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Abstract: This work describes the hydroxyapatite nanoparticle (HAP) preparation from eggshell
waste and their application as an adsorbent for Cephalexin (Ceph) antibiotic removal from aqueous
solutions. Chemical precipitation with phosphoric acid was used to evaluate the feasibility of
calcium oxide for HAP preparation. The structural properties of HAP were characterized by X-ray
diffraction, which revealed the formation of the hydroxyapatite crystalline phase formation. In
addition, transmitting electron spectroscopy showed an irregular shape with a variation in size. The
impact of various experimental conditions on the removal efficiency such as the solution’s pH, contact
time, HAP mass, solution temperature, and Ceph concentration were studied. Experimental data
showed that HAP could remove most Ceph species from aqueous solutions within 1 h at pH = 7 with
70.70% adsorption efficiency utilizing 50 mg of the HAP. The removal process of Ceph species by
HAP was kinetically investigated using various kinetic models, and the results showed the suitability
of the pseudo-second-order kinetic model for the adsorption process description. Moreover, the
removal process was thermodynamically investigated; the results showed that the removal was
spontaneous endothermic and related to the randomness increase. The data confirmed that HAP had
high efficiency in removing Ceph antibiotics from an aqueous solution.

Keywords: hydroxyapatite; nanoparticles; eggshell waste; Cephalexin; adsorption

1. Introduction

Recently, pharmaceutical pollution of aquatic environments has been regarded as a
serious global issue [1,2]. Various methods including municipal medical and industrial
wastewater effluents release pharmaceutical medications into the aquatic environment [3].
Since these pharmaceuticals persist in the environment for long periods due to their
continuous discharge, they are remarkably resistant to biodegradation processes, raising
concerns about their long-term impact on human health. Cephalexin (Ceph) belongs to the
first generation of antimicrobials (cephalosporins) [4] that have been used to treat a wide
variety of human diseases caused by both Gram-negative and Gram-positive bacteria [5].
The continuous presence of Ceph in the aquatic environment poses several significant
environmental hazards and serious health issues [6].

Furthermore, antibiotics disposed in the environment from various sources are widely
regarded as serious dangers to human health due to their critical role in spreading antimi-
crobial resistance [7]. Ceph was selected as an adsorbate in the present work due to the
widespread use of its respective antibiotic families. Consequently, removing antibiotics
including Ceph before discharging wastewater is essential.
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Various approaches have been adopted to remove Ceph from an aqueous solution
such as liquid membrane separation, solid-phase extraction, bioaugmentation, catalytic
ozonation, nanofiltration, sonochemical degradation, and adsorption [8-11]. To date,
adsorption is still an effective method to treat antibiotic pollutants from the aqueous
solution because of its simplicity of design, low-cost process, ease of operation [12,13],
and the absence of reaction with pollutants or toxic compounds [14,15]. Consequently,
various natural and synthetic materials have been studied for Ceph adsorption including
activated carbon, clay, zeolite, and different nanomaterials [16,17]. Nanoparticles are
efficient materials for Ceph removal that can be utilized as adsorbents, photocatalysts,
and membrane materials [18]. Physical and chemical approaches are used to design and
produce nanostructures [19].

In the past years, the green synthesis of nanoparticles has acquired attention as a
cost-effective and ecologically friendly alternative to physical and chemical processes [20].
The ability to generate a usable product from bio-based waste would significantly improve
and ensure global economic development along with waste management issues [21-23].
To achieve this criterion, bio-based ceramic development has been widely promoted for
industry and academic studies, which have identified a ceramic produced from naturally
occurring resources [24,25]. One of the most effective bio-based ceramics is hydroxyapatite
(HAP) Caj9(PO4)6(OH),. HAP has been widely considered as an adsorbent for various
applications due to its biocompatibility, environmental friendliness, high sorption effi-
ciency for heavy metals, low solubility in water, excellent stability under reduced and
oxidized processes, and large surface area [26-28]. Obtaining low-cost adsorbents is highly
required, therefore, many studies have reported nanosorbent preparation from waste pre-
cursors including palm kernel shells, eggshells, rice hulls, agricultural, electronic, and
industrial wastes [29-32]. HAP can be derived from fish scales, animal bones, coral, and
eggshells [33,34]. Eggshell is a relatively economical and widely accessible natural resource
used as a raw material in producing HAP, a natural porous bioceramic with a calcium
carbonate content of 97% [35]. Eggshell can be derived into calcium carbonate in calcite and
then converted to HAP in a hydrothermal reaction using a source of phosphate solution
such as phosphoric acid and diammonium hydrogen phosphate [36]. In this study, eggshell
was recycled to synthesize HAP. The physical and chemical characteristics of the obtained
material were investigated. So far, if any, there are no detailed studies on preparing HAP
from eggshell waste and using it for Ceph removal. Thus, this work deals with the potential
use of HAP to eliminate the Ceph antibiotic from an aqueous solution.

