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Hydroxyapatite (HAp) is an attractive bioceramic from an environmental point of view. It mainly allows ion
exchange between Ca?* and other metal ions, making it an attractive material in the photodegradation of aquatic
life effluents. Strategies for the performance of HAp-based functionalized material were reported, for example,
doping, immobilization, deposition, incorporation, and support. Due to the production of stoichiometric defects
capable of estimating response in the presence of light (UV, visible or solar) through charge carriers' interaction
and/or mobility. Its favors photocatalytic performance and positive responses in the physicochemical properties to

form an effective and sustainable photocatalyst.

hydroxyapatite modification strategies photocatalytic degradation antibacterial applications

| 1. Introduction

The clean water is a challenging proposition worldwide, becoming one of the United Nations (U.N.) goal for
sustainable development. The processes include the decontamination of natural resources have been widely
investigated in recent decades. Although researchers' attention is focused on removing emerging pollutants [L2IE]
the presence of pathogens in wastewater has been seen as a severe problem of environmental contamination and
with potential biological risk. 2020 is described in the history of humanity by Covid-19 4! due to many deaths and
environmental impacts since human interventions after SARS-CoV-2 4B, Despite the efficiency in water treatment
offered by the institutions responsible for the service, the impacts of viruses (and other biological agents) on
biodiversity are still unknown [BIZ,  Therefore, combating the contamination risks requires methods and

management policies essential to prevent water pollution or minimize environmental impacts [&l.

Environmentally viable technologies have aroused interest in directly ensuring a range of environmental benefits
and global crise [, For example, heterogeneous photocatalysis is an advanced cleaning tool to combat the
oxidation of organic pollutants, the removal of metal ions, combined with antibacterial and self-cleaning activity, and
numerous other applications 2112l | addition, it has sustainable advantages (ease of operation and handling),
oxidation energy savings compared to conventional techniques, speed in the conversion rate, and, above all, the

complete remediation of pollutants (19,
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The word "photocatalysis" is derived from Greek and consists of two components: photo (light) + catalysis (the
process of chemical transformation of reagents) 23!, It is defined as a technology that involves a photoinduced
reaction accelerated by the presence of a semiconductor driven by photons of light, which can be performed in the
liquid and gas phases involving an application LUIL3I14] |n addition, it varies in terms of reactions and mechanisms
and can be described in stages 1218l |ts general concept is understood by mechanisms of excitations and
generations of hydroxyl radicals 217, The fundamental characteristic of semiconductors is the energy
discontinuity between the valence band (V.B. - lowest energy region) and the conduction band (C.B. - highest
energy region), with the difference being called "bandgap" 18221201 \When the absorption of a photon (hv) is equal
to or greater than the energy of the Bandgap, electrons (e”) are promoted from V.B. to C.B., leaving a positive hole

(h*) in V.B., thus creating an electron/hole pair, (e-/h+), or exciton [131114121]i22]

Kabra et al. [18] describe photocatalytic reactions in the degradation of organic pollutants, and the hydroxyl radical
("OH) is considered the primary oxidant in the photocatalytic system. It is known that several properties affect the
photocatalytic performance, such as the composition of the photocatalyst (crystallinity, chemical composition,
bandgap energy, defect structure, morphology, surface area), as well as operational parameters that hinder or

directly help the production of reactive oxygen species (ROS), transfer mechanisms between charge carriers and
established physicochemical tests and parameters [141[181[23]24][25][26][27][28][29]

HAp activated by light (solar, visible, U.V.) has been considered promising in the degradation of pollutants. It allows
chemical changes, adjustments in composition, and structural and morphological adaptations of great visibility in
the economic point of view. and sustainable 29BABL |mportant aspects such as the low cost, non-toxicity, slow
biodegradation, high surface area, biocompatibility, thermal stability, and bioactive potential of HAp contribute to
improving new properties and being titled recyclable heterogeneous effective photocatalyst in the mitigation of
generated effluents 3283l Under visible irradiation, it gains primary prominence due to the possibility of surface
modification to expand the absorption spectrum and consequently allow its successful use B2, HAp has
contributed to advances in several segments and daily applications, including pharmaceutical, biomedical,
agriculture, and water treatment (adsorption, catalysis, photocatalysis) industries.2224 in particular, in the
decontamination of dyes (2, drugs [B€l pesticides 87, phenols (8] and also with antimicrobial efficacy against

different bacteria 324941 offering no risks to human health and environmental conflicts.

