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ABSTRACT
Background: In consideration of the need for effective solid waste management through resource recovery and
advanced environmental application techniques, we investigated the potential of mussel shell as a precursor for
the synthesis of calcium oxide nanoparticles due to their high content of CaCOs.

Method: Calcium oxide nanoparticles were fabricated from mussel shell wastes (using sol gel method),
characterized and applied in the adsorption remediation of crystal violet contaminated water.

Results: The nanoparticles have an average particle size of 2.94 nm, pore volume of 0.254 cc/g and BET surface
area of 302 m?/g. It showed intense FTIR and UV absorption at 1400 cm™* and 238 nm respectively. The band gap
and pH at zero charged were also evaluated as 7.1 and 7.2 eV respectively, which indicated that the particles
absorb in the UV region and favour the adsorption of crystal violet dye in the basic pH. An increase in temperature
decreases the efficiency of the nanoparticles towards the removal of the dye while the removal was favoured by
increasing the dye concentration, dosages of the adsorbent, time and ionic strength. The maximum removal
efficiency of almost 100% was observed after 1 hour period of contact and at the adsorbate concentration of 100

ppm.

Conclusion: The nanoparticles showed an average of 98% recovery capacity after three times re-used and they
are thermally stable above 600 °C.
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1. INTRODUCTION

The contamination of the land and the water components of the ecosystem are two major environmental stresses
that are receiving global concern regarding the diversities of remediation approaches [1]. Wastes in our
environment can assume either of the three states of matter depending on the source. Several domestic and
industrial sources have contributed significantly to the current contaminant levels in our society [2]. Commonly
encountered toxicity from solid wastes comes from (i) biodegradable wastes that can release leached-out toxic
components to the environment, and (ii) those that do not have significant toxicity by themselves but can obstruct
the cleaner flow of natural environmental processes and thus constitute secondary pollutants. On the other hand,
most industrial effluences are found in liquid or semi-liquid states. The aqueous environment is the major recipient
of most toxic contaminants because they tend to dissolve and transport a wide spectrum of contaminants. Dye is
one of the most toxic compounds that have been listed among emerging contaminants [3]. Unfortunately, their
usefulness in industries such as textile, cosmetics, laboratories, printing, fertilizer, hospital, leather and tanning
cannot be overemphasized but their disposal can impact the environment negatively [4]. Crystal violet dye (CV-
D) is a basic dye that is highly toxic, especially in aquatic environments. Mirza and Ahmad [5], stated that CV-D
interference with the primary productivity of the aquatic environment (i.e. photosynthesis), depletion of the
dissolved oxygen content of water, interaction with some metals to form toxic and stable complexes, etc [7-9].
The global researchers’ battle to retain the quality of the environment, concerning dye contamination

has gained in water can lead to blindness, kidney failure and respiratory disorder.
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It has also been confirmed that CV-D can penetrate some organisms and render attacks towards mutagenic and
carcinogenic attacks [6]. The dye is highly soluble in water and some of the confirmed negative impacts are
changes in colour, blockage of light penetration, significant penetration, especially in the development of
remediation measures such as adsorption, photocatalysis, dialysis, reverse osmosis, flocculation, filtration, etc
[10—14]. Effective waste management involves compromise concerning several factors operating mutually for
the achievement or redemption of a cleaner environment at reduced cost and in an eco-friendly manner that is
accessible to all. Adsorption is one of the most accessible, cheap and effective methods for the treatment of
wastewater, but most adsorbents have been found to exhibit low efficiency, and unsustainable capacity and can
easily lose their composition after adsorption [15]. However, nanoparticles have been widely accepted as unique
materials that can overcome the present challenges facing the adsorption industries [16-17]. Also, waste Shikuku
and Mishra [18] reported a minimum removal efficiency of about 50% for agro wastes that were applied as
adsorbents for the removal of some dyes from aqueous solution and concluded that the materials can be improved
for better efficiency. A review carried out by Amalina et al. [19] reported that a good humber of waste biomasses
such as sugar cane, seed coat, leaves and other plant parts are effective against the removal of a wider variety of
antibiotics. The removal of dyes such as crystal violet dye by some waste biomasses such as wood sawdust [20-
21] and bamboo wastes [22]. The removal efficiency exceeding 70% was observed in all the listed processes.
Several documented and published works are in strong agreement that the efficiency of an adsorbent generally
increases with a decrease in particle size and increased surface area [23-25]. Nanoparticle-based adsorbents are
remarkable and generally considered unique because they have high porosity, comparative larger particle size and
surface area among other adsorption-related properties [26-27]. Consequently, successes have been recorded in
the application of some metal, metal oxides, non-metal based and hybrid nanomaterials as adsorbents for the
removal of dyes (including CV-D) from contaminated water [28-30]. However, most of the reported studies have
reported ecotoxicological impacts, high cost and inaccessibility of raw materials, elaborate or costly synthetic
routes and the challenge of managing the secondary waste product they tend to generate. Therefore, research
directed towards the reduction of the highlighted challenges is most desirable for documentation in the scientific
literature. The major advantages of using recycling or resource recovery waste management techniques are
reduction in the volume of waste, cost saving, environmental friendliness, promotion of accessible raw materials,
etc. The achievement expected from the application of biomass-based nanoparticles from waste materials can
provide multi-dimensional research benefits if feasible and economical in the management of dye-contaminated
water such as CV-D, whose toxicity impacts are well-known and fully established. Therefore, the current study is
aimed at recovering CaCOs; from waste mussel shells for further applications in the synthesis of calcium oxide
nanoparticles (CaONPs-M) and the removal of CV-D from aqueous medium using the CaONPs-M.

