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Abstract
Nanostructured bio-photocatalyst hydroxyapatite (HAp)was synthesized by a simple and productive
wet chemical precipitationmethod to explore the photocatalytic performance of thematerial for
degradation of Remazol Brilliant Blue R (RBBR) dye.Wet chemically synthesized nano-HApwas
characterized through x-ray diffraction, Transmission electronmicroscope, scanning electron
microscope, N2-adsorption–desorption, thermo gravimetric analyzer, Fourier transform infrared and
UV–vis absorption techniques. Photocatalytic degradation of RBBRunder ultraviolet irradiationwas
examined and∼80%degradationwas achieved in 120min by using nano-HAp. The photocatalytic
degradation followed Parabolic Diffusion kinetics. Fast degradation kinetics and removal of RBBRdye
was achieved by nano-HAp due tomodification of surface entities leading to suppression of photo-
generated electron-hole recombination. Thismakes nano-HAp a remarkable bio-photocatalyst
material for removing dyes fromwater.

1. Introduction

Rapid industrialization across theworld raises an environmental problem likewater pollution. To overcome
with this, photocatalysis using variousmetal oxide semiconductingmaterials [1, 2] has received a great attention
across researchers [3–5]. During photocatalytic degradation, the photocatalyst is excited by ultraviolet (UV)/
visible photons to generate electron-hole pairs. These photo-induced charges separate andmigrate to the active
reaction sites and at last on the surface of the photo-catalyst the pollutant is reduced and degraded. Pollutants in
water are generally in the formof dangerous organic or inorganicmaterials; including heavymetals, chemicals,
dyes, etc [6–8]. Existences of such pollutants are serious threat to public health and leading to the destruction of
ecosystem [9].

Photocatalytic dye degradation does not require any extra effort for treatingwaste water. This technology
requiresmaterial with high stability, non-toxicity, photo-generating radical characteristic andwide band gap
[10–16]. Binarymetal oxides (such as ZnO, TiO2, ZrO2, etc) havewide band-gap energy, whichresults in
recombination of photo-generated electron-hole pairs leading to low photocatalytic activity [5]. Hydroxyapatite
(HAp) is a bio-compatiblematerial found in human bones. HAp is thermal stable, non-toxic with ion exchange
capability. Itwasutilized in bulk form (crystallite size in μm) as a photo-catalyst for dye degradation [15, 17, 18]
andwas found to be low photoactive [5].

One of the bestmethods to improve the photocatalytic performance ofHAp is the selection of synthesis
method, which provides nano-HAp crystals. A number of routes, including sol-gel, chemical precipitation,
hydrothermal and plasma oxidationmethodswere developed so far [5, 15]. Thesemethods are costly or
inefficiency or high energy consuming,therefore, it is still challenging to prepare nano-HAp.
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In the present work, nano-HAphave been synthesized, characterized and tested as photocatalyst for
degradation of RBBRdye underUV light irradiation.HAp is a stable biomaterial used in heterogeneous
photocatalytic degradation of pollutants and it also used as a photocatalyst underUV irradiation. The electronic
state of the surface PO4

3− group changes to create a vacancy onHAp surface and the electron is transferred to the
surrounding oxygen followed by the formation ofO2° radicals. The generated superoxide radical will oxidize the
organicmolecule and alsomay react with thewatermolecule. The inducedOH radicals oxidize the pollutant
organicmolecules adsorbed on to the photo-catalyst. These phenomena on theHApwould be due to photo-
induced electronic excitation. The effect of dye concentration on photocatalytic activity of nano-HAphas been
studies. A kinetic studywas also conducted forfinding the photocatalytic degradationmodel.

