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Abstract: Scotch Bonnet shells (BN) have high
CaCOs content which was utilized in the
synthesis of calcium oxide nanoparticles
(CaONPS) for application in the adsorption
removal of amoxicillin from water. The
synthesized CaONPS showed adsorption in the
UV region and displayed a band gap of 4.02
eV. It displayed high thermal stability and good
crystalline properties with average crystalline
size and macrostrain values of 5.67 nm and
0.3252. The crystalline size decreases as the
macrostrain increases. The BET surface area
of the CaONPS was evaluated as 785.04 m?/g
while other pore properties such as pore
diameter and pore volume were 2.65 nm and
0.1679 cc/g respectively. The nanomaterials
showed strong evidence of a microporous
nature, based on their particle size and the
appearance of the SEM micrograph. The
synthesized = CaONPS  showed  strong
adsorption efficiency for amoxicillin in water
with efficiency approaching about 100 % under
varying and influencing conditions such as pH,
ionic strength, temperature, time and initial
dye concentration. The adsorption system
created by the CaONPS and the amoxicillin
could be explained by the Langmuir adsorption
isotherm, Pseudo second order kinetic model,
intraparticle diffusion and thin film diffusion
model.
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1.0 Introduction

The contamination of the global water systems
has received tremendous research input
because of the essential role water plays in
several aspects of life such as agriculture,
maintenance of life, industrial applications, etc
(Odiongenyi et al., 2015). Cases of
contamination arising from heavy metals,
organic contaminants, dyes, crude oil and
antibiotics have been widely reported
(Odiongenyi, 2020, 2022; Ogoko, 2017; Osu
and Ogoko, 2022). Given the extensive
documented information on the dominance of
contaminated water, measures towards
remediation and abatement of the impact of
contamination are of research significance.
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Apart from water contamination, the
management of non-biodegradable solid
wastes (such as crustacean shells) has also
created significant environmental impacts
(Odoemelam and Eddy, 2009). Consequently,
novel approaches arising from deep
environmental innovation may be most
significant if the management of solid wastes
through resource recovery or recycling can
create a solution for the management of
contaminated water because raw materials cost
would be extremely reduced in addition to the
enhancement of multiple dimensional and
dynamic solutions. In light of the stated
information, current research has yielded some
hopes in the conversion of crustacean shells to
calcium-based  nanoparticles  for  the
remediation of contaminated water CaONPs
(Habte et al., 2019; Kumari et al., 2023,
Mostafa et;., 2023). The success is due to the
content of CaCOsz that dominates most
crustacean shells (Gbenebor et al., 2016).
Bonnet shell (See plate 1 below) is one of the
known shells that is rich in CaCOs. After the
consumption of the flesh, the shells are usually
disposed of as waste and since they are not
biodegradable, they often constitute serious
nuisance to the environment. It is in light of
these challenges that this research seeks to
synthesize CaONPS from bonnet shells for the
remediation  of  amoxicillin-contaminated
water. Amoxicillin is an antibiotic which has
been classified among the emerging
contaminants when present in  water.
Therefore, their removal is necessary to
enhance the beneficial roles of water in the
environment. Emerging contaminants such as
amoxicillin are among the lists of contaminants
that are billed to be given adequate need for
their removal from the environment because of
the future risk, they could pose.

Plate 1: Photograph of Bonnet shells (BN)
2.0 Materials and Methods

Samples of bonnet shells (BN) were obtained
from a dumpsite around Ibeno in Akwa lbom
State. The samples were thoroughly washed
dried and crushed to powdered form. The sol-
gel method was adopted for the synthesis of the
samples as reported elsewhere (Eddy et al.,
2023a, b). 200 g of the powder sample was
reacted with 2 M HCI to remove the carbon
through conversion of the CaCO3 to CaCl; and
CO- (equation 1)

CaCO; + 2HCl - CaCl, + H,0 + CO, (1)

After the completion of the above reaction, the
sample was washed severally with water to
remove unreacted HCI and was dried for 24
hours. The dried sample was reacted with 50%
NaOH solution to obtain Ca(OH)2 gel
(equation 2)

CaCl, + 2NaOH — Ca(OH), + 2NaCl (2)
The Ca(OH), was washed, dried and calcined

in a muffle furnace at 700 °C for four hours to
produce CaONPS (equation 3)

Ca(OH), — CaONPS (3)

The water from the Ca(OH)2 is consumed by
the high-temperature furnace, leaving CaONPS
as the only product.