2. MATERIALS AND METHODS
2.1. Sample collection and preparation of CaONPs-M

Mussel shells were purchased from a local market around Oron fishing point. The edible flesh was removed and
the shells were washed severally with hot water and dried in an oven to constant weight. The dried samples were
crushed into a powdered state using a mechanical blender that was powered by an electric motor. The powder
samples were preserved in a desiccator for further application. The first application was the synthesis of CaONPs-
M. 20 g of the mussel shell powder was reacted with 2 M HCI solution to convert the CaCOj3 content to CaCls,
water and CO,. The generation and disappearance of the gas were confirmed by effervescence given out as the
stirring of the reaction mixture continued. The system was stirred continuously until there was no more release of
gas, indicating that only CaCl, and H,O were left. The mixture was further reacted with 50% NaOH solution and
the NaCl formed was removed by washing the residue severally with water leaving behind, Ca(OH), after drying.
The dried Ca(OH); was calcined in a muffle furnace at 800 °C and the CaONPs-M produced was preserved in a
desiccator.

2.2. Characterization of CaONPs-M

The functional groups and vibrations in the CaONPs-M were analysed using an Agilent infrared
spectrophotometer (Carry 630 FTIR spectrometer). Zeiss scanning r electron microscopy was used to take the
micrograph of the CaONPs-M. BET (Nova 4200e) was used for pore size and pore volume determination through
N2 adsorption study. The adsorption data generated were used to fit several isotherms including Barreett-Joyner-
Halenda (BJ-H), multiple BET (M-BET ), Langmuir (LN), Dubinin-Ashtakov (D-A), Dubinin-Radushkevich (D-
R), Horvath-Kawazoe (HK) and Density theory method (D-F-T). All UV visible measurements were done using
Shimadzu (UV-1800 series) spectrophotometer. The thermal stability of the nanomaterials was investigated using
Perkin Elmer (model TGA-4000) while pH at zero charges was analysed using the titrimetric method.

2.3. Adsorption removal of CV-D

The adsorption study was conducted using the protocol reported in the literature [31-32]. Parameters investigated
were the effect of the period of contact, doses of the adsorbent (i.e. CaONPs-M), concentrations of the adsorbate
(i.e. CV-D), pH, ionic strength (using various concentrations of KCI) and temperature. The adsorption study was
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done by introducing the test solution into an adsorption flask containing the CaONPs-M as an adsorbent.
Depending on the parameter of interest, the control was implemented to obtain results through spectrophotometric
measurement at the wavelength, the dye showed maximum absorption. The amount of dye adsorbed was evaluated
as the difference between the initial concentration (Cin) and the final concentration (Coyu) While the percentage
CV-D adsorbed and the equilibrium amount adsorbed (per unit mass, m given volume, V) were calculated using
equations 1 and 2 [33-36]

adsorbed = Sin—fout 190 (1)

in 1

— Cin—Cout 14

X7 )

m 1

In the investigation of the effect of the respective parameters, several values were considered. The parameters
included adsorbent dosages, initial dye concentration, ionic strength, time temperature and pH, and various ranges
of values were employed. These are 0.1 to 0.5 g, 10 to 100 ppm, 0.01 to 0.10 M, 10 to 60 minutes, 298 to 360 K
and 2 to 12 respectively. Also, the investigation was done using fixed values of this constant except for the
parameter of interest. For example, the investigation of the effect of pH was carried out using an adsorbent dosage
of 0.4 g, temperature of 298 K, initial dye concentration of 100 ppm and contact period of 30 minutes A similar
pattern of variations was maintained for the investigation of the effect of the respective parameters.

