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ABSTRACT. Synthesis of cadmium sulfide (CdS) nanoparticles using watermelon rind aqueous extract was
explored for its effectiveness in eliminating Methylene Blue (MB) and Crystal Violet (CV) dyes from water. The
synthesised CdS nanoparticles were characterised with XRD, TEM and EDX and found to be around 10 nm in size
with spherical shape. A central composite design was developed to optimise independent variables such as pH,
contact time and initial concentrations. The developed quadratic model was found to be significant with p-value
<0.0001 and lack of fit >0.005 suggesting the reliability of the model. Isotherm modelling analysis revealed that
Langmuir and Freundlich's isotherms provided better explanation for the equilibrium data. The loading capacities
of the CdS nanoparticles were found be 227.3 and 185.1 mg g, respectively for MB and CV. The experimental
data showed a good fit with the pseudo-second-order kinetic model, indicating that chemical reactions were the
determining factor in controlling the rate-limiting step. Thermodynamic analyses indicated that the process was
spontaneous and exothermic. Desorption and regeneration investigations demonstrated that CdS nanoparticles could
be successfully regenerated up to 5 times and reused in the adsorption process. The results conclude that the CdS

nanoparticles are capable of remediating water containing cationic dyes.
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INTRODUCTION

Synthetic dyes play a crucial role in diverse industries such as textiles, garments, and food
production [1]. Their widespread use in the textile industry results in colored dye content in textile
effluents [2]. This colored wastewater poses a threat to water streams and ecosystems, adversely
impacting aquatic life and species [3]. The synthetic dyes affect the aquatic ecosystems and
destroy the phytoplankton and zooplankton. Therefore, it is imperative to treat colored water
before its release into the ecosystem. Methylene Blue and Crystal Violet dyes are extensively used
in the dyeing industries and are released in large quantities in to the water streams and hence they
are targeted by majority of researchers. Numerous treatment methods are available for managing
and remediating inorganic species in water streams, with adsorption being recognized as a highly
promising technique [5]. Adsorption is superior just due to being eco-friendly and economical in
the process. Various adsorbents, including activated carbon [6], agricultural residues [7],
industrial by-products [8], zeolites [9], and nanomaterials [10], have been explored for the
removal of heavy metal ions from aqueous environments. Nanomaterials exhibit great promise as
adsorbents for heavy metal ion removal due to their high efficiency, substantial adsorption
capacity, and excellent regeneration capability [11].

Considering the superiority of the nanomaterials, a variety of nanomaterials and
nanocomposites were applied in the removal of heavy metal ions and synthetic dyes from aqueous
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solutions. Magnetic nanorods were efficiently used to remove 6 heavy metal ions from aqueous
solution with superior capacity [12]. Platinum doped titanate nanomaterial was successfully as an
adsorbent and photocatalyst towards cationic and anionic dyes and the adsorption and degradation
was pronounced for cationic dyes [13]. MgO nanoparticles were employed in the adsorption of
Remazol Red BB-133 dye from aqueous solution [14]. A nano-organic framework incorporating
ZnO nanomaterials was employed to eliminate Malachite Green dye from aqueous solutions,
demonstrating superior efficiency compared to several other adsorbents [15]. Titanium dioxide
nanoparticles, in conjunction with MWCTs, were applied for removing fuchsine blue dye from
aqueous solutions [16]. Additionally, green-synthesized Iron nanoparticles, featuring polyphenols
on their surface, were employed for the removal of fluoride and methylene blue dye [17].

While there are limited reports on ZnO, TiO, MgO and CuO nano adsorbents, information on
CdS nanomaterials as adsorbents is notably lacking to the best of our knowledge. In consideration
of this, CdS nanoparticles, previously synthesized using watermelon rind aqueous extract [18],
were investigated for their efficacy in removing Methylene blue and Crystal Violet from aqueous
solutions.