2.1 Characterization of CaONPS
UV- Shimadzu UV-Visible
Spectrophotometer, model UV-1800 series
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(UV analysis), Model PANalyticalX'PertPro
(XRD profile), GA- PerkinElmer TGA-4000
(TGA and DTA) and BET- Nova4200e
(nitrogen adsorption studies) were used for the
characterization of the samples.
2.2 Adsorption experiment
A batch adsorption experiment was conducted
as reported in the literature (Ogoko et al.,
2023). Concentrations of the drug used for the
investigation of the influence of the initial
concentration of the drug were 10, 20, 30, 40
and 50 ppm. The effect of temperature was
investigated within the range of 303 to 343 K
while ionic strength was investigated using
various concentrations of KCI within the range,
of 0.01 to 0.1M and time between 10 and 70
minutes. In varying the listed factors, the
concentration of the drug was fixed at 50 ppm.
The spectrophotometric method was used to
evaluate the percentage amount of drug
absorbed after each experiment using equation
4

—_ Ce

% Removal = COC— %0 4)
0

where Co and Ce are the inlet and outlet
concentrations of the drugs, repectively.

3.0  Results and Discussion

3.1  Characterization of the CaONPS

Fig. 1a shows the UV visible spectrum of the
nanoparticles with a displayed wavelength for
maximum absorption at 306 nm which implies
that the materials absorb in the visible light
region (Odoemelam et al., 2023). Based on the
Plank’s equation, the bandgap of the material
can be evaluated as follows (Eddy et al., 2022a)

_ hc (4)

The evaluated bandgap is 4.05 eV, which is
comparable to values reported elsewhere (Eddy
et al, 2023a-b).

The XRD spectrum presented in Fig. 1b.
provided three sets of information on the
character of the synthesized nanoparticles,
including peak angle (and associated
properties), crystalline size and microstrain.
The most intense XRD peak for the
nanoparticles was obtained at 29.50° while
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Fig. 1: (a) UV visible spectrum (b) XRD
spectrum of the synthesized CaONPS

The major peak observed from the spectrum
aligns with reported works on the crystallinity
of CaONPS concerning the most intense peak
(Safaei-Ghomi et al., 2013)

The Scherrer equation was used to characterize
the samples regarding their crystalline size
(dcryst)- The expression for the equation is
given as follows (Eddy et al., 2023a)

%)

dcryst = FWHMx*cos6 (5)

where A is the wavelength of the CU-K line,
which is numerically equal to 1.54 and k is the
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Scherrer constant approximated as equal to 0.9.
The equation gave a mean crystalline size of
5.67 nm which is lower than some values
reported elsewhere for CaONPS including 112
nm (Khine et al., 2022), 24.34 (Jalu et al.,
2021) and 35.93 nm (Mazher et al., 2023). The
microstrain of the CaONPS was evaluated
using equation 6 (Eddy et al., 2023b)

370

B
&= 4tan® (6)

The evaluated macrostrain is also recorded in
Table 1 and it shows that it decreases with an
increase in crystalline size, which defines a
trend expected for some crystalline perfection

(Depero et al., 1999).

