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Abstract

In this study, we present a new, facile, and eco-friendly approach to the synthesis of silver
nanoparticles using an aqueous extract obtained from wasted goat bone, which acted as a
reducing and stabilizing agent. Hydroxyapatite (GHAP) derived from the same biogenic
source was then added to the Ag-NPs solution, resulting in the formation of a nanocompos-
ite (Ag@GHAP). Biogenic GHAP and Ag@GHAP have been characterized using Fourier
transform infrared spectroscopy (FTIR), dynamic light scattering (DLS), zeta potential,
scanning electron microscopy (SEM), atomic force microscopy (AFM), and powder X-ray
diffraction (XRD), confirming the formation of crystalline GHAP with well-dispersed silver
nanoparticles. According to AFM studies, the Ag@GHAP composite exhibits a higher
surface roughness alteration than GHAP. XRD revealed that the crystalline sizes of GHAP
and Ag@GHAP are 10.2 and 15.6 nm, respectively. Zeta potential showed that GHAP and
Ag@GHAP possessed values of —12.4 and —11.7 mV, respectively. Ag@GHAP showed
a promising performance in photocatalysis and antioxidant applications as compared to
GHAP. The energy band gap (Eg) values are 5.1 eV and 4.5 eV for GHAP and Ag@GHAP,
respectively. Ag@GHAP showed photocatalytic activity during the degradation of methy-
lene blue dye (5 ppm) under solar irradiation with a removal efficiency of 99.15% in 100 min
at the optimum conditions. The antioxidant activity of GHAP and Ag@GHAP was de-
termined using the DPPH method. The results showed enhanced antioxidant activity of
a silver decorated sample with IC50 values of 36.83 and 2.95 mg/mL, respectively. As a
result, the Ag@GHAP composite is a promising candidate in environmental treatment and
scavenging of free radicals.

Keywords: bone; hydroxyapatite; silver nanoparticles; photocatalysis; antioxidant

1. Introduction

Hydroxyapatite fabricated from natural resources has gained increasing interest owing
to its biocompatibility and versatility; thus, animal bone waste is used for the production of
hydroxyapatites, which have recently attracted more attention because of their remarkable
characteristics [1]. Hydroxyapatite, Ca;9(PO4)s(OH)y, is one of the most common bioce-
ramics used in biomedical applications, which is specifically used for regrowing bones and
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as a hard tissue substituted material [2]. Hydroxyapatite nanoparticles are considered a
valuable material applicable to different applications due to their stability, insolubility, resis-
tance to heat and mechanical change, and lack of impact from moisture [3]. Hydroxyapatite
nanoparticles are used in several vital fields such as odontology, orthopedics, biomedi-
cal engineering, and drug delivery [4], as well as many environmental treatments [5]. It
has been reported that hydroxyapatite nanoparticles can speed up healing and recovery
because they can seamlessly integrate with human tissue due to their biocompatibility [6].

Although hydroxyapatite can be produced synthetically or naturally, natural mate-
rials are the most advantageous and economical [7]. For the synthetic production of the
pure hydroxyapatite phase, each method needs several handling parameters, including
pH adaptation, temperature, pressure, and the molar ratio of calcium and phosphate
precursors. The general methods for the synthesis of hydroxyapatite include dry, wet,
and high-temperature methods [8]. Dry methods are carried out by solid state [9] or
mechanochemical techniques [10]. Wet methods are implemented via chemical precipi-
tation [11], hydrothermal [12], or hydrolysis techniques [13]. High temperature methods
are achieved by combustion [14] or pyrolysis techniques [15]. While these techniques
are widely used to synthesize hydroxyapatite nanoparticles, only a small percentage of
them provide satisfactory economics or performance. This is mainly because the synthesis
involves extensive factors and is an expensive, complex process [16]. Thus, the extraction
of hydroxyapatite from natural resources is the most feasible and economical option [17].
This could enhance the hydroxyapatite synthesis as well as waste recycling. Animal scales,
teeth, and bones, the precursor of hydroxyapatite, are a good source for its fabrication [18].

Water recycling using materials derived from food waste recovery is important for en-
vironmental treatment because it addresses two environmental challenges simultaneously.
Also, it is an effective, economic, and simple strategy in environmental protection. Biogenic
hydroxyapatite composites have been used as photocatalysts in wastewater treatment, such
as the use of marine shell residues-hydroxyapatite/Nb,Os in photocatalytic removal of or-
ganic dyes under sunlight [19], Anadara granosa—hydroxyapatite/AgsPOy in photocatalytic
removal of Rhodamine-B under visible light [20], and cow bone-hydroxyapatite/MnFe; Oy
in photocatalytic removal of methylene blue under visible light [21].