2. Experimental

Nano-HApwas synthesized by awet chemical precipitationmethod. In thismethod, di-ammoniumhydrogen
phosphate ((NH4)2HPO4), calciumnitrate tetra hydrate (Ca(NO3)2.4H2O), ammonia solution (NH4OH)
purchased fromSigmaAldrichCorporation are used. The synthesis processstarts withdropwise addition of
0.6Mdi-ammoniumhydrogen phosphate solution in 1Mcalciumnitrate tetrahydrate solution under vigorous
stirring at 80 °C for 3 h [19, 20] by keeping pH constant at 10. Subsequently, the obtainedmilky white viscous gel
was aged for 24 h and later washedwith distilledwater to remove impurities. Herein the obtained paste was
further dried at 100 °C.

TheRBBR (C22H16N2Na2O11S3) is a synthetic dye (procured fromFluka® Analytical) and is difficult to
degrade, therefore, discharged inwater streams by the industries. The RBBR is awater soluble anionic
anthraquinonereactive toxic dye [18] and itsmolecular structure is shown infigure 1. The photo-catalytic
activity of the nano-HApwasmeasured by testing the degradation of RBBRdye underUV light irradiation.
Photo-catalysis experiment was carried out by preparing a stock solution of RBBRdye bymixing 0.1 g of RBBR
dye in 1 liter water. RBBRdye solution of three different concentrations (10, 30 and 60 mg l−1)was prepared by
diluting the concentrated solution and labeled as sol-A, sol-B and sol-C, respectively. The volume for each
solution is kept to be 50ml and 25mg of nano-HApwas added to each solution. Thismixture was then kept in
the photochemical UV reactor for irradiation. 5ml of suspensionwaswithdrawn periodically (5, 10, 20, 45, 60,
120, 180 and 240 min) andfiltered to removeHAp. The concentration of the residual RBBRdyewas analyzed by
checking the absorbanceat 595 nmwith aUV–vis spectrophotometer [21]. The ratio of the nano-HAp catalyst to
RBBRdyewere catalytically determined to check the effect of contact time of nano-HApwithRBBRdye solution
in presence ofUV light and hence to check its kinetics., The percentage degradationwas estimated by taking
ratio of C/C0.Where C0 is the initial dye concentration in the solution (mg/l) andC is the final dye
concentration in the solution (mg/l) at different time periods.
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C
100 1

0

*
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The structural, thermal,morphological and optical analysis of the nano-HApwas carried out using x-ray
diffraction (XRD), transmission electronmicroscope (TEM), scanning electronmicroscopy (SEM), thermo-
gravimetric analysis (TGA), Brunauer–Emmett–Teller (BET)analysis, Fourier transform infrared spectroscopy
(FTIR) andUV–vis absorption spectroscopy, respectively.

Figure 1.Molecular structure ofRemazol Brilliant Blue R (RBBR)Dye.

2

Mater. Res. Express 7 (2020) 025013 SBegum et al



3. Results and discussion

Figure 2(a) show theXRDpattern of synthesized nano-HAp. The diffraction peaks appeared at 25.8°, 31.8°,
32.9°, and 34.1° corresponds to (002), (211), (300) and (310) crystalline planes ofHAp(JCPDS#009-0432) [20].
The broad nature of XRDpeaks indicates nano-HApwith average crystallite size∼9 nmestimated usingDebye–
Scherrer’s formula. The intensities of diffraction peaks suggest that higher temperature calcination allows
complete crystallization ofHAp. SEM image in figure 2(b) show large size agglomerates of nano-HAp
crystallites.

The BET analysis of nano-HAp is shown infigures 2(c) and (d). TheN2 adsorption–desorption isotherm
curves for nano-HAp (figure 2(c)) reveals the type IV isothermwithH4 hysteresis loop typically obtain for
mesoporousmaterial. The BJHmesoporous fittingmodel/pore distribution calculation scheme of nano-HAp,
figure 2(d), indicates that the average pore diameter is∼17.5 nm,which is in themesoporous range (between
2–50 nm). The estimated specific surface area of nano-HAp is 118.02m2 g−1.