Table 1: XRD parameters for the CaONPS

20 Width Intensity FWHM deryse (nM) €
18.09 0.3913 734.64 0.4607 3.04 0.7235
28.77 0.2379 345.60 0.2789 5.13 0.2719
29.50 0.1306 1175.98 0.1538 9.31 0.1460
34.19 0.3619 1402.46 0.4276 3.39 0.3476
39.52 0.1672 237.95 0.1969 7.47 0.1370

The Brunauer-Emmett-Teller (BET) principles
in the determination of the dimension of
nanoparticles are based on the principle of the
capacity of the nanocomposite to adsorb
nitrogen at various pressures, according to the
BET model, given by equation 7 (Sinha et al.,
2019),

1 1 C-1/(P
NiGo/P—1] N T M(P_o) )
where N is the amount of nitrogen gas adsorbed
at a pressure, P, while N,, is the monolayer
adsorption capacity, Po is the initial pressure, C
is a constant that is related to the heat
capacity.C = [qadas — Gconal/RT. Qads is the
adsorption heat while gcong is the heat of
condensation of the adsorbate. The multi-point
BET plots (Fig. 2(a)) for the adsorption of
nitrogen by the synthesized nanocomposite
gave R? values of 0.9996 for calcium oxide
nanoparticles synthesized from SB shells.
The multipoint BET surface areas (Multi-BET)
of the nanocomposite particle were evaluated
from the BET parameters using the following
equation (Pomposo et al., 2009),
Mult — BET = ———* A @)

Xm T XmcC

where A is the cross-sectional area of the
adsorbate, which is approximately equal to

0.162, m? for nitrogen adsorption on CaONPs
from the bonnet shell.

The particle size of the nanoparticles and other
pore parameters was analysed using nitrogen
adsorption isotherms according to Brauner-
Emmett-Teller (BET) and Density functional
theory (DFT) models and the results obtained
are shown in Table 2. The BET plot is also
shown as an example plot in Fig. 2.
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Fig. 2: Multi-BET plot for the adsorption of
nitrogen by the CaONPS

The evaluated BET surface area is higher than
values reported from some studies such as 748
m?/g reported by Mostafa, et al. (2023) 77.42
m?/g (Jalu et al. (2021) and 135 m?/g (Abdelatif
et al., 2020). The particle size and pore volume
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of the nanoparticles were evaluated from DFT  microporous classification for the compound
analysis as 2.65 nm, which aligns with the (Ogoko et al., 2023).

Table 2: Pore properties of the synthesized CaONPS

Properties Pore size (nm)  Pore Volume Surface area PV/SA
(cclg) (m?/g)

BET - - 785,04

DFT 2.65 0.1679 139.00 4 575.64

The thermal stability of the nanoparticles was  water before descending towards stability from
observed through TGA and DTA curves which  around 800 °C. The DTA plot reveals similar

are represented by Figs.3(a) and (b). The TGA  information and confirms that the conversion
curve shows initial changes corresponding to  process is endothermic.
loss of water, followed by loss of adsorbed
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Fig. 3: (a) TGA and DTA plots for the CaONPS
The SEM micrograph of the BN shell for the nanoparticles with some uneven
synthesized CaONPS is shown in Fig. 4. The  packed-like structure, that may suggest some
micrograph depicts spherical molecular shapes  amorphous-like structure.
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. » & 2 ¢ 48 .5 i 1 ‘N
Fig. 4: Scanning electron micrograph of the
synthesized CaONPS

3.2 Adsorption study

The influence of the initial concentration of
amoxicillin, time, ionic strength, pH and
temperature on the adsorption removal of
amoxicillin are shown in Figs 5 to 9
respectively. Fig. 5 reveals that the
concentration of amoxicillin withdrawn from
the solution by adsorption decreases with an
increase in the initial concentration, which
indicates that the available adsorption site
provided by the CaONPS must have been
progressively occupied as more drug molecules
diffuse to the surface of the nanoparticles. The
raw BN sample also showed a similar trend
concerning the percentage of the drug removed
and the initial concentration. However, the
maximum removal by the raw sample was
below 80% while the CaONPS showed an
almost complete removal. An increase in
adsorption as time increases (Fig. 6) reveals
that the adsorbent becomes more effective as
time ensures successful filling of the available
adsorption sites. The raw samples of BN
showed a reverse behaviour. lonic strength
(Fig. 7) was observed to exert increasing
efficiency to the CaONPS as an adsorbent for
the removal of amoxicillin showing an
increasing trend up to 86% at KCI
concentration of 0.1 M (Fig. 7). Such impact
suggests the synergistic enhancement of