2. Experimental
2.1. Reagents and Materials

Chicken eggshell waste has been collected as primary raw material from home. Ceph
(C16H17N304S; M.Wt. 347.39 g/mol) was purchased from the state company for the drug
industries in Samarra/Iraq. All other chemicals (phosphoric acid (H3PO4), ammonium
hydroxide (NH4OH)) were purchased from Sigma-Aldrich and utilized as received with
no additional purifications. The stock solution of Ceph (100 png/mL) was produced by
dissolving the required amount in deionized water, and standard solutions (5-70 g/mL)
were produced by diluting the stock solution with deionized water. After calibrating the
pH meter with buffer solutions 4, 7, and 10, its value was adjusted utilizing (0.1 mol/L)
HNOj3 and/or (0.1 mol/L) NaOH.

2.2. Characterization Techniques and Apparatus

The crystalline phase of HAP was determined using Siemens D5000 XRD fitted by
Cu-Ky (A = 0.154 nm). TEM (JEM 2011 JEOL, Tokyo, Japan), running at 200 kV, has
been used to evaluate the size and shape of HAP. Samples were dispersed in ethanol and
then ultrasonicated for 30 min. After that, they were picked up using a carbon-coated
copper grid (200 mesh) for the TEM characterizations. A Jenway UV-Vis (190-1100 nm)
spectrophotometer (6800, Bibby Scientific, Stafford, UK) with a 10 mm (path width) quartz
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cell was used to record all the spectrophotometric measurements. A Hanna pH meter
(301 models) was utilized for optimal solutions. The deionized water was obtained from
the Milli-Q Plus system (Millipore, Bedford, MA, USA) and used to prepare all solutions.

2.3. Preparation of HAP Nanoparticles from Eggshells

To produce HAP, calcined eggshells were utilized as a calcium source, and phosphoric
acid, 97% (Sigma-Aldrich, St. Louis, MO, USA), was used as phosphate sources. Eggshell
waste was collected first and then cleaned in deionized water (DI). After that, it was dried
for 24 h in an oven at 100 °C to eliminate the contaminants and odor. It was milled and
pressed through a 350 um sieve. Afterward, they were calcined in a furnace at a temperature
of 900 °C for 3 h at a 10 °C/min heating rate. Throughout this process, the organic matter is
decomposed, and calcium carbonate (CaCOs) is converted to calcium oxide (CaO) through
the release of carbon dioxide (CO,) [37]. CaO powder was weighted and mixed with
double-distilled water to form a 0.3 M suspension, which then reacted with H3PO, using a
wet chemical precipitation process. During the reaction, CaO was suspended into HyO,
and H3PO, was added dropwise to the solution, and the molar ratio of Ca/P was estimated
to be 2:1. The pH of the solution was adjusted to approximately 10 using NH4OH. The
reaction was magnetically mixed at 120 °C for 6 h to obtain a homogenous suspension
solution. Afterward, the suspension was filtered and then washed by DI before drying
in the oven at 100 °C for 24 h. After that, the dried product was heated at 900 °C for 2 h.
In the last step, the powder was milled and pressed through a sieve with a mesh size of
0.350 mm to collect the uniform particles before checking the purity; the whole procedure
is illustrated in Figure 1 [38,39].

