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KEYWORDS Abstract Hydroxyapatite (HAP) containing different contents of palladium (Pd) ions were synthe-
Pd: sized using the co-precipitation method. The structural and morphological properties of the as-
Hydroxyapatite; synthesized compositions were investigated using XRD and FESEM. The c/a increased from
Antibacterial; 0.728 to 0.733 with the lowest and highest contributions of Pd(II), respectively. Furthermore, the
Dye removal; morphological features were investigated using FESEM. It was illustrated that Pd-HAP was formed
Methylene blue as agglomerated as rod shapes with dimensions in the range of 63.4-110.3 nm for no Pd additions,

and the size was reduced reaching 43.4-70.5 nm for the highest Pd contribution. Besides, the max-
imum height of the roughness (R,) grew from 183.6 up to 236.5 nm for the lowest and highest Pd
(IT). Besides, the obtained specific surface area was around 28.3, 42.0, and 63.4 m?/g for 0.0Pd-
HAP, 0.6Pd-HAP, and 1.0Pd-HAP, respectively. The antibacterial activity was examined against
both Escherichia coli ( E-coli) and Staphylococcus aureus (S. aureus), and it obvious that the activ-
ity was enhanced upon Pd content. The inhibition zone was increased from no sensitivity reaching
4.3 + 0.9 and 4.5 £ 0.8 mm for no Pd and the highest one, respectively. The removal efficiency of
dyes was examined for methylene blue (MB) and it was shown that after 120 min of irradiation, the
removal efficiency reached around 86.4% for the highest contribution of Pd. The pseudo-first-order
constant (K,,) increased from 0.0032 to 0.0179 min~'. The recyclability of Pd-HAP denoted that
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removal efficiency decreased to 5.65, 8.14, 6.24, 8.76, and 10.2% for different contents of Pd(II)

after 6 cycles.

© 2020 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The rapid industrial development in recent decades has caused numer-
ous environmental problems. For instance, dyes production for print-
ing, food packing, cosmetics, textiles, and pharmaceutics is suggested
to be directly discharged into rivers and drinking water resources
(Wu et al., 2020b; Zou et al., 2020; Zhu et al., 2020; Zheng et al.,
2020). It could be reported that around 100 tons of dyes are release
into drinking water annually (Piri et al., 2019). Besides, the progression
of a population due to the great expansion of health care systems glob-
ally has exhausted the limited sources of drinking water (Zhao et al.,
2020b; Zhang et al., 2020b). Dyes such as congo red, methylene blue
(MB), acid Blue 121, and blue 60 are difficult to be degraded in the
normal conditions (Shoueir, 2020). The extreme exposure to these dyes
may cause harm to living cells including kidney, liver, and even cancer
cell initiation (Zhang et al., 2020a; Yao et al., 2020).

In addition to this, excessive use of antibiotics to fight bacterial
infections may lead to a formation of super-bacteria, besides the phar-
maceutical released towards the water. Therefore, the suggestion of an
alternative antibacterial agent to avoid traditional antibiotics is a vital
demand to develop a care health system (Xu et al., 2020; Wang et al.,
2020c). For instance, rifampicin which is a widely used antibiotic
against tuberculosis, however, it has been reported to be sued in large
quantities for aquaculture. Therefore, around 20-30% of their
quantities absorbed by fish, while the rest discharged to the
environment.

Intensive efforts have been examined to develop facile methods for
water treatment involving adsorption, electrolysis, membrane filtra-
tion, photocatalysis, chemical oxidation (Zhang et al., 2020b), electro-
chemical treatment, and flocculation precipitation (Wu et al., 2020b).
The adsorption is suggested to be one of the widely utilized techniques
for dye removal owing to its availability, low cost, high efficiency, and
its ability to be applied on a large scale (Wang et al., 2020a).

Hydroxyapatite [HAP: Ca;o(PO4)s(OH),] is a bioceramics sub-
stance and it resembles the main inorganic constituent of bone and
teeth through vertebrates’ tissues. Therefore, it has been used for
numerous applications upon its high biocompatibility, low toxicity,
bioactivity, and osteoconductivity. These applications include gas
senores, catalysis, adsorption, drug delivery, cancer treatment, tissue
engineering, and fertilizers (Reeta Mary et al., 2018).