EXPERIMENTAL
Synthesis of CdS nanoparticles

Watermelon rind was initially air and oven dried pieces and later 2 g were added to 150 mL of
distilled water present in a beaker. The mixture was heated for about 30 min with continuous
stirring on a magnetic stirrer at 70 °C and the heated mixture was brought down to room
temperature. The cooled mixture was subjected to filtration in order to obtain the watermelon rind
extract. In a beaker containing 25 mL of 0.1 M CdCl; solution, 25 mL of freshly prepared
watermelon rind extract was added with stirring and to this mixture, freshly prepared 25 mL 0.1
M Na,S solution was added drop by drop. An orange yellow precipitate started appearing
spontaneously upon addition of Na,S suggesting the formation of CdS compounds. After
complete addition of the Na,S solution, the mixture was stirred continuously for another 30 min
in order to ensure that all the Cd** ions react with S* ions to form CdS. The mixture was later
centrifuged to obtain the CdS nanoparticles and the supernatant solution was discarded. The solid
product was stored and subjected to characterization to confirm the formation of the CdS
nanoparticles.

Analytical instrumentation

The synthesised CdS nanoparticles were analysed with Bruker D8 Advance powder XRD for
obtaining the diffraction peaks. A JEOL JEM 2100F high resolution transmission electron
microscope was utilised to visualise the shape and size of the CdS nanoparticles. A double beam
UV-Visible spectrophotometer (U-2800, Hitachi) was used to determine the concentrations of the
synthetic dyes.

Response surface methodology

The central composite design (CCD) is a second-order polynomial design extensively employed
in response surface methodology (RSM), particularly for studying the collective impact of various
operational variables on the efficiency of cation adsorption. A notable advantage of CCD in a
step-by-step experimental process is its ability to yield meaningful results with a minimal number
of designated points. This approach provides a practical framework for data fitting and offers
valuable insights that can be effectively utilized to either choose or improve the proposed model.
In this study, a full factorial design consisting of 20 runs was conducted, and the main factors,
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symbols, and their corresponding values are determined. The CCD was implemented using
Design Expert 13 software.

UV-Visible spectrophotometer analysis

In this study, a UV-visible spectrophotometer (U-2800 Hitachi) equipped with a double beam
slitter was utilized. The test samples, held in 3 mL quartz glass cuvettes, were subjected to analysis
within the UV chamber. For determining Methylene Blue (MB) concentration, the analysis was
conducted at 665 nm, while a wavelength of 590 nm was employed for Crystal Violet (CV)
estimation. Calibration curves for MB and CV were established using standard solutions of these
dyes. The residual concentrations of the dyes were then determined by referencing these
calibration curves. The removal efficiency and adsorption capacity of CdS nanoparticles toward
MB and CV were calculated using the following equations.

% Removal = ‘CC'C;“) x 100 )

7= -y @)

where Cy is the initial concentration of the adsorbate ions and C; is the residual concentration of
the adsorbate ions. V is the volume of the solution and M is the mass of the CdS nanoparticles.
Q. is the loading capacity of the CdS nanoparticles synthesised by the aqueous extract of the
Watermelon rind.

RESULTS AND DISCUSSION

Watermelon rinds are rich in biomolecules and many studies have suggested the presence of
various biomolecules and their potential use in food and diet. Considering their biomolecules
potential, an aqueous extract of watermelon rind was prepared and used in the synthesis of CdS
nanoparticles as reported in the literature. The biomolecules of watermelon rind act as capping
and stabilizing agents in the synthesis of CdS nanoparticles [18].

Characterization of CdS nanoparticles

X-Ray diffraction (XRD) analysis was conducted on CdS nanoparticles synthesized using the
watermelon rind extract to validate their crystalline nature (Figure 1). The XRD patterns revealed
distinct peaks at 20 values of 24.86, 26.59, 28.36, 43.71, 47.56, and 51.42, corresponding to the
(100), (111), (101), (110), (103), and (112) diffraction planes of hexagonal-structured CdS
nanoparticles, in accordance with the JCPDS number 80-0006. The broad nature of these peaks
suggests a very small crystallite size. Using the Scherrer formula, the mean crystallite size was
calculated to be 15 nm. These findings suggest that watermelon rind extract played a vital role as
a stabilizing and capping agent during the synthesis of CdS nanoparticles.