adsorption due to the presence of halide ion
(Odiongeneyi, 2019; Odiongenyi  and
Afangide, 2019). Fig. 8 shows that the
optimum pH for the adsorption removal of
amoxicillin by CaONPS is the acidic pH
because adsorption showed a significant
decline as the pH increased. The decrease was
significantly more for the raw BN compared to
the nano BN, which is evidence that the
nanoparticles exhibit better surface properties
than the crude sample. An increase in
adsorption was observed as the temperature
increased (Fig. 9) indicating that at higher
temperatures, the surface of the adsorbent must
have been activated, leading to the provision of
more adsorption sites. Therefore, the optimum
temperature was observed at 333 K while the
trend supported the mechanism of chemical
adsorption (Eddy and Ita, 2011).
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Fig. 5: Variation of percentage amoxicillin
removed by adsorption with Initial
concentration of amoxicillin

3.2.1 Adsorption isotherm

The testing of the fitness of different adsorption
isotherms for the adsorption behaviour of the
CaONPS confirmed the Langmuir isotherm as
the best-fitted model,
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which can be represented according to equation
9 (Condurache etal., 2022; Umeh et al., 2021)

& _ 1 Ce
Qe k1LQmax Qmax
(9)
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Fig. 6: Variation of percentage amoxicillin
removed by adsorption with time
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Based on the equation a plot of % against Ce

was linear for the investigated adsorbent (Fig.
10) and the extent of fitness was evaluated by
the R? and error values as shown in Table 3. It
is confirmed from the results that the best

Langmuir maximum adsorption capacity
(Qmax) was observed for the nanomaterials
compared to the crude samples.
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Fig. 10: Langmuir isotherm for the adsorption of amoxicillin by the synthesized CaONPS

The Nano(BN) gave Qmaz of 7794.23 mg/g The
observed maximum adsorption capacity is
larger than the values reported for most CaO-
based nanoparticles. For instance, Kumar et al.
(2022) reported a Langmuir maximum
adsorption capacity of 63 mg/g for the
adsorption of naphthalene by CaONPs,
Oruganti et al. (2022) also reported an
adsorption maximum of 8.1 mg/g for
ciprofloxacin adsorption by CaONPs while
Oladoja et al. (2012) reported Qmax 0f 225 mg/g
for the adsorption of Cr®* by CaONPs.
Generally, Qmax varies with the method of
synthesis, environmental conditions (such as
temperature, pH, amount of adsorbate, the
presence of other ions, initial amoxicillin
concentration, etc.) and the type of adsorbate.
The fitness of the slope values indicated lower

error for all the adsorbents but better for the
nanomaterials compared to the crude sample.
The sum of square errors and mean square
errors are low, indicating the reliability of the
Langmuir  adsorption model for the
investigated adsorbents.

The thermodynamic parameters for the
adsorption of amoxicillin by the adsorbent was
deduced using the Transition state equation

(Equation 10) (Odoemelam et al., 2018)

AS AH

lnkeq = R RT (10)

In equation 10, keq is the equilibrium constant
of adsorption and was evaluated as a quotient
of the concentration of the drug adsorbed (Cads)
to the equilibrium concentration of the drug

(Ce), which is according to equation 11
keq = CZZS

(11)
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Consequently, equation 11 can be rewritten as
equation 12.

n(%es) = - o (12)

Equation 12 is a linear model, hence a plot of
In (%) against 1/T describes a Transition

e

state plot with entropy change (AS) equal to the
product of the intercept and the gas constant
(R) while enthalpy change (AH) would be

equal to be the product of the slope and the gas

constant. A plot of In (%) with 1/T was

linear (plot not shown) and thermodynamic and
reliability parameters deduced from the plots
are recorded in Table 4. The evaluated values
(Table 4) indicated that the adsorption is
exothermic (because of negative values of
enthalpy change) concerning the nanoparticles
but exothermic for the crude materials.