Furthermore, HAP possesses high chemical and thermal stabil-
ity, cheap to be synthesized, low water-soluble, besides its ionic
exchange and adsorption affinity. Concerning adsorption behavior,
it has been used for the separation of biomolecules, water filtra-
tion, heavy metal removal, soil remediation. It could be mentioned
that the cationic and anionic capacity of HAP relies on its struc-
tural configuration (Wang et al., 2020b, 2017a). The structural resi-
lience of HAP allows ions to replace Ca or P sites, individually or
simultaneously (Gore et al., 2017; Wang et al., 2015). This modifi-
cation introduces additional properties of HAP including higher
biodegradation rate and higher bioactivity, besides extrinsic behav-
iors such as antibacterial and anti-cancer in case of ionic substitu-
tions of Ag, Se, Pt...etc. (Shoueir et al., 2020b; Menazea et al.,
2020; Al-Wafi et al., 2020).

It might be reported that Xi Chen et al. has investigated the
removal effectiveness of HAP modified with xanthan gum. The results
showed that the maximum adsorption capacity achieved around
769 mg/g of MB from aqueous solution (Chen et al., 2020). On the
other hand, Wei et al. studied the ability of humic acid-modified
HAP for MB removal, and they optimized the conditions as adsorbent

of 2.2 g/L, exposure time of 8 h and MB concentration of 85 mg/L and
the removal effectiveness reached 100% (Shoueir, 2020). Moreover, J.
S. da Silva et al. examined the discoloration efficiency of HAP/a-
AgVO; for MB and they found that the optimum conditions of around
22.5 wt% HAP/a-AgVO; have shown a removal activity (85%) after
60 min of continuous exposure for UV irradiation (da Silva et al.,
2020). While I. R. Mary et al. investigated the removal efficiency of
HAP spherical nanoparticles and the results displayed that the degra-
dation effectiveness reached about 75% after 240 min of exposure to
UV irradiation (Reeta Mary et al., 2019). Moreover, I. R. Mary
et al. fabricated HAP nested bundles for dye removal purposes, and
the results showed that the removal efficiency was around 77-91%
after 210 min of exposure to UV irradiation (Reeta Mary et al., 2018).

It was reported that Pd(II) possesses a great catalytic activity,
therefore, it was investigated to be used as a catalytic agent for the
Suzuki coupling reaction as studied by Yilmaz et al. (2020) and
Wang and Bai (2020). However, the accepted level of Pd(II) within
drinking water should not exceed 5-10 ppm upon the evaluation of
the European Agency (Zhao et al., 2020a).

Furthermore, Xu et al. have used rGO@Fe/Pd hybrid nanoparti-
cles for rifampicin removal from aqueous solutions and the results dis-
played that the removal efficiency reached about 89.0%, while Pd
nanoparticles acted as catalytic agent (Xu et al., 2020). Moreover,
Mansour et al. studied the anti-cancer effect of co-doped Pd/S into
HAP, and the ICs, was estimated to be around 1.22 mg/mL against
the A549 assay (Mansour et al., 2018).

Consequently, this work aims to develop HAP with different con-
tents of Pd(II) ions. The obtained as-synthesized composites could be
investigated upon their structural, morphological features, besides
their adsorption-desorption behavior. Also, their activity to remove
MB from aqueous solutions will be investigated, as well as the anti-
bacterial activity.

2. Materials and methods

2.1. Synthesis of Pd-HAP

Calcium chloride dihydrate [CaCl,-2H,0], diammonium
hydrogen phosphate [(NH4),HPOy], and palladium chloride
[PACI,] were purchased from LOBA, India, and they were uti-
lized without further purifications. Then HAP was prepared
using the co-precipitation method using appropriate molar
ratios as the following equation:

XPdCly + 5(NH,),HPO, + (10 — x)CaCl, - 2H,0
— Pd,Capy)(POs)y(OH), | +9(NH,)(CI) (1)

where x = 0.0, 0.4, 0.6, 0.8 and 1.0.

