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Abstract

Developing chemical remediation techniques has become an increasingly important research topic due to the growth
in the use of organic dyes which can be harmful to nature and human health. Catalytic reduction reaction of organic
pollutant dyes (OPDs) in the presence of metal nanoparticles (MNPs) such as copper, silver and palladium is an
efficient and simple method to treat polluted industrial waters. However, easily agglomeration of the MNPs impacts
their efficiency and re-usability. Therefore, we used chicken eggshells as a natural resource to make hydroxyapatite
(HAP) as a heterogeneous bed with high contact surface by friendly hydrothermal and environmentally method. The
HAP was coated with silver nanoparticles (AgNPs@HAP) and was used as an efficient and recyclable catalyst for the
reduction of OPDs (Methylene blue (MB), 4-Nitrophenol (4-NP) and 4-Nitroaniline (4-NA)) in the presence of
sodium borohydride. The reduction reaction was performed in less than 10 minutes with excellent efficiency
(approximately 100%) and the reaction kinetics were investigated by change of the absorption intensity using a two-
beam UV-Vis spectrophotometer. The physical and chemical properties of AQNPs@HAP were evaluated and the
prepared solid heterogeneous catalyst was characterized via FTIR, XRD, BET, TEM, FE-SEM/EDS and elemental
mapping analysis. This study demonstrates the potential use of HAP derived from biowaste eggshell with high
efficiency for the degradation of OPDs under mild reaction conditions at room temperature. In addition,
AgNPs@HAP showed high stability and reusability for four cycles with almost constant catalytic performance.
Keywords: Pollutants, degradation, organic pollutant dyes (OPDs), silver nanoparticles, hydroxyapatite

1. Introduction flocculation, biodegradation, and catalytic reduction
Large volumes of effluent are produced daily by [5-7]. The catalytic reduction method is an alternative
industries such as textiles, cosmetics, printing and dye method that has been reported to be a cheap, fast and
production. If these polluted effluents are not treated, more efficient method for the treating of water
they can enter surface and groundwater resources that containing OPDs.

in turn can have devastating and irreversible effects on However chemical compounds such as hydrazine and
human health and the ecosystem [1]. Therefore, water are among the catalysts that can reduce OPDs such as
and wastewater treatment has become one of the major 4-NP, 4-NA and MB [8-10], but these substances are
global concerns. hazardous and produce secondary pollutants that can
Aromatic organic dyes and pigments are the most be harmful to the environment. On the other hand,
common toxic pollutants among industrial effluents, although reduce agents such as sodium borohydride
which are often not biodegradable [2]. For example, 4- (NaBH.) alone is unable to reduce the mentioned
NP is a hazardous and carcinogenic organic dye that is pollutant compounds, but it can perform the reduction
very stable in water and difficult to decompose process in the presence of metal catalysts completely.
environmentally [3]. In addition to irritating the eye, Up to now, some of the metal catalysts such as silver,
this aromatic colour pollutant can cause severe kidney copper and palladium nanoparticles were applied to
and liver dysfunction, which has led the US reduce OPDs with acceptable efficiency and kinetics
Environmental Protection Agency to blacklist it [3, 4]. [11-14].

Today, various methods such as physical, chemical However MNPs can be used for the preparation of
and biological treatment are used to remove hazardous catalysts to increase significantly their catalytic
and toxic pollutants from polluted effluents and waters activity but these particles have high tendency to
[6, 6]. Examples include membrane filtration, accumulate and aggregate [15, 16]. Therefore, they are
oxidation, light or chemical degradation, coagulation, often dispersed and stabilized on heterogeneous

6775


mailto:hyarahmadi61@gmail.com

Journal of Environmental Sciences Studies (JESS) Volume 8, Number 3, Autumn,(2023) , 6775-6795

substrates to prevent agglomeration [15-18]. Today,
the development of solid substrates has been
considered especially by researchers, industrial
chemical production and environmentalists. Solid
substrates should have characteristics such as high
thermal stability and good access to active sites.
Numerous heterogeneous  substrates, especially
environmentally friendly substrates, have been
proposed and used by researchers to stabilize
MNPs[17].