Figure 3(a) show thermal stability of the nano-HAp. A negligible weight loss of∼5% reveals good thermal
stability of wet chemically synthesized nano-HAp [21]. The FTIR spectrumofHAp (infigure 3(b))matchwith
the reported spectra in literature [19, 22]. The strong and sharp peaks at 1031 and 567 cm−1 corresponding to
the stretching and bendingmodes of the phosphate groups (PO4

3−) inHAp, respectively [21]. The P–Obending
vibrationmode ofHAp is observed around 610 cm−1. The diffuse-reflectanceUV–Vis spectrumof nano-HAp
powder is shown infigure 3(c). The band gap estimated from the spectrum is∼3.99 eV. The band gap of nano-
HApmaterial is found to be nearly in the same range of semiconductingmaterial [23, 24]. Hence, it is concluded
that the nano-HApmaterial can perform the photocatalytic reactions underUV irradiation.

The size and shape of nano-HApwas investigated using TEMand shown in the figure 4. TEM images reveal
the agglomerates of elongated shape of nano-HAp particles with length of∼50 nmandwidth of∼10 nm. Fine
holes observed across the nano-HAp particles in themagnified TEM image indicate porous nature of the nano-
HApparticles. The SAEDpattern also indicates the crystalline nature of nano-HAp and is found to be consistent
with the XRD results shown infigure 2(a).

The detailed study of adsorption of RBBRdye on nano-HAp in dark conditionswas also performed to
validate physisorption of RBBR dye on nano-HAp surface (figures 5(a) and (b)). For this adsorption experiment,
the dye solution (sol-A) containing 25mg of nano-HApwas kept in dark environment. TheUV–vis absorption

Figure 2. (a)XRDpattern, (b) SEMmicrograph, (c) and (d)BET analysis for calculating specific area and pore diameter of wet
chemically synthesized nano-HAp.
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graph of the Sol-Ameasured at different interval depicts almost∼50%dye adsorption infirst 5 min, which
remains constant up to 180 min. After that, photocatalytic activity of nano-HApwas evaluated bymonitoring
the degradationof RBBR concentration (C/C0) as a function of irradiation time and the obtained results are
shown infigure 6. For dye solution (sol-Awithout nano-HAp), figure 6(a),the degradation is∼25% in 120 min
UV irradiation, whereas,after 25mg nano-HAp addition it enhances significantly to∼70% infirst 5 min and
later to∼80% in 120 min ofUV irradiation figure 6(b). This addition indicates that presence of nano-HAp in

Figure 3. (a)Thermogram, (b) FTIR spectra, (c)UV–vis absorption spectra forwet chemically syntehesized nano-HAppowder. Inset
in (c) showTauc fitting of absorption spectra.

Figure 4. (a) and (b)TEM images of nano-HApparticles (inset showSAEDpattern).
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sol-A is beneficial to enhance photocatalytic activity. Similar results were obtained for nano-HAp added sol-B
and sol-C, whereas, the degradation is∼60% in 120 min, but could not achieve 80%even in 300 minUV
irradiation (figures 6(c) and (d)). It can be noted that the photocatalytic degradation rate follows the Parabolic
Diffusionmodel kinetics (figure 6(f)). This important result confirms that nano sizedHAp crystals acts as

Figure 5. (a)UV–vis absorption spectra and (b)Adsorption efficiency graph for the 10 mg l−1 dye degradation in presence of 25mg
HApwithoutUV–vis light irradiation i.e. in dark aswell as without stirring.

Figure 6.Photocatalytic degradation of RBBRdyewith irradiation time for various dye concentrations (10, 30 and 60 mg l−1) in
absence of nano-HAp and (b)ParabolicDiffusionmodel kinetics for various dye concentrations.
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photo-catalysts and induces photocatalytic processes (generation ofOH. andO2
− radicals on the surface of

nano-HAp) underUV irradiation [25–27], which are responsible for enhanced dye degradation.However, at
higher dye concentration, the percentage of radicals with respect to dye concentration remains low andmay be
responsible for lower degradation of dye.