Table: 3: Langmuir and Statistical parameters deduced from the Langmuir adsorption

isotherm for crude and CaONPs from BN

Parameter CaONPs Crude
Nano(BN) Crude (BN)
Slope + SE 1.1283 x 10~* +0.000001108 1.3067
X 107*0.0000009552
Intercept 1.6607 x 10~* +0.00004318 5.535 x 103 4 0.000003720

R? 0.9996 0.9998
Qmax (Mg/g) 7794.23 7526.87
k, (min™1) 0.6794 0.0231
SS 0.00002228 0.002228
MS 0.002228 0.002228
SSE 0.00000000803 0.00000000803
MSE 0.000000002151 0.000000002151
The change in enthalpy was also very low and 0, = k2Qét (13)
suggests that the adsorption favours the ET 1t kaQet _ )
physisorption mechanism. The results also  'he reciprocal of the above equation gives
reveal higher R? values and a lower sum of  €quation 14
square error as well as mean square error for 1= 12 kZ—th (14)

Qe k2Qit ~ k2Qgt

the data representing the nanomaterials than
their corresponding precursor (crude). The
irregular pattern of plots was also observed for
the crude samples but those representing the
corresponding nanomaterials are well-defined
linear plots.

3.3  Kinetic of the adsorption

The fitness of the pseudo-order reaction was
also tested for the adsorption of amoxicillin on
the investigated adsorbents. The test results
confirmed the suitability of the pseudo-second-
order Kkinetic, based on equation 13
(Odoemelam et al., 2023)

The simplification of equation 14 leads to
equation 15 and finally equation 16 when both

sides of the equation are multiplied by time, t
1 1 1

- = — 15

Qt kzloét Qt (15)

t t

— = — 16

Q k202 * Qe (16)
Linear evaluation of equation 16. is

consequential with a plot of Qi versus t in order
t

1

k2 Q2

as shown in Fig. 11. Variables deduced from

the plots are recorded in Table 5. The results

reveal a high degree of fitness for all the

to obtain a slope = Qiand intercept equal to
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adsorbents while the evaluated equilibrium
amounts of the drug adsorbed by the
nanoparticles are higher for the nanoparticles
(Table 5) than the crude materials. The rate
constants for the nanoparticles are also higher

which suggests that the adsorption of the drug
by the nanoparticles is faster than the
adsorption by the crude samples.

Table 4: Transition and Statistical parameters deduced from the Langmuir adsorption
isotherm for crude and CaONPs from BN, SN and C

Parameter CaONPs Crude
Nano(BN) Crude (BN)
Slope + SE -1.2686+0.05437 1.021743.11114
Intercept 5.7478 +£0.16873 0.307149.65457
R? 0.9945 0.0347
AH (J /mol) -10.5471 8.4944
A4S (J/mol) 47.7872 2.5532
SS 0.16094 0.10438
MS 0.16094 0.10438
SSE 0.000886868 2.90376
MSE 0.0002956 0.96792
0.007 - .
) m  Crude (BN)
® Nano(BN) -
0.006 - ®
= 1 -
E' 0.005 - =
—
= | -
§ 0.004 - 2
:_":, ) -
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Fig. 11: Pseudo second order plot for the adsorption of amoxicillin by CaONPS

The fitness of the intraparticle diffusion model
was also investigated, based on equation 16,
which expects a linear plot for values of Qt
against the square root of the corresponding
time, t. Such plots, covey information on the

dominancy of the intraparticle diffusion if the
intercept, C is equal to zero, otherwise, film
diffusion (equation 17) may interplay

