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Highlights
e Cold plasma—engineered CNPs/TiO,/CuQO/Chitosan nanocomposite synthesized.
e Optimized via Response Surface Methodology (RSM).
e Achieved 91.98% Cd(II) adsorption efficiency; max capacity reached 120.45 mg g™

® Adsorption followed pseudo-second-order kinetics and the Freundlich isotherm.

e High performance and structural integrity across five adsorption-desorption cycles.
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ABSTRACT

This study reports the fabrication of a cold plasma—engineered CNPs/TiO2/CuO/Chitosan nanocomposite for
effectively sequestering cadmium (Cd(II)) ions from aqueous media. The green cold-plasma synthesis approach
simultaneously integrated multiple functional groups onto carbon nanoparticles (CNPs), generating a highly
active heterogeneous surface. Applied to the ternary TiO2/CuO/Chitosan system, the nanocomposite delivered
superior adsorption performance. Response surface methodology (RSM) optimized key process parameters:
initial Cd(II) concentration at 68.62 mg L™, nanocomposite dosage at 26.20 mg, pH 6.89, and contact time of 79
min. Analysis of variance (ANOVA) confirmed the statistical significance of these variables and their
interactions. Under these optimized conditions, the nanocomposite achieved a 91.98% adsorption efficiency.
Kinetic analysis followed a pseudo-second-order mechanism, while isotherm data aligned well with the
Freundlich model, suggesting multilayer adsorption. The nanocomposite’s selectivity in binary systems
containing Pb(II) ions was also evaluated. In single-component systems, equilibrium capacities reached 120.45
mg g and 99.75 mg g for Cd(II) and Pb(I), respectively. In binary matrices, these capacities decreased to
85.65 mg g and 50.35 mg g!, and the selectivity coefficient (aCd/Pb) peaked at 4.58 (pH 6.5). Reusability
studies confirmed the nanocomposite’s structural and chemical stability, retaining 87.25% of its adsorption
efficiency after five successive acidic desorption cycles. These findings demonstrate that the cold plasma-
engineered CNPs/Ti02/CuO/Chitosan nanocomposite is a robust, efficient, and environmentally friendly
candidate for sustainable wastewater treatment applications.
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1. Introduction
Environmental contamination degrades natural ecosystems, often caused by pollutants that exceed ecological
tolerance limits [1]. These contaminants are broadly classified as biological, organic, and inorganic [2].

Biological pollution primarily involves pathogens and allergens, while organic pollutants include natural and




synthetic substances such as animal waste, agricultural residues, polychlorinated biphenyls, and polyaromatic
hydrocarbons [3]. Inorganic contamination, especially heavy metal contamination in aquatic environments, has
become a major public health concern. Heavy metals originate from natural processes and human activities,
including leather tanning, battery manufacturing, steel production, food processing, pigment synthesis, and
agricultural chemicals such as fertilizers and pesticides [4]. The entry of heavy metals, specifically cadmium
(Cd(1)), lead (Pb(II)), mercury (Hg(Il)), and arsenic (As(IIl)), into wastewater systems poses a severe global
threat. Their toxicity is linked to physicochemical properties, notably high atomic mass, electronegativity, and
affinity for forming stable complexes with vital biological molecules, which collectively lead to enzyme
inhibition, genomic damage, and metabolic dysregulation. Cd(II) and Pb(II) are particularly hazardous because
they are non-biodegradable, highly bioaccumulative, and carcinogenic, even at trace concentrations [5]. Chronic
exposure disrupts calcium-dependent neurotransmission and synaptic function, triggers oxidative stress,
nephrotoxicity, and bone demineralization, often by displacing essential divalent cations like zinc and calcium
in metalloproteins, and elevates mortality risks in vulnerable populations [6]. These concerns emphasize the
urgent necessity for advanced remediation strategies. Conventional water treatment technologies, including ion
exchange, coagulation-flocculation, membrane filtration, reverse osmosis, and chemical precipitation, are often
constrained by incomplete removal efficiency, high operational costs, and the generation of secondary pollutants
[7, 8]. In response, research interest has shifted toward nanotechnology-based adsorption systems for selective
sequestration of heavy metals from complex aqueous matrices, offering advantages such as a high surface-to-
volume ratio, tunable surface chemistry, operational simplicity, and superior adsorption capacity [9]. Recent
advances highlight the role of surface engineering and the rational design of functionalized nanomaterials
through the strategic incorporation of chelating groups [10].