High resolution TEM images of CdS nanoparticles at various magnifications are represented
in Figure 2. The investigation on CdS nanoparticles revealed that the CdS are spherical in shape
with a size < 10 nm. The biomolecules of watermelon rind extract have capped the CdS
nanoparticles and thus stabilised the shape and size of the CdS nanoparticles. The CdS
nanoparticles seems to be agglomerated and this is due to the biomolecules coordinating with the
neighbouring biomolecules. The EDX patterns of the CdS nanoparticles are presented in Figure
2 The EDX patterns showed only two signals corresponding to S and Cd elements and it suggests
that no impurities were present in the synthesised CdS nanoparticles.
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Figure 1. XRD pattern of CdS nanoparticles synthesised using watermelon rind extract.
Response surface methodology

In this research, three independent variables pH, contact time, and initial concentration were
selected, and a 20-run central composite design (CCD) was employed. This design comprised 8
cubic points, 6 axial points, and 6 center points within a cube. The predicted and experimental
design matrices, along with the analysis of variance for the removal of MB and CV by CdS
nanoparticles, are outlined in Tables 2 - 4. The dose of the CdS nanoparticles used in this study is
1.0 gL! for the MB and CV solutions. A quadratic model was constructed using Design Expert
13, and the second-order polynomial equation describing the removal process is presented in
Equation 3 and 4:

% Removal of MB = 78.65 + 6.20 A + 8.68 B—11.60 C + 1.38 AB -0.87 AC—-2.12 BC - 31.31

A2-7.11 B2-2.55 C2 )
% Removal of CV = 70.90 + 6.40 A + 8.36 B — 11.30 C + 1.25 AB -1.00 AC — 2.50 BC — 28.86
A2 -6.69 B2 -0.65 C> )

The quadratic equations mentioned earlier are characterized by coefficients that denote their
intensity. Moreover, the sign of these coefficients serves as an indicator of whether a specific
variable positively or negatively influences the response. A positive coefficient implies that
increasing the level of a factor enhances the response, while a negative coefficient suggests that
elevating the level of a factor impedes the response. This model encompasses three primary
effects, three two-factor interaction effects, and three eftects related to curvature. Equation 3 and
4 provides a clear representation of the independent variables and their impact on the responses
ofthe experiment. Furthermore, a close correlation between the experimental and predicted values
was observed, suggesting the practicality and improved responses of the experiments. The
analysis of variance for the proposed model was analysed and the values are summarised in Table
1 and 2.
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Figure 2. TEM images of CdS nanoparticles synthesised using watermelon rind extract and EDX
patterns.

The model's accuracy is substantiated by the remarkably low p-value (<0.0001) and a high F-
value (47.85 MB and 35.47 CV), where a low p-value is indicative of statistical significance. In
this investigation, the obtained low p-value suggests the significance of the results, underscoring
their statistical validity (Table 3 and 4). Additionally, a higher F-value supports the significance
of the results and indicates a better fit of the model to the criteria. The lack of fit F-value, found
to be >0.005, implies that no systematic variation were encountered in the hypothesized model.
High correlation coefficients, approaching 1, indicate a strong alignment between the
experimental and predicted values. The adjusted and predicted correlation coefficients were in
good agreement with the actual suggesting the appropriateness of the model and its suitability.
The adequate precision values were found to be 22.85 and 20.92 respectively for MB and CV
suggesting the signals are adequate enough for the models.

To further ensure the adequacy of the adopted model, validation was carried out through a
probability plot of actual versus predicted values, assessing the accuracy of the model. As depicted
in Figure 3, the plot reveals no significant deviation, aftirming the model's reliability. Although a
slight scattering of points is observed, the normal distribution of data without any response
transformation or issue is implied, as the points align closely with the straight line. This analysis
reinforces the robustness and suitability of the proposed model.
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Table 1. ANOVA of the quadratic model for the removal of MB by CdS nanoparticles.