Washed and -
dried for 24 h in an

oven at 100 °C

H,PO,

CaO
suspension

—————————a

calcined at 999
*Cfor3p

dried for 24 h in an
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Figure 1. The schematic diagram of HAP synthesis.

2.4. Step of Batch Extraction

The exact weight (0.05 & 0.002 g) of the HAP solid phase was balanced with an aqueous
solution (25 mL) consisting of Ceph (10 mg/L) at pH = 7. The samples were shaken for 60 min
on a mechanical shaker. After that, the aqueous layer was broken up, and then the amount of
Ceph remaining in the aqueous phase was photometrically determined. After equilibrium,
the aqueous solution was separated, and the amount of Ceph remaining in the solution was
measured using a UV-Vis spectrophotometer by measuring the absorbance of Ceph in the
aqueous phase before and after the extraction at a wavelength of 261 £ 2 nm. Finally, the
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removal efficiency (R, %) is expressed as Equation (1), and the amount of Ceph adsorbed (qt)
per unit mass of HAP solid phase is expressed as Equation (2), as follows [40—43]:

Co — Ct

R(%) =~

x 100 1)

g= GGV @

m

where C, represents initial Ceph concentration and C; represents the remaining concentra-
tion of Ceph in the solution after shaking. In addition, the models” accuracy was confirmed
using the regression coefficient (R?), mean square error (MSE), root mean square error
(RMSE), and average absolute relative deviation percent (AARD%), according to the equa-
tions reported elsewhere [44].

3. Results and Discussions
3.1. Characterizations of HAP

The raw eggshell showed patterns consistent with CaCO3, and CaO was detected in
the calcined eggshell. The peaks of the calcined eggshell powder indicated that CaCOs3
were entirely decomposed and converted into CaO at approximately 900 °C, as seen in the
inset of Figure 2. It was seen that the five peaks at a Bragg angle of 32.1°, 37.3°, 53.8°, 64.1°,
and 67.3° can be attributed to crystallographic planes of the cubic (fm-3m) crystals of CaO.
Those peaks were in agreement with CaO peaks (JCPDS card no. 00-004-0777) [45]; no other
peaks due to the presence of other materials were observed. The resulting powder color
changed from white into grey throughout the organic matter extrusion and subsequently
into white. Therefore, snow-white powder obtained from the eggshells was CaO. CaO
thermal processing in phosphate solution formed a nanocrystalline white powder, irregular
diameters, and high mechanical strength. Figure 2 illustrates the XRD pattern of the
synthesized HAP powder at 900 °C. As can be seen from Figure 2, observed planes were
under the expected HAP pattern with a hexagonal structure (P63/m) (JCPDS No: 01-075-
9526) [46]. Therefore, a complete HAP synthesis was carried out based on the stoichiometric
ratio of Ca/P = 1.67.
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Figure 2. XRD patterns of synthesized HAP from eggshell waste.
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Figure 3 reveals the TEM image of the powder’s HAP nanoparticles formed by agglom-
erates of spherical particles with a size of 100 nm. Therefore, HAP nanocrystals produced
in this work have a compatible size with the natural materials of the bone.

200 nm

Figure 3. TEM images of hydroxyapatite derived from eggshell waste.

3.2. Batch Adsorption Studies
3.2.1. Retention Profile of Ceph from Aqueous Solution onto HAP

The solution pH is one of the essential parameters for achieving adsorption and
recovery of heavy metal ions, dyes, and antibiotics. The sorption profile of aqueous
solutions containing Ceph at various pH values by HAP solid phase was studied critically
after shaking for 120 min at room temperature. The amount of Ceph in the aqueous phase
following the equilibrium was photometrically determined [47]. The sorption percentage of
Ceph sorption onto HAP increased noticeably with the increase in the pH of the solution to
pH =7. After that, the percentage decreased with the pH increase; representative data are
shown in Figure 4a. Thus, pH 7 was chosen as an optimal value in the subsequent study.

