribution
curves of the product were investigated. According to the IUPAC classi�cation, all the isotherms in Figures
5a-5d were assigned to types IV and H3 hysteresis loops, thereby con�rming the existence of mesopores.
Figures 5a1-5d1 showed that the pore size distribution was irregular and comprised a mixture of
mesopores and micropores. As the concentration of Ca2+ changed from 0.01 mol L−1 to 0.1 mol L−1, the
speci�c surface area of the product changed from 133.8 m2 g−1, 173.8 m2 g−1, 196.7 m2 g−1, to 73.61 m2

g−1. Meanwhile, the pore structure of the product mainly composed of mesopores according to the
analysis of the total pore and mesoporous volumes.

3.2 Photocatalytic degradation of TC
In order to evaluate the photocatalytic activity of different synthetic BI-HA powders, the degradation of TC
using BI-HA1, BI-HA2, BI-HA3 and BI-HA4 were tested under UV light irradiation. Firstly, due to the larger
speci�c surface area of the prepared hydroxyapatite samples, the C/C0 ratio under dark reaction
conditions for 75 minutes was studied. As shown in Fig. 6a, lower than 22% TC was adsorbed onto the
as-prepared photocatalysts in the dark, indicating relatively poor adsorption capacity of TC over these
samples. Under UV light irradiation, the blank experiment test revealed that the self-degraded of TC is
nearly negligible shown in Fig. 6b. The BI-HA photocatalysts displayed a good photocatalytic activity
(74.4~86.4% for 60 min) for TC degradation. Among those samples, BI-HA4 showed the highest
photocatalytic efference (86.4%) after 60 min.

3.3 Possible photocatalytic mechanism
The development of photocatalytic materials has thus been an important requirement. Various types of
materials ranging from natural inorganic materials to organic polymers have received a remarkable
interest for degradating TC from solution (Lyu et al. 2019; Zhang et al. 2019; Xiong et al. 2017). This
research is different from previous synthetic ideas. A novel synthetic method to simulate the microbial
biomineralization in nature is used, and hydroxyapatite crystals with a large speci�c surface area were
obtained (Table 1). It consists of nanoscale ultra�ne particles and their dense aggregates (Fig. 2). The BI-
HA samples exhibited enhanced photocatalytic performance by photocatalytic degradation of TC under
UV light irradiation. Structures always show great in�uence on the absorption of solar energy and transfer
of photogenerated electron-hole paries (Zhang et al. 2018; Peng et al. 2016). HRTEM result showed the
synthetic BI-HA nanoparticle with the platelet crystal growth direction was (100). For the comparison of
the photocatalytic degradation effects of TC with (100) or (001) crystal plane HA samples, we selected
different HA samples for TC photodegradation experiments (Table 1). As shown in Fig. 7, HA
photocatalysts with different crystallite structures and morphologies displayed different photocatalytic
activity. The HA with (100) crystal plane displayed an obviously enhanced photocatalytic activity (75.33–
86.43% for 60 min), while the HA with (001) crystal plane exhibited poor photocatalytic degradation
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e�ency (18.0 % for 60 min) for TC degradation. It shows that as-prepared BI-HA4 has a high degradation
capacity, thereby indicating that BI-HA4 with a (100) crystal plane, a speci�c morphology and speci�c
surface is of great signi�cance in photocatalytic activity.

Under the action of HA, UV light excites the H2O or O2 molecules in the surrounding air to produce •OH‒

and •O2
‒. After UV excitation, the electrons are transferred to O2 to form •O2

‒, while •OH‒ may be due to
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the reaction of •O2
‒ and H2O. These free radicals can effectively decompose Tetracycline, etc., to

generate CO2, H2O and other hydrocarbon compounds.

Under the catalysis of HA, tetracycline will react as follows:

We know that the photoinduced electron/hole depends largely on the energy band structure and
electronic density of state (DOS) of photocatalyst (Zhang et al. 2018). As shown in Figures 8a and 8b, the
valence band (VB) of HA is mainly contributed by the O-2p orbit below Fermi level, while the conduction
band (CB) is attributed to the Ca-4s orbit above Fermi level. However, due to the derivative discontinuity of
the exchange correlation function, the bandgap (Eg) is underestimated by using DFT calculation (Song et
al. 2016). The existence of HA (100) effectively reduces the band gap. Compared with HA (001) in Figure
8a, the VB width of HA (100) is increased. Therefore, the separation of photoinduced electrons in HA
(100) will be enhanced, which indicates a better photocatalytic oxidation ability (Pan et al. 2014).

4. Conclusion
The HA photocatalysts had been obtained through a Bacillus subtilis induction method with special
�ower-like structure were obtained. The obtained BI-HA with porous morphology self-assembled by
sheets, which were composed of nanoparticles, had an average particle size of 0.66 µm and a high
speci�c surface area. For the BI-HA with (100) crystal plane, it displayed better photocatalytic
performance for photodegradation of TC. High reactive sites on the HA made it an effective photocatalyst
for degradation of TC (above 86%). The BI-HA powder with (100) crystal plane shows dramatic
photocatalytic activity, con�rming their practical use in water puri�cation.
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Figures

Figure 1

Mechanism of synthesis of the BI-HA products induced by Bacillus subtilis.

Figure 2

SEM images of BI-HA prepared under different calcium ion concentrations: (a) 0.01 mol L–1, (b) 0.03 mol
L–1, (c) 0.05 mol L–1, and (d) 0.10 mol L–1. TEM (e) and HRTEM (f) images of BI-HA prepared under
calcium ion concentrations 0.10 mol L–1.
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Figure 3

XRD patterns of BI-HA prepared under different calcium ion concentrations: (a) 0.01 mol L–1, (b) 0.03
mol L–1, (c) 0.05 mol L–1, and (d) 0.10 mol L–1
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Figure 4

FT-IR spectra of (a) disodium phenyl phosphate dihydrate and BI-HA prepared under different calcium ion
concentrations: (a), (b) 0.01 mol L–1, (c) 0.03 mol L–1, (d) 0.05 mol L–1, and (e) 0.10 mol L–1

Figure 5

Nitrogen adsorption, desorption isotherms and the corresponding BJH pore size distribution curves of BI-
HA prepared under different calcium ion concentrations: (a, a1) 0.01 mol L–1, (b, b1) 0.03 mol L–1, (c,
c1) 0.05 mol L–1, and (d, d1) 0.10 mol L–1
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Figure 6

Dark reaction (a) and photocatalytic degradation (b) of TC by as-prepared catalysts.

Figure 7

Photocatalytic degradation of TC by as-prepared different HA catalysts with different crystallite
structures and morphologies.
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Figure 8

Total density of states (DOS) and projected density of states (PDOS) of (a) HA (001) and (b) HA (100).
The dotted lines at energy zero represent the Fermi level.