Source Sum of squares Df Mean Square F-value p-value
Model 13987.96 9 1554.22 47.85 <0.0001
A-pH 480.50 1 480.50 14.79 0.0032
B-Contact time 1021.39 1 1021.39 31.44 0.0002
Sc;ll'ﬁ:t;ﬂation 1804.25 1 1804.25 55.54 <0.0001
AB 15.13 1 15.13 0.4656 0.5105
AC 6.13 1 6.13 0.1886 0.6733
BC 36.13 1 36.13 1.11 0.3164
A? 10082.26 1 10082.26 310.38 <0.0001
B? 714.79 1 714.79 22.00 0.0009
c? 89.18 1 89.18 2.75 0.1285
Residual 324.84 10 32.48

Lack of Fit 324.00 5 64.80 388.80 0.496
Pure Error 0.8333 5 0.1667

Cor Total 14312.80 19

R? 0.9773

Adjusted R? 0.9569

Predicted R? 0.8344

Adeq Precision 22.8542

Table 2. ANOVA of the quadratic model for the removal of CV by CdS nanoparticles.

Source Sum of squares Df Mean Square F-value p-value
Model 12313.28 9 1368.14 35.47 <0.0001
A-pH 512.00 1 512.00 13.28 0.0045

B-Contact time 947.54 1 947.54 24.57 0.0006
S&ﬂlﬁﬁation 1713.43 1 1713.43 44.43 <0.0001
AB 12.50 1 12.50 0.3241 0.5817

AC 8.00 1 8.00 0.2074 0.6585

BC 50.00 1 50.00 1.30 0.2814
A? 8562.82 1 8562.82 222.03 <0.0001
B? 633.17 1 633.17 16.42 0.0023

c? 5.80 1 5.80 0.1505 0.7062

Residual 385.67 10 38.57

Lack of Fit 383.67 5 76.73 191.83 0.247
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Figure 3. Probability plot of predicted versus actual obtained for the removal of MB and CV by
CdS nanoparticles.

The interactions between two independent variables are visually represented through 3D
surface plots, aiding in a better understanding of their correlation and influence on the removal
efficiency of MB and CV by CdS nanoparticles. Figures 4 a-c depicts the interaction between two
variables while keeping the third variable constant, illustrating the relationship and response of
the variables for optimal removal efficiency.

Figure 4a presents a 3D plot of the interaction between pH and contact time and their impact
on the percentage removal. The optimal conditions were observed at pH 6 and a contact time
exceeding 45 min. A decrease or increase in pH resulted in a decline in removal efficiency, while
an increase in contact time led to an enhancement in efficiency, holding initial concentration and
adsorbent dosage constant. In the case of the interaction between initial concentration and contact
time (Figure 4b), lower concentrations proved to be optimal, requiring a minimum of 45 min to
achieve desired results. As the contact time increased, removal efficiency reached a maximum,
but efficiency decreased with higher initial concentrations. For the relationship between pH and
initial concentration (Figure 4c), the optimal pH was found to be 6 and initial concentration of 50
mg L. An increase in initial concentration resulted in a decline in efficiency, suggesting that
lower concentrations at pH 6 are highly effective for desirable removal. These 3D surface plots
provide valuable insights into the complex interactions and conditions that optimize the removal
efficiency of MB and CV by CdS nanoparticles.
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Figure 4. 3D surface plots for the removal of MB and CV by CdS nanoparticles a) contact time vs
pH, b) pH vs initial concentration and c) contact time vs initial concentrations.
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Adsorption isotherms

Mathematical models play a crucial role in comprehending and validating experimental data,
aiding in the understanding of various processes. Numerous models are designed for predicting
adsorption processes, with the Langmuir and Freundlich isotherms being among the most
frequently utilized ones.