The mass effect of HAP on Ceph adsorption from a 10 mg/L aqueous solution is
shown in Figure 4b. It shows that the percentage that was removed from the aqueous
solution was increased from 62.3 to 90.6% as the HAP dose increased from 25 to 250 mg.

The contact time between the adsorbent and adsorbate is a key factor in removing
any pollutants from the environment through adsorption. The effects of contact time on
removing Ceph by HAP were investigated, and the results are illustrated in Figure 4c. The
figure shows that the increase in contact time increased in the adsorption process. This
effect was particularly observed during the first 60 min, where the majority of the Ceph
was adsorbed. The percentage of Ceph removal reached equilibrium within 100 min. This
indicates that the adsorption of Ceph on HAP occurred in two successive steps: the first was
the fastest, which transferred Ceph species from the aqueous phase to the external surface
of HAP, while the second was the slower step, in which Ceph species diffuse between
HAP bundles. Additionally, the effects of the temperature on the adsorption process were
studied. Four different temperatures (293, 303, 313, and 323 K) were tested at constant
shaking time. It was noted that the significant increase in the temperature of the solution
from 293 to 323 K is related to a considerable increase in the Ceph removal ratio, as seen in
Figure 4d. These results suggest an endothermic nature of this process of adsorption.
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The Ceph profile of retention was studied over a wide variety of the equilibrium
concentration values (10-70 mg/L) from the aqueous solutions of pH = 7. Figure 4e shows
the relationship between Ceph species that adsorbed onto HAP and the corresponding
concentration in an aqueous solution. The preferable Ceph sorption onto HAP was ac-
complished from more dilute aqueous solutions. The removal values are reduced with an
increase in the concentration of Ceph, and the HAP membranes become more saturated
with retained Ceph. The Ceph removal on HAP was compared with other related materials,
as listed in Table 1.
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Figure 4. Effects of the solution pH (a), HAP mass (b), time (c), temperature (d), and initial concen-
tration (e) on the adsorption percentage of Ceph from aqueous solutions onto HAP.
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Table 1. Removal efficiency comparison of Ceph on HAP with other related materials.
Adsorbent Contaminant Removal (%) Ref.
Cerevisiae/ calcium Cephalexin 86.23 [48]
alginate composite
Wasted sediment (sludge . 76 (urban water)
waste from shipping docks) Cephalexin 63 (hospital wastewater) [49]
Bacillus subtilis Strain Cephalexin 21-27 [50]
Natural zeolite Cephalexin 28 [51]
43.52 (unmodified carbon)
Activated carbon . 47.65 (2 M NaCl)
nanoparticles Cephalexin 60.01 (56 M HNO3) 521
62.02 (3M ZnCly)
Cellulose/hydroxyapatite Chlortetracycline
: . 70.81 [53]
nanocomposites hydrochloride
Hydroxyapatite and .
Aluminosilicates Oxytetracycline 50 [54]
Hydroxyapatite Fluoroquinolone 47.3-51.6 [55]
Hydroxyapatite Cephalexin 70.70 This study

3.2.2. Kinetic Behavior of Ceph Sorption onto HAP

The sorption kinetic of pollutants, for example, Ceph species from aqueous solution
by solid sorbent, is a significant key since it provides important information about the
reaction pathways and the mechanism of the sorption steps. Film diffusion and intraparticle
diffusion regulate the general transport rate, and the faster one controls the retention of
Ceph species sorption onto the solid phase HAP. From the effect of the shaking time, this
conclusion was supported by calculating the half-life time (t; ;) of Ceph sorption from
aqueous solutions onto HAP. The t; /, values were computed from plots of log C/C, vs. the
time of Ceph sorption onto HAP. The value of t;,; was 1.4 &+ 0.05 min, in agreement
with values of t;/, reported earlier [56]. The kinetics of Ceph species sorption onto the
HAP sorbent are affected by the film and intra-particle diffusion, controlling the total
transportation rate. The sorbed Ceph species onto the sorbent underwent the Weber—
Morris model [57]:

qt = Kdtl/z +C (3)

