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Abstract: Here, we control the surface activity of hydroxyapatite (HAp) in wastewater treatment
which undergoes peroxodisulfate (PDS) activation. Loading the catalytically active Cu species on
HAp forms a copper phosphate in the outer layer of HAp. This modification turns a low active
HAp into a high catalytically active catalyst in the dye degradation process. The optimal operational
conditions were established to be [Cu-THAp]y =1 g/L, [RhB]y = 20 mg/L, [PDS]y = 7.5 mmol /L, and
pH = 3. The experiments indicate that the simultaneous presence of Cu-THAp and PDS synergistically
affect the degradation process. Additionally, chemical and structural characterizations proved the
stability and effectiveness of Cu-THAp. Therefore, this work introduces a simple approach to water
purification through green and sustainable HAp-based materials.

Keywords: advanced oxidation process; PDS activation; templating synthesis; Rhodamine B; copper
loading; water and wastewater treatment

1. Introduction

Hydroxyapatite (HAp) is known as one of the most abundant materials on earth,
which composes a significant fraction of animals’ bones, fish, shells, and some minerals
(e.g., limestone) [1]. HAp is extensively utilized in many industries, including artificial
bones [2], biocomposites [3], toothpaste [4], and coatings [5]. In recent decades, HAp has
also been an efficient and low-cost material for heterogeneous catalysis, which can even
be extracted from biowastes [6,7]. The role of HAp in catalysis is substantial since HAp
can contribute to synthesizing cost-effective, stable, and non-toxic catalysts for developing
green chemical approaches [8,9]. HAp's low catalytic activity encourages researchers to
modify HAps with catalytically active species. For instance, in one attempt, the surface of
HAp was doped with Co species to activate the PDS oxidizing agent in dye removal [10].
PDS activation in water led to the formation of sulfate radicals which have more significant
oxidation potential (2.5-3.1 V) and longer half-time (30—40 ps) than other well-known
hydroxyl radicals [11].

(Waste)water treatment plays the most critical role in saving the available water
reservoir on earth, and the survival of all lives is highly dependent on this magical lig-
uid [12,13]. From the first centuries of human life, the supply of clean and purified water
was a challenging issue. In the last two centuries, industrialization and increasing demand
for water are the two main reasons for water and its resources’ pollution [14]. Dyes are
a class of resistant compounds with significant solubility in aqueous media [15]. There-
fore, incomplete degradation is caused if water treatment proceeds with conventional
methods such as aeration, coagulation, and filtration [16]. On the other side, advanced
oxidation processes (AOP), with their potential to generate reactive oxygen species (ROS),
are promising resorts for degrading stable contaminants in water [17]. AOP approaches
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may include photocatalysis [18-23] and sonocatalysis [24-26], and electrochemical-based
AOPs [27,28] have already been used for water purification. Considering these approaches
require energy consumption, free radical utilization methods are the most cost-effective
and easy to use on large scales [29]. However, the formation of free radicals in water needs
homogenous and heterogeneous catalysis [30,31]. On its own, homogenous catalysis causes
the release of some heavy metals, such as Mn and Cr ions, to the solution. Therefore,
heterogeneous catalysis is the most environmentally friendly approach compared to the
other AOP techniques [32].

Here, an HAp nanostructure is synthesized through a 2D template, i.e., g-C3Ny. Then,
the copper ions were loaded on HAp to form copper phosphate on the outer layer and to
activate it during catalytic degradation. The synthesized materials were characterized via
scanning electron microscopy (SEM), X-ray crystallography (XRD), energy-dispersive X-ray
spectroscopy (EDS), and Fourier transform infrared spectroscopy (FTIR). The PDS activation
of RhB degradation was selected as the model reaction in this study to optimize variables
such as Cu-THAp amount, RhB initial concentration, pH, and PDS initial concentration in
the 120 min reaction time. The effects of various synthesized catalysts and radical scavengers
were tested through RhB degradation. Additionally, Cu-THAp stability and reusability were
investigated in six consecutive RhB degradation cycles. Finally, Cu leaching into the water
was analyzed by atomic absorption spectroscopy (AAS), and the reused Cu-THAp sample
was characterized again to prove its chemical and morphological stability.