In recent years, to prevent the production of secondary
pollutants, researchers have especially used biowastes
such as lignin [19-22], animal bones [23, 24] and
eggshells [25-27] to the preparation of solid substrates
such as hydroxyapatite (HAP) in the catalytic
reactions. HAP is a bioceramic material with the
molecular formula of Cai(PO4)s(OH).. In addition to
being biocompatible, HAP has a high porosity, surface
contact, mechanical, chemical and thermal stability
[28]. So far, it has been widely used in various medical
and chemical fields such as bone reconstruction, tooth
restoration and suitable and recyclable substrate for the
preparation of heterogeneous adsorbents and catalysts
[25-30]. Up to now, various methods such as
hydrothermal method, sol-gel process, mechanical
method, microwave synthesis and wet chemical
deposition method have been proposed to produce
HAP [30]. Annually millions of eggshells are dumped
or buried as waste in the environment that can be used
as a cheap and available precursor to the preparation of
hydroxyapatite, which can be a "trash to treasure"
process. Therefore, using eggshell as a raw material is
one of the most common methods for the preparation
of HAP.

In this study, eggshell derived HAP was prepared via a
simple and green process and used as a solid substrate
for the stabilization of silver nanoparticles. Finally,
eggshell derived hydroxyapatite coated by silver
nanoparticles (AgNPs@HAP) was applied as a catalyst
in reduction reaction of some OPDs (4-NP, 4-NA and
MB) in the presence of NaBH4 at room temperature.
The obtained results show that OPDs can be reduced in
the presence of AgNPs@HAP in high yield along a
short time.

2. Experimental procedure

2.1. Materials

The used eggshells were collected from locally
restaurants and confectioneries. Phosphoric acid,
Sodium hydroxide, n-Hexane, Ammonium chloride, 4-
NP, 4-NA and MO were prepared by Merck and
Aldrich Chemical and used without further refining.

2.2. The preparation of HAP

HAP was prepared from biowaste eggshells based on
the reported method by Shi et al. [31] with minor
modifications (Scheme 1). At first, eggshells were
collected from locally restaurants and confectioneries
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in Sirjan City which produce daily a large number of
eggs to make omelets and sweets. To remove organic
matter, membranes and excess particles, the collected
eggshells are boiled and washed for 2 hours in water
and hexane solvents under reflux conditions and dried
for 5 hours at 90 ° C. Dried eggshells were then
grounded in a mortar and a white powder of eggshells
was obtained (ES1). To obtain an equal molar ratio of
calcium and phosphorus, 5 g white powder ES1 and 6
mL phosphoric acid (85 %) were added to 50 mL
deionized water and was exposed to ultrasonic for 30
minutes at 50 °C. By performing the reaction, the
releasing of carbon dioxide gas from the reaction
medium is easily visible in this step of the procedure.
Finally, the obtained suspension of calcium phosphate
(CaHPO,) was centrifuged (4000 rpm). Obtained
calcium phosphate was added to 50 mL deionized
water, then was stirred 30 min (500 rpm) to prepare a
white suspension (ES2).

Please insert Scheme 1.

Elsewhere, 5 g of ES1 was calcined for 4 hours at 900
°C in an electric furnace to form calcium oxide (CaO).
By addition of 50 mL deionized water to the CaO,
calcium hydroxide suspension was formed during an
exothermic reaction (ES3). The suspension (ES3) was
added dropwise to ES2 (suspension of of calcium
phosphate (CaHPO,)) and stirred at ambient
temperature for 1 hour using a magnetic stirrer (750
rpm). At this step of the total procedure, sodium
hydroxide solution (10% w/w) was used to stabilize
the alkaline suspension’s pH in the range of 12-13.
The suspension was transferred into an autoclave with
a Teflon coating and heated at 180 °C for 3 hours. The
resulting hydroxyapatite was centrifuged (4000 rpm),
washed with 1% ammonium chloride solution and
dried overnight at 95 °C (bulk-HAP).