Hydroxyapatite is considered an insulator due to its wide band gap. However, the
incorporation of hydroxyapatite into composite structures with plasmonic materials can
enhance its semiconducting properties, thus enhancing its functional photocatalytic be-
havior [22]. One of the most effective methods to enhance the light absorption and photo-
catalytic performance of wide-band gap materials is the incorporation of Ag-NPs, which
is mostly attributed to the surface plasmon resonance (SPR) effect of Ag-NPs, enabling
strong absorption in both visible and near-UV light regimes, with the generation of highly
energetic localized electromagnetic fields [23]. These plasmon-induced charge carriers
may help charge transfer processes or facilitate the generation of hot electrons, thus en-
abling more efficient separation of photogenerated electron-hole pairs and suppressing
their recombination, which improve the photocatalytic properties of the loaded material
under solar irradiation even if the semiconductor possesses a relatively large band gap and
limited intrinsic light absorption.

This study is devoted to the biogenic fabrication of Ag-NPs hydroxyapatite obtained
from goat bone wastes, and to the dedicated structural characterization obtained via XRD,
FTIR, SEM, DLS, AFM, and zeta potential, highlighting a possible role in photocatalytic
and anti-oxidant applications.
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Hydroxyapatite (GHAP)

Biogenic loading of Ag-NPs

2. Results and Discussion

The goal of this work is the harnessing of goat bone waste. The gel obtained from
the aqueous extract of goat bone was used for the green synthesis of Ag-NPs for the first
time, subsequently loaded with hydroxyapatite produced from the heat treatment of goat
bone. The physicochemical characteristics, photocatalytic activity, and antioxidant capacity
applications of uncoated and Ag NPs-coated hydroxyapatite were studied, Scheme 1.

J— Characterization | XRD SEM AFM FTIR DLS Zeta potential

—_— Photocatalysis

~—— | Antioxidant

Ag-NPs @ Hydroxyapatite
(Ag@ GHAP)

Scheme 1. Biogenic synthesis, characterization and applications of GHAP and Ag@GHAP.

2.1. Characterization of GHAP and Ag@GHAP
2.1.1. SEM Analysis

Figure 1 shows the SEM images of GHAP and Ag@GHAP at different magnifica-
tions (3 pm and 100 pum), as shown, respectively, in Figure 1la,b for GHAP. Figure 1c,d
show the same magnifications for the Ag@GHAP. The hydroxyapatite has grains that
interlock to create a porous structure, as shown in Figure 1a, and these grains appear as
rod shapes. For higher magnifications, as shown in Figure 1b, the crystallites show gaps
between agglomerates, which demonstrates its suitability as a biomedical covering due
to its larger surface area [24]. The form and porosity of the nanostructure enable cells
to join, which is the reason for the structural shape, as shown by the nanoscale needle-
like grains at higher magnification after combining the pure hydroxyapatite with silver
nanoparticles (Ag@GHAP).

The SEM images reveal the surface morphological changes. At a low magnification
(3 pm), the grains are more uniformly dispersed, as shown in Figure 1c, and the silver
nanoparticles appear to have a spherical shape. At higher magnifications (100 pm), the
Ag nanoparticles appear as brilliant spots, as shown in Figure 1d. The denser porous
confirmed the composition structure of the fabricated Ag@GHAP composite. The presence
of Ag nanoparticles on the GHAP caused morphological changes in the particles, which is
advantageous for photocatalyst and biomedical effects. On the other hand, the SEM images
of the Ag@GHAP composite reveal a uniform structure with shiny dots under a bright
microscope [25]. The SEM images showed that the fabricated Ag@GHAP composite could
be applied in biomedical coatings and photocatalyst applications.
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Figure 1. SEM images of (a) GHAP with magnification 3 um, (b) GHAP with magnification 100 um,
(c) Ag@GHAP with magnification 3 um, and (d) Ag@GHAP with magnification 100 pm.

2.1.2. AFM Analysis

Figure 2 shows AFM micrographs of 2D and 3D surface scans of pure hydroxyapatite
GHAP and the composite Ag@GHAP. Figure 2a shows the 2D images of pure GHAP, which
indicate agglomerated nanoparticles and clusters of particles. The higher grains in the
lighter parts with the lower grains in the darker region confirm the surface modification
of the composites [26]. Figure 2b, for the 3D dimensions of GHAP, provides the more
porous structure, surface height changes, and morphology shape. The data of AFM shows
that the average root-mean-square roughness (RMS) of GHAP is nearly 4.98 nm. Also,
the significant differences between deep voids and elevated grain clusters with nanoscale
roughness confirm the increasing surface area of the fabricated composite [27].