2. Materials and Methods
2.1. Chemicals

All the chemicals in this research were used as received without any further purification.
Melamine (C3HgNg, 99%), cetyltrimethylammonium bromide (CTAB, C19H4BrN, >98%),
copper(ll) acetate monohydrate (Cu(CO,CH3),.H,O, 99%), calcium nitrate tetrahydrate
(Ca(NO3)2.4H,0, 98%), sodium azide (NaN3, 99%), diammonium hydrogen phosphate
((NHy),HPO4, >99%), potassium hydroxide (KOH, 99.9%), hydrochloric acid (HCl, 37%),
potassium peroxodisulfate (PDS, K;5,0g5, >99%), RhB (CpsH3;CIN;O3), 2-propanol
(IPA, >99%), ethanol (CoHsOH, 99%), tert-butanol (t-BuOH, 99.5%), 1,4-benzoquinone
(p-BQ, 99%), and methanol (CH30OH, >99%) were purchased from Merck (Germany).

2.2. Characterization

The morphology of materials was studied through the SEM using a Tescan Mira3
microscope (Czech Republic) equipped with EDS and elemental mapping. The crystallo-
graphic properties were measured by an X-ray powder diffractometer (Siemens, D5000,
Germany). The functional groups on the surface of the synthesized materials were de-
tected by FTIR analysis using a Bruker Tensor 27 spectrophotometer (KBr disk, Germany).
Additionally, an atomic absorbance spectrometer (ASS) was used to measure leached Cu
amounts in solution using an Analytik Jena novAA® 400 (Germany).

2.3. Synthesis
2.3.1. Synthesis of g-C3Ny

A specific amount of melamine was placed in a ceramic boat and transferred into
a tubular furnace in the nitrogen atmosphere. Accordingly, melamine was heated up to
550 °C (with heating ramping of 5 °C/min) and kept at that temperature for 4 h to obtain
bulk g-C3Ny. For exfoliating bulk g-C3Ny, 0.2 g of it were dispersed in 100 mL DI water
and sonicated for 2 h. Afterward, the dispersant was added to a hydrothermal stainless
autoclave which was kept at 180 °C for 24 h. The remaining solid was sonicated for 1 h
and then centrifuged and washed with DI water and EtOH several times. Finally, the
synthesized g-C3N4 was dried in a vacuum oven.
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2.3.2. Synthesis of g-C3Ny4-HAp (THAp)

The synthesis of g-C3Ny-templated HAp was followed by the approach reported in the
literature [2]. Briefly, the synthesized g-C3Ny (0.1 g) was sonicated for 2 h in distilled water
(100 mL). Afterward, a primary solution including calcium nitrate tetrahydrate (80 mmol)
and CTAB was added to the dispersed g-C3Ny solution and sonicated for an additional 1 h.
Separately, diammonium hydrogen phosphate (48 mmol) was dissolved in distilled water
(100 mL). Then, the solution was added to the primary solution and stirred while raising
the temperature to 90 °C and adjusting the solution’s pH to 11 by KOH. Subsequently,
the prepared solution was aged in a hydrothermal process for 2 days at 90 °C. After
hydrothermal treatment, the precipitate was obtained after centrifuging at 3000 rpm and
washing with distilled water three times. The product was dried at 90 °C for 5 h. The final
synthesis stage included drying the product for 6 h to obtain the HAp/g-C3N, composite,
named THAp.

2.3.3. Synthesis of Cu-Loaded THAp (Cu-THAp)

For loading Cu onto the THAp substrate, copper (II) acetate monohydrate (0.3 mmol)
was dissolved in IPA (30 mL) and distilled water mixed solvent (volumetric ratio of 1:1)
under sonication for 10 min. Then, THAp (0.5 g) was added to the copper solution and
sonicated for 30 min. Subsequently, the suspension was degassed by purging nitrogen for
30 min and stirring for 24 h. Finally, the remaining solid was centrifuged and washed with
EtOH and distilled water and then dried in a vacuum drier.

2.4. Catalytic RhB Degradation Experiments

A typical RhB catalytic degradation in water was carried out according to the following
procedure. First, a RhB solution (20 mg/L, 100 mL) was placed in a 250 mL beaker at
room temperature. The pH of the solution was set to 3 using diluted HCl and KOH. Then,
Cu-THAp (1 g/L) was added to the RhB contaminated solution and dispersed for 2 min.
Subsequently, PDS (7.5 mmol/L) was added to initiate the degradation process in magnetic
stirring at 250 rpm. Afterward, 4 mL of the degrading solution was withdrawn at each
specific time interval and mixed with 1 mL EtOH to quench the ROS. Then, the solution
was filtered through a 0.45 um syringe filter, and the remaining concentration of RhB
in the filtered solution was determined using a Shimadzu® UV-Vis spectrophotometer
(Kyoto, Japan) at the Apax of 558 nm. The following formula calculates the degradation
efficiency (DE):

DE = [(Ag — At)/Ag] x 100, 1)

where Ay is the initial RhB concentration and A is the RhB concentration after t min of the
catalytic degradation process.