Due to the versatility and properties of chemical modifications, HAp-based compounds can come from natural and
synthetic sources and have been prepared by different synthesis methods. The methods include precipitation, sol-
gel, mechanochemical, solid-state, and hydrothermal synthesis, as Xu et al. 42, Synthesis of HAp composites
decorated with small amounts of ultrafine graphitic carbon nitride (gC3N,) for tetracycline photodegradation [22142]
431441 Rocha et al. 29 present details of synthesis, precursors, temperatures, and calcination times of several HAp
compounds against specific degradation of dyes, drugs, and pesticides. HAp as photocatalyst is displayed in
Figure 1. A possible degradation mechanism of the cited pollutants against the use and benefit of HAp as a basis
for valuable and valuable photocatalysts. The mechanism is based on photocatalysis principles, which involve the

charge carriers and their respective bands. The formation of intermediate radicals and the generation of hydroxyl
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radicals, as can be listed from the oxidation-reduction reactions involving the photoactivation of the photocatalyst (
HAp-compound) as described in the literature [43][46147],

Figure 1. Main reaction when the hydroxyapatite is used as photocatalyst.

2. Multifunctionality of HAp in the photodegradation of
pollutants

The concern for developing new compounds with photocatalytic attributes, HAp combined with various oxides
(ZnO, TiO,, Fe304, graphene oxide) constitutes one of the main stabilization components of photoactive sites. Due
to the flexibility to immobilize and offer high surface area, fit of acid-base properties, mobility between charge
carriers, and good chemical stability 22123148 it has been used in a promising way in the treatment of effluents as it
is an adsorption 42, HAp does not show photocatalytic activity due to the high energy bandgap around 5.0 - 6.0
eV, making it impossible to be excited under a light source BB, Once chemically modified from ion exchange
processes, deposition, substitution, and/or metal ions (metal ion by Ca?") in the crystal lattice generate
stoichiometric defects capable of estimating response in light BX. The main attribute of a photocatalyst is its ability
to change, giving rise to new properties for apatite 2. Basler et al. 32 investigated the lattice structure of HAp,
which allows the ionic substitution in several crystallographic sites by different cations and phosphate positions,
guaranteeing positive responses in the physicochemical properties and critical approaches from the
photoluminescent point of view and the electronic excitation region (Bandgap). Karin et al. 22 collaborators
reinforce that surface modification techniques can increase the photocatalytic performance, the photocatalyst's

stability, and the specific surface area and the pore size being essential attributes to the formation of an efficient
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photocatalyst. 22, The modifications are reported in the literature by process strategies: doping, immobilization,
deposition, incorporation, and heterojunctions that entitle HAp to significant impact due to the strong interaction
between fault engineering and transfer of charge carriers favored by mobility. Between charge separation, thus
avoiding recombination 23!, Most works based on HAp are recent (last ten years according to Rocha et al.22) and
are distinguished by the variety of syntheses, structural alterations, and the versatility of pollutants. Figure 2 shows
how polluted water could be treated using modified hydroxyapatite compounds. Several studies focus on the
degradation of synthetic dyes, drugs, and pesticides using HAp compounds. In recent review entitled "Light-
Activated Hydroxyapatite Photocatalysts: New Environmentally-Friendly Materials to Mitigate Pollutants,” treating
preparation methods, chemical strategies, challenges, and future perspectives of the study.

Modified HAp
Compounds

H N H
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Untreated Wastewarer @ Radioactive * Heavy metals Treated Wasteclean
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Figure 2. Polluted water could be treated using modified hydroxyapatite compounds.

| 3. Versatility of HAp compounds in antibacterial activity

A multifunctional compound, biocompatibility, osteointegration, osteoinductivity, high bioactivity, and low toxicity
promoted hydroxyapatite as an attractive candidate in bone tissue engineering 2234, Martinez-Gracida et al. B,
studied hydroxyapatite has excellent biocompatibility, it does not have antibacterial properties. The authors
reinforce the importance of circumventing these problems and directing antibacterial properties to HAp, for
example, by accommodating various metallic cations in their chemical structure and replacing the calcium site. In
the literature, metal cations associated with HAp that have antibacterial properties include mainly silver (Ag),
copper (Cu), and zinc (zZn)B8EZBEIABAGL \with the Ag* cation being the most studied antibacterial or antifungal
agent due to its mechanical and biocompatibility 89821 According to the scientific view, the role of Ag species and

the understanding of the phenomena involved in substitution is concisely described by Khurshid et al. ©3[63].
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Notably, recent work has provided clues to mechanically explain the modification action in HAp compounds in the

context of bioactivity against Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) bacteria 24[6064]