3. RESULTS AND DISCUSSION
3.1. Characterization of CaONPs-M

Fig. 1a is a 20 um resolution scanning electron micrograph of the synthesized CaONPs-M, which depicts the
appearance of a porous system embedded in the surface. The observation is in support of the literature that
nanoparticles are characterized by extraordinal porosity compared to classical materials [37-39]. The CaONPs
showed only two major functional groups indicating their relative purity. The observed functional groups were
1395 and 872 cm. These groups represent Ca-O vibrations. The pore properties of the CaONPs such as pore
diameter, pore size, surface area and surface adsorption energy were evaluated using the Brauner- Emmett- Teller
( BET) nitrogen adsorption studies. The data obtained were useful in the fittings of several adsorption isotherms
and subsequent evaluation of the listed properties. Adsorption isotherms applied to interpret the nitrogen
adsorption results were Barreett-Joyner-Halenda (BJ-H), multiple BET (- M-BET ), Langmuir (LN), Dubinin-
Ashtakov (D-A), Dubinin-Radushkevich (D-R), Horvath-Kawazoe (HK) and Density theory method (D-F-T).
Isotherms-derived pore parameters for the CaONP-M are recorded in Table 1 while Fig. 2 shows plots for the
nitrogen adsorption-desorption isotherm, The adsorption-desorption isotherm reveals a different path above a
certain pressure, which is approximately 0.5 where the hysteresis starts. This suggests that the adsorption of CV-
D occurs through a physical adsorption mechanism [40-41]. The average pore parameters obtained from the
different plots are recorded in Table 1. The values indicate that the CaO-NPs-M is a mesoporous material with an
average pore diameter of 2.94 nm. Such a class of porosity has been reported by others for  CaONPs [42].
However, the Langmuir isotherm shows significantly larger values (942.01 m?/g) for the surface area compared
to the value observed from the M-BET isotherm (302 m?/g). The observation is not strange but based on generally
acceptable literature reference, the Langmuir isotherm can overestimate the pore surface area in the adsorption
process that shows a mechanism of physical adsorption and can therefore not be a reliable isotherm for the
estimation of the pore properties of this adsorbent of CV-D by the mussel shell based calcium oxide nanoparticles
[43]. Other properties were M-BET surface area of 302.24 m?/g, L-N surface area of 942.01 m?/g, average
micropore volume of 0.314 and characteristics adsorption energy of 4.72 kJ/mol. One of the major characteristics
of nanoparticles over other adsorbents is their large surface area to volume ratio which was observed as 1189.92
/m for the synthesized CaONPs-M (based on the M-BET isotherm) . These properties are unique for mesoporous
materials and their significance in adsorption has been widely acknowledged [44].
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Figure 1. (a) Micrograph from scanning electron microscope of the CaONPs-M (b) FTIR spectrum of the
CaONPs-M.
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Figure 2. Representative plots for N, adsorption study on CaONPs-M based on (a) D-A (b) M-BET

Table 1. Pore parameters for the CaONPs-M.

Pore parameters Average value Applied Model
BET Surface area (m?/g) 302.24 M-BET
L-N surface area (m?%g) 942.01 L-N
Pore diameter (nm) 2.94 D-A, L-N, DFT, D-R, BJ-H
Pore Volume (cc/g) 0.254 H-K, D-F-T, D-R, D-H, BJ-H
Surface area: Volume (m™) 1189.92 M-BET
Surface area: Volume (m™) 3708.70 M-BET
Micropore volume (cc/g) 0.314 D-A, D-R
Adsorption energy (kJ/mol) 4.72 D-R