3. Results and Discussion
3.1. Characterization of Synthesized Materials

The following SEM images represent the morphology of the samples. Figure 1al-a3
shows that the HAp sample is formed from aggregated nanoflakes. However, the ad-
dition of g-C3Ny as a template in HAp synthesis led to the formation of non-ordered
THAp nanorods (Figure 1b1-b3). Additionally, when Cu was loaded onto the THAp, the
morphology was retained, and Cu did not have a destructive effect on the nanoshape of
THAp (Figure 1c1—c3). This process corresponds to the formation of new functional groups
during Cu loading on the THAp. The EDS spectrums of HAp, THAp, and Cu-THAp are
represented in Figure 1a4—c4, respectively. All expected elements (Ca, P, O, N, and Cu)
present sharp peaks in the related energies. Moreover, the Wt.% content of copper in the
Cu-THAp samples is about 2.54%. Figure 1d1-d5 show the spatial distribution of each
element in the Cu-THAp sample.
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Figure 1. SEM images and corresponding EDS spectra of (al-a4) pure HAp, (b1-b4), THAp, and
(c1-c4) Cu-THAp samples. (d1-d5) SEM-elemental mapping of Cu-THAp sample.

The XRD patterns of the synthesized samples are shown in Figure 2a. The peaks
of THAp and Cu-THAp appear in 20 of 10.82°, 25.90°, 31.80°, 32.15°, 32.89°, 34.18°,
39.88°, 46.76°, and 49.51°, assignable to the (010), (002), (121), (112), (030), (002),
(310), (222), and (123) facets of the hexagonal phase in HAp with P63/m space group
(COD No. 96-900-3549). Adding Cu ions to THAp can lead to an in situ formation of copper
phosphate on the surface. By comparing the simulated XRD pattern of copper phosphate
(No. 96-120-0003), appearing some major peaks in the 20 of 21.73°, 27.70°, 30.53°, 37.33°,
and 41.32° are attributable to the (110), (011), and (012) planes of the Cu3(PO4), with the
space group P-1. The FTIR spectra of both THAp and Cu-THAp samples are contained
from the HAp’s main functional groups (Figure 2b). Hence, the peaks at 3440, 1034, 604,
and 565 cm ™! can be attributable to OH ™, HPOZ*, and POZ* functional groups [33]. In
the Cu-THAp sample, there is a peak of about 467 cm~!. This peak corresponds to the
vibrations of the Cu-O bond on the surface of the Cu-THAp sample.
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Figure 2. (a) XRD patterns and (b) FTIR spectrums of samples.
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3.2. PDS Activation for RhB Catalytic Degradation and Cu-THAp's Reusability Studies

In this section, the essential operational conditions were studied to determine the
optimal point of parameters such as Cu-THAp amount, initial RhB concentrations, pH, and
PDS concentrations. All of the mentioned ranges in Table 1 were investigated to achieve
the best DE for RhB (as the model contaminant of this work) catalytic degradation.

Table 1. Parameters and their related ranges to find optimal operational conditions.

Parameter Range
Cu-THAp amount (g/L) 0.25-1.25
RhB Initail concentration (mg/L) 5-60
pH 39
PDS concentration (mmol /L) 2.5-10

In the first step, the effect of Cu-THAp amounts was studied in the catalytic degrading
20 mg/L of RhB polluted solution in the presence of 7.5 mmol/L PDS oxidant and pH = 3.
As displayed in Figure 3a, a range between 0.25—1.25 g/L of Cu-THAp was studied. The
catalyst increasing from 0.25 to 1 g/L led to the enhancement of DE from 18.95 to 78.28%. The
more catalyst amount in the solution provides more catalytic active sites for PDS activation.
Nevertheless, if its amount crosses over the optimal point, the DE could be diminished
because of the aggregation of catalyst particles. Therefore, when the Cu-THAp amount was
raised to 1.25 g/L, the DE was decreased to 59.94%. Thus, the catalyst amount of 1 g/L was
chosen as the optimum point of this parameter. In the next step, the initial concentration
of RhB contaminant was investigated. The ability of a catalyst to degrade a pollutant in
low and high concentrations is a critical factor in considering it an efficient and applicable
material. In this regard, as depicted in Figure 3b, investigations on a range of RhB initial
concentrations between 5 and 60 mg/L were performed to determine the optimum point.
High concentrations such as 60 and 40 mg/L had a DE of about 23.07 and 41.10%. The
agglomeration of RhB molecules on the catalyst’s surface can be the first reason for this low
DE. When the initial concentration was decreased to 20, 10, and 5 mg/L, the subsequent
DE was 78.28, 82.15, and 85.46%, respectively. Since the DE presented no salient difference
between the mid and low concentrations in the range, the initial RhB concentration of
20 mg/L was selected as the optimum point. The inverse relationship between increasing
the initial pollutant concentration and its consequent diminished DE in our batch system is
attributed to the constant formation rate of radicals such as *OH and SO4°~ [11].