2.3. The preparation of HAP coated by silver
nanoparticles (AgNPs@HAP)

AgNPs@HAP was prepared via the ball milling of
precursors (bulk-HAP and AgNQO3). At first, 2 g bulk-
HAP was mixed with 2 mg AgNOs and introduced into
a hardened steel vial (vol. 50 mL). The resulted
powder was ball-milled for 2 h by hardened chromium
balls (2x15 mm and 2x10 mm, the total mass of 2.5 @)
under air atmosphere using a high-energy planetary
ball mill running at 500 rpm with the absence of
process control agents. The ball-to-powder mass ratio
was consistently kept at about 5:1 for all experiments.
The milled white powder was poured into 100 mL of
deionized water and vigorously stirred at 1000 rpm for
15 minutes at room temperature. Then, 25 mL of
sodium borohydride solution (0.1 M) was added and
stirred for 1 hour to reduction of silver ions. The
Prepared AgNPs@HAP was centrifuged (4000 rpm)
and washed several times with deionized water to
remove unreacted materials. Obtained AgNPs@HAP
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was dried in an electric oven at 90 °C for 24 h and was
applied as a catalyst for the reduction of OPDs at room
temperature in agueous medium.

Please insert Scheme 2.

2.4. Devices and Characterization

A high-energy ball mill model 2021 produced by
Isfahan San’at Company was used to grind and UV-
Vis absorption spectra were obtained using a UV-4802
Unico instrument. Characterization of the catalytic
composite was subjected by using Fourier Transform
Infrared Spectroscopy (FTIR) (KBr), Field Emission
Scanning Electron Microscope (FESEM), X-ray
diffraction (XRD), Brunauer-Emmett-Teller (BET)
and Brunauer-Joyner-Hallenda (BJH), Transmission
Electron Microscopy (TEM), Energy Dispersive
Spectroscopy (EDS) and elemental mapping analysis.
A JASCO 6300 spectrophotometer was employed for
the recording of FT-IR spectra in the range of 400-
4000 cm™. FESEM images and EDS analysis were
recorded via TESCAN BRNO-Mira3LMU with a
voltage of 15.0 kV and TEM images were obtained
using Philips EM 208S. For XRD analysis, D8-
ADVANCE Bruker apparatus with  graphite
monochromatic Cu-Ka was applied to determine the
structure of the synthesized AQNPs@HAP in the range
of 10-90° with a scanning speed of 2° per minute. The
specific surface area (SSA) and pore size distribution
of AgNPs@HAP were determined on a BEL-SORP-
mini2 analyzer based on the data of N, adsorption-
desorption isotherms in BET analysis.

2.5. General procedure and catalytic efficiency of
AgNPs@NOs in reduction reaction of OPDs

In a general experiment, 20 mL of aqueous dye
solution (20 ppm) was mixed with a required volume
of freshly prepared aqueous NaBH4 (0.1 M) (20-40
mL). Because of auxochromic nature of 4-NP, bright
yellow solution would be changed to deep yellow in
this step. Then, 20 mL of aqueous solution of
AgNPs@HAP (10-40 ppm) was added rapidly to the
obtained solution. The color intensity of the solution
would be decreased and finally a colorless solution is
obtained. During the reaction time, at constant
intervals, 5 mL volumetric samples were taken from
the reaction mixture and after catalyst separation,
catalytic reduction of OPDs was detected by
measuring the absorption changes at the corresponded
Amax Dy a dual-beam Uv-Vis spectrophotometer (Figure
1).

Please insert Figure 1.

Because of exochromic properties of 4-NP, its
adsorption peak changes from 320 nm (4-NP (a)) to
400 nm after addition of sodium borohydride (4-NP

(b), Fig. 1).
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3. Results and discussion

3.1. Characterization of AQNPs@HAP

The FT-IR spectrum of AQNPS@HAP was obtained to
confirm the functional groups and chemical structures
of AgNPs@HAP. The results are in agreement with
the literature [32-34]. As shown in Figure 1, spectrum
of AgNPs@HAP show the characteristic FT-IR
absorption peaks related to the functional groups and
bands positions at 3430, 1630, 1420, 1040, 956, 873,
603 and 571 cm™.