The 2D and 3D AFM images of the composite (Ag@GHAP) are shown, respectively, in
Figure 2c,d. The images appeared as a homogenous grain distribution with small AgNPs
over the GHAP matrix. Also, the surface of the material (Ag@GHAP) seems denser in
height than in the pure GHAP. The RMS roughness of the composite (Ag@GHAP) is nearly
12.97 nm, suggesting that it has a more uniform distribution. The changes in the surface
roughness by the addition of the AgNPs confirm the improvement of the mechanical
properties of the fabricated composite for the photocatalyst applications and the functional
antibacterial activity [28]. The AFM indicates the surface roughness is modified for the
composite Ag@GHAP; this is because AgNPs cover the most space which reduced the
surface gaps. The AFM data shows the well-defined and uniform nanoscale morphology
of GHAP and Ag@GHAD, proving that they have suitable structural requirements for
applications in biomedical coatings and photolysis.
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Figure 2. AFM images of the (a) 2D of GHAP, (b) 3D of GHAP, (c) 2D of Ag@GHAP, and (d) the 3D
of Ag@GHAP.

2.1.3. Powder XRD Analysis

Powder XRD spectra were shown in Figure 3. The XRD of GHAP indicates a crystalline
shape. The GHAP diffraction peaks appeared at 20 of 26°, 28°, 31.75°, 32.31°, 33.87°,
39.82°,46.8°, 49.5°, and 53° correspond to the (002), (210), (211), (112), (300), (310), (222),
(213), and (004) crystallographic planes, respectively [29]. These peaks show that the
production of pure GHAP was successful. The sharpness peak intensities demonstrate
that hydroxyapatite is highly crystalline. The XRD results suggest that one of the GHAP
characteristics is high crystalline, which is more favorable to bioactivity and photocatalysis
applications [30].

The powder XRD spectrum of Ag@GHAP reported in Figure 3 shows the mixture of
hydroxyapatite and silver nanoparticles, confirming the AgNPs in the GHAP surface. The
diffraction peaks of the Ag@GHAP contain the peaks of the GHAP and additional silver
peaks at 20 of 38.9°, 45.1°, 65.2°, and 78.12°, that correspond, respectively, to (111), (200),
(220), and (311) [31]. The presence of both peaks for Ag and GHAP confirm the successful
formation of ANPs on the AGHAP surface. The structural modification of the composite
showed by powder-XRD analysis is supported by the results of SEM and AFM analyses.

The crystallite size (D) of the GHAP and Ag was estimated by the Scherrer equa-
tion [32], Equation (1),

09 A

D= gcoss @
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Intensity (arb. units)

where 3 denotes the full width at half maximum (FWHM) of the peak, 0 signifies the Bragg
angle, and A indicates the wavelength (0.154 A). The dislocation density (8) was given using
the subsequent formula, Equation (2) [33].

5= 1 @
Furthermore, lattice strain values (M) were calculated by the Stokes—Wilson formula,
Equation (3) [34].
M — 0.9 3)
4tan 6

The values of D, §, and M are presented in Table 1 for GHAP and for AgNPs in the
composite Ag@GHAP. The average crystalline size D of the GHAP is 10.2 nm, while for
Ag in the composite Ag@GHAP is increased to 15.6 nm. The estimated dislocation density
is nearly 99.46 x 10~* lines/nm? for GHAP, while for Ag in the composite Ag@GHAP is
decreased to 45.29 x 10~ lines/nm?, and the lattice strain values (M) are nearly 0.73 for
GHAP and reduced to 0.45 for Ag in the composite Ag@GHAP. The data confirms that the
degree of crystallinity for GHAP decreased with the addition of Ag. This may be attributed

to the addition of Ag correlating with variations in crystallite size values.

+ GHAP Ag@GHAP
., A GHAP
3 *
*
+ +
*t o4

260 (degree)

Figure 3. Powder XRD spectra of GHAP and Ag@GHAP.
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Table 1. The average crystalline parameters of the GHAP and the AgNPs in the Ag@GHAP composites.