Q: = kinttE +C (16)
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Q) _
—In(1- (Q—) = kypt+C (17)
The plot of Q¢ against tz (Fig. 13) was not a
zero-intercept plot, hence the liquid film

diffusion plot of —In (1 — (%) versus t was
also developed. Parameters deduced from the
intraparticle diffusion model are presented in
Table 6 while Table 7 presents similar data for
the liquid film diffusion plot. Both sets of
graphs showed an excellent degree of fitness
but based on the evaluated rate constant,

377

intraparticle diffusion of the adsorbate unto the
adsorbent exerted a greater influence than the
liquid film diffusion. Although the relative
contribution of liquid film diffusion seems to
be minimal, since the intercepts are not equal
to zero, it is confirmed that liquid film diffusion
has some contribution towards the mass
transportation of the drug to the surface of the
adsorbent. It is worth stating that the adsorption
on the surface of the nanoparticles showed
better model fitness than the crude adsorbent

Table 5: Kinetics and statistical parameters for the adsorption of amoxicillin by crude and

CaONPs from BN

Parameter CaONPs Crude
Nano(BN) Crude (BN)

Slope + SE 9.9796 x 107>+ 1.310 x 1077 1.019 x 1073 +2.0157 x 10~
Intercept 2.7260 x 107> +5.1018x 107° 2.7334 x 10™* +7.8501x 107>
R2 0.9999 0.9984

Q. (mg/g)  10020.44 981.35

k,(min™1) 3.6759 x 108 3.589 x 10°
SS 1.7429%x 1075 1.8184 x 107°
MS 1.7429%x 1075 1.81843 x 107°
SSE 1.2013x 10710 2.8442x 1078
MSE 3.0033 x 10711 7.1105 x 107°

.Table 6: Intraparticle diffusion model kinetics and statistical parameters deduced from the
Langmuir adsorption isotherm for crude and CaONPs from BN

Parameter CaONPs Crude
Nano(BN) Crude (BN)
Slope + SE 0.00109+0.0000669151 0.00112+0.0000481892
Intercept 0.0027+0.000395875 -0.00254+0.000285091
R?2 0.9852 0.9926
kin: (/min) 0.00109+0.0000669151 0.00112+0.0000481892
c -0.0027+0.000395875 -0.00254+0.000285091
SS 0.00001717 0.0000180785
MS 0.00001717 0.0000180785
SSE 0.000000258856 0.000000134249
MSE 0.0000000647139 0.0000000335621
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Fig. 13: Intraparticle diffusion plot describing the kinetics of the adsorption of amoxicillin
on CaONPS

Table: 7 Liquid film diffusion model kinetics and statistical parameters deduced from the
Langmuir adsorption isotherm for crude and CaONPs from BN

Parameter CaONPs Crude
Nano(BN) Crude (BN)
Slope + SE 0.0000690651+0.0000101112 0.1406740.02165
Intercept -0.44891+0.000393773 12.26041+0.8433
R? 0.9210 0.9134
k;r (/min) 0.0000690651+0.0000101112 0.14067+0.02165
Cc -0.44891+0.000393773 12.26041+0.8433
SS 0.00000834748 34.63008
MS 0.00000834748 34.63008
SSE 0.000000715648 3.28225
MSE 0.000000178912 0.82056
4.0 Conclusion precursor for the synthesis of CaONPS. The

The study indicates that BN shell has enough  synthesized nanoparticles show excellent
concentration of CaCO3 that enables it to be a  surface properties, that support their suitability
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for adsorption removal of amoxicillin from
contaminated water. The performance of the
nanoparticles outranged that of the crude
samples in all the tested studies. It is possible
to completely remove amoxicillin from
contaminated water using this adsorbent.
However, the recommendation of further
application as a photocatalyst for the insurance
of complete degradation of the drug to
harmless forms is supported by the low
bandgap  function possessed by the
nanoparticles.
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