In summary, different contributions of [CaCl,-2H,O] were
used including 0.5, 0.48, 0.46, 0.44 and 0.42 M to be dissolved
in 100 mL of distilled water, individually and 0.02, 0.04, 0.06
or 0.08 M of PdCl, were added into the accompanied Ca solu-
tion. On the other hand, 0.3 M of [(NH4),HPO,] was prepared
in 100 mL as a fixed solution for each Ca. Then, (P) solution
was added drop wisely into the analog (Ca + Pd) solution,
whereas continuous stirring is working. The pH value was kept
ad 11.0 = 0.1. After 1 h of stirring, the solutions were aged for
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24 h for precipitation, then they were washed using distilled
water, and dried 50-60 °C.

2.2. Characterizations

X-ray diffraction (XRD) patterns were recorded on a (Pertpro,
Cu k,; radiation, A = 1.5404 A, 45 kV, 40 mA, USA) diffrac-
tometer. The taken range at 260 = 5-60° and the average crys-
talline size of different Pd content was calculated using the
well-known Debye—Scherrer equation (Mansour et al.,
2017c). To confirm the functionality of Pd-HAP, the FT-IR
spectrum (Model no. AUP1200343) was used, 500—
4000 cm™" is the controlled range. Thermal stability of the
0.0Pd-HAP, 0.6Pd-HAP, and 1.0Pd-HAP was determined in
the temperature range of 20-1000 °C (DTG 60, Shimadzu),
and the thermal analysis of the samples was performed in an
N, inert gas atmosphere with a heating rate of 5 °C/min.
The surface area was measured by BET analysis (Micromerit-
ics 3Flex equipment Tristar II 3020). The surface texture and
roughness parameters were measured using a field emission
scanning electron microscope (FESEM) and scan the surface
roughness with an operating voltage fixed at 20 kV (model:
FEG250 - QUANTA, Netherlands). Micrographs of different
content of Pd-HAP were obtained using FESEM before cul-
turing the cell line and treated using Gwyddion 2.45 software
to scan their roughness (Mansour et al., 2017b). 3D images
were processed for each composition and the resolution was
maintained at 16,000 x 1020 pixels. The edges of the micro-
graph have been removed to avoid excessive borders. There-
fore, the dependence of the roughness parameters on the
changes in the compositions was evaluated by the program
itself in (nm).

2.3. Antibacterial activity

The performance of Pd-HAP as antibacterial was studied
towards gram-positive (S. aureus) and in gram-negative
(E. coli) under the same conditions. The recommended initial
concentration is 50 mg/ml of each one to be analyzed. The
inhibition zone was measured after one day of incubation at
37 °C in the aid of visible-light illumination.

2.4. Photocatalytic set-up

A working solution to verify the MB extraction process was set
at 5 mg/L of MB. Then, about 50 mg of the Pd-HAP powder
phase was added to each MB beaker containing (10 mL of
MB) separately at room temperature. The lighting system used
here is a visible light spectrum (100 W) in a sealed box. After
illumination, 3 mL of the catalyst/MB solution was removed
by centrifugation to measure with a spectrophotometer at
measurable time intervals. The (n %) is estimated via the
expression (Abdelbar et al., 2018; Abou-Zeid et al., 2018;
Salama et al., 2018; Ramadan, 2019):

n(%) = (COC_ C‘) x 100 )

0

C, and C; are initial and optimal concentration at a specific
time (t). The spectra were registered on a double beam spec-
trophotometer (Shimadzu UV-1208 model). After the deple-
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Fig. 1 XRD patterns of Pd-HAP at different contents of Pd(II).

tion of MB, the precipitated powder was centrifuged to
repeat the experiment to examine the recyclability.

3. Results and discussion

3.1. Structural investigation

The XRD patterns were used to investigate the phase compo-
sition of the powder phase of Pd-HAP, and it was illustrated in
Fig. 1 that HAP seems to be crystallized in a single-phase upon
the ICCD card no (01-073-0293). The diffraction peaks indi-
cated that composition has a hexagonal symmetry accruing
to the space group of P63/m. The fact that there are no other
phases that were detected through the XRD patterns might
indicate that Pd(II) ions have been successfully trapped into
HAP lattice.