NPs 20 (°) FWHM (Rad) (D) [nm] Average (D) [nm]  (8) [10—# Lines/nm?] ™M)
31.75 0.01396 10.4
32.31 0.01571 09.2

GHAP 10.2 99.46 0.73
33.87 0.01571 09.6
39.82 0.01222 12.4
38.81 0.01047 14.03
45.05 0.01222 12.29

Ag@GHAP 15.6 45.29 0.45
78.08 0.00873 20.47
65.18 0.01047 15.72

2.1.4. DLS Analysis

The particle size distribution for GHAP is shown in Figure 4a and for the Ag@GHAP
is shown in Figure 4b. The analysis for GHAP reveals an average particle size of 31.20 nm.

The distribution of the size shows a broad shape, which means the GHAP has a surface

reactive structure with nanoscale aggregates. The addition of AgNPs to GHAP modifies the

particle size distribution which is expanded to the 40.20 nm range as seen in Figure 4b. This

is because the interstitial gaps filled by AgNPs modified the GHAP grain aggregation. The

obtained results show the size range for the Ag@GHAP composite is changed compared to

GHAP. The particle size distribution and uniform dispersion confirms the improvements

of the homogeneity properties of the composite [35].
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Figure 4. The particle size distribution of (a) GHAP and (b) Ag@GHAP.
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2.1.5. Zeta Potential Studies

The Zeta potential of GHAP is shown in Figure 5a, while for the composite Ag@GHAP
is shown in Figure 5b. The presence of phosphate groups and hydroxyl ions in the medium
causes GHAP to have a negative zeta potential of around —12.4 mV, as shown in Figure 5a.
This charge helps electrostatic repulsion to keep particles to make colloidal solutions more
stable [27]. The negative zeta potential shows a more repulsive force to produce stable
suspensions. The zeta potential is less negative and reaches —11.78 mV for the composite
Ag@GHAP, due to the inclusion of AgNPs with hydroxyapatite as shown in Figure 5b.
The surface interaction of the phosphate and hydroxyl groups of GHAP induced more
surface charges [36], which indicates that the AgNPs increased the surface charge properties
of the GHAP matrix. The results indicate that the fabricated composite GHAP/AgNPs
shows great promise for coatings and photocatalysis due to their enhanced stability and
surface reactivity.
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Figure 5. Zeta potential of (a) GHAP and (b) Ag@GHAP.

2.1.6. FTIR Investigation

The FTIR spectra of GHAP and Ag@GHAP powder samples confirmed the vibrational
bands of the phosphate (PO,4>~) and hydroxyl (OH~) groups [37] as shown in Figure 6.
The absorption bands of 1065 cm~! and 925 cm~! corresponding, respectively, to the

https://doi.org/10.3390/inorganics14010002
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phosphate asymmetric and symmetric stretching vibrations. The GHAP is identified by
the appearance of bending vibrations at 550 cm~!. The weak broadened bands around
3570 cm~! and 630 cm ! are assignable to OH~ vibration, which confirms the presence
of the hydroxyapatite phase [38]. The changes in the band intensities and the shifting of
peaks indicate that the AgNPs interact with the functional groups of GHAP. The hydrogen
bonding interactions with the partial replacement of OH™ groups by the addition of
AgNPs causes broadening and reduction in peak intensity. These changes prove the
AgNPs successfully integrated into GHAP which enhances biological and photocatalysis
capabilities [39].

Transmittance(arb. units)

Ag@GHAP

GHAP
| . | ! | : | i | v | . | * |
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'1)

Figure 6. FTIR spectra of GHAP and Ag@GHAP.

2.2. Antioxidant Activity of GHAP and AQ@GHAP

The DPPH assay represents one of the popular methods for evaluating the ability of
an antioxidant compound to scavenge free radicals [40]. The assay principle is based on the
ability of antioxidants to donate electrons or hydrogen atoms to neutralize free radicals. The
deep violet color of DPPH, a nitrogen-centered radical stabilized by delocalization across
its aromatic system, is accompanied by a significant absorbance at 517 nm in its absorption
spectrum [41]. Thus, the conversion of DPPHe into its yellow reduced form (DPPH-H)
upon interaction with an antioxidant agent results in a detectable drop in absorbance. In
addition, the stable ascorbyl radical is formed when ascorbic acid (vitamin C) donates a
hydrogen atom from its enediol group. The antioxidant activities of GHAP, Ag@GHAP,
and ascorbic acid were evaluated at various concentrations, and their ICgy values were
determined with the purpose of comparing their free radical scavenging potentials, (Table 2,
Figure 7). Ag@GHAP obviously showed a concentration-dependent activity: 77% at
5 mg/mL decreased to 45% at 2 mg/mL with an IC5g value of 2.949 mg/mL, indicating
outstanding antioxidant potency. On the contrary, GHAP had very weak activity, having