pH is a critical factor in the PDS activation system for dye degradation since it not only
affects the active radical production rate but also directly affects the surface of the catalyst
and the stability of the contaminant. Since PDS is an acidic oxidant, it is more stable in acidic
solutions. The SO4°~ radicals in acidic conditions were formed using Equation (2) [34]:

SO;” +*OH-+H" — SO; +H,O0. )

As shown in Figure 3¢, an acidic pH of 3 was more efficient for RhB degradation, and by
increasing the pH to 5, 7, and 9, the DE was reduced to 64.05, 55.80, and 31.76%, respectively.
The generation of di-anion forms of PDS at higher pH values was the main factor in the
reduction of its degradation efficiency [35]. Therefore, the acidic condition of pH = 3 was
utilized in all experiments. As the last parameter of the operational condition, the PDS
concentration effect was investigated during RhB degradation. A set of concentrations
from 2.5 to 10 mmol/L was selected to test under the condition of (Cu-THAp); =1 g/L,
(RhB)g =20 mg/L, and pH = 3 (Figure 3d). In this regard, when the PDS concentration
was set to 2.5 mmol /L, a DE of 31.00% was observed. Subsequently, PDS concentrations
of 5 and 7.5 mmol/L showed DE = 54.51 and 78.28%, respectively. However, the PDS
concentration of 10 mmol/L had a diminished DE of 71.25%, which could be justified by
the elimination of produced sulfate radicals via PDS molecules [36].
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Figure 3. Effect of (a) Cu-THAp amount, (b) initial RhB concentration, (c¢) pH, and (d) PDS con-
centration on PDS activation for RhB degradation. (Operational conditions: (Cu-THAp)y =1g/L,
(RhB)y =20 mg/L, (PDS) = 7.5 mmol/L, and pH = 3).

Various processes were tested to evaluate their individual and combined performance
in RhB degradation through optimal operational conditions. As displayed in Figure 4a, the
utilization of bare PDS in solution was just able to degrade 26.75% of RhB. Furthermore,
usage of Cu-THAp (adsorption process) led to 34.53% of DE. In combined processes, two
forms of (THAp + PDS) and (Cu-THAp + PDS) had a DE of 41.56 and 78.28%, respectively.
The existence of a 36.72% difference between these processes was proof of more generation
of active radicals on the surface of THAp when it was loaded with copper particles. The
synergy factor is a numerical value used to show the success of the process’s combination.
When the synergy factor is above 1, the combination is successful. This value is calculated by
applying the pseudo-first-order kinetic model to each process and determining their apparent
kinetic rate constants (kapp, with R2 > 99.99). In this way, the kapp was calculated to be about
0.0124, 0.0034, and 0.0024 1/min for combined Cu-THAp + PDS, bare Cu-THAp, and bare
PDS processes, respectively. The synergy factor can be determined by Equation (3) [37]:

Kapp (Cu — THAp/PDS)

Kepp (Cu — THAp) 1 k. (PDS) " ®)

Synergy factor =
app

Hence, the synergy factor is calculated to be 2.14. Recently, the degradation turnover
(dTON) as a numerical value has been introduced as an easy tool to judge catalytic degradation
systems [37]. The dTON of the control experiment was estimated to be 2.05 umol h™1 g, 1.

Detecting the ROS is essential in AOP applications. The radical scavenger test is
an effective tool to identify each radical cooperation in the degradation process. Here,
the RhB:scavenger ratio was estimated to be 1:75 as the optimal conditions. As shown
in Figure 4b, NaNj3, p-BQ, t-BuOH, and MeOH were utilized as scavengers in each one
of 10,°, 0,*~, *OH, and both (*OH and SO,*"), respectively [38]. The utilization of
these scavengers decreased the DE from 78.28% to 69.34, 62.47, 59.14, and 21.68% in the
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presence of NaN3, p-BQ, t-BuOH, and MeOH, respectively. Therefore, SO4*~ radicals
are composing the main active radicals during RhB degradation. The reusability of each
catalyst is a promising sign of its scale-up and industrial-based application. In this regard,
Cu-THAp was applied in six consecutive RhB degradation cycles. Figure 4c shows that
the DE diminished by about 28% after six cycles. Since the Cu(Il)/Cu(Ill) redox pair is key
to the activation of PDS on the Cu-THAp surface, this diminished DE is justifiable. The
leaching of Cu into the solution and agglomeration of RhB molecules on the Cu-THAp
surface can be introduced as the most important phenomenon for this decreased efficiency.
Since environmental issues have a great impact on the earth’s ecosystem, the leached
amount of copper in the solution was determined and recorded in Table 2. The World
Health Organization (WHO) set the threshold of Cu in drinking water at 1.00 mg/L (WHO,
Guidelines for drinking-water quality, 4th edition, 2011). Therefore, the leached Cu amounts
added to the solution during the six RhB degradation cycles are under the requested limit
by WHO.