Please insert Figure 2.

FT-IR spectra of the AQNPS@HAP show peaks at
500 to 600 cm™ which is attributed to the presence of
metal in the nanoparticle. Three modes of absorption
related to PO, functional group can be seen in the FT-
IR spectrum: degenerated asymmetric mode at 1040
cml, the non-degenerated symmetric mode at 956 cm-
1 and the bending mode at 603 and 571 cm™. The peak
observed around 3430 cm? corresponded to the
characteristic OH stretching vibration of HAP. In
addition, a band at approximately 1630 cm™, as well as
a broad band from 2500-3500 ¢cm™, could be ascribed
to the bending and symmetric stretching vibration of
absorbed H,O. These peaks might be related to
CaHPO4-2H,0 in produced HAP. Two peaks
approximately at 1420 cm? and 873 cm? were
significantly assigned to the stretching vibration and
bending absorption of carbonate ions, respectively.

In addition, Figure 2 shows the XRD pattern of the
AgNPs@HAP composite. The XRD pattern shows that
it contains major peaks at 20 = 25.7°, 29.5° 31.6°,
32.1°, 33.9°, 39.9°, 49.4° 53.0°, 64.0°, 76.9° and
83.5°. As was shown in Figure 3, according to the
standard JCPDS card No. 96-901-3628, the obtained
XRD pattern for the prepared composite matched well
with that for pure crystal hydroxyapatite. The XRD
image of AgNPsS@HAP represents peaks with different
intensities, which confirms the modifications of HAP.
Also, new peaks including a peak attributed to the Ag
solid phase were found in this XRD diffractogram.

Please insert Figure 3.

The presence of Ag in EDS and elemental mapping
analysis confirm the presence of Ca, O, P, and Ag
elements as shown in Figure 4 in the composition of
AgNPs@HAP. FESEM analysis was performed to
determine the morphology of AgNPs@HAP (Figure
5). According to this analysis, the surface of the
sample is relatively homogeneous with fine particles
and the catalyst particle size is in the nanometer range
with irregular morphology.

Please insert Figure 4.
Please insert Figure 5.

The BET-SSA is an important item because it is
related to the active site of the catalysts. Using ultra-
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high purity grade (99.999%) gases, the BET analysis
was applied (P/P, = 0.005-1.00) and all gas sorption
isotherms were obtained consistent with the
consistency criteria for microporous materials (Figure
6).

Please insert Figure 6.

Before analysis, the as-prepared solid sample (HAP
or AgNPs@HAP) (0.2-0.5 g) was first solvent-
exchanged using EtOH, then pre-treated in the analysis
tube in an oven and outgassed under vacuum (down to
5-8 bar) with heating up to 200 °C. The BET-SSA and
the pore diameter of HAP and AgNPS@HAP derived
from ES are listed in Table 2. Compared with BET-
SSA of eggshell (1.91 m?g?) [35], the BET-SSA of the
eggshell-derived HAP increased significantly to 64.03
m?g which these values are far greater than the values
of two commercialized HAPs including technical
grade HAP (51.39 m?g™) and biological reagent HAP
(35.09 m?gl) [36]. The ranking of pore volume also
existed in the same phenomenon. Moreover,
synthesized HAP samples at high temperatures (ball-
milled HAP) had larger SSA and higher pore volume
than the coated HAP (AgNPs@HAP). It seems that the
Ag coating of HAP samples effects radically on their
surface areas. After the coating of HAP by AgNO3,
the mean pore diameter of particles increased from
28.41 to 31.08 nm and SSA decreased from 62.15 to
56.03 m?g! (Table 1). Therefore, eggshell-derived
HAP presented a great SSA and pore volume that has
good pore characteristics of porous structure and it is
an ideal candidate for various applications such as
adsorbents or solid substrates for the preparation of
heterogeneous catalysts [37-42].