https://doi.org/10.3390/inorganics14010002
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only 7% inhibition at the highest concentration and a high value of ICs; (36.83 mg/mL),
indicating the minimal free radical scavenging capacity of GHAP. The positive control
used, ascorbic acid, had nearly complete inhibition, ~98%, at all tested concentrations
together with the lowest ICsy value, 1.03 mg/mL, confirming a strong antioxidant capacity.
These results thus show that Ag@GHAP exhibits higher antioxidant activity compared to
pure GHAP, demonstrating that the presence of decorated silver enhanced the antioxidant
activity [42]. The data presented that the sample Ag@GHAP exhibits a dose-dependent
antioxidant activity. As the concentration decreases from 5 mg/mL to 2 mg/mL, the
antioxidant activity decreases from 77% to 45%, indicating that a higher concentration of
the sample is more effective at neutralizing free radicals.

Table 2. Antioxidant activity of GHAP and Ag@GHAP samples according to DPPH assay.

IC50 (mg/mL)
Sample Concentration (mg/mL) Antioxidant Activity (%) Half-Maximal Inhibitory
Concentration
5 77
Ag@GHAP 4 66 2.95
2 45
5 7
GHAP 4 36.83
2
5 98
Ascorbic Acid 4 98 1.03
2 98
120
100
>
:g 80
[$)
T 60
&
T 40
3
€ 20
<

o

2 4 6 VitaminC  GHAP Ag@GHAP DPPH
Concentration (mg/mL)

——Ag@GHAP —e—Vitamin C GHAP

Figure 7. Antioxidant activity of GHAP and Ag@GHAP.

2.3. Photocatalytic Activity of GHAP and AQ@GHAP

The energy band gap of GHAP and Ag@GHAP has been studied using the Tauc’s
equation, Equation (4) [43], Figure 8.

(ahv) = A(hv — Eg)" @)

where « is the absorption coefficient, & is photon energy, n = V2 corresponds to allowed
direct, A is a constant, E, is the band gap, and v is the frequency of the photon. The energy
band gap can be calculated by plotting (a/v)? as a function of photon energy (hv).
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Figure 8. Tauc’s plot of GHAP and Ag@GHAP.

The energy band gap values obtained were 5.1 eV and 4.5 eV for GHAP and Ag@GHAP,
respectively. This indicates that the silver decorated sample has higher semiconducting
properties compared to the undecorated sample, which is attributable to the effect of
silver [44]. Therefore, Ag@GHAP is used as a photocatalyst by degrading MB dye under

solar irradiation with an intensity of 40 x 10% LUX.
The absorption spectra of MB dye were studied as a result of three different control

experiments: photolysis without a catalyst, catalyst adsorption without light, and photol-
ysis with a catalyst present. At a maximum of 666 nm, the chromophore absorption of
MB is seen [45]. The photolysis experiment showed that there was no dye degradation
in the absence of Ag@GHAP. After 60 min the MB removal was checked in the presence
of Ag@GHAP (0.5 g/L) and in the presence and absence of sunlight. Adsorption experi-
ment results after 60 min without light showed a slight loss in dye color with a removal
efficiency of ~30.90%, indicating the presence of active sites on the AG@GHAP surface that
allowed dye adsorption. After 60 min, the efficiency of dye degradation when a catalyst is
present and exposed to sunlight is ~72.7%. These tests conclude that Ag@GHAP is a good
photocatalyst that effectively degraded MB under sunlight irradiation.
The study of the effects of contact time, catalyst mass, and solution pH was carried out
to find the optimal condition of photocatalytic degradation of MB under solar irradiation

in the presence of Ag@GHAP.

2.3.1. Effect of Catalyst Dose

Figure 9 shows the absorption spectra of MB dye with variation in the catalyst doses
(0.4, 0.6, and 0.8 g/L) of Ag@GHAP with other parameters being constant, natural pH (7.4),
contact time (90 min), and 5 ppm MB dye. The removal percentage varied from 45.45%
to 85.45% as a result of the increased number of active sites accessible for MB adsorption
when the catalyst mass was increased from 0.4 g/L to 0.6 g/L [44]. There was no notable
chromophore breakdown at the dose of 0.8 g/L. This is ascribed to the optimum mass of
Ag@GHAP for MB molecule adsorption, which is 0.6 g/L. So, this concentration is chosen

as the desired dose in the following experiments.
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1.2 -
—MB (5 ppm)
1
—0.49/L
0.8
g —0.6g/L
=
S 06 —0.8g/L
3
Q
<<
0.4
0.2

400 450 500 550 600 650 700 750 800

Wavelength (nm)

Figure 9. Absorption spectra of MB with different catalyst concentrations.