Fig. 3 shows the UV-visible spectrum of the CaONPs-M which reveals a maximum wavelength of absorption by
the nanoparticles to be 238 nm. The Planck equation (equation 3) can be applied to calculate the energy gap (Ee.
) of the CaONPs-M based on equation 3 [44-45],

hc

E = 3
o = ©

The Planck constant (h) has a numerical value of 6.6261 x 10" m2.kg/s and the speed of light (c) is equal to
2.998 x 108 m/s. Consequently, the Eg.¢ of the CaONPs-M is equal to 5.21 eV, which is relatively comparable to
those reported for some CaONPs such as 4.9 eV Bhavya et al. [49], 3.74 eV [29], 7.1 eV [29], etc. Based on the
evaluated Eg.g and the 4,,,,, the CaONPs-M absorbs maximally in the UV region and not in the visible region
[39]. The thermal stability of the CaONPs-M was investigated using a thermogravimetric and differential
thermogravimetric analyzer (TGA/DTA) to analyse the precursor and the results obtained are presented as plots
in Fig. 3b. The first weight loss corresponds to a temperature below 180 °C and may be associated with loss of
adsorbed water. The second loss occurred between 300 and 400 °C and further descended up to 600 °C but
tended to be stable after this temperature. These changes correspond to the destruction of organic content in the
mussel shells and finally the formation of the nanoparticles [29]. On the other hand, the DTA plots reveal a major
endothermic dip close to 400 °, which can be ascribed to crystalline transformation.

= G-
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Figure 3: (a) Ulltraviolet-visible spectrum of CaONPs-M (b) TGA and DTA of the conversion of Ca(OH); to
CaONPs-M.
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3.2. Adsorption removal of crystal violet dye by CaONPs-M
The effect of some variables in the alteration of the efficiency of CaONPs for the adsorption of CV-D was

investigated concerning initial dye concentration, the mass of the adsorbent, period of contact, time and ionic
strength (i.e. [KCI]). Consequently, the contributions of concentration, the mass of adsorbent, ionic strength,
period of contact, temperature and pH towards the adsorption process follow the trend shown in Figs. 4a to f
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Figure 4. Variation of percentage dye removed with (a) Initial dye concentration (b) Adsorbent dosage (c) [KCI]
(d) Time (e) Temperature (f) pH.

An increase in the initial concentration of CV-D resulted in a corresponding increase in the extent of adsorption
(Fig.4a) such that at 100 ppm, almost all the CV-D molecules were removed. However, with the crude mussel
shell powder, the optimum adsorption was less than 64% which confirms that the transformation to the
nanoparticles significantly improved the adsorption capacity of the mussel shell. Generally, an increase in
adsorption as a consequence of an increase in concentration is likely due to the corresponding increase in the
concentration of the CV-D molecules diffusing to the surface of the CaONPs-M. The consequence is that at
higher concentrations of CV-D, the active concentrations of the dye molecules approaching the adsorbent surface
will likely, increase the tendency towards adsorption because of the expected rise in the number of available
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adsorbate molecules A trend similar to this observation has also been reported by. Cheruiyot et al. [50]. The
dosages of the adsorbent also showed a primary tendency to increase the extent of adsorption of the CV-D as
shown in Fig. 4b. The increment was sharper between 0.2 and 0.4 g, after which the incremental rate was reduced.
Also, the initial increment between 0 and 0.2 g was not very sharp. Generally, an increase in adsorbent dosage
implies an increase in the active adsorption sites due to the expected increase in surface area. The effect of ionic
strength on the adsorption of CV-D was investigated by varying the ionic strength at constant CV-D concentration,
fixed mass of adsorbent and fixed temperature. The ionic strength of the solution was varied by introducing
different concentrations of KCI to monitor the synergistic or antagonistic effect of the ions on the adsorption of
the dye [51]. The results indicated an increase in adsorption as the concentration of the halide ions increased (Fig.
4c). However, the optimum efficiency obtained with 0.1 M KCI (85%) was less than the efficiency observed at
CV-D concentration of 100 ppm (99.36%). However, in varying the time, we also observed an optimum efficiency
of 99.98% after 1 hour. lonic strength can alter the surface of the CaONPs-M through interaction with either the
surface or with the CV-D to enhance adsorption. Trends similar to the current observation concerning ionic
strength) have been reported for some adsorbents that have been used for CV-D [52-53] Variation of adsorption
efficiency with time, which showed a proportional relationship in the studied system, is a consequence of an
increasing tendency towards the full activation of active adsorbent sites. The reported influence of time on the
adsorption of CV-D has been adjudged to have similar trends for some effective nanoparticle adsorbents
concerning CV-D [54- 57]. The optimum separation of CV-D from the aqueous solution unto the CaONPs-M was
effective at low temperatures. Consequently, the extent of adsorption of the CV-D showed a decrease with an
increase in temperature as revealed by Fig. 4e. The efficiency of the CaONPs-M for CV-D adsorption decreased
from 90 to 40% between 330 and 360 K. This indicates that the adsorption of the CV-D by CaONPs -M proceeded
through a physical adsorption mechanism [59]. The pattern recorded for the adsorption of CV-D concerning
temperature does not contradict some published works for the adsorption of CV-D by some nanoparticles [58].
The adsorbent, CaONPs-M displayed a descending capacity for the adsorption of CV-D in acid pH. However in
basic pH, an appreciable increase in adsorption with pH was observed (Fig. 4f). To explain this trend, we carried
out a titration method for the determination of the pH at zero charges (pHC) for the adsorbed species. As shown
in Fig. 5, the PHZC for the CaONPs-M is 7.2 indicating that at pH less than 7.2, the surface of the CaONPs-M is
positively charged but negatively charged above 7.2. Consequently, since CV-D is a positively charged dye, its
adsorption should be favoured by an alkaline pH (i.e. pH>7.2 (PHZC) as observed in this study (Fig. 4f). This is
because a positively charged molecule has a higher tendency to be adsorbed by a negatively charged adsorbent
and vice versa.
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Figure 5. Plots for the change in pH versus initial pH for the determination of PHZC of CaONPs-M.

