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This research deals with the photocatalytic activity of hydroxyapatite and the improvement of efficiency by
doping various percentages of copper; the catalysts were synthesized by the wet-chemical method. Pure
and copper-doped photocatalysts were characterized by several techniques including X-ray diffraction
(XRD), (FTIR)
microscopy (SEM), thermogravimetric analysis (TGA), dynamic scanning calorimetry (DSC), and UV-Vis
spectroscopy. The competency of pure and copper-doped hydroxyapatite as photocatalysts was
assessed by their interaction with Congo red dye. The crystallographic parameters of the catalysts were
also estimated by employing the XRD technique, and a relationship was established between the

Fourier Transform Infrared spectroscopy, Raman spectroscopy, scanning electron

calculated parameters and photocatalytic performance. Crystallite size was calculated from various
model equations, which revealed an acceptable crystallite size of 42-68 nm. Copper doping in
hydroxyapatite impressively augmented the photocatalytic efficacy, for example 99% dye was degraded
upon 0.63% Cu-doping compared to 75% for the pure HAp, which was exemplified not only by the
reaction rate but also by the quantum yield. The degradation percentages changed with time but
became fixed at 200 min. The molar extinction coefficient was estimated by employing the Beer—

Lambert law and further utilized to compute the photonic efficiency of the catalysts. In the study of the
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Accepted 15th Novernber 2022 photochemical reaction, a simplified reaction process was proposed, and the potentials of the

conduction band and valence band were assessed, which influenced the activity. The doping of Cu in
crystalline hydroxyapatite will enhance the photocatalytic activity towards Congo red dye under all
experimental conditions.
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1. Introduction

The versatile application of hydroxyapatite (HAp) has made this
material special to researchers in diverse fields, such as
biochemists, chemists, environmental engineers, materials
scientists, doctors, dentists, and so on. One of the main fields of
application of HAp is photocatalysis. A few important applica-
tions of HAp as a catalyst are the degradation of methylene blue
(MB) and doxycycline drug,* and volatile organic compounds,?
the deoxygenation of bio-oil,* the conversion of lignin deriva-
tives into small molecular acids,* the degradation of bisphenol
A,® the formation of carbon-nitrogen bonds,® the synthesis of
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alkenes,” the oxidation of silanes,® etc. HAp singly or in
combination with other materials is widely utilized to degrade
organic pollutants. It is one of the most widely used biomate-
rials for the treatment of wastewater in addition to its applica-
tion as a biomaterial. It is a promising calcium phosphate-
based adsorbent possessing versatility and an inspiring
adsorptive property.” This sorption property generates
secondary pollutants that also create another issue for a clean
environment. Fenton and photo-Fenton processes are other
widely used methods for wastewater treatment that also have
a few inherent shortcomings such as a narrow pH range of
application, non-recyclability of iron, etc.® To eliminate the
secondary pollutants, broad application range photo-
degradation is the best choice for dye'* and antibiotics'> reme-
diation using HAp. HAp alone cannot achieve photodegradation
with high catalytic efficiency of contaminants in the presence of
a light source. Thus, HAp is incorporated with some other
strong photocatalysts such as TiO, ZnO, Zn, CdS, Ag, Ag/Fe, Co,
Ni, etc. in a composite or doped form."*"” Copper is another
doping element for the HAp crystal and has recently been used
in Fenton-like Cu doped HAp either alone or in combination

© 2022 The Author(s). Published by the Royal Society of Chemistry
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with other elements,'®*® in polycaprolactone encapsulated
HAp,* to enhance biocompatibility,* etc.

Water pollution, which is increasing day by day, has been
creating problems causing numerous adverse effects on the
aquatic environment. Only 0.6% of the total amount of water in
the universe is available for drinking and other use by
humans.”* The worldwide imbalance in aquatic environs has
originated mainly from textile effluent (mostly dyes),* active
pharmaceutical ingredients (APIs),>® industrial chemicals and
pesticides,* the tanning industry, the electroplating industry,
metal smelting, batteries, petrochemicals, paper
manufacturing and electrolysis,* biocides, polycyclic aromatic
hydrocarbons (PAHSs), illicit drugs, herbicides, surfactants,?® etc.

Dyestuffs are not only used in the textile industries to color
cloths but also in other chemical industries such as in phar-
maceuticals to color medicine, in food manufacturing to impart
color appeal, in beverages to make color solutions, etc. Nearly
10000 various commercial dyes are available on the world
market with an approximate production of 0.70 million tons, of
which 10-25% is discharged as unbound effluent.”” Polluted
water due to textile effluent is responsible for ecotoxicological
dangers with adverse effects on living organisms resulting in
serious problems in human health such as dermatitis, skin
irritation, allergies, and mutations.”® Dyestuffs also impede the
penetration of sunlight, which is compulsory for photosyn-
thesis in the aquatic environment, thus hampering the natural
growth of flora and fauna.*

A number of processes/techniques are applied to get rid of
hazardous textile effluent (dyes) such as electro-peroxone,*
precipitation, membrane filtration, flotation, adsorption,
coagulation, electro-coagulation, ion exchange,* photo-
catalysis, irradiation,*” haloalkaliphilic bacterial consortium,*
electro-coagulation and electro-Fenton,* Fenton and photo-
Fenton processes,* biocatalytic treatment,*® etc. All the
processes described here have inherent advantages and disad-
vantages and are chosen based on feasibility study. In addition
to the dyes, pharmaceutical active ingredients, especially
various kinds of antibiotics, are also causing problems in
uncontaminated water owing to their harmfulness and long-
term persistence.’” The presence of antibiotics in the aquatic
environment causes bacteria and virus resistance to antibiotics.
According to the CDC 2019 report, nearly 2.8 million antibiotic-
resistant infections happen in the U.S. every year with the death
of more than 35 000 people.*®

In this research, copper metal was taken into consideration
as a doping material in HAp to prepare an excellent photo-
catalytic substance that was assessed in the degradation of
Congo red dye. A crystallographic relationship was also found
between the crystal structure/crystallographic parameters and
photocatalytic activity of pure and copper-doped HAp. A
number of characterization methods were performed to obtain
an in-depth understanding of the pure and Cu-doped HAp. The
efficiency of the catalyst under a halogen lamp was also
compared with that under sunlight. Another target of this
research was to find out the photodegradation kinetics along
with the quantum yield.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2. Materials and methods

2.1. Materials

Calcium hydroxide [Ca(OH),], orthophosphoric acid [H3zPO,],
cupric oxide [CuO], nitric acid [HNO;], and ammonium
hydroxide [NH,OH] were purchased from E-Merck Germany.
Congo red was bought from Shanghai Chemical Reagent,
China. Deionized water (DI) was prepared after a double
distillation process in the Glass Research Division laboratory.