2.3.2. Effect of Illumination Time

The effect of the ideal time of the photocatalytic degradation of MB (5 ppm) using
0.6 g/L of Ag@GHAP is illustrated in Figure 10. In the first 20 min, the removal of MB
rises quickly, reaching 60.15%, which is assigned to the presence of a high number of active
sites on the catalyst surface, leading to increased adsorption of MB molecules [46]. The
degradation efficiencies are 65.01%, 66.92%, 71.98%, 85.05%, and 85.08%, respectively, at
40, 60, 80, 100, and 120 min. As active sites on the Ag@GHAP surface were completed
gradually, MB adsorption decreased, which resulted in a reduction in the removal rate. At
100 min, the maximum degradation (85.05%) is achieved.

1.2 4
1 |
0.8 1 ——MB (5 ppm)
[0]
2 ——20 min
[}
-g 0.6 —40 min
4 ——60 min
< s
04 - ——80 min
——100 min
120 min

400 500 600 700 800
Wavelegnth (nm)

Figure 10. Electronic spectra of MB with contact illumination time.
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2.3.3. Effect of pH

The impact of solution pH (5, 6, 7.4, 8, 9, and 10) on photocatalytic removal of 5 ppm
MB was investigated with a constant dose of Ag@GHAP and contact time of 0.6 g/L
and 100 min, respectively. As shown in Figure 11, the largest amount of MB degradation
(99.15%) occurs at pH 10, which is the optimal pH value for MB degradation. The pH
value at which the adsorbent has the maximum negative charge is on this surface. The least
amount of MB decomposition, which correlates to the maximum positive charge, is seen
in acidic pH [47]. For MB as a cationic dye, the percentage of photocatalytic degradation
decreases with increasing solution acidity and increases with increasing solution basicity.
This explains the greater uptake of MB in high basic solution due to the increasing of the
negative charge of the catalyst. Otherwise, in an acidic medium, the positive charge on the
catalyst surface leads to the electrostatic repulsion of the MB molecules from the adsorbent,
which reduces the adsorption of MB [48].

1.2
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1 —— pH5
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Figure 11. Effect of pH on MB degradation.

2.3.4. Photocatalysis Kinetic Investigation

The kinetic reaction of the photocatalytic decomposition of MB in the presence of
Ag@GHAP as a photocatalyst under sunlight irradiation has been evaluated using the
Langmuir-Hinshelwood model [49], Equation (5),

Ay

—Ln = A =kt (5)
where Ay is the initial MB concentration, A; is the MB concentration after a definite time,
k is the rate constant, and t is the MB decomposition time. As present in Figure 12, the
linear relationship between (—Ln = 1’2—3) and (t) indicates the photocatalytic process follows
a pseudo-first order model. The calculated rate constant (k) was 0.0216 min~! and the
correlation coefficient (R? = 0.98) confirms the fitting of the data with the pseudo-first order
model [50]. This suggests the photocatalytic degradation of MB depends mainly on the
dye concentration, while Ag@GHAP supports sufficient active sites for dye adsorption for
photoreaction with sunlight.
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Figure 12. Pseudo first order photocatalytic degradation kinetics of MB in presence Ag@GHAP.

2.3.5. Photocatalysis Mechanism

Figure 13 represents the proposed photocatalytic mechanism of Ag@GHAP under
sunlight irradiation. The photocatalytic activity can be interpreted as plasmon resonance
(SPR) of Ag-NPs [51]. The sunlight irradiation produces holes (h*) and electrons (e~) on
the catalyst surface. The generated electrons transferred to the GHAP conduction band
and reacted with oxygen molecules, resulting in the formation of superoxide anion radicals
(-O27). The generated holes that formed due to the migration of electrons reacted with
water molecules, resulting in the formation of hydroxyl radicals (-OH). The generated
reactive oxygen species (ROS) reacted with the MB molecule and mineralized it to CO,
and H,O, Equations (6)-(10), which appeared from the gradual discoloration of the MB
solution. Therefore, we can conclude that the SPR of Ag-NPs enhanced sunlight absorption
and charge separation, improving the photocatalytic activity of Ag@GHAP.