The crystallite size upon Scherrer’s equation was reported
in Table 1, displays a decreasing trend with rising the content
of Pd(I]) starting from 36.7 nm at no additional Pd reaching to
18.6 nm at the highest contribution of Pd(II). Lattice parame-
ters seem to be changed considerably upon the variation of Pd
(IT) contribution within HAP structure. The a-axis decreases
from 9.447 to 9.412, 9.389, 9.361, and 9.368 10\, while the
c-axis fluctuates starting from 6.875, 6.885, 6.871, 6.882
and 6.866 A for 0.0Pd-HAP, 0.4Pd-HAP, 0.6Pd-HAP,
0.8Pd-HAP, and 1.0Pd-HAP, respectively. Moreover, c/a ratio
increases when Pd is present with respect to no Pd, which
indicates that HAp crystals tend to grow in the c-axis.

The two sites of Ca(II) are two perspective crystallographic
positions to be replaced partially with Pd(IT) ions. The coordi-
nation of Ca(l) is shaped as a tricapped trigonal prism and
possesses the main effect towards the c-axis, while the Ca(2)
is configured in a distorted octahedron and affects into a-
axis (Jiang et al., 2002;66.). The ionic substitution of Pd(II)
into either Ca(1) or Ca(2) induces a crystallographic distortion
due to the difference in both ionic radii and the folds
coordination between Ca(Il) and Pd(II). The ionic radius of
Pd(II) is around ions (0.86 A), while it tends to be larger for
Ca(Il) with a value of (0.99 A). The Pd(II) ion possesses a
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Table 1 The crystallographic data of Pd-HAP including crystal size, lattice parameters, and theoretical density upon Pd(II) contents.
Composition Crystal size (nm) lattice parameters c/a v (A3) Dy (g/cm?)
a (A) c(A)
0.0Pd-HAP 36.7 9.447 6.875 0.728 531.363 3.140
0.4Pd-HAP 30.1 9.412 6.885 0.732 528.233 3.158
0.6Pd-HAP 28.4 9.389 6.871 0.732 524.564 3.180
0.8Pd-HAP 25.8 9.361 6.882 0.735 522.225 3.195
1.0Pd-HAP 18.6 9.368 6.866 0.733 521.815 3.197

coordination number of (6), while the available coordinations
for Ca(Il) are (7) and (9) for Ca(2) and Ca(l), respectively.
Therefore, to minimize lattice distortion, Pd(II) is hypothe-
sized to replace Ca(2) sites rather than Ca(1). Due to the crys-
tallographic position of Ca(2) through the ab plan, it might
provoke a distortion in a-axis, therefore, the variation in val-
ues of a-axis matches well with the hypothetical notes. Fur-
thermore, it was reported that the carbonate (CO?) group
tends to replace phosphate (B type) or hydroxyl (A-type) sites
individually or simultaneously (AB type). However, the AB
type might be considered as the most energetically preferred
crystallized orientation of HAP crystal upon Wu et al.
(2020a). The theoretical density increases from 3.140 to
3.197 g/em® for the lowest and the highest Pd(II) contents
owing to the addition of molar mass of heavy ions into the
calculations.

3.2. FTIR

The FTIR spectra of the Pd-HAP compositions are illustrated
in Fig. 2, whereas the characteristic bands are reported in
Table 2. The bands of 472.8 cm™" indicate the bending vibra-
tional mode (v,) of O-P-O, while the bands of 567.5 and
603.4 cm ™! refer to the formation of bending mode (v4) belong
to POi" (Mansour et al., 2015; Ahmed et al., 2014). The band
of 1038.4 cm ™' is assigned to the asymmetric stretching (vs) of
POi’ (Ahmed et al., 2019b, 2018). Furthermore, the bands of

0.8Pd-HAP

Absorbance

0.6Pd-HAP

0.4Pd-HAP

0.0Pd-HAP

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wave number (cm™)

Fig. 2 FTIR spectra of HAP modified with different additive
concentration of Pd(II).