3.3. Kinetic study on the adsorption of CV-D

Investigated Kkinetic models were pseudo-first-order (PDFO), pseudo-second (PDSO) order, Elovich (E-L),
Weber-Morris (W-M) and liquid film (L-F) kinetic models which are represented by equations 4 to 9 as follows
[60-65].

o ) ) ©
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ln(Qe - Qt) = In (Qm) - klstt (4)
1 1
Q= Eln(oc B) + Eln ®) (6)
Q: = kM—WtO'5 + Iy_w (7
—ln(l - g—:) = kst + Cyp ®)
In{—In(1 - Qp)} = In(kay_g) + nay_grln (t) 9)

The models presented above were validated based on calculated values of R?, sum of square error (SSE) , mean
square error (MSE) and some theoretical constants with expected ranges. The sum of square error (SSE) and mean
square error (MSE) are defined by equations 10 and 11 as follows:

SSE = Z(Qexp - QTheor)2 (10)
1

MSE = Z?(Qexp - QTheor)z/n (11)

Qexp and Qrheor are the experimental and model predicted variables while n is the number of data points used for
the evaluation. The PDFO model (equation 4) is founded on the assumption that one adsorbate molecule is
adsorbed on one side of the adsorbent and that the extent of adsorption depends on the adsorption capacity of the
adsorbent. Both isotherms gave good fitness based on R? values (Table 2) but the incorporation of error terms
(SSE and MSE) and the comparison of the theoretical rate constants (kist and kang ) and the theoretical equilibrium
concentration (Q.) with the experimental values indicated that the adsorption of the CV-D strongly favoured the
PDFO. The E-L model gave R?fitness parameter of 0.9717 but error terms are not physically significant to validate
this model for the adsorption site. Also, the evaluated number of adsorption sites (8) and the rate constants (o)
are. extremely low. Also, the expected chemisorption mechanism proposed by the model is not physically
significant, considering the trend obtained from the N, adsorption-desorption study and the decreasing trend
observed at higher temperatures, both of which confirmed a physical adsorption mechanism. Two basic diffusion
models were analysed to evaluate the rate-determining steps concerning intraparticle diffusion (equation 7) and
liquid film diffusion (equation 8). Although both models showed a good degree of fitness with lower error values,
L-F model gave a zero intercept (i.e. I, _r = 0) function unlike the W-M model that has an intercept (I,,_y,) equal
to 2819. Consequently, L-F diffusion is the rate-limiting step for the adsorption of the CV-D by the CaONPs-M.
However, the Avrami kinetic model (equation 9 requires that the fitted option is limited by the interaction of the
adsorbate on the surface [66]. The fitness of the model is most likely because of the high value of R? and the low
error values. However, since constant, n,,_r < 1, the adsorption is not surface-limited [67]. The evaluated rate
constant (k4 _g) is also larger than the average experimental rate constant. From the above analysis and review
of kinetic parameters presented in Table 2, the PDFO and the L-F diffusion models best described the adsorption
kinetic of CV-D on CaONPs-M surface. Therefore, in Fig. 6a and b, plots showing these two models are presented
as representative Kinetic plots.