2.2. Preparation of pure and Cu-doped hydroxyapatite

A conventional wet chemical precipitation technique was
employed to synthesize HAp from calcium hydroxide [Ca(OH),] of
99% purity and ortho-phosphoric acid [H3PO,4] as an 85% (w/w)
solution maintaining a Ca/P ratio of 1.67. Various percentages
(0.32,0.63, 1.25, 2.5, and 5) of Cu-doped hydroxyapatite (Cu-HAp)
were prepared following the same methodology and preserving
copper and calcium total percentages of 100. For the synthesis of
HAp, equal volumes (100 mL) of a 1.67 M colloidal solution of
Ca(OH), and 1.0 M solution of H3PO, solution were prepared with
the aid of DI water, and the latter was slowly (3 mL min~") added
to the former at fixed reaction parameters (pH = 10-11, temp =
25 °C, continuous stirring). Next, the formed precipitate was
filtered after 6 h and oven-dried at 105 °C for 24 h. After that, the
dried sample was powdered using a hand mortar and subjected
to calcination at 900 °C (increment rate = 3.5 °C min™ ") for
30 min. In the case of Cu-HAp synthesis, 100 mL of a 1.67 M CuO
solution was prepared using HNOj; and a fixed volume (0.32, 0.63,
1.25,2.5, and 5 mL) was added to H;PO, while removing the same
volume of Ca(OH),, and subsequent steps were the same as the
previously mentioned procedure. Eqn (1)-(3) describe the chem-
ical reactions associated with the synthesis of HAp as well as Cu-
HAp, and the process is illustrated in Scheme S_1 as a ESI file.}

CuO + 2HNO; — Cu-solution (1)
lOCa(OH)z + 6H3PO4 - Cam(PO4)(,(OH)2 (2)

xCa(OH), + yCu-solution + 6H;PO,4 —
Ca, ,Cu,(PO4)s(OH), (3)

2.3. Characterization

Crystallographic information was collected using a Rigaku SE X-
ray diffraction (XRD) machine equipped with a Cu radiation
source, 20 °C operating temperature, scanning range of 20 =
15-70°, steps of 0.01, and operating conditions of 40 mA and 50
kv. The data of the powder samples were collected using Bragg—
Brentano geometry and compared with the standard ICDD
database, and the machine was calibrated using a standard
silicon reference. Crystallographic parameters such as lattice
parameters, crystallinity, dislocation density, microstrain,
crystallinity index, HAp percentage, B-tricalcium phosphate (B-
TCP) percentage, and volume fraction of B-TCP were calculated

RSC Adv, 2022, 12, 34080-34094 | 34081
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by employing eqn (4)-(11) and the details of these equations are
discussed elsewhere.*

, . < 1 >2 4(h2+hk+k2> &
Lattice parameter equation : i) =3\ +
hkl

3 a? e
(4)
. K2
Crystallite size : D, = Foos 0 (5)
. . . 1
Dislocation density : 6 = Dy (6)
. K\ 024\’
Degree of crystallinity : X, = (F) = (T) (7)
S Hppy + Haoy + Hun
Crystallinity index : CI =
y y XRD Z Hon
(8)
Tuain
Percentage of HAp = 9)
Tuai) + Igtepo210)
Iy
Percentage of B-TCP = BTCP(1210) (10)
Tuainy + Ip1ep(0210)
. PWy
Vol fract fB-TCP: Xg = ————— 11
olume fraction of B B TP (11)

where dj;; = interplanar distance; a, b, ¢, h, k, and [ = lattice
parameters; D. = crystallite size, K = shape factor (arbitrary
constant)/Scherrer's constant = 0.94; A = 1.5406 = wavelength
of the copper source; § = FWHM (full width at half maximum)
in radian, § = diffraction angle (in degree), 6 = dislocation
density, X, = degree of crystallinity, K, = a constant = 0.24 for
HAp, CIxgp = crystallinity index, H;) = peak height of the
respective plane, Igrcpmaniy = intensity of B-TCP/HA for the
respective plane, P = 2.275 = integrated intensity of HAp; Wy =
B-TCP percentage.

An FTIR spectrometer (IR-Prestige 21, Shimadzu, Japan) was
applied to identify the functional groups, and the machine was
operated using the attenuated total reflectance (ATR) mode. The
data were collected using 30 scans and a spectral resolution of
4 cm™" for the scanning range of 4000 to 400 cm ™.

In addition to the FTIR analysis, Raman mapping was also
performed to identify functional groups. A HORIBA Macro-
RAM™ instrument was engaged to perform this identification
using a 785 nm wavelength light source with a mapping range
from 3400 cm ™" to 100 cm ™ '. The surface morphology of the
synthesized products was inspected with the assistance of
a Phenom Pro scanning electron microscopy (SEM) machine
with an accelerating voltage of 10 kV. Thermogravimetric
analysis (TGA) and Differential scanning calorimetry (DSC) were
performed using a simultaneous thermal analysis machine
(NETZSCH STA 449F5 STA449F5B-0167-M) within the range of
30-1200 °C at a heating rate of 20 °C min™" in a nitrogen
atmosphere. The optical band gap was measured using the
absorption frequency in a UV-Vis spectrophotometer, and the
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value was calculated using the Tauc method as presented in eqn
(12) for direct band gaps.***

ahf) = A(hf — Ey)" (12)
where o = absorption co-efficient, # = Plank's constant, § =
frequency of a photon, A = a constant, E, = band gap of the
material, and n = 2 for a direct band gap or 1/2 for an indirect
band gap.