Thus, the biocompatible and bioactive nature of HAp with the antibacterial properties of silver can be designed with
superior antibacterial properties 62, In addition to possessing several essential properties for biomedical
manipulation, HAp is attractive in maintaining antibacterial characteristics if properly incorporated/inserted 62, This
section describes studies in an attempt by researchers to include these substances in various forms of Hap [B8I67]
(68][69]

Askarnia et al. [68 evaluated the deposition of ternary hydroxyapatite/chitosan/graphene oxide composite coating
on magnesium alloy by the electrophoretic method. They studied vital points such as phase composition, surface
morphology, hardness, corrosion behavior, bioactivity, and antibacterial of composite coatings. The authors
observed that Escherichia coli and Staphylococcus aureus bacteria growth in broth medium after 24 h and OD600
results at 24 h post-inoculation for the 2%wt G.O. addition in coating 8. Bhattacharjee and collaborators (8!
studied the doping of cobalt in HAp hydroxyapatite and found that the substitution significantly increases the
antibacterial properties (the zone of inhibition is 16.8 mm for the sample doped at 3% by weight against E. coli )
against E. coli and S. aureus because of availability of sufficient free. Sahoo et al. 8 synthesized a magnetic
nanocomposite of HAp and evaluated its antibacterial characteristics against E. coli and Micrococcus luteus. As
HAp increased, E. coli lost its structural stability from almost 87% to 97%, leading to a drop in cell viability. In the
presence of M. luteus, these values ranged from 34% - to 80%, ensuring that the nanocomposite is active against
Gram-positive and damaging cells. Incorporating metals into hydroxyapatite aids in antibacterial activity and

environmental applications in the photocatalytic field LAZLZ273]74]

| 4. Current environmental impacts of COVID-19

With the pandemic outbreak, the management of accumulated waste, for example, is one of the main concerns
highlighted in aquatic ecosystems worldwide 2. The inadequate disposal in industries and hospitals to combat the
disease has led to risks of secondary infection in terms of sanitation that are evidence that proves the increase in
pollution risks, requiring required management methods and policies to avoid and/or minimize such environmental
impacts 8. These data corroborate the studies by Urban et al. /8 and Azevedo et al. /. They pointed out that in
Brazil, there was a considerable increase in the production of hospital waste between April and May 2020, with

treatment management still ineffective.

The pandemic has emerged a direct relationship between the level of environmental pollution and economic
activities in order to result in positive changes in the environment from various prevention strategies, such as well-
organized public transport, effective waste management, use of ecological products, the composition of waste
materials of a biodegradable nature, appropriate treatment of wastewater before releasing into the environment
among other benefits [BIAI8 Nevertheless, it is a fact that more systematic research is needed on environmental
factors and COVID 19 so that effective prevention measures are agreed upon and implemented in specific

populations in order to obtain positive results, with protection barriers mediated by environmental factors.
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| 5. Final remarks and challenges

It is a fact that chemically modified HAp compounds have shown high potential in the photodegradation of
contaminants. However, the crucial advantage of these compounds is based exclusively on surface modification
strategies that improve physicochemical properties and allow a clear understanding of the benefits. Discussions of
photocatalytic principles regarding reactive oxidation species, photodegradation mechanism, and research
challenges. The emerging issue regarding the development of an environmentally friendly photocatalyst. In
addition, it is known the importance of the availability of active sites favored by the high surface area of HAp.
However, the interactions in the reaction medium and the post-degradation effects are not yet clearly reported. The
effluent treatments focus on synthesized compounds of a non-toxic nature and appropriate combinations to be
efficient and cost-effective in the preparation method. Finally, valuable multi-observations and multi-strategies are
presented on the versatility of these compounds in photocatalytic targeting and the investigation of the control and
elimination of bacterial growth.
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