Table 2. Kinetic model parameters for the separation of CV-D from aqueous solution by adsorption onto CaO-
NPs-M.

Kinetic model Plot parameters Values
PDFO R? 0.9958=9
ki:(min™1) 1.11009
Q.(mg/g9) 18185.68
SSE 0.00000071
MSE 0.0000001902
PDSO R? 0.95801
kypnq(min=1) 1.3000
Q.(mg/g) 2378.69
SSE 1.3556 x 1077
-8
MSE 3.3889 x 10
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E-L R? 0.9717
B 0.0001429+
In(x B) —~10108.25
SSE 1077564.93
MSE 389188.31
W-M R? 0.9610
Ky _p (min~1) 2016.80
Ly_s 2819.13
SSE 2759601
MSE 6899900
L-F R? 0.937
k;_p(min™1) 0.0350
Cp 0.0000
SSE 0.00397
MSE 0.00132
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Figure 6. (a) Pseudo-first-order and (b) Liquid film diffusion plots for the adsorption of CV-D by CaONPs-M.

The Langmuir (L-N) isotherm was verified and confirmed by the linearity of a plot of %versus C, which is
consistent with equation 12 [68],

=
Sl =5

<
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c, 1 1

=C +
Qe € Qmax Qmaka—N

(12)

The plot (Fig. 7a} gave interesting results and seems to show the high linearity parameters. These included R?
value (0.9995), lowest SSE and MSE values recorded in Table 3 while the error bar in the plots correlates with
the data point more than other isotherms that fitted the adsorption of the investigated dye by CaONPs-M. The L-
N maximum adsorption capacity deduced from the plot (i.e. 9646.92 mg/g) is in strong agreement with the
experimental Qmax even at the advantage of a better slope error reference estimator. The intercept also had a
significantly lower error (1.3664 x 10~*), which also made it a good estimator of the L-N adsorption equilibrium
constant, evaluated as 0.07052 L/mol. However, although the L-N plot describes best fitness, the extremely high
values of the Langmuir adsorption capacity are physically insignificant and may not translate to the real situation.
As stated before, where the mechanism of physical adsorption prevails, the Langmuir isotherm is not applicable,
irrespective of the fitness of the model.

0.006 (a) Langmuir a 240001 (b) Temkin
Famn}
g P
30.004/ . 3 20000-
2 § 16000+
0.002- “ =
® LA =
g %Jooo " < 12000
; ; , ; , 8000 : : : : : ,
0O 20 40 60 80 100 20 25 3.0 35 40 45 50
C.(mg/L) mC.(mg/L)
-3.0-
8.01  (c) Elovich + —~=" (d) Flory-Huggins
7.5 Y 3.5
S| e SIS 40
6.5 :
= 60 ~ 45
& 55 —_—
o .
5.0 £ -50;
45 55 ' | | | |
8000 12000 16000 20000 24000 -1.0 -09 -0.8 -0.7 -0.6 -05
L
m In|1—(1—- ==
Q. (mg/g) nl1—( cu)]

Figure 7. Adsorption isotherm for the adsorption of CV-D by CaONPs-M based on (a) Langmuir (b) Temkin (c)
Elovich and (d) Flory Huggins models.

The Temkin (T-N) model showed the least degree of fitness (R? = 0.9002) and the highest set of errors. The model
is represented according to equation 13 [69],

Qe = Br_yInCokr_y (13)

The T-N constant, B;_ equates the adsorption energy, which was obtained (as -6089.51 J/nol) from the slope of
the plot of Q. against InC, (Fig. 7b). A consideration of the assumption of T-N model implies a physical
adsorption mechanism with negative interaction parameters. The Temkin equilibrium constant displayed a
numerical value of 0.00138 L/mol.