where K; represents the rate constant of the intraparticle diffusion and g; represents the
sorbed Ceph concentration at time . The g; plot vs. time is exhibited in Figure 5a. K; and
C values computed from the two distinct Weber—Morris plot slopes (Figure 5a) for the Ceph
were 0.24 and 0.09 mg/¢g, respectively, with R? = 0.969 correlation coefficient.
The fractional power function kinetics model may be represented by following Equa-
tion (4) [58]:
In g = Ina + bint 4)

g+ (mg/g) represents the amount of Ceph species that adsorbed per HAP unit mass at any
time t, whereas a and b represent coefficients. The application of the fractional power func-
tion equation to the experimental data of the adsorption process can be seen in Figure 5b.
Data came well together with the correlation coefficient (R?) value 0.989 for the Ceph, and
the values of 2 and b are shown in Table 2. These data can indicate that the function of
the fractional power kinetics model is not suitable for the description of Ceph species
adsorption by the HAP.



Separations 2022, 9, 10

8 of 15

35 @ o ()
- (o) 1.2 =
3.0 R
CH = 10f
. L
= 25 - B
s =
C £ 08
20 | "
C 0.6 =
1.5 NS NS P P -IIlllllllllllIlllllllllllllllllllllll
2 4 6 8 10 2 3 4 5
¢ (min.)l/2 Int (min.)
0.5 40
(© [ (D)
R 0.0 30k
b b [
= =) B
2 0.5 = F
gt g 20
= = L
< -1.0 -
= < F
15 10 =
_2.0 0-llllllllllllllllllllllll
0 40 80 120 0 40 80 120
t (min.) t (min.)
sk ©
30F
= F
g F (@)
= 25 (o)
20F
r O
NPT FEETI FAETE FNETE FNETE FREEE AR

1.5 20 25 3.0 35 40 45 50

Int (min.)

Figure 5. Weber-Morris (a), fractional power model (b), Lagergren (c), pseudo-second-order (d), and
Elovich model (e) plots for Ceph uptake onto HAP.

Moreover, the Lagergren equation is a very common equation that describes the
adsorption rate. The variations of Ceph species sorption from aqueous media onto the
HAP solid phase were subjected to the Lagergren Equation (5) as follows [59]:

In (qe — qt) = Inqe + Kpagt @)

ge represents the amount of the sorbed Ceph species at the equilibrium per sorbent unit
mass; Kp, represents the first-order overall rate constant for the retention process; and t
represents time. The plot of log (g. — g¢) vs. time (Figure 5c) was linear, and the calculated
values of Kp,e and g, were equal to 0.037 min~! and 2.4 mg/g, respectively, with the
correlation coefficient (R? = 0.985). These data do not confirm the first-order kinetics of
Ceph species sorption onto the utilized solid sorbent HAP [60].
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Table 2. Kinetic model parameters of Ceph adsorption on HAP at 293 K.

Model Parameter and Value
Ky C R?
Weber—Morris
0.24 0.09 0.969
a b R?
Fractional power function
1.33 0.21 0.989
Pseudo-first-order Ge,exp (/) e calc (MG/ ) Krag R?
(Lagergren) 3.54 2.4 0.037 0.985
Geexp (Mg/g) e calc (M/8) Ks R?
Pseudo-second-order eep TNE/H ¢cale TNE/E
3.54 3.9 2.1 x 1072 0.999
« (g/mg min)  (mg/g min) R2
Elovich
8.739 0.555 0.978

In addition, the pseudo-second-order equation was interpreted, where the concentra-
tion of the adsorbate is a constant in the time, and the total number of the binding sites
is dependent upon the adsorbate amount that adsorbed at the equilibrium. Equation (6)
represents the linearized pseudo-second-order rate form [61-63]:

t 1 t

= 4 6
qt  Ksqz = qe ©)

where K is the pseudo-second-order rate of the sorption, and g, and g; represent the ad-
sorbed amounts per unit mass at the equilibrium and at any time, respectively. Considering
those circumstances, the plot of t/g; vs. t was linear, as shown in Figure 5d. The equilibrium
capacity (4.) and second-order rate constant (Ks) for Ceph species were estimated from the
slope and intercept for the Ceph as 2.1 x 1072 g/mg min~! and 3.9 mg/g, respectively,
with perfect correlation (R% = 0.999). To double confirm the best fit of this model, MSE,
RMSE, SEP, and AARD were calculated and found to be 0.110772, 0.332825, and 1.04%.
These low values, especially AARD (1.04%), confirm that pseudo-second-order is the best
fitting model among the applied models. All experimental data fit with sufficient values of
agreement and pseudo-second-order rate constant values (k), which are usually dependent
upon experimental conditions such as the initial concentration of the metal, temperature,
and solution pH.