2.4. Photocatalytic activity

The photocatalytic activity of the prepared samples was
assessed by utilizing an in-house built halogen lamp (SEN TAI
JM-500) of 500 W equipped with a cooling water circulating
system. If not mentioned otherwise, the sample conditions were
maintained at fixed values such as a concentration at 20 ppm,
solution volume of 50 mL, operating temperature of 25 °C, pH
at neutral, irradiation time of 180 min, sample to light distance
of 14 cm, and humidity of 60%. UV-Vis spectrophotometry was
employed to quantify the photodegradation. The percentage
and capacity of photodegradation were estimated using eqn (13)
and (14). The degradation percentage (Dp) of the samples was
computed by utilizing the following eqn (13), where C, and C,
represent the initial and final (at time “¢”) concentrations,
respectively.?” The removal capacity (g.) of the photocatalyst was
calculated with the aid of eqn (14), where W and V denote the
weight of the catalyst and the volume of the aqueous solution of
the dye, respectively. The degradation percentage and adsorp-
tion capacity were calculated in percentage and mg g~ bases,
respectively.

e

0

x 100

Degradation percentage : R, =

(13)

G -G

14
T X

Degradation capacity : ¢. = (14)

3. Results and discussion

3.1. Characterization of pure and copper doped
hydroxyapatite

Crystallographic analyses of the synthesized samples were per-
formed using XRD, and the generated patterns (Fig. 1(A)) were
confirmed by matching with those of the standard database
(ICDD# 01-073-8419). All the synthesized HAp and Cu-doped
HAp samples exhibited characteristic peaks at d-spacings of
3.44(002), 2.81 (211), 2.77 (112), 2.72(300), 2.63 (202), 2.26 (130),
1.94 (222), and 1.84 (213), which match the standard pattern of
HAp. The sharp peaks in the range from 30° to 34° represent
a perfect crystal structure, and the doping of Cu into HAp
reduced the intensity of the peaks in the XRD pattern in
a gradual trend; the higher the Cu percentage, the lower the
intensity. A similar XRD pattern also confirmed that the doping
of copper into HAp did not change the phase and/or structure of
the crystal. The lattice parameters, crystallinity, dislocation
density, microstrain, crystallinity index, HAp percentage, B-TCP

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) XRD patterns of pure and of Cu-doped HAp, and thermal
analysis of uncalcined hydroxyapatite: (B) TG and DTG; (C) DSC and
DDSC.

percentage, and volume fraction of B-TCP were estimated using
eqn (4)-(11) and the computed values are documented in Table
1. In addition to Scherrer's equation, to calculate the crystallite
size, various models such as the linear straight-line method of
Scherrer's equation (SLMS), Monshi-Scherrer method (M-S),
and William-Hall method (W-H) were employed, and the
computed data are included in Table 1. Details of the model
equations are explained with the respective figures (ESI Fig. S_1,
S_2 and S_3) in the ESI text} under the heading “crystallite size
calculation using various models”. The larger crystallite size
obtained with the linear straight-line method of Scherrer's
equation made this model unacceptable but the rest of the
models generated crystallite sizes in the acceptable range.
Fourier Transform Infrared (FTIR) spectra of the synthesized
products were collected to ascertain the functional groups and
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they are included here in Fig. 2. The HAp sample contained only
OH™ and PO,’" activating groups for generating spectra,® and
similar spectra were also observed for the doped samples.
Tetrahedral PO,*>~ ions have four fundamental modes of
vibrations (v; = symmetric stretching, v, = symmetric bending,
v; = asymmetric stretching and v, = asymmetric bending).*
The peaks of PO,*” group were appeared as a well-defined
doublet of v, vibration at wavenumbers near 565 and
600 cm ™" as well as a shoulder at 630 cm ™" with small deviation
from pure HAp when copper was dopped. This splitting of
spectra indicated low site symmetry of the phosphate group
representing more than one distinct site.*> The most intense
peak accompanied with two other peaks of HAp was witnessed
in the fingerprint region of 960-1190 cm ™" representing phos-
phate ions,*” and it was assigned as the normal mode of v; and
v3. All the synthesized samples revealed a strongest peak near
1022 em ™" (v;) with two adjacent peaks at 960 cm " (v,) and
1090 ecm ™" (v3). Another small peak was observed at 470 cm™"
for v, vibration. Similar phosphate spectra and peaks were re-
ported in the literature for HAp.** The hydroxyl group generated
small peaks in the regions of 3000-3600 cm ' and 1550-
1700 cm . Inelastic electronic transitions of PO,>~ groups were
also identified using Raman spectroscopy. Significant charac-
teristic peaks of vy, v,, v;, and v, modes were found in the
Raman shifts of 963, 429, 1049, and 587 cm ™, and those peak
positions were very similar to the previously reported values.**

Raw uncalcined samples were subjected to thermal analysis
where mass change and heat energy change were measured
against temperature variation and the results are shown in
Fig. 1(B) and (C). A total of 38% mass was lost in the range of 30-
1200 °C and a distinct heat flow was also noticed within the
range, revealing five endothermic peaks. At the first stage of
temperature increase, weight loss (6%) and two endothermic
peaks with small peak areas (visualized in DSC) were observed
due to the extraction of free and bound water from the samples
and this continued up to 150 °C. At 200 °C, all the physically and
chemically bound water along with capillary and bulk water had
evaporated, causing an overall mass loss of 8%. Another

Table 1 Crystallographic parameters of synthesized hydroxyapatite and copper doped hydroxyapatite