1639.3 and 3844.3 cm ™' indicate the absorbed OH— groups on
the lattice surface. On the other hand, the bands of 874.3,
1427.3, and 1456.4 cm™! indicate the presence of vibrations
of v, and vy belonging to CO3™ groups, respectively (Ahmed
et al., 2020c, 2019a; Afifi et al., 2020). The high affinity of
CO3™ ions to be absorbed through HAP structure among
the synthesis process via the CO, from the ambient atmo-
sphere, may introduce a facile and spontaneous way for an
ionic replacement. This ionic substitution promotes crystallo-
graphic disordering within the unit cell, and thus plunge the
crystallographic orientation through the lattice. The deteriora-
tion of lattice regularity induces a high rate of degradation and
lowering of thermal and chemical stability, besides encourag-
ing chemical activity towards the atomic milieu.

3.3. Morphological features

The surface morphology of Pd-HAP depends strongly on the
components’ variation as obvious in Fig. 3(a)—~(d). At zero
addition of Pd(II), pristine HAP seems to be formed in
agglomerated rod shapes with lengths in the range of 63.4—
110.3 nm, and diameters about 8.3 nm. The rods are dis-
tributed in non-oriented grains, while porosity content tends
to be high. Fig. 3(b) shows that the surface of 0.4Pd-HAP
was configured as aggregated rods with dimensions of (44.1—
59.7) x 9.1 nm for length x diameter, respectively. The com-
position of 0.6Pd-HAP was formed with rods of lengths
around 49.1-100.4 mm and diameters of 5.1 nm. The rough-
ness tends to be higher, while porosity is lower than the former
compositions. The highest contribution of Pd(II) into HAP
seems to be shaped as a rough rod with lengths of 43.4-
70.5 nm and diameters of 6.5 nm, and porosity content seems
to be higher than the former ones. It could be noticed that the
grain size of Pd-HAP is reduced with the rising of Pd(II) con-
tribution. This trend is assigned to the crystallographic disor-
dering that is provoked upon the additional ions. Therefore,
controlling ionic substitution is a good tool to control shapes
and grains size distribution.

The progression of surface roughness of Pd-HAP is shown
in Fig. 4(a)—(d), while the roughness parameters are reported
in Table 3. It is noticed that the roughness average (R,)
increases from 21.7 reaching 35.3 nm upon the substitution
contribution. The root means square roughness (Ry) seems
to follow the behavior of (R,). On the other hand, the maxi-
mum height of the roughness (R,) displays higher values than
the maximum roughness valley depth (R,) for the conjugated
compositions. The roughness behavior contains two main
contributors: peaks and notches. While R, refers to the peaks,
R, denotes to the notches. Therefore, the higher values of R,
implies that the Pd-HAP seems to be conspicuous, which intro-
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Table 2 Characteristic bands of Pd-HAP at different contents of Pd(II) ions.
0.0Pd- 0.4Pd- 0.6Pd- 0.8Pd- 1.0Pd- Assignment Ref
HAP HAP HAP HAP HAP
472.8 - — 473.2 471.2 v, of O-P-O (Ahmed et al., 2014; Lukic¢ et al., 2014)
567.5 571.2 — 568.2 567.4 (v4) of PO;~ (Tang et al., 2014; Wang et al., 2017b; Duta et al.,
2017)
603.4 — 604.3 602.3 603.5 (v4) of PO;~ (Mansour et al., 2017b, 2017a; El-dek et al., 2017)
874.3 871.5 871.6 872.5 873.5 v, of CO%’ (Lukic¢ et al., 2014; Wang et al., 2016)
1038.4 1042.4 1039.5 1038.4 1037.5 (v3) of PO3~ (Fadeeva et al., 2012)
1427.3 1426.5 1424.5 1424.7 1425.3 v; of CO3~ (Lukic et al., 2014; Niakan et al., 2015)
1456.4 1454.5 1454.7 1455.8 1455.5 (v3) of COg’ (Wang et al., 2018; Zhang et al., 2016)
1639.3 1638.4 1638.5 1637.5 1636.4 Absorbed water (Lukic et al., 2014; Toyama and Kameda, 2013)
2074.5 2074.7 2077.4 2077.6 2076.8 Overtone of PO~ (Ahmed et al., 2014)
3437.2 3441.4 3440.3 3438.5 3436.5 Stretching of (Lukic et al., 2014; Toyama and Kameda, 2013)
3844.3 3846.6 3845.4 3845.8 3846.7 OH™
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Fig. 3 FESEM micrographs of as-synthesized Pd-HAP; (a) 0.0pd-HAP, (b) 0.4Pd-HAP, (c) 0.6Pd-HAP and (d) 1.0Pd-HAP.

duce a physical way to interact with the ambient atmosphere
(Ahmed et al., 2020b, 2020a, 2020f). The adhesion with the
surrounding environment is a vital property to activate the
serial interaction for versatile applications including drug
delivery, antibacterial agency, and water filtration (Ahmed
et al., 2020b, 2020a, 2020c). Consequently, the roughness
manipulation, and thus the activity is controlled via the com-
positional tailoring.