Langmuir isotherm

The Langmuir model stands out as an exemplary mathematical framework that elucidates the
monolayer adsorption of an adsorbate onto an adsorbent. It also furnishes the theoretical loading
capacity of the adsorbent, facilitating a comparison with experimental values. The linear
representation of this equation is as follows:

Ce 1 Ce

a0 m Fm )
where C. is the equilibrium concentration of the adsorbate ions, q. is the loading capacity of the
adsorbent, V,, is the quantity of dye ions at the monolayer and b is the heat of adsorption constant.
Experimental data were employed to create plots of Cc/qe against Ce, and from these plots, the
slope and intercept were derived, yielding the constants V., and b. The Langmuir isotherm
constants and correlation coefficients are summarized in Table 3. The results indicate that the
equilibrium data obtained for the removal of MB and CV ions by CdS nanoparticles align well
with the Langmuir model. The notably high correlation coefficients (0.999 for both MB and CV
ions) suggest that the Langmuir model effectively explains the process. Moreover, the agreement
between the theoretically calculated loading capacities (227.3 mg L™ for MB and 185.1 mg L*!
for CV ions) and the experimental values (225.0 mg L' for MB and 182.5 mg L' for CV ions)
further substantiates this conclusion. These findings strongly support the assertion that the
Langmuir isotherm is the most appropriate model for describing the adsorption of MB and CV
ions by CdS nanoparticles, confirming that this adsorption is a monolayer process.

Table 3. Langmuir and Freundlich constants obtained for the removal of MB and CV ions by CdS
nanoparticles (dose 1 g/L, temperature 303 K).

Isotherms Constants MB CV
Langmuir b (L mg") 0.0066 0.0169
Vm (mg g™ 227.2 185.1
R? 0.999 0.999
Freundlich Kr 1.918 1.806
1/n 0.0138 0.0139
R? 0.976 0.991

The Langmuir isotherm possesses a distinctive feature expressed through a dimensionless
constant, Ry, which provides insights into the favourability or unaffordability of the adsorption
process. This dimensionless constant is computed as Rp = 1 / (1 + bCy), where C, is the initial
concentration of the adsorbate. If Ry is greater than 1, the adsorption of Methylene Blue (MB)
and Crystal Violet (CV) ions by CdS nanoparticles is deemed unfavourable. An Ry value of 1
indicates a linear and irreversible process. For the adsorption to be considered favourable, the
condition is 0 < Ry < 1. If the Ry values fall within the range of 0 to 1, it signifies a favourable
adsorption process. The separation factor Ry is expressed mathematically as mentioned above.

The obtained separation factor Ry values for the adsorption of Methylene Blue (MB) and
Crystal Violet (CV) ions by CdS nanoparticles reveal that the RL values for both dye ions across
various initial concentrations fall within the range of 0 to 1, indicating that the adsorption process
is favourable.
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Freundlich isotherm

One of the earliest isotherm models utilized for predicting adsorption processes is the Freundlich
isotherm model. This model posits the multilayer adsorption of adsorbates onto the surface of
adsorbents. The linear equation representing this model is expressed as follows:

logq.-logKs + %logCe (6)

where q. is the loading capacity, C. is the equilibrium concentration of dye ions, Ky is adsorption
capacity and n is the intensity of the adsorption.

The equilibrium data derived from the removal of MB and CV ions by CdS nanoparticles were
subjected to analysis using the linear equation of the Freundlich isotherm. The constants derived
from the Freundlich isotherm are summarized in Table 3. Notably, the correlation coefficients
gained for the elimination of MB and CV ions by CdS nanoparticles are close to one, suggesting
that the Freundlich model is well-suited for this system, indicating a multilayer adsorption
process.

Furthermore, the applicability of the Langmuir isotherm indicates a multilayer process where
each layer adheres to the Langmuir isotherm. Consequently, the results suggest that the removal
of MB and CV ions by CdS nanoparticles is governed by both Langmuir and Freundlich models.

Kinetics of adsorption

Conducting sorption experiments with variations in the contact time provides valuable insights
into the rate-limiting step of the adsorption process and helps discern the underlying adsorption
mechanism, whether it is physical or chemical. To address these aspects, kinetic investigations
were run by altering the contact time between MB and CV ions and CdS nanoparticles. The
obtained data were subjected to verification and analysis using two widely adopted models: the
pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetic models. Additionally, the
Weber and Morris intraparticle diffusion model was employed to gain a deeper understanding of
the adsorption process. The expressions for the PFO and PSO kinetic models are provided below:

In(ge — q:) = Inq, — kqt (7

where q. is the loading capacity at equilibrium and q; is the loading capacity at different time
intervals, t is time and k; is the rate constant of pseudo first order.