The interaction ofUV light with RBBRdye solutions containing nano-HAp catalyst follow two processes;
degradation and adsorption, as discussed earlier. First, UVphoton interacts with nano-HAp and imparts its
energy to electron, this excited electron jumpsto the conduction band and leaving a hole in the valance band. At
the same time, the RBBR also get excited and the excited dye transfers an electron into the conduction band of
the nano-HAp or the dye directly reacts with the valance band’s holes, as shown infigure 7. The second
possibility of RBBRdye degradation in presence of nano-HAp is summarized as [28–33],

i. As HAp is amphoteric in nature (i.e. existence of H+ and OH− ions), its surface can capture outer water
molecule. At the same time,electron from conduction band ofHAp get capture by the surface oxygen (O2)
giving superoxide anion radicals (O°2), referred as oxygen ionosorption [25, 34].

ii. On the other hand, valence band holes get neutralize with OH− ions and then it will give hydroxyl radical
(OH°). Then these radicals undergo redox reactions.

iii. The radicals and/or ionic species formed can react further, to form more species, which are referred to as
ReactiveOxygen Species (ROS). The generated superoxide anion radicals (O°2) again react with valence
band holes which produce protonated super oxide radical (HO°2). This protonated super oxide radical
(HO°2) reacts with super oxide radical (O°2) and holes. ROS can then react withmolecules of organic
contaminants (in our case it is RBBR dyemolecule) and eventually lead to degradation of thesemolecules.

iv. Subsequently, above mentioned interactions give hydrogen peroxide (H2O2) and oxygen (O2) molecule
which can further react and enhance theOH radicals and also inhibit the electron/hole (e−/h+) pair
recombination.

These two steps generates hydroxyl radicals which interact with reactive site of RBBR for degradation. On the
other hand, UV radiation directly interact with RBBR and produced (OH) group containing by products and
these by product will interact with reactive sites ofHAp.

The stability and reusability of a catalyst are essential for its practical application. For nano-HAp catalyst, the
recycling tests were carried out under optimal conditions in 3 continuous cycles. For this, used nano-HAp
powderwas cleaned ultrasonically in hot water to remove the dye on it. The results indicate that the catalytic
potential ofHAp towards RBBRwaswellmaintainedwith a slight reduction of degradation efficiency from80%
to 70%after 3 continuous cycles.

Figure 7. Schematic representation of photocatalytic process occurred during degradation of RBBRdye using radicals generated by
photoactive nano-HAp.

6

Mater. Res. Express 7 (2020) 025013 SBegum et al



4. Conclusion

In summary, nano sized bio-photocatalyst ‘HAp’has been synthesized via a simple and low cost wet chemical
methodwith an average crystallite size of∼9 nm.A remarkable photocatalytic degradation of RBBRDye using
bio-photocatalyst ‘Nano-hydroxyapatite’was observed underUV light irradiationwith∼80%degradation in
120 min, which is almost 3 times higher than the experiment performedwithout nano-HAp andmany times
higher than that of bulkHAp. According to its structure/size and photocatalytic activity, nano-HAp show an
effective photocatalytic property for removing dye fromwater and can be used for developing high quality
photocatalyticfilters in dye industries.

Acknowledgments

Authorswould like to acknowledge Prof Pandit BVidyasagar, FormerVice-Chancellor and ProfUdhav Bhosale,
Vice-Chancellor SRTMUNanded for constant encouragement.