3.4. Thermal stability

The thermogravimetric analysis has been done for Pd-HAP at
different concentrations of Pd(IT) up to 1000 °C in ambient air
as shown in Fig. 5. It is noticed that the rate of weight loss

seems to be high for all composition starting from room tem-
perature (R. T.) up to around 70 °C, whereas the compositions
lost about 3.7% of their initial weights. The weight loss in this
stage is referred to as the release of the absorbed water mole-
cules. Therefore, all curves seem to be identical in the first
stage.

The second stage continues upon 418 °C, and obvious that
the loss rate increases significantly upon the content of Pd(II),
where the powdered compositions of 0.0Pd-HAP, 0.6Pd-HAP,
and 1.0Pd-HAP loss around 9.2, 15.7, and 14.6% from their
weights at 418 °C, respectively. In this stage, the compositions
tend to be degenerated to release hydroxyl ions, which is the
initial stage before transforming to calcium oxide phases.
The presence of Pd(II) through the crystal provokes high
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Fig. 4 Development of surface roughness upon the variation of Pd(II) contributions through Pd-HAP; (a) 0.0pd-HAP, (b) 0.4Pd-HAP,

(c) 0.6Pd-HAP and (d) 1.0Pd-HAP.

Table 3 Functionality of surface roughness parameters of Pd-HAP upon the content of Pd(II) substitutions involving roughness
average (R,), root mean square roughness (Ry), the maximum height of the roughness (R), maximum roughness valley depth (R,),
maximum roughness peak height (R), an average maximum height of the roughness (Ryy).

Composition R, (nm) R, (nm) R, (nm) R, (nm) R, (nm) Ry, (nm)
0.0Pd-HAP 21.7 27.3 183.6 102.8 80.7 149.3
0.4Pd-HAP 30.8 38.8 259.1 121.3 137.8 211.1
0.6Pd-HAP 30.7 38.6 236.5 115.2 121.3 210.6
1.0Pd-HAP 353 44.3 311.1 138.9 172.2 237.4
distortion, and thus promote a high tendency to destabilize,
100 4 :8(6)P§-|:|:p besides the high specific surface area, which encourages ther-
98 —_—1 -OIE’ d-H AFI):’ mal decomposition in lower relative temperatures. Moreover,
- the third stage represents a plateau up to 1000 °C, whereas
96 + the samples lose around 10.4, 17.5, and 15.6% from their ini-
3 04 tial weight at 1000 °C for 0.0Pd-HAP, 0.6Pd-HAP, and 1.0Pd-
‘(’7’/ HAP, respectively. The highest weight loss was recorded at
@ 924 0.6Pd-HAP to be 17.5%, which might indicate relative thermal
E 90 4 stability for the as-prepared compositions.
[=)
g 88 3.5. BET isotherm
86
The minimization of the usage doses of an antibacterial agent
84 is pivotal for reducing the environmental loading. The increase
82 J of the effective surface could permit the use of low concentra-
; . . . : tions of the same composition, which could be accomplished
0 200 400 600 800 1000 by reducing the size of particles. The calculated surface area
T(C) was around 28.3, 42.0, and 63.4 m2/g for 0.0Pd-HAP, 0.6Pd-

Fig. 5 Thermogravimetric analysis of Pd-HAP upon the contri-
butions of Pd(II) through the powder phase.

HAP, and 1.0Pd-HAP, respectively as mentioned in Table 4.
The total pore volume increases from 19 x 10° to 43 x 10°
m?/g, while the average pore radius grows from 1.82 reaching
1.97 nm for the lowest and the highest Pd(II) contributions.
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Table 4 Nitrogen gas adsorption and desorption factors of
Pd-HAP upon the content of Pd(II) involving surface area,
total pore volume, and average pore radius.