Sample ID
Parameter HAp 0.32Cu_HAp 0.63Cu_HAp 1.25Cu_HAp 2.5Cu_HAp 5Cu_HAp
Crystallite size, D, (nm) 63.06 64.58 43.81 49.98 45.65 61.19
Dislocation density (line per m?) 0.25 0.23 0.54 0.40 0.47 0.26
Degree of crystallinity 6.14 6.60 3.82 3.06 2.33 5.61
Crystallinity index, Clxrp 1.49 1.41 1.34 1.11 1.61 1.39
Percentage of HAp 85.59 83.64 90.49 86.56 87.35 88.71
Percentage of B-TCP 14.40 16.35 9.51 13.43 12.64 11.28
Volume fraction of B-TCP 1.69 1.70 1.67 1.68 1.68 1.66
Crystallite size using SLMS 1448 3620 1060 1448 2413 3620
model (nm) M-S 66.32 67.48 43.25 52.39 49.79 61.95

W-H 67.71 62.18 45.70 48.14 53.43 54.07

Lattice parameters (A) a = b=9.43, a=b=9.41, a=b=9.41, a=hb=9.42, a = b=9.38, a = b= 9.40,

¢ =6.86 ¢ =6.87 c=6.88 ¢ =6.86 ¢ =6.86 ¢ =6.86

V =530.94 V = 528.36 V =527.77 V =527.83 V = 523.56 V = 525.55

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FTIR spectra of pure and Cu-doped HAp: (A) full spectrum
(400-4000 cm™Y) and (B) amplified spectrum (400-2000 cm™2).

endothermic peak with a small peak area in DSC (apex 175 °C)
was noticed in this region. No significant mass loss was detec-
ted up to 600 °C in the TGA plot, but a heat flow change was
initiated at 400 °C and continued up to 1100 °C, displaying
a huge peak area. Irreversible removal of lattice water owing to
crystallization started after 600 °C and continued up to 900 °C
with a mass loss of 25% along with two endothermic peaks.
Similar thermal analyses were documented in the previously
published literature.*>*
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Fig. 3 UV-Vis spectra of the synthesized products.

The optical band gaps of the prepared products were esti-
mated using eqn (14) and are included in the ESI files (Fig. S_4-
S_9).T With the doping of copper into HAp, the band gap grad-
ually decreased and thus the photocatalytic activity changed. The
highest (5.77 eV) and the lowest (5.05 eV) band gaps were
calculated for pure HAp and 5% Cu-HAp, respectively. The UV-Vis
spectra are presented here in Fig. 3.

The surface morphology of the synthesized samples was
investigated using SEM and is visualized in Fig. 4. All the
captured pictures presented a small particle size, which was in
tune with the crystallite size (45-65 nm) measured using the
XRD technique. Only the particles of 0.32Cu_HAp were in
a coalesced form, and the maximum particle size was also
calculated using XRD. Homogeneity throughout the materials
was observed as no foreign particles were found in the SEM
images. All the samples exhibited rough surfaces maintaining
sufficient vacant space, which defines a very crucial property of
materials for applications such as sorption or photocatalysis.
The nano-sized particles also stayed close due to quantum
confinement, which significantly controls the characteristic of
HAp*® as well as the copper doped HAp. Variation in particle size
and shape is a common factor for HAp and similar types of
pictures were also reported in the literature.**-*

3.2. Photocatalytic activity of pure and copper doped
hydroxyapatite

The photocatalytic activity of an adsorbent is prominently ruled
by the adsorbent/solution ratio, which influences the capacity of
an adsorbent in a batch operated system.** The degradation
percentage and capacity were investigated by varying the pho-
tocatalyst dose from 0.1 to 0.5 g and using the experimental
conditions as described for the adsorption study, and the rele-
vant data are depicted in ESI Fig. S_12.1 With the increment of
catalyst dose, the degradation percentage increased linearly and
the minimum (45%) and the maximum (93%) values were
calculated for HAp and 0.63Cu_HAp, respectively. In contrast,
the degradation capacity gradually subsided at a higher catalyst
dose and the uppermost (8.4) and the lowermost (1.59) values
were computed for 0.63Cu_HAp and HAp, respectively. When
additional catalysts were present in the solution, the number of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Scanning electron microscopy images of (A) HAp, (B) 0.32Cu_HAp, (C) 0.63Cu_HAp, (D) 1.25Cu_HAp, (E) 2.5Cu_HAp, and (F) 5.0Cu_HAp

with scale bars of 10 um.

active sites escalated for adsorption resulting in augmented
catalysis. The catalysis process is characterized by the adsorp-
tion and breakdown of Congo red dye (detailed explanations are
documented later). On the other hand, with the augmentation
of the initial concentration of Congo red dye, the degradation
percentage dwindled but degradation capacity was amplified,
and these phenomena are illustrated in ESI Fig. S_13.F

With increasing time, the photodegradation of Congo red dye
increased linearly and was recorded up to 700 min starting from
30 min for two (0.1 and 0.2 g) photocatalyst doses. The highest
degradation (99%) of the dye was calculated for the 0.63Cu_HAp
sample at 700 min for 0.1 g of photocatalyst. In contrast, 99%
degradation was computed for 0.2 g of 0.63Cu_HAp at 270 min of
illumination exposure. After a few hours, the degradation
reached its maximum limit. The photocatalyst dose greatly
influenced the degradation, curtailing the time at a higher dose
for maximum degradation. The higher dose (0.2 g) in photo-
catalysis exerted relatively higher photodegradation percentages
with a lower degradation capacity, but opposite results were
generated for the lower dose (0.1 g). Considering the timeframe
and degradation percentages along with degradation capacity,
the higher photocatalyst dose (0.2 g) and 180 min were carefully
chosen for further investigation. The removal percentage of 0.1
and 0.2 g of photocatalyst is illustrated in ESI Fig. S_14 and
S_15,F respectively, and the subsequent removal capacity is
documented in ESI Fig. S_16 and S_17.}

Photochemical reactions under a light source in the pres-
ence of a photocatalyst are greatly influenced by the pH of the
solution and the dependency of degradation percentage on pH

© 2022 The Author(s). Published by the Royal Society of Chemistry

is illustrated in ESI Fig. S_18} and that of degradation capacity
is appended in ESI Fig. S_19.f When the pH value was very low
(pH 3) or high (pH 9 and 11), the degradation percentage and
capacity were low, and at medium pH (pH 5 and 7), the values
were maximum for all the prepared samples. Thus, the excess
hydrogen and hydroxyl ions played a significant role in the
photochemical reaction induced by pure and Cu-HAp. pH 7 was
chosen as the optimum value as the other values needed extra
effort as well as additional cost of acidic solution.