Please insert Table 1.

From the TEM observations, they were clear that
the mesoporous structure of AgNPs@HAP was well
sustained (Figure 7). Based on TEM analysis, it can
result that no obvious extra phases of HAP species
were present outside the mesoporous AgNPS@HAP. It
confirms that Ag is well supported on mesoporous
carrier HAP.

Please insert figure 7.

3.2. Catalytic degradation of OPDs in the presence of
AgNPs@HAP

In the contaminant organic dye reduction reactions, as
the reaction time progressed, with the decrease of the
contaminant organic dye concentration, the soluble dye
disappeared in a short time (6-12 min) under
experimental conditions. The adsorption intensity
decreased at the maximum wavelength of the dye
composition. Moreover, the reaction Kkinetics of
reduction and degradation of the applied dyes were
monitored and analyzed by plotting the concentration
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of the contaminant organic dye against the reaction
time. Since the concentration of sodium borohydride is
much higher than the concentration of the dye used,
the reduction process was considered a quasi-first-
order reaction. According to Equation 1 and the
relationship between adsorption intensity and reactant
concentration in a quasi-first-order reaction, the Ln
(IC/[Cq]) graph was plotted as a function of reaction
time. As shown in Figure 8, the measured data are
fitted to a linear trend line and the reaction rate
constant (k, mint) was obtained by calculating the
slope of the line. [Co] and A, represent the
concentration and intensity of adsorption at the initial
moment of the reaction, and [C] and A: represent the
same values during the reaction. k is also a constant
display of reaction speed.
Ln ((A)/(Ao)) = Ln ([CJ/[Co)) = -kt (1)

Because of the large difference between the donor
(sodium borohydride) and receptor (dye composition)
levels, the reduction reaction in the absence of the
catalyst takes place by a very small percentage after 4
h, and the adsorption intensity at Amax remains almost
constant. This suggests that the reduction reaction is
limited in the catalyst absence. When AgNPs@HAP
was added to the mixture of applied dyes and sodium
borohydride, the adsorption peak almost disappeared
completely, indicating that the dye reduction reaction
in the presence of sodium borohydride and catalyst
coexistence was successful. This indicates that
AgNPs@HAP particles were able to transfer electrons
from donor to receiver.

The reduction results of methylene blue and 4-NP
in the presence of AgNPS@HAP are compared with
other catalysts reported in the literature in Table 2. The
results in Table 2 show the high performance of
AgNPs@HAP without the use of expensive reagents to
reduce MB and 4-NP. It should be noted that the
specific surface area and high contact of
AgNPs@HAP increase dye adsorption and increase
the rate of degradation reaction.

Please insert Table 1.

3.3. Recovery and reusability of the catalyst

The stability and reusability of catalysts are great
importance  for their long-term and multiple
applications. Therefore, to investigate the recyclability
of the AgNPsS@HAP catalyst after its degradation with
NaBH,, it was centrifuged and recovered from the
reaction mixture after washing it with ethanol. The
results are presented in Figure 9.

Please insert figure 9.

The results in Figure 9 showed that the recycled
catalyst retains a significant amount of catalytic
activity even after five consecutive cycles. The slight
decrease in efficiency can be attributed to the loss of
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the catalyst during the catalyst recovery process from
the reaction mixture. This work offers new insights
into the construction of stable HAP-based catalysts
with biomass-derived components for the effective
degradation of organic contaminants in aqueous
solutions.