Composition  Surface Total pore volume Average pore
area (m?/g) (m3/g) x 10° radius (nm)
0.0Pd-HAP  28.3 19 1.82
0.6Pd-HAP  42.00 28 1.91
1.0Pd-HAP  63.4 43 1.97
4.0 4
3.5 ///
:03 3.0 4 //
5§ 25- //
3
2 2.0
S
5 15
®
)
£ 1.0+
S
o
> 0.5 .
H‘(r_/' —a—0.0Pd-HAP
004 &» o= (0.6Pd-HAP
e 1 OPd-HAP
-0.5 T T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Relative pressure (P/Po)

Fig. 6 The N, adsorption/desorption isotherms behaviors of Pd-
HAP upon the changing of Pd(II) ions.

The average values of pore size indicate that porosity could be
classified as micro-porous compositions. As noticed from
Fig. 6, the N, adsorption/desorption isotherms behaviors of
Pd-HAP denote the slope of the absorbance curve increases
from the low to the high Pd(II) concentrations. This behavior
matches well with the results from XRD and FESEM that Pd
(IT) acting as a crumbling factor within HAP crystals, and thus
might reduce grains size, increase porosity, and consequently
promote activity. Furthermore, it could be noticed from the
obtained hysteresis loops that incorporation of Pd(II) ions into
HAP lattice has caused a transition of microporous structure.
Thus, the surface area was enlarged upon the additional Pd

(ID).

3.6. Anti-bacterial activity

The ability of Pd-HAP to degenerate bacterial cells was inves-
tigated against both E. coli and S. aureus (gram-positive) as
illustrated in Fig. 7(a)—(c). The control sample was considered
to be a bacterial colony without additional antibacterial sub-
stances. The pristine HAP does not show an antibacterial
effect, however, elevating Pd(IT) contribution induced growing
activity, as the inhibition zone increased from 2.2 + 0.4, 2.6
+ 0.6 mm reaching to the largest area of 4.3 + 0.9 and 4.5
+ 0.8 mm against both E. coli and S. aureus for

0.4Pd-HAP and 1.0Pd-HAP, respectively. The rising activity
of the Pd-HAP could be assigned to the ionic release of Pd
(IT) through the culture medium. The Pd(II) ions displayed
high chemical activity towards bacterial cell walls, which
may cause degeneration of bacterial growth (Gholami
Derami et al., 2020). The compositions with high values of
Pd(II) display significant antibacterial behavior owing to the
adequate quantity of Pd(II) that could be released through
the media, besides the high dissolution rate accompanied by
the high level of ionic substitutions.

3.7. Photocatalytic investigation

HAP displays selective adsorption behavior towards versatile
organic matrices; however, its morphological features, optical
properties, and structural configuration control its photocat-
alytic activity. Photodegradation using Pd-HAP was done
against MB dye under visible light at R. T as illustrated in
Fig. 8(a)—(e). The MB absorption spectra decrease exponen-
tially upon irradiation time. The calculated degradation effi-
ciency (n) of Pd-HAP reached its highest values of 26.35,
38.74, 60.34, 71.76, and 86.4 after 120 min of continuous irra-
diation for compositions of 0.0Pd-HAP, 0.4Pd-HAP, 0.6Pd-
HAP, 0.8Pd-HAP, and 1.0Pd-HAP, respectively. On the other
hand, the degeneration of dye is noticed to obey pseudo-first-
order kinetics as follows (Shoueir et al., 2019; Omrani and
Nezamzadeh-Ejhieh, 2020):

Ln <c£> = Kappt 3)

where K, and t are the pseudo-first-order constant (min~1)
and the time, respectively. Therefore, if Ln(C%) was plotted

on the y-axis, and (t) on the x-axis, then from the obtained line,
the K,p,, = slope as mentioned in Table 5. The calculated K,
increases considerably from 0.0032 reaching 0.017 min~" for
the lowest and highest additional Pd(IT), while the R? is close
to unity.