Experiment under solar irradiation. The photocatalytic effi-
cacy of pure and Cu-HAp was also estimated under solar irra-
diation and is visualized here in Fig. 5. Relatively higher
degradation percentages and capacity were observed under
sunlight than under the simulated sunlight. The maximum
values of photodegradation (99%) and degradation capacity
(4.9 mg g ') were calculated for 0.63Cu_HAp at 180 min irra-
diation time in 50 mL of 20 ppm dye solution. Though better
degradation resulted from solar radiation, it is not industrially
feasible for industrial wastewater purification to be performed
under varying light during the day and night. The intensity of
sunlight varies depending on different parameters, which can
also be a hindrance for the estimation of photonic efficiency of
synthesized products and thus a fixed light source was chosen.

Effects of temperature. Variations in temperature (15-60 °C)
were also studied to observe the photocatalytic activity of pure
and doped HAp and the results are illustrated in ESI Fig. S_20,7
which shows a graph of degradation percentage and degrada-
tion capacity against temperature. No significant variation in
degradation percentage or degradation capacity provided good

RSC Adv, 2022, 12, 34080-34094 | 34085
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Fig. 5 Photocatalytic degradation percentage and
capacity under solar irradiation.

photocatalytic

evidence that the reaction temperature failed to greatly influ-
ence the photocatalytic performance of the prepared samples
maintaining 0.2 g of photocatalyst, 180 min illumination time,
and 50 mL of 20 ppm Congo red dye solution.

Reuse study. The reusability of the catalyst was studied
following the same procedure as described for the estimation of
the effects of time. In brief, the catalyst was filtered out from the
aqueous solution and dried under normal sunlight for 6 h and
after that the catalyst was used for another batch reaction. The
recycling property of pure and 0.63Cu_HAp was explored using
an average of at least 5 samples for each type and is visualized
here in Fig. 6 and ESI Fig. S_217 in terms of degradation
percentage and degradation capacity, respectively. The degrada-
tion percentage and capacity of the HAp samples dwindled from
65% to 40% and 3.2 mg g ' to 1.99 mg g ', respectively. A

80

=4
Pomanmge

3
Degradatiop

Fig. 6 Reuse property of pure HAp and 0.63Cu_HAp in terms of
degradation percentage.
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gradual decrease of degradation percentage and capacity was also
estimated for 0.63Cu_HAp from 91% to 67% and 4.6 mg g ' to
3.4 mg g ', respectively. After three cycles of reuse, 0.63% copper
doping can enable photocatalytic efficiency more than that of
pure HAp.

3.3. Molar absorption co-efficient of Congo red dye

The molar absorption coefficient (¢) defines the characteristic
behavior of materials in terms of radiation energy absorption at
a particular wavelength. The molar absorption coefficient of
Congo red dye was calculated by employing the Beer-Lambert
law® in the UV-Vis range, and the details are included in the ESI
textt under the “Beer-Lambert law” heading. The molar
absorptivity of Congo red dye was calculated at various pH (ESI
Fig. S_227) and at different initial dye concentrations (Fig. 7).
The apex value of Congo red dye in UV absorption was wit-
nessed at 498 nm and, consequently, the uppermost molar
extinction coefficient (37 804 L mol™" cm™") was calculated at
this absorption band for pH 7. For pH 3 and pH 5, the molar
extinction coefficients overlapped and a very low value was
computed. Whether the medium is acidic or basic, the molar
absorptivity was lower with respect to the neutral condition and
this phenomenon may have resulted from the interaction of H'/
OH™ ions with the azo bonds of Congo red. A gradual change
was noticed with variation of dye concentration, and the
maximum value was estimated for the 20 ppm solution; in
contrast, the minimal value was observed for the 100 ppm
solution. A lower photocatalytic activity was recorded at very low
and high pH values, which was discussed in the previous
section. Following a similar trend, the molar extinction coeffi-
cient at higher and lower pH values was the minimum. There is
no evidence of a relationship between molar absorptivity and
photocatalysis as molar absorptivity is related to the light
absorbing capacity and photocatalysts are well known for
producing ions, radicals, electrons, holes, etc., which affect the
reaction.

The molar absorptivity changes when the wavelength
changes, thus the average values were indispensable for better
understanding and further applicability. The following equa-
tion (eqn (15)) was used to determine the average value.

40000
10 ppm
35000 20 ppm
30000 g 40 ppm
60 ppm
80 ppm
100 ppm
N\
— ——
0 —- =
400 450 550 600

500
Wavelength (nm)

Fig. 7 Molar extinction coefficient of Congo red dye at a fixed pH of 7
and at various solution concentrations.
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Amax
> eAA
12200
average — 1
faverage = 3 7400 (15)

Here, Aynax = maximum wavelength of absorption (in this case,
600 nm), and AA = interval of wavelength during measurement.
The average values of molar extinction coefficient are presented
in the ESI file (Table S_1).7

3.4. Photodegradation kinetics

The photochemical degradation of organic pollutants in
a watery medium has been explained in many pieces of litera-
ture focusing on the rate of reaction at distinct wavelengths.
Richard G. Zepp et al. documented the rate of photochemical
reaction® using eqn (16):

_ (. 4dC\ _ o (S SateCll eC
r—< dl)_En_’pp(V){l 10 }a+eC @

In eqn (16), r = rate of photochemical reaction, de = rate of
concentration change/rate of reaction, Ej, , , = photon fluence
rate® (unit: moles per s per m” or einstein per s per m*) = moles
of photon (einstein) per unit time and per unit small cross-
sectional area, S = surface area exposed to radiation (in m?),
V = volume of reactor (in L), « = absorption coefficient of
solvent, ¢ = molar extinction coefficient of the photocatalyst, C
= concentration of reactant, [ = efficient path length of reaction
medium, and ¢ = quantum yield of direct photochemical
reaction (dimensionless or mole einstein per s). The details of
the equation are presented in the ESI file.t

Integration of the above equation results in eqn (17), which
is the rate expression of a first order reaction.