= ()

ac  Kaq%  de

where q. is the loading capacity at equilibrium and q; is the loading capacity at different time
intervals, t is time and k; is the rate constant of pseudo second order.

The PFO and PSO models corresponding constants are summarized in Table 4. Notably, the
PFO model demonstrates a poor fit with the kinetic equilibrium data, as evidenced by the low
correlation coefficients. Additionally, the theoretical loading capacities of MB and CV ions onto
CdS nanoparticles, calculated using the PFO kinetic model, do not align with the experimental
values. This incongruence further supports the inadequacy of the model in explaining the kinetic
data.

In contrast, the kinetic equilibrium data aligns well with the PSO kinetic model. The robust
fit is substantiated by high correlation coefficients close to one for both MB and CV ions (0.999
and 0.998, respectively). Furthermore, the theoretical loading capacities calculated using the PSO
model closely match the experimental values, reinforcing the suitability of this model for the
present system. The applicability of the PSO model propounds that the rate-limiting step involves
chemical reactions governed by the transfer of electrons. However, it is essential to note that
meeting specific conditions is necessary to conclusively determine that chemical reactions at the
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surface are the rate-limiting step; in many cases, the process tends to be physio-sorption, despite
the applicability of the PSO model [19, 20].

Table 4. Kinetic constants of pseudo first and second order for the removal of MB and CV ions by CdS
nanoparticles (Dose-1 g/L, Temp 303K).

Kinetic model Parameters MB CV
Pseudo first order ki (min™") 0.014 0.007
ge (mg g 7.90 9.65
R? 0.8707 0.967
Pseudo second order k2 (g mg! min™") 0.021 0.019
ge (mg g™ 120.9 117.5
R? 0.999 0.998

Thermodynamics of adsorption

In industrial effluents, temperatures typically range from moderate to high due to various
processes, and this temperature can significantly influence the adsorption process. Therefore, it is
essential to optimize the temperature of the solution to achieve maximum removal or adsorption
efficiency. Consequently, in this study, temperature optimization was carried out by varying the
temperature for the removal of MB and CV ions by CdS nanoparticles within the range of 303 K
to 323 K.

Thermodynamic studies can offer valuable insights into the change in free energy (AG),
entropy (AS), and enthalpy (AH) of the adsorption process. To determine these thermodynamic
parameters, the following equations were employed:

Kp= & ©)

AG° = —RT InKp (10)

AG" = AH° —TAS® (11)
AS AH’

anD =% & (12)

where Kp is the equilibrium constant, R is gas constant and T is temperature.

The thermodynamic constants derived for the removal of MB and CV ions by CdS
nanoparticles are summarized in Table 5. Notably, the values of the change in free energy (AG)
are consistently negative for both metal ions at various temperatures. This negativity indicates
that the elimination of MB and CV ions by CdS nanoparticles is a spontaneous process.
Furthermore, it is observed that as the temperature increases, the negative AG values decrease,
implying a reduction in spontaneity with a rise in temperature. Consequently, both the loading
capacity and efficiency of removal also decline with surging temperature.

The enthalpy (AH) values are negative for both MB and CV ions, suggesting that the process
is exothermic, and heat is released during the adsorption process. This release of heat implies an
increase in randomness among the MB and CV ions. The positive values of entropy (AS) for both
MB and CV ions indicate an increase in randomness and disorderliness with a rise in temperature,
which is consistent with the negative enthalpy. Overall, the thermodynamic investigations suggest
that the elimination of MB and CV ions by CdS nanoparticles is spontaneous at low temperatures.
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Table 5 Thermodynamic parameters of adsorption of MB and CV ions by CdS nanoparticles.