4. Conclusion

In summary, a simple and environmentally friendly
strategy for the preparation of a combination of
AgNPs@HAP from eggshell biomass with AgNO3 is
presented. AgNPs@HAP was wused to degrade
contaminants in aqueous media at room temperature.
The results show high catalytic activity of
AgNPs@HAP in reducing of contaminant dye
compositions. The proposed catalyst can degrade the
organic dyes such as MB, 4-NP and 4-NA in the
presence of sodium borohydride in a short time (less
than 12 minutes). In addition, after five consecutive
cycles, the catalytic activity of the recycled catalyst
was more than 96%, indicating the excellent stability
and recyclability of AgNPs@HAP. These results
showed that AgNPs@HAP can act as a high-
performance heterogeneous catalyst to reduce organic
dyes.
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Nomenclature

4-NA  4-Nitroaniline

4-NP  4-Nitrophenol

MB Methylene blue

HAP  Hydroxyapatite

XRD  X-ray Diffraction

MNPs Metal Nanoparticles

SSA  Specific Surface Area

OPDs Organic Pollutant Dyes

BET  Brunauer-Emmett-Teller

BJH Brunauer-Joyner-Hallenda

EDS  Energy Dispersive Spectroscopy
TEM  Transmission Electron Microscopy
FTIR  Fourier Transform Infrared Spectroscopy

FESEM Field Emission Scanning Electron Microscopy
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Figure 2. FT-IR spectra of AQgNPs@HAP
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Figure 3. XRD pattern of AgNPs@HAP and JCPDS #b96-901-3628.
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Figure 4. EDS analysis and elemental mapping of AgNPs@HAP.
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Figure 5. FESEM images of AQNPs@HAP.

6790



Journal of Environmental Sciences Studies (JESS) Volume 8, Number 3, Autumn,(2023) , 6775-6795

—8— ADS (HAP)
4 | —0— DES (HAP)
—v— ADS (AgNPs@HAP)
—v— DES (AgNPs@HAP)

V, lem¥STP) g™

Figure 6. N2 adsorption-desorption isotherms of HAP and AgNPS@HAP.
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Figure 7. TEM images of AQNPs@HAP.
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Figure 8. The relationship between reaction conversion (%) and Plotting of —L.n ([Ct]/[Co.]) versus operation reaction time (min) during

the catalytic reduction reaction of corresponded organic dyes (MB: R?=0.990 and k=0.578; 4-NP: R?= 0.987 and k=0.352; 4-NA:
R?=0.979, k=0.297) in the presence of NaBHsa.
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Figure 9. The catalytic efficiency of recycled AgNPs@HAP in the reduction reaction of organic dyes (MB, 4-NP and 4-NA)

Table 1. Textural properties of HAP and AgNPs@HAP?

Sample Sger (M? g1) TPV (cm3(STP) g ) Mpd. (nm)
HAP 62.15 0.61 28.41
AgNPs@HAP 56.03 0.47 31.08

aTPV: Total Pore Volume; Mpd: Mean pore diameter.

Table 2. Comparison of catalytic reduction of MB and 4-NP in the presence of various catalysts.

Catalyst Catalyst Pollutant ~ Pollutant Conc. NaBH. (M) Time Kk (min) Ref.
dosage (mg) (ppm) (min)
MPD-Cu nanoflowers® 0.4 MB 200 (0.1 mL) 3(0.66 mL) 5min 1.44 [43]
Cu(NPs)/B-CCP? 10 MB 16 (2 mL) 0.04 (0.5mL) 4min 0.57 [44]
Cu@SBA-15 1 MB 8.95 (22.5 mL) 0.2(5mL) 8min 0.51 [45]
AgNPs@HAP 0.6 MB 40 (25 mL) 0.1 (30 mL) 8 0.578 This work
Cu-NP/C microspheres 4 4-NP 27.8 (1.5mL) 0.02(1.5mL) 6min 0.3 [46]
Cu/MC microspheres 0.5 4-NP 42 (6 mL) 0.5 (2 mL) 5min 0.96 [47]
CuO@cubic carbon 0.2 4-NP 12.5(22.5 mL) 0.05 (5 mL) 6min 1.32 [48]
AgNPs@HAP 0.8 4-NP 20 (25 mL) 0.1 (30 mL) 10 0.352 This work

aMagnetic polydopamine-Cu nanoflowers, °Cu(NPs)/B-chitin/dicalcium phosphate
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