C
11160 = 7Klt

(16)

17)

where C, = initial concentration of reactant in mole per L, and C

= final concentration of reactant in mole per L. The first-order

rate constant (K;) was estimated by plotting —In o along the y-
0

2.0
18| ™ Hep
’ e 0.32Cu_HAp
16 A 0.63Cu_HAp
v 1.25Cu_HAp
14 ¢ 25Cu_HAp
< 5Cu_HAp *
~1.2
Q
Q10 *
£
‘08 o
L
0.6 /
04 -
0.2
50 100 150 200 250
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Fig. 8 Plot of —In(C/Cp) against time (min) for various samples to
calculate the reaction rate constant for 0.1 g of photocatalyst.
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Table 2 First order rate constant (K;) and regression coefficient (R?) of
the prepared samples at doses of 0.1 and 0.2 g of photocatalyst

For 0.1 g of For 0.2 g of
photocatalyst photocatalyst
Sample ID K R Ky R
HAp 0.00199 0.9631 0.00567 0.99286
0.32Cu_HAp 0.00467 0.98708 0.00265 0.99925
0.63Cu_HAp 0.00494 0.94516 0.00672 0.9985
1.25Cu_HAp 0.00474 0.98496 0.00752 0.95003
2.5Cu_HAp 0.00320 0.94525 0.01236 0.97622
5Cu_HAp 0.00153 0.95695 0.00689 0.98331
Average 0.00368 — 0.00696 —

axis and time (¢) along the x-axis and the generated graph is
shown in Fig. 8 for 0.1 g of photocatalyst and in ESI Fig. S_23+
for 0.2 g of photocatalyst. The computed rate constant and
regression coefficient (R*) are documented in Table 2 and the
detailed values along with standard deviation are listed in ESI
Tables S_2 and S_37 for 0.1 and 0.2 g of catalyst, respectively.
The first order rate constant for 0.1 g of catalyst varied from
0.0015 to 0.0057 min~' with a good correlation coefficient
(minimum 0.945), while 0.2 g of photocatalyst had values from
0.0069 to 0.012 min~" with a minimum regression coefficient of
0.95. The average values of the first-order rate constant were
0.00368 and 0.00697 min~" for 0.1 and 0.2 g of photocatalyst,
respectively, and the average values of rate constant increased
by nearly double upon the addition of an extra 0.1 g of catalyst.
This may be due to the generation of extra reacting species from
the extra amount of photocatalyst. Abdallah Amedlous et al
reported more OH radical generation at higher temperatures*
and this is in tune with our findings.

The adsorption isotherm of Congo red under the previously
mentioned conditions and at diverse initial concentrations was
studied. Surface phenomena of a solid adsorbent and an
adsorbate were assumed when employing various adsorption
models such as the Freundlich adsorption isotherm® and
Langmuir adsorption isotherm. The Freundlich adsorption
isotherm can be expressed as follows (eqn (18)), and the details
are documented in the ESI text: T

tog(de) = log(Ke) + , 1og(C.) (19)

The Freundlich adsorption isotherm is mainly applicable for
heterogeneous surface sites and provides evidence for multi-
layer adsorption.”**® By plotting log(g.) against log(C.) and
establishing a straight line equation, the estimated values were
obtained and are documented in Table 3, and the respective
plot is shown in ESI Fig. S_24.7 For homogeneous and single
layer adsorption, the Langmuir adsorption isotherm is widely
used. The linear form of the Langmuir adsorption isotherm can
be expressed as eqn (19).*

C. 1 C.
+

qe - KL Gmax

(19)

qmax

RSC Adv, 2022, 12, 34080-34094 | 34087


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra06294a

Open Access Article. Published on 28 November 2022. Downloaded on 6/20/2026 5:27:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper

Table 3 Adsorption isotherm values and regression coefficient (R?) of prepared samples utilizing different isotherm models
Sample ID

Isotherm model HAp 0.32Cu_HAp 0.63Cu_HAp 1.25Cu_HAp 2.5Cu_HAp 5Cu_HAp

Freundlich isotherm Ky = 1.100 Ky = 2.169 Kp = 2.169 Kr = 1.781 Ky = 2.111 Ky = 1.347
n=1.375 n =1.675 n=1.67 n =1.661 n =1.579 n=1704
R*=0.92 R*=0.91 R*=0.91 R*=095 R*=0.89 R*=0.91

Langmuir isotherm K, = 0.056 K, = 0.094 K, = 0.11 K, = 0.070 K, = 0.082 K, = 0.069
Gmax = 14.9 Gmax = 20.2 Gmax = 24.3 Gmax = 19.78 Gmax = 23.0 Gmax = 13.2
Ry, = 0.152 Ry, = 0.096 Ry, = 0.083 Ry = 0.124 Ry, = 0.109 Ry = 0.127
R*=0.68 R*=0.97 R*=0.76 R*=0.98 R*=0.96 R*=0.79

Another dimensionless equilibrium parameter (R;) can be
calculated from the Langmuir adsorption constant (K;) and
mathematical expression of eqn (20).

1

Rl=—
LT 1Y K G

(20)

The notation and details are included in the ESI textf under
the heading Langmuir adsorption isotherm (ESI Fig. S_257) and
the calculated values are listed in Table 3.