Ag@GHAP + hv (sunlight) — e~ + h* (6)

Oy +e” - 0Oy (7)

h* + H,O — OH +H 8)

h* + OH™ — OH )

MB (Blue color) + OH + O, — CO; + HyO + Pure water (colorless) (10)

2.3.6. Photoluminescence (PL) Analysis

Upon irradiation under a UV light source (365 nm), Ag@GHAP in water exhibits a de-
tectable PL emission at room temperature compared to the PL emission of GHAP, Figure 14.
The figure also exhibits the PL spectra upon excitation at 230 nm. It is observed that the
Ag@GHAP composite has a significantly enhanced PL emission peak at 423.03 nm, as
compared to pristine GHAP, with a 5.7-fold enhancement in the UV emission of Ag@GHAP,
which further confirms the synergistic interaction between Ag-NPs and GHAP [52]. Indeed,
Ag-NPs act as efficient recombination sites for the electron-hole pairs (e~ /h*) generated
upon sunlight irradiation, due to the SPR effect of silver [53]. These results agree well with
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the proposed mechanism where the electrons excited from Ag-NPs are transferred to the
CB of GHAP, confirming charge separation and subsequent generation of ROS.
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Figure 13. Suggested mechanism of the photocatalytic degradation of MB in presence Ag@GHAP.
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Figure 14. Emission spectra of GHAP and Ag@GHAP at Aex = 230 nm; the inset shows the image of
the effect of UV excitation at A = 365 nm on the GHAP and Ag@GHAP.
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The results of the current study are compared with similar hydroxyapatite composites
in Table 3.

Table 3. Comparison of the photocatalytic and antioxidant activities of Ag@GHAP with similar
hydroxyapatite composites.

Hydroxyapatite

Composites Synthetic Method Application Reference

Photocatalytic removal of methylene
Cu-doped hydroxyapatite Coprecipitation blue dye (80% in 160 min), the light [54]
source: sun light exposure.

Photocatalytic removal of 10 ppm
methylene blue dye (96.6% in 30 min),

ZnO/Hydroxyapatite Simple precipitation the light source: UV-A irradiation [55]
(365 nm).
Wet chemical Photocatalytic removal of 10 ppm
Ag/Hydroxyapatite precipitation/ion- methylene blue dye (97% in 60 min), [56]
exchange methods the light source: sun light irradiation.
Ag/Fe/Hydroxyapatite L . Photocatalytic degradation of
/ cellulose acetate Electrospinning technique methylene blue dye. 571
Ag/Hydroxyapatite Sol-gel method Antioxidant activity, DPPH assay. [58]
. Antioxidant activity, DPPH assay,
Co/Hydroxyapatite Sol-gel method ICs, value 20.85. [59]
Photocatalytic removal of methylene
Bioenic via recvelin blue dye (99.15% in 100 min), the light
Ag/Hydroxyapatite & of goat bon}; & source: sun light. Current work
Antioxidant activity, DPPH assay,
IC5¢ value 2.949.

3. Experiments
3.1. Starting Materials

A piece of goat bone was obtained from a market in Sakaka, Jouf, Saudi Arabia. Milli-Q
water was used for all experiments. Silver nitrate, DPPH (2,2-diphenyl-1-picrylhydrazyl),
and methylene blue dye was purchased from Sigma-Aldrich (St. Louis, MO, USA) and
used as received.

3.2. Characterization Techniques

A Zeiss LEO Supra 55VP Field Emission SEM Zeiss 1530 was used to take SEM pictures
(Carl Zeiss, Oberkochen, Germany) operated at 20 kV with a working distance of 10 mm.
Powder X-ray diffraction spectra were obtained using a D8-Find Bruker diffractometer
(Burker, Billerica, MA, USA) fitted with a Cu K« radiation source (A = 1.5418 A) running at
40 kV and 40 mA. FTIR measurements in the wavenumber range of 4000 cm ™! to 400 cm !
were performed with a spectrophotometer, an IRTracer-100 SHIMADZU (Shimadzu, Kyoto,
Japan). Zeta potential was measured at room temprature using a NanoSight NS500 zeta
sizer analyzer supplied by Malvern Panalytical Ltd. (Panalytical Ltd., Malvern, Panalytical,
UK). AFM was conducted using a 5600 L AFM instrument model (Agilent Technologies,
Santa Clara, CA, USA). Malvern Panalytical Ltd. manufactures the particle size analyzer
used for DLS, the NanoSight NS500 model (Malvern Panalytical UK). Absorption spectra
in the wavelength range of 190-1100 nm were recorded using a Cary 60 UV-Vis Spec-
trophotometer (Agilent Technologies, Santa Clara, CA, USA). Cary Eclipse Fluorometric
spectrophotometer (Agilent Company, Santa Clara, CA, USA) was used for testing the
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fluorescence analysis. All measurements were taken with a quartz cell (1 cm) at slit widths
5 nm for excitation wavelength and 10 nm for emission wavelength.