ORCID iDs

VijaykiranNNarwade https://orcid.org/0000-0001-7186-6571
SuhasM Jejurikar https://orcid.org/0000-0002-5315-7621
KashinathABogle https://orcid.org/0000-0001-9472-3696

References

[1] KhanMM,Adilamd S F andAl-Mayouf A 2015 Journal of Saudi Chemical Society 19 462
[2] Zaleska-Medynska A 2018MetalOxide-Based Photocatalysis (Netherland: Elsevier Publishing)
[3] IshchenkoOM,RogéV, LamblinG and LenobleD 2016TiO2- and ZnO-BasedMaterials for Photocatalysis:Material Properties, Device

Architecture and EmergingConcepts (IntechOpen Publishing) pp 3–30 ch 1
[4] SampaC andBinayKD2004 JournalofHazardousMaterials B 112 269
[5] HanH-re, QianX, YuanY, ZhouMandChenY-L 2016Water Air Soil Pollut. 227 461
[6] UsluH, YankovD, IsewarK L, Azizian S, UllahN andAhmadW2015 Journal of Chemistry 2015 3 698259
[7] Järup L 2003Br.Med. Bull. 68 167
[8] IARC2006Working group on the evaluation of carcinogenic risks to humans, inorganic and organic lead compounds IARC

Monographs on the Evaluation of Carcinogenic Risks toHumans 87 1
[9] SchwarzenbachRP, Egli T,Hofstetter T B, VonGuntenU andWehrli B 2010Annual Review of Environment andResources 35 109
[10] NarwadeVN,Khairnar R S andKokol V 2018 J. Polym. Environ. 26 2130
[11] Etacheri V, SeeryMK,Hinder S J and Pillai S C 2010Chem.Mater. 22 3843
[12] Etacheri V, RoshanR andKumarV 2012ACSAppliedMaterials &Interfaces 4 2717
[13] Liu Y, Yu L,HuY,GuoC, Zhang F and LouXWD2012Nanoscale 4 183
[14] ChuD,Mo J, PengQ, Zhang Y,Wei Y, ZhuangZ and Li Y 2011Chem. Cat. Chem. 3 371
[15] NishikawaHandOmamiudaK 2002 J.Mol. Catal. A: Chem. 179 193
[16] Naraginti S, Stephen FB, RadhakrishnanA and Sivakumar A 2015 SpectrochimicaActa Part A:Molecular and Biomolecular Spectroscopy

135 814
[17] PiccirilloandC andCastro PML 2017 J. Environ.Manage. 193 79
[18] NovotnýC,DiasN, KapanenA,MalachováK,VándrovcováM, ItävaaraMand LimaN2006Chemosphere 63 1436
[19] MeneRU,MahaboleMP andKhairnar R S 2011Radiat. Phys. Chem. 80 682
[20] NarwadeVNandKhairnar R S 2017Bull. Pol. Acad. Sci. Tech. Sci. 65 131
[21] El-Ashtoukhy E S,Mobarak AA and FouadYO2016 Int. J. Electrochem. Sci. 11 1883
[22] TankKP, Sharma P, KanchanDKand JoshiM J 2011Cryst. Res. Technol. 46 1309
[23] Rulis P,Ouyang L andChingWY2004Physical Review B 70 155104
[24] WeiX J, Li YH,Qin ZB andCuiGH2019Two zinc (II) coordination polymers for selective luminescence sensing of iron (III) ions and

photocatalytic degradation ofmethylene blue J.Mol. Struct. 1175 253–60
[25] ShengG,Qiao L andMouY 2011 J. Environ. Eng. 137 611
[26] Li J X, LiuD,QinZB andDongGY2019 Sonochemical synthesis of two nano-sized nickel (II) coordination polymers derived from

flexible bis (benzimidazole) and isophthalic acid ligands Polyhedron 160 92–100
[27] WeiX J, LiuD, Li YH andCuiGH2019New2D and 3DCd (II) coordination polymers from aromatic dicarboxylate and 1, 3-bis (5,

6-dimethylbenzimidazol-1-yl)-2-propanol ligands: syntheses, structures, photocatalytic, and luminescence sensing properties J. Solid
State Chem. 272 138–47