The adsorption rate also might be represented by the Elovich model, which is funda-
mentally applicable to the kinetics of the chemisorption and typically valid for the systems
where the adsorption surface is heterogeneous as follows:

qi = B In(ap) + p Int @)

where « (g/mg/min) represents the initial adsorption rate, and § (mg/g/min) represents
the desorption coefficient. The plot of g; vs. In t is linear in Figure 5e. Elovich parameters «
and S calculated from intercepts and slopes were 8.74 g/mg/min and 0.555 mg/g/min,
respectively, with R? = 0.978 for Ceph adsorbed onto HAP.

According to the above kinetic results that were utilized for fitting the adsorption
of the Ceph species experimental data of fractional power function, Lagergren’s pseudo-
first-order, pseudo-second-order, and Elovich models and depending upon values of
correlation-coefficient (shown in Table 2), it can be concluded that the pseudo-second-order
kinetic model is defined as the most suitable kinetic model for the description of Ceph
species adsorption on HAP from an aqueous solution.
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3.2.3. Sorption Isotherms of Ceph onto HAP Sorbents

Sorption isotherms were utilized to describe the Ceph interaction mechanism on the
sorbent surface. According to the sorption system nature, equilibrium research is beneficial
for calculating the maximal HAP sorption capacity toward Ceph, and they specify a few
significant surface characteristics of the tested sorbent. The retention profiles over different
equilibrium concentration values (10-70 mg/L) from aqueous Ceph solutions onto the
utilized sorbent at the optimal conditions were studied.

The plot of the Ceph amount retained onto HAP vs. equilibrium concentrations of
Ceph in the solution is illustrated in Figure 6a. At moderate concentration levels of the
analyte, the amount of Ceph varied linearly with the Ceph remaining in the solution.
A sorption capacity of 12.69 £ 0.3 mg/g of Ceph onto HAP was achieved.
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Figure 6. The plot g, vs. C, (a), Langmuir (b), Freundlich (c), and In K. vs. 1000/T of Ceph
onto HAP(d).

The retention of Ceph onto the HAP sorbent was subjected to the Langmuir isotherm
model, which is expressed in a linear form, as shown in Equation (8):

9 _ 1 " 1
e GmaxKp Gmax

Ce (8)

where C, represents the concentration of equilibrium (mg/L) of Ceph in the test solu-
tion, and g, represents the amount of Ceph retained to HAP per unit mass. Constant
Gmax Tepresents the Langmuir parameter that is associated with the maximal capacity of
the adsorption of the solute per unit mass of the adsorbent that is needed for the mono-
layer coverage of the surface, and constant Kj, represents the equilibrium constant that
is associated with the binding energy of solute sorption, which does not depend on the
temperature. The plot of C,/g, vs. C, over the whole Ceph concentration range onto the
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HAP was linear, which may be observed from Figure 6b with (R? = 0.996), which indicates
that Ceph adsorption onto HAP followed the Langmuir model. Further to R? value, the
very low AARD value (0.32%) confirmed that the Langmuir isotherm model is the best
fitting model. g0y and K], values, as computed from the slope and intercept of the linear
plot, were equal to 16.67 £ 0.03 mmol/g and 0.07 & 0.01 L/mol, respectively.