Metal ions Temperature (K) Free energy (AG) Enthalpy (AH) Entropy (AS)
Pb** 303 -5135.6 -1326.1 1082.8
313 -4903.4
323 -4769.3
Ccd* 303 -4384.4 -1122.5 1019.6
313 -4152.4
323 -4033.2

Regeneration and reusability

Regeneration and reusability are imperative in adsorption based wastewater treatment process.
Since the economic aspects of the treatment process can be determined by the regeneration and
reusability potential of the CdS nanoparticles. In view of the above, the CdS nanoparticles loaded
with MB and CV were investigated for the regeneration efficiency with acids and bases. Acids
such as HCl and CH3;COOH and bases such as NaOH and NaCOs; were employed for the
investigations and it is found that the acids exhibited superior regeneration efficiency compared
to the bases. Further, inorganic acid exhibited higher regeneration compared to organic acid.
Hence, 0.01 M HCI was used as desorbing agents and the regenerated CdS nanoparticles were
subjected to consecutive adsorption-desorption cycles and it is found that CdS nanoparticles are
proficient for 5 cycles without any loss in their efficiencies.

Table 6. Loading capacity comparison of CdS nanoparticles with other adsorbents.

S.No Adsorbent Dye Loading capacity Reference
(mg g
1 Fe304@PDA/HKUST-1 MB 34.0 [21]
2 BiVO4 hollow cuboids MB 74.11 [22]
3 Metal-polyphenol networks CvV 40.48 [23]
4 Sugarcane Bagasse MB 112.9 [24]
Cv 107.5
5 Leaves of Ficus Benjamina MB 25.3 [25]
(0% 11.01
6 MgO/graphene oxide composite MB 171.9 [26]
7 Geopolymer MB 87.82 [27]
8 Zero-valent iron CvV 172.4 [28]
MB 151.5
9 Activated Carbon MB 123.7 [29]
CV 120
10 Industrial microbial waste CvV 1754 [30]
MB 92.6
11 Calix[8]arene-PbS nano MB 45.0 [31]
12 Cu-CNFs MB 165.0 [32]
13 Hydrogel Cross-linked N-maleyl MB 66.89 [33]
chitosan CV 64.56
14 Polyacrylonitrile composite MB 128.2 [34]
nanofiber
15 CNT-Polyacrylonitrile ~ composite MB 158.7
nanofiber
16 CdS nanoparticles MB 225.0 This study
Cv 182.5
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Comparison of loading capacities

The loading capacities of adsorbents play a crucial role in determining their efficiency, making
them a primary consideration for selection in industrial treatment processes. In this study, the
loading capacity of CdS nanoparticles was determined to be 225.0 mg g for Methylene Blue
(MB) ions and 182.5 mg g’! for Crystal Violet (CV) ions. Notably, the adsorption capacity of MB
was found to be higher than that of CV, a difference that can be attributed to the molecular
structures of the two dyes. The molecular structure of MB is smaller and simpler compared to the
larger and more complex structure of CV. The smaller and linear size of MB ions allows for easy
diffusion into the pores of CdS nanoparticles, and they can readily bind to active sites through
electrostatic attraction. On the other hand, the larger molecular size of CV may encounter steric
hindrance during pore diffusion and binding to active sites. To evaluate the efficiency of CdS
nanoparticles, their loading capacities were compared with those of other adsorbents reported in
the literature. A summary of this comparison is presented in Table 6. It is noteworthy that the
loading capacities of CdS nanoparticles towards both MB and CV ions were found to surpass
those of several adsorbents reported in the literature.

CONCLUSION

This study delved into the efficacy of CdS nanoparticles in removing Methylene Blue (MB) and
Crystal Violet (CV) ions from aqueous solutions. A CCD was developed to optimise the
independent variables and the developed model was found to be reliable and robust for the
removal of MB and CV by CdS nanoparticles. The p-value and lack of fit was found to be
significant with adequate precision. The equilibrium data were scrutinized using mathematical
models, revealing a multilayer adsorption mechanism where each layer adheres to the Langmuir
isotherm. Kinetic data analysis indicated adherence to a pseudo-second-order kinetic model,
suggesting that chemical reactions govern the rate-limiting step. Thermodynamic investigations
disclosed the spontaneity and exothermic nature of the entire process, particularly at lower
temperatures. Desorption studies demonstrated the remarkable reusability of CdS nanoparticles
across successive cycles. Consequently, CdS nanoparticles synthesized through the green
synthesis method emerged as superior adsorbents, showcasing significant potential for practical
applications.
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