[28] XieX, Li X, LuoH, LuH,Chen F and LiW2016The Journal of Physical Chemistry B 120 4131
[29] Fanchiang JM andTsengDH2009Chemosphere 77 214
[30] Mourid E, LakraimiM, El Khattabi E, Benaziz L andBerrahoM2017 J.Mater. Environ. Sci, 8 921
[31] Fanchiang JM andTsengDH2009Environ. Technol. 30 161
[32] Eichlerová I, Homolka L, BenadaO,KofroňováO,Hubálek T andNerud F 2007Chemosphere 69 795
[33] YontenV, TanyolM, YildirimN, YildirimNCand InceM2016Desalin.Water Treat. 57 15592
[34] HouasA, LachhebH,KsibiM, Elaloui E,Guillard C andHerrmann JM2001Appl. Catalysis B 31 145

7

Mater. Res. Express 7 (2020) 025013 SBegum et al

https://orcid.org/0000-0001-7186-6571
https://orcid.org/0000-0001-7186-6571
https://orcid.org/0000-0001-7186-6571
https://orcid.org/0000-0001-7186-6571
https://orcid.org/0000-0002-5315-7621
https://orcid.org/0000-0002-5315-7621
https://orcid.org/0000-0002-5315-7621
https://orcid.org/0000-0002-5315-7621
https://orcid.org/0000-0001-9472-3696
https://orcid.org/0000-0001-9472-3696
https://orcid.org/0000-0001-9472-3696
https://orcid.org/0000-0001-9472-3696
https://doi.org/10.1016/j.jscs.2015.04.003
https://doi.org/10.5772/62774
https://doi.org/10.5772/62774
https://doi.org/10.5772/62774
https://doi.org/10.1016/j.jhazmat.2004.05.013
https://doi.org/10.1007/s11270-016-3171-x
https://doi.org/10.1155/2015/698259
https://doi.org/10.1093/bmb/ldg032
https://doi.org/10.1146/annurev-environ-100809-125342
https://doi.org/10.1007/s10924-017-1101-7
https://doi.org/10.1021/cm903260f
https://doi.org/10.1021/am300359h
https://doi.org/10.1039/C1NR11114K
https://doi.org/10.1002/cctc.201000334
https://doi.org/10.1016/S1381-1169(01)00325-9
https://doi.org/10.1016/j.saa.2014.07.070
https://doi.org/10.1016/j.jenvman.2017.01.071
https://doi.org/10.1016/j.chemosphere.2005.10.002
https://doi.org/10.1016/j.radphyschem.2011.02.002
https://doi.org/10.1515/bpasts-2017-0016
https://doi.org/10.1002/crat.201100080
https://doi.org/10.1103/PhysRevB.70.155104
https://doi.org/10.1016/j.molstruc.2018.08.001
https://doi.org/10.1016/j.molstruc.2018.08.001
https://doi.org/10.1016/j.molstruc.2018.08.001
https://doi.org/10.1061/(ASCE)EE.1943-7870.0000357
https://doi.org/10.1016/j.poly.2018.12.029
https://doi.org/10.1016/j.poly.2018.12.029
https://doi.org/10.1016/j.poly.2018.12.029
https://doi.org/10.1016/j.jssc.2019.02.011
https://doi.org/10.1016/j.jssc.2019.02.011
https://doi.org/10.1016/j.jssc.2019.02.011
https://doi.org/10.1021/acs.jpcb.6b03565
https://doi.org/10.1016/j.chemosphere.2009.07.038
https://doi.org/10.1080/09593330802422886
https://doi.org/10.1016/j.chemosphere.2007.04.083
https://doi.org/10.1080/19443994.2015.1070760
https://doi.org/10.1016/S0926-3373(00)00276-9

	1. Introduction
	2. Experimental
	3. Results and discussion
	4. Conclusion
	Acknowledgments
	References