The Elovich model explains the expectation of a proportional and exponential increase in the number of adsorption
sites with adsorption. As shown in equation 14 [70-71],

(14)
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The linear form of the above equation is more applicable in terms of a logarithm function as follows:

In <%) = In(kg_,Qmax) — & (15)

e Qmax
The suitability of the Elovich isotherm for the adsorption of the dye was validated by the linear plot obtained for
In (%) versus ln (%) as shown in Fig 7c. Information on the E-L plot (Table 3) supports good fitness based on

the nﬁagnitude of F§2, SSE and MSE respectively. Consequently, the Qmax was evaluated as 481.44 mg/g while
kg_,, is evaluated as 0.003817 L/mol.

The Flory Huggins isotherm can be established if a linear plot of In {(1 - %) /CO} versus [1 — (1 — %)]
0 0

gives better fitness to interpret slope and intercept as np_ and Inky_y respectively [72]. The model (equation
16) has two major constants, namely, nky_j representing the number of dye molecules that occupy a given
adsorption site while Inkg_j is the Flory-Huggins adsorption equilibrium constant of adsorption

C, C.
ln{(l - _) /Co} = lnkF_H + nF_Hln [1 - (1 - _>] (16)

Co Co
The plot (Fig. 7d) reveals nk._g = 4, suggesting the occupancy of four molecules per adsorption site, which is
not uncommon for multiple molecular layer adsorption systems where the mechanism of physical adsorption is
significant. Based on the isotherms discussed above, the Flory Huggins model seems to explain the adsorption
of the CV-D by CaNPs-M better than other models. The fitness of Flory-Huggins isotherm for the adsorption of
CV-D has also been observed by other authors for the adsorption of crystal violet dye [73].

Table 3. Parameters of the described adsorption isotherms.

Lang Parameter value
Slope 1.0366 X 107* +1.368 x 107*
Intercept —2.3094 + 1.3664 x 107*
R? 0.9995
Qmax (Mg/9) 9646.92
SSE 1.2335 x 1077
MSE 3.0838 x 1078
T-N Slope -6089.514 + 1066.42
Intercept 40105.62 + 984.23
R(J/mol) 6089.51
kr_y (L/mol) 0.00138
R? 0.9007
SSE 12.441
MSE 9.8740
F-H Slope 4.224 + 0.1295
Intercept —1.4048 + 0.0928
Ng_y 4
Inkp_y 1.4048
R? 0.9981
SSE 0.0473
MSE 0.0473
Elovich Slope 2.0767 x 107*+ 2.281 x 1073
Intercept 2.3777 £ 0.4209
Qnmax (mg/g) 481.33
R? 0.9540
kg-y
SSE 0.00382
MSE 0.0842

3.4. Regeneration of the adsorbent

Regeneration of the adsorbent was carried out by washing the used adsorbent with distilled water severally,
followed by drying and re-application for adsorption study. The recovery efficiency was calculated based on the
ratio of the measured percentage CV-D adsorbed before and after re-used of CaONPs-M (equation 17)
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Recovery ef ficiency = (17)

The recovery experiments were conducted to reflect the initial concentrations of CV-D earlier declared and three
trial experiments were conducted (Fig.8). The results presented in Fig. 8 indicate that the CaONPs-M is recyclable
and can retain more than 98% average efficiency after three trials.

[ st trial
I 2nd trial
I 3rd trial

100

80

60

% Recovery

40

20

10 20 40 60 80 100
Initial dye concentration (ppm)

Figure 8. Bar charts representing the recovery efficiency of CaONPs-M for CV-D after three trials at various
concentrations.

A further investigation of the changes in the chemical nature of the adsorbent after re-use was done through the
FTIR analysis of the used and washed CaONPs-M, which indicated no change in functional groups but less than
2% drop in absorption intensity.

4. CONCLUSION

The present study was conducted to recover a sustainable adsorbent from waste mussel shells for the remediation
of crystal violet-contaminated water. The results and findings from the study led to the following conclusions,

(i) Mussel shell is an excellent source of CaCOs; and hence a precursor for the synthesis of calcium oxide
nanoparticles.

(ii) The synthesized CaONPs-M belongs to the mesoporous class with unique porosity and excessively large
surface area to volume ratio.

(iii) The CaONPs-M synthesized is stable at higher temperatures (> 600 °) and retains up to 98% of its adsorption
efficiency even after three trials.

(iv) Optimum efficiency of the CaOBPs-M can best be controlled by concentration, time, pH, ionic strength,
temperature and pH.
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