3.5. Quantum yield or photonic efficiency

The value of the first-order rate constant, which was estimated
in the previous section, is influenced by the experimental
conditions,*® thus a more fundamental parameter like quantum
yield (@) is essential for a proper explanation of the photo-
chemical reaction of any photocatalyst. Quantum yield
describes the efficacy of a photochemical reaction and is
defined as the number of moles of species that are transformed
per number of moles of absorbed photons. Photonic efficacy or
quantum yield is the interaction of photon energy with the
photocatalyst and is defined by ignoring the scattering and
reflecting radiation of the incident light source. Comparison of
photonic efficacy among photocatalysts is possible if all the

I 0.1g photo catalyst

[ 0.2g photo catalyst i
{ .6x107

1.4x107

1.2x107

fluence rate

F1.0x107

8.0x10*

ield/photon

- 6.0x10°*

" 4.0x10*

" 2.0x10°

Quantum Yi

~0.0

Fig. 9 Quantum yield/photon fluence rate of different types of
samples.
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experimental runs are carried out in the same environment
without varying the reactor or catalyst concentration.” In this
research, photon energy was absorbed by the synthesized pure
and Cu-HAp, which further generated reacting species that
degraded the Congo red dye. Quantum yield was computed by
employing eqn (21) and is shown here in Fig. 9. Photon fluence
rate was similar for all the experimental data and thus quantum
yield varied based on the reaction rate constant as well as molar
extinction co-efficient.

K

e
S
2.303E9,,, (?) le

(21)

In the mentioned graph, the quantum yield was calculated
and is displayed only for the doses of 0.1 and 0.2 g of photo-
catalyst, and the plot provides good evidence that the photo-
catalyst dose contributed significantly to the photochemical
reaction, which is in tune with the previously explained data. As
the photon fluence rate was fixed, the higher number of moles
of incident photon generated a greater number of moles of
reacting species in the photocatalyst, which further resulted in
increased dye degradation. Up to a certain limit of copper
doping, the quantum yield gradually increased, and then it
decreased, and this phenomenon can be explained in terms of
crystallographic trends. The band gap of photocatalysts is
another important influential factor for the quantum yield, and
it can be modified by varying the required moles of photon
(einstein) to overcome the forbidden band. The calculated
minimum and maximum quantum yields under the fixed
reaction conditions were 2.9 x 10~® and 1.3 x 10~ for 0.1 g of
5Cu_HAp and 0.2 g of 0.63Cu_HAp, respectively. The quantum
yield of pharmaceutically active ingredients generally varies
from 10~° to 10~ % mole per einstein.’®*® When a photon directly
takes part in any degradation reaction, a higher quantum yield
is observed, as is well explained in the literature. But, if an
incident photon generates secondary reacting species, the
quantum yield value will be lower, which was found in this
research work.

To obtain more clarification of the result of quantum yield,
another term, the space time yield (STY), was calculated from
the ratio of quantum efficacy and photocatalyst mass.®* The
minimum and maximum values of STY were 2.9 x 10”7 and 6.5
x 1077, respectively.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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4. Discussion

HAp, which is also known as calcium hydroxyapatite, is
composed of hexagonal unit cells. When the copper doped
products were synthesized, the only variation was the
percentage of calcium due to the replacement of calcium by
copper. The atomic radius of calcium (0.197 nm) was higher
than that of copper (0.128 nm),**** and this difference signifi-
cantly changed the hexagonal crystal structure resulting in
a dissimilarity in lattice parameters as well as other crystallo-
graphic parameters. The modifications in crystallographic
parameters changed the photocatalytic activity of the products
by varying the properties, for example the small crystallite size
increased the surface area, the higher dislocation density
created more crystal defects, the greater volume fraction of -
TCP curtailed the photocatalytic species in the sample, and the
higher content of semiconductor materials in the crystals low-
ered the band gap energy. Thus, in this research, the photo-
catalytic efficacy of pure and Cu-HAp was meaningfully
influenced by the mentioned properties. Generally, crystallite
sizes are calculated using Scherrer's equation where only one
plane is considered, and, in this study, the prime characteristic
peak (211 plane) was taken into consideration, thus it cannot be
representative of all crystal planes in a powder sample. To
overcome this problem, a relationship was drawn with the
degradation percentage of Congo red dye, dislocation density,
and crystal size calculated from model equations where all the
planes were taken into account. Both the Monshi-Scherrer
method (M-S) and William-Hall method (W-H) model gener-
ated reasonable acceptable crystallite size values, and the rela-
tionship among degradation percentage, crystallite size and
dislocation density is shown in ESI Fig. S_26 and S_27.7 The
picture presented higher degradation percentages when the
crystallite sizes were small but the dislocation density was
higher.

A correlation was also found between the percentages of pure
and doped HAp, optical band gap energy, and degradation
percentages of Congo red dye, and this is shown in ESI
Fig. S_28.1 With the copper doping, the optical band gap energy
reduced gradually (documented in earlier text), so it was ex-
pected to have a higher photocatalytic activity due to the lower
band gap. But, a lower percentage of HAp (higher percentage of
B-TCP) limited the photocatalytic efficacy. Thus, the maximum
efficiency of the products was observed when 0.63% copper was
doped and thus the percentage content of HAp was maximum
(90%) and optical band gap was 5.57 eV. The degree of crystal-
linity and crystallinity index also influenced the degradation
percentage, thus when those values were lower, the degradation
percentages were greater and the dependency is illustrated in
ESI Fig. S_29.F

To obtain a better understanding of the degradation efficacy
of the pure HAp and Cu-doped HAp, the ratio of the concen-
tration of dye in aqueous medium and in solid medium was
assessed, which is widely known as the partition coefficient.®*®
The partition coefficients of the pure HAp and 0.63% Cu-doped
HAp were 0.41 and 2.39, respectively.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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In the photodegradation procedure, the advanced oxidation
process acted as a sensitizer for redox reaction for the break-
down of Congo red dye under a photon source. The higher
photon absorbing ability and lower recombining property of the
photocatalyst effectively enhanced the photodegradation effi-
cacy.” The previously calculated data of quantum yield or
photonic efficacy of the prepared samples were an important
driving force for the photocatalyst, where the maximum value
was documented for 0.63% copper doped hydroxyapatite. Inci-
dent photons excited the surface electrons of the photocatalyst,
which initiated the catalysis process. A simplified reaction
mechanism was proposed for the degradation of Congo red
utilizing pure and Cu-HAp and is shown in eqn (22)-(28).