The photocatalytic interaction occurs when an incident
photon with sufficient energy bombard a surface of a sub-
stance with a moderate bandgap. The direct interaction
between photon and electron might generate electron-hole
pairs (excitations) (Reeta Mary et al., 2018). The created pho-
toelectrons jump up to the conduction band level (C.B), while
the conjugated hole moves in the valence band (V.B). Next, the
created charge carriers trigger redox serial reactions against
dye molecules after their surface of a substance. These reac-
tions may begin with a break of water molecules to generate
a free radical involving (OH ™) and electron, which is able to
induce a formation of superoxide (O ), besides the hydrogen
peroxide anions (HO,). These obtained free radicals are
responsible to degrade the targeted dye, whereas the degrada-
tion rate depends strongly on the composition of dye and the
light source, besides the compositional characteristics of the
photocatalyst including its bandgap and surface area
(Prabhu et al., 2018).

Furthermore, the configuration of HAP crystal possesses
versatile superficial charges; whereas the a-surface is rich with
(POff) anions, while the c-surface is decorated with Ca(Il)
cations. However, the HAP has a tendency to be crystallized
in c-direction; therefore, a-surface is expected to obtain a
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Fig. 7 Antibacterial behavior of Pd-HAP against E. coli and S. aureus.

higher surface area than c-face. Thus, the photogenerated elec-
tron through the (PO?[) is hypothesized to form a vacancy
through HAP surface followed by a free radical generation
as illustrated in Fig. 9. Hence, the dye molecules could be
absorbed on the surface of HAP. Herein, it might be reported
that surface roughness favors the adsorption of the dye matrix
via both physical and chemical interactions (Mohseni-Salehi
et al., 2018; Shoueir et al., 2020a). The chemical type is encour-
aged via the high content of crystallographic defects that acts
as ionic traps, while the physical one is done by the adhesion
on the peaks of grains. The ability to remove the agent to be
reused several times represents an important economic issue.
Therefore, the reusability of the Pd-HAP has been investigated
for 6 cycles and showed that the removal efficiency deterio-
rated to be about 5.65, 8.14, 6.24, 8.76, and 10.2% for different
contents of Pd(II), which indicates moderate stability for these
compositions.

4. Conclusion

Hydroxyapatite substituted with different contents of Pd(II) has been
fabricated. The crystallized size was reduced with Pd(II) reaching
18.6 nm for the highest concentration. The estimated lattice parame-
ters showed that the a-axis decreased from 9.447 up to 9.368, while
the c-axis fluctuated from 6.875 to 6.866 for the lowest and highest
contributions of Pd(II), respectively. Furthermore, the morphological
variation showed that Pd-HAP was formed as agglomerated rod
shapes with wide size distribution around 63.4-110.3, 44.1-59.7,
49.1-100.4, and 43.4-70.5 nm for 0.0Pd-HAP, 0.4Pd-HAP, 0.6Pd-
HAP, 0.8Pd-HAP, and 1.0Pd-HAP, respectively. The roughness aver-
age (R,) increased from 21.7 nm reaching 35.3 nm for the lowest and
highest Pd(IT). Moreover, the thermogravimetric analysis showed that
Pd-HAP decomposed within three stages up to1000 °C. Finally, the
weight loss reached around 10.4, 17.5, and 15.6% from their initial
weight for 0.0Pd-HAP, 0.6Pd-HAP, and 1.0Pd-HAP, respectively.
Besides, the antibacterial activity increased upon the additional Pd
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Table S5 The pseudo-first-order constant includes K,
(min~!) and R? for Pd-HAP according to their ability to
remove MB dye from aqueous solutions.

Composition Kapp (min~") R?

0.0Pd-HAP 0.0032 0.925
0.4Pd-HAP 0.0042 0.966
0.6Pd-HAP 0.0083 0.965
0.8Pd-HAP 0.012 0.957
1.0Pd-HAP 0.017 0.956

Fig. 9 Schematic diagram of photocatalysis process to degrade
MB via Pd-HAP compositions.

(IT), whereas the largest inhibition zones were around 4.3 + 0.9 and 4.
5 £+ 0.8 mm against both E. coli and S. aureus, respectively. Hence, the
activity of the Pd-HAP to degenerate MB dye reached around 26.35,
38.74, 60.34, 71.76, and 86.4% after 120 min of continuous irradiation
upon Pd(IT) additives.
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