The retention behavior of Ceph from the aqueous solution onto utilized sorbents was
subjected to the Freundlich model that is expressed in the following linear form [64]:

1
Ing, =1In Kp+ﬁlan 9)

where A and 1/n are the Freundlich parameters that are associated with the maximal
capacity of sorption of the solute (mg/g); g represents retained Ceph concentration onto
HAP per unit mass (mg/g) at the equilibrium; and C. is the Ceph concentration left in
aqueous solution (mg/L) (Figure 6¢). The values of Freundlich’s parameters computed
from the intercept and the slope of Figure 6¢c were 1.95 and 0.51. The value of 1/n >1
indicates the unfavorable sorption of Ceph by the HAP, and this model is most likely
unsuitable for fitting well to the data.

3.3. Thermodynamic Properties of Ceph Retention onto HAP

The significant sorption of Ceph onto HAP was studied over different temperatures
(293-323 K) to determine Ceph species retention onto HAP. The thermodynamic parameters
(AS, AH, and AG) were assessed with the use of the following equations [65]:

—AH AS
AG = AH — TAS (11)
AG = —RT In K. (12)

where AS, AH, and AG represent entropy, enthalpy, and Gibbs free energy changes, respec-
tively. T represents temperature in K; R represents gas constant (~8.314 J/K.mol); and
K¢ represents equilibrium constant. The values of K¢ for the retention of Ceph from the
aqueous test solution at the equilibrium onto solid sorbent were estimated with the use of
the following equation:

— Ca
-G

where C, represents the Ceph equilibrium concentration in the aqueous solution (mg/L)
and C, represents the Ceph amount that was adsorbed onto solid-phase per liter at equi-
librium (mg/L). The plot of In K¢ vs. 1000/T for retention of Ceph onto HAP solid phase
was linear (Figure 6d) over the range of temperatures. The equilibrium constant increased
with the temperature increase, revealing that the retention of Ceph onto the utilized sor-
bents is endothermic. The numerical AH, AS, and AG values for Ceph retention that were
computed from the slope and intercept of the linear plot of In K¢ versus 1000/T (Figure 6d)
and found to be 29.70 + 0.2 kJ/mol, 107.9 + 0.4 J/mol/K, and —1.94 + 0.1 kJ/mol (at
293 K), respectively. The positive AH value shows the endothermic nature of the uptake
process and reflects differences in the bond energy between the analyte and sorbent. The
positive value of AS for the solid-phase HAP suggested an increase in freedom degree at
the solid-liquid interface, which is mainly encountered in the Ceph species binding due to
the release of the water molecules of the water hydration sphere throughout the processes
of the adsorption. The negative AG value at 293 K for the formed solid-phase implies the
physical and spontaneous sorption of the Ceph species retention nature onto the HAP.

ke (13)
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4. Conclusions

The recycled eggshell was used to successfully produce HAP powders with nano-sized
particles of approximately 100 nm using phosphate solution via a simple wet chemical
precipitation approach. XRD and TEM characterized the HAP solid adsorbent. The powder
produced was a high-purity ceramic calcium phosphate substance. Based on the present
findings, eggshell waste material is affordable and may be a potential option for high-
volume HAP powder production. The removal of Ceph species from the aqueous solutions
using HAP was investigated. The impacts of the variation of the experimental parameters
influencing Ceph removal/adsorption from aqueous solution by HAP such as the pH, the
HAP mass, solution temperature, contact time, and Ceph concentration were observed.
Results showed that the efficiency of removing 10 mg/L of the concentration of Ceph
on 50 mg mass of HAP per 25 mL in pH = 7 for 60 min shaking time and temperature
at 293 K was 70.70%. The Ceph species adsorption kinetics by HAP was researched
thoroughly using various kinetic models, and results showed that the pseudo-second-
order model is considered the most appropriate model, identified by maximum correlation
coefficient values. The thermodynamic study of the removal process showed that the
process of adsorption is spontaneous with the increase in the temperature of the solution,
the endothermic nature with a positive entropy value, and the interaction of the Ceph
species with HAP is electrostatic and physical. Based on the findings of this study, future
work on this area might consider functionalization of the HAP with some groups or
nanoparticles impregnations to make it more effective in metal ion capture. These HAP-
based nanocomposites are promising for other antibiotics, heavy metals, and organic
dye removal.
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