Cay(PO,)(OH), 2 Cayo(PO4) (OH,) + ¢~ +h*  (22)

Ca,_,Cu,(PO,),(OH), 2% Ca,_,Cu,(PO,),(OH), + ¢~ +h*
(23)

Cayo(PO4)s(OH),/Ca,_,Cu,(PO4)s(OH), + ¢~ +h* —
.OH" + -0, + -OH" (24)

e +h"+H,0 > -O,+ -OH + -0, +H"+OH™ (25)
‘OH™ + -OH™ — H202 (26)
H,0,+e¢ +h" —» -OH' + -OH™ (27)

‘OH" + -0, + -OH + -0,  + e +h™ + Congo red dye —
intermediate — CO, + H,O (28)

The free radicals and electrons along with the holes can act
as photocatalytic agents for the degradation of Congo red dye.
The holes generated from the excitation of electrons from the
valence band (VB) to the conduction band (CB) can act as strong
oxidizing agents. The delay in recombination of e~ and h"
generates more reacting species as the photon continues to be
absorbed by the photocatalyst. This recombination of e~ and h*
depends on the energy of the VB and CB, and mathematically
can be expressed as eqn (29) and (30) according to Mulliken's
theory:*”

ECB =X - E‘e - O.SEbg (29)

Evg = Ecp + Eyg (30)
where Eyg, Ecg, E°, X, and Eyg are the energy of the valence band,
conduction band, free electron energy (4.5 eV), the electroneg-
ativity of the photocatalyst, and band gap energy, respectively.

The electronegativity of pure and Cu-HAp was assumed to be
the same as very low percentages of copper were added. The
value (5.89 eV) was the geometric mean of its constituting
element as described in the literature.*” The calculated poten-
tials of the valence band and the conduction band are listed in
Table 4.

All the samples presented more negative potentials of CB
than that of the redox potential of O,/-0,” (—0.33 eV (ref. 22))

RSC Adv, 2022, 12, 34080-34094 | 34089
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Table 4 Potential of valence band (VB) and conduction band (CB)

Potential (eV)

Conduction
Sample ID Valence band band
HAp 4.275 —1.495
0.32Cu_HAp 4.185 —1.405
0.63Cu_HAp 4.175 —1.395
1.25Cu_HAp 4.005 —1.225
2.5Cu_HAp 3.955 —-1.175
5Cu_HAp 3.91 —-1.13
va
4’@“»

+ 0, «OH™,

+0, ,» OH;

S 1,0, NH,

VB

Fig. 10 Photocatalytic activity of pure and Cu-HAp.

and more positive potentials of the VB than that of OH/-OH
(1.99 eV (ref. 22)) and thus both radicals can be formed for the
photocatalysis of Congo red dye utilizing pure and Cu-HAp. A
graphical representation of the catalytic activity of pure and Cu-
HAp is illustrated in Fig. 10. This study was compared with
other work, which is shown in Table 5.

A radical scavenger test was performed using isopropyl
alcohol (IPA) in different volumes (5, 10, 15 mL) with the
optimum parameters (50 mL of 20 ppm dye, 180 min, and 0.1 g
of catalyst) for HAp and 0.63Cu_HAp. With the addition of IPA,
the degradation percentage greatly decreased, and the higher
the volume, the lower the degradation percentage. The effects of
adding a radical scavenger on the performance of HAp and
0.63Cu_HAp are shown in Fig. 11. 65% and 91% degradation
was observed for HAp and 0.63Cu_HAp, respectively, and with

Table 5 Comparative study of photocatalytic efficacy of textile dyes
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Fig. 11 Effects of IPA on photodegradation.

the addition of 5 mL of IPA, the degradation dwindled to 52%
and 79% for the respective samples.

5. Practical implications of this study

This study was carried out on the laboratory scale and hence
more data will be required for the treatment of real industrial
wastewater where a mixture of a number of organic and inor-
ganic compounds is present. Further, this study can be repro-
duced using different types of pollutant such as adipic acid,
caprolactam, benzoic acid, toluene, phenol, different types of
cationic and anionic dye, benzene, ciprofloxacin, amoxicillin,
etc. Before application in industrial sector, a number of litera-
tures must be studied and a pilot plant study must be executed.

6. Conclusion

Copper doping in hydroxyapatite can prominently develop the
photocatalytic efficacy of bio-ceramics, as all the doped prod-
ucts exerted higher catalytic activity. A few variables such as pH
of the solution, contact time, catalytic dose, and initial dye
concentration significantly influenced the activity, but ultra-
sonication and operating temperature failed to induce notable
variation in the photocatalysis. This research also suggested
that the crystal structure as well as band gap energy can be
influential factors when selecting a photocatalyst. Very low
quantum yields provided good evidence for the slow degrada-
tion of Congo red dye by the pure and copper doped

Catalyst Condition Deg. (%) Dye“ Ref.
0.63Cu_HAp 180 min, 20 ppm, 0.1 g 99 CR This study
Cu(2)-HAp 60 min, 10 ppm, 5 g L™" 89 MB 10
Cu-HAp=PCL 70 min, 1 ppm 94.3 MB 19
Co-Ni-HAp 10 ppm, 1 g L™ 88-98 MB 17

TiO, 210 min, 40 ppm, 1 g L * ~90 CR 68
C0,0,/Ti0,/GO 90 min, 10 ppm, 0.25 g L™* 91 CR 69
CS/n-Cds 180 min, 20 ppm, 1.5 g L™" 86 CR 70
ZnO-based 240 min, 1 gL " 83 CR 71

“ CR = Congo red, MB = methylene blue.
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hydroxyapatite. The synthesized products retained good cata-
lytic ability up to three cycles of reuse. As the maximum (99%)
degradation of Congo red dye was noticed for the 0.63% copper
doping level in hydroxyapatite, this percentage is suggested for
the degradation of textile dye instead of pure hydroxyapatite.
The findings of this research can be applied to degrade
emerging contaminants such as antibiotics from pharmaceu-
tical wastewater.
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