80 80
—a—PDS + Cu-THAp —a— Without scavenger
a —o—PDS + THAp b ——NaN,
—o— Cu-THAp ——p-BQ
—o—PDS —o—t-BuOH
60 e —a— MeOH
w 404 o 40+
a a
204 204
0 T T T T T T 0 T T T T T T
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (min) Time (min)
C 804 78 76
70
. 61
55
50
2
W 40
o
20
0 T T T T T T
1 2 3 4 5 6
Run Number

Figure 4. Effect of (a) various processes and (b) radicals” scavengers on PDS activation for RhB degrada-
tion. (c) Reusability of CU-THAp during PDS activation for RhB degradation in six consecutive cycles.
(Operational conditions: (Cu-THAp)y =1 g/L, (RhB)y = 20 mg/L, PDS = 7.5 mmol/L, and pH = 3).

Table 2. Cu leaching to the aqueous solution.

Run Number Cu Concentration (mg/L)

Blank sample 0.01

1 0.58
0.53
0.47
0.49
0.41
0.34

N Ul = W N

The stability of Cu-THAp was studied via SEM, EDS, and XRD analysis after six
consecutive RhB degradation cycles. The SEM images shown in Figure 5al-a3 indicate the
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adsorption of THAp nanorods after six RhB degradation cycles. However, the crystalline
structure of THAp was retained, and only its hieratical and uniform order was damaged.
Based on the EDSF data, the Cu Wt.% content was decreased to 1.65 (Figure 5b). The
XRD pattern of reused Cu-THAp indicates its structural preservability after six consecutive
cycles (Figure 5¢). Compared to other catalysts used in AOPs, our proposed catalyst is free
of noble metal, easy to synthesize, low-cost, and has no rare earth metal [39-41].

b ] R ca c —— Reused Cu-THAp

Cu-THAp

Intensity (a.u.)

1 e Ha
] P
o ﬁ: Wi W Sy, . cu kev

5 » 10 20 30 4 50 60 70
2 Theta (degree)

Figure 5. (al-a3) SEM images, (b) EDS spectra, and (c) XRD pattern of reused Cu-THAp.

Finally, PDS’s activation mechanism using hydroxyapatite/copper phosphate is dis-
cussed. Several reports support that the formation of Cu(IIl) intermediate in the presence
of PDS is a key for proceeding with degradation; however, we hypothesize the degradation
process through the formation of various oxidation states of copper species which achieve
the Cu(Il)/Cu(IlI) cyclic redox process and hence, catalytic degradation [42,43]. Since
E°cy(m/cum is equal to 2.4, Cu(Ill) might be rapidly reduced by RhB or its generated
intermediates with lower redox potentials in the degradation system [44,45]. However,
we have no in situ results to confirm this claim. Briefly, Equations (4)—(6) can express the
activation and degradation mechanism.

Cu(Il) + 5,03~ — Cu (III) + SO; ™ +SO3 . (4)
Cu(I)+8,02+2H,O — Cu (1) + 2HSO; +05~ +2H* )
SO;~ + *OH + 05 +RhB — Degraded products. (6)

4. Conclusions

In conclusion, HAp nanostructures were morphologically and crystally tuned using
g-C3Ny. Copper’s coordination with the hydroxyapatite surface was proved by FTIR
spectroscopy, and this copper species acted as an active catalyst site in dye degradation.
The synthesized materials were characterized before and after catalytic application. In
the experiment, RhB dye degradation was carried out thoroughly through the catalytic
role of Cu-THAp, which was performed by PDS activation. Since the structure of copper
phosphate is highly stable, it is predicted that the loaded Cu species would form a viable
copper phosphate structure on the surface of hydroxyapatite and act as the active catalytic
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centers. The synergy factor for the proposed degradation system is estimated to be 2.14. The
scavengers’ studies indicate more activity of THAp-induced SO4°*~ radicals in degradation
reactions. This study offers a novel, green, reusable, stable, and economical HAp-based
catalyst water and wastewater treatment application through AOP techniques.
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