3.3. Fabrication of Recycled Hydroxyapatite (GHAP)

A 10 g fragment of goat bone was purchased from a marketplace in Sakaka. Recycled
goat bone was prepared by removing the impurities. The remaining bone marrow was
subsequently crushed and then calcined for two hours at 1000 °C in a muffle furnace.
The resulting GHAP was then pulverized into a powder and stored in a desiccator for
further experiments.

3.4. Fabrication of Biogenic Silver Nanoparticles Decorated with Hydroxyapatite (AQ@GHAP)

A5 g sample of goat bone was boiled in 100 mL of distilled water, resulting in a gel
that, in a volume of 50 mL, was mixed into a 50 mL solution of 1% (w/v) silver nitrate
solution. During the stirring, 5 g of GHAP were added to the mixture. This solution was
heated to 80 °C for 1 h with continuous stirring. The brown solid formed was filtered and
dried for 2 h at 110 °C in an oven, then calcined for 2 h at 500 °C in a muffle furnace to
produce Ag@GHAP.

3.5. Photocatalytic Experiments

As a model for observing the solar semiconducting behavior of Ag@GHAP, methylene
blue dye (MB) was used. To embed the adsorption of MB on the catalyst surface, a definite
weight of catalyst was introduced to a 50 mL solution of 5 ppm of MB in a 150 mL quartz
conical flask with stirring in the dark. The mixture was then exposed to 40 x 10° Lux of
sunlight (measured by (PeakTech Priif- und Messtechnik GmbH, Ahrensburg, Germany).
Every 20 min, about 3 mL of the treated MB solution was centrifuged for 1 min to separate
the solid photocatalyst. Then, the absorbance (A) of the solution was measured using a
UV-Vis spectrophotometer at (Amax 666 nm), and the decomposition efficiency (%) was
calculated according to the formula in Equation (11) [60,61]:

Ag — Ay

Decomposition efficiency (%) = a
0

x 100 (11)
where A is the absorbance of MB before treatment (1.1 AU) and A; is the MB absorbance
after photocatalytic experiment.

3.6. Antioxidant Experiments

GHAP and Ag@GHAP were conducted for evaluation of their antioxidant activity
using the DPPH radical scavenging method [62]. This method is based on the capability
of the antioxidant agent to reduce 2,2-diphenyl-1-picrylhydrazyl (violet color) into 2,2-
diphenyl-1-picrylhydrazine (yellow color), which results in a measurable decrease in
absorbance at 517 nm.

To perform the test, a 0.1 mM DPPH solution was prepared in ethanol. One milliliter
of this solution was combined with 2 mL of the sample at different concentrations (2, 4, and
5 mg/mL) or with the standard ascorbic acid. Then, the mixture was incubated in a dark
at room temperature for 30 min, and then it was measured by UV-Vis. The percentage of
radical scavenging was calculated according to Equation (12) [63],

%o SCaVengng = [(Acontrol — Asample)/ Acontrol] X 100 (12)

Acontrol 15 the absorbance of the DPPH solution before treatment with the sample,
while Agample is the absorbance of the DPPH solution after treatment with the sample. The
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concentration required to neutralize 50% of the radicals (ICsy value) was calculated. All
experiments were carried out in triplicate [64].

4. Conclusions

This study presented a novel eco-friendly approach for synthesizing silver nanopar-
ticles using gel extract from goat bone, subsequently incorporated into hydroxyapatite
bioceramic, which is produced from recycled goat bones. A thorough evaluation was
performed utilizing physicochemical techniques (FTIR, XRD, AFM, DLS, SEM, and zeta po-
tential), which verified the successful synthesis of crystalline hydroxyapatite with modified
surface characteristics and evenly distributed silver nanoparticles. Compared to pristine
hydroxyapatite, the silver composite significantly enhanced PL emission and improved
the photocatalytic degradation of methylene blue (5 ppm) with 99.15% removal efficiency
under sunlight. The mechanism of photocatalytic activity is discussed based on the SPR of
Ag-NPs. Also, the silver composite showed antioxidant potential with an IC50 value of
2.949 compared to 36.83 for pure hydroxyapatite, which implies that the silver-decorated
composite fabricated from goat bone is a cheap and viable option for use in environmental
and biomedical fields. Future works will explore its applications in the removal of other
pollutants and biocompatibility applications such as drug delivery, antimicrobial activity,
antihemolytic activity, and wound healing.
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