Among nanomaterials, carbon nanoparticles (CNPs) show exceptional potential because of unique
physicochemical properties, including high specific surface area, crystallinity, excellent chemical stability, and
well-defined stoichiometry [11]. However, they suffer from aggregation, limited adsorption capacity, lack of
selectivity, and poor recovery from aqueous media [12]. To address these limitations, surface functionalization
has emerged as a critical strategy. Dielectric barrier discharge cold plasma (DBD-CP) offers an innovative
solution to these constraints [13, 14]. DBD-CP is a clean, solvent-free, and tunable technique for surface
engineering that improves particle dispersion, surface roughness, electronic structure, and adsorption capacity
[15, 16]. This non-thermal plasma, composed of ions, radicals, and UV photons, generates abundant oxygen-
containing functional groups without disrupting the carbon framework [17]. These functional groups facilitate
electrostatic attraction and surface complexation with metal species and enhance binding affinity through tailored
coordination [18]. DBD-CP modulates the spatial arrangement and density of functional groups to balance the
distribution of selective binding sites. This is accomplished by integrating synergistic complementary groups,

such as hydroxyl (~OH), carboxyl (-COOH), and carbonyl (—C=0), onto a single, non-selective binding platform




[19]. For instance, the synergistic effect between amino and carboxyl groups enables preferential binding based
on coordination-geometry preferences in complex multi-component systems. Amino groups primarily act as
Lewis bases, donating nitrogen lone pairs to enhance the uptake of soft metal ions [20]. In contrast, carboxyl
groups function as Brensted acids, facilitating electrostatic interactions to capture cationic species [21].
Moreover, the pH-dependent speciation of surface functional groups and metal ions governs adsorption
performance. Protonation of amino groups at low pH and deprotonation of carboxyl groups under alkaline
conditions directly modulate their metal-binding affinities and adsorption capacities [22].

The cooperative effects of surface functional groups are evident in chitosan because of its abundant, accessible
—NH> and —OH groups. Qu et al. (2023) efficiently removed toxic Cr(VI) ions from real wastewater using
chitosan-modified magnetic carbon nanomaterials [23]. Chitosan, a deacetylated derivative of chitin, is a linear
polysaccharide known for its low toxicity, bioactivity, biocompatibility, and biodegradability [24]. In
nanocomposite systems, chitosan forms a three-dimensional network; however, it may suffer from mechanical
instability and susceptibility to degradation under varying pH and temperature conditions. Therefore, its practical
implementation in water treatment applications may be limited [25].

In response, metal oxide nanoparticles, such as titanium dioxide (TiO2) and copper oxide (CuO), have emerged
as compelling alternatives and have garnered significant attention for their efficacy in heavy-metal sequestration
and versatility in advanced water treatment applications [26]. The high performance of metal oxides stems from
their chemically active surface architecture [27]. Abundant surface hydroxyl groups enable highly specific
coordination chemistry through inner-sphere complexation. As a result, the metal oxide surface interacts
precisely with target metal ions, driven by the interplay between the ion’s hydration energies and the surface’s
Lewis acidity/basicity [28]. Consequently, these oxides achieve superior selectivity by favoring specific metal-
ligand bond strengths over non-specific, long-range electrostatic attractions [29].

In this study, we synthesized surface-engineered CNPs decorated with TiO2 and CuO nanoparticles and
encapsulated in chitosan as an effective nanocomposite for Cd(II) sequestration from aqueous solutions. The
simultaneous integration of oxygen-mediated chelation groups, supported by a green, sustainable cold plasma
approach, created a heterogeneous surface environment that overcame the inherent limitations of selective Cd(II)
adsorption. This research examined the mechanisms governing cooperative interactions between surface
chemistry and metal-ion coordination preferences through experimental characterization and computational
modeling. Expected outcomes included developing predictive models for maximum Cd(II) adsorption. The
response surface methodology (RSM) was employed to optimize operational parameters for Cd(II) adsorption,
including initial Cd(II) concentration, nanocomposite dosage, solution pH, and contact time, even under
challenging conditions such as high Cd(II) concentrations and minimal nanocomposite loading. Analysis of
Variance (ANOVA) assessed the influence of these parameters. Furthermore, the kinetics and adsorption

isotherms were analyzed to propose a fundamental theoretical framework for Cd(II) adsorption behavior. The




cold plasma—engineered CNPs/TiO2/CuO/Chitosan nanocomposite, accommodating diverse coordination
geometries and binding preferences, was used in a competitive binary system to evaluate potential synergistic or
antagonistic interactions between Cd(II) and Pb(Il) ions. Finally, comprehensive characterization using X-ray
diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS),
Brunauer—-Emmett—Teller (BET) analysis, Zeta potential analysis, field-emission scanning electron microscopy
(FESEM), energy-dispersive X-ray spectroscopy (EDX), and transmission electron microscopy (TEM)
confirmed the successful formation of the well-integrated nanocomposite, which exhibited consistent

performance across multiple adsorption-desorption cycles in reusability tests.

2. Experimental
2.1. Materials

All chemicals were purchased from Sigma-Aldrich International GmbH (Germany) as analytical grade. Pure
carbon nanoparticles (molecular weight 12.01 g mol™!, BET surface area >100 m? g'!, and size <100 nm by TEM)
were used as the core material of the nanocomposite. White to beige chitosan flakes, derived from shrimp shells,
were prepared with a deacetylation degree of >75%. Chemicals including cadmium nitrate tetrahydrate
(Cd(NO3), - 4H>0, 308.48 g mol™), titanium(IV) isopropoxide (TTIP, Ti (OCH(CHs),)s, 284.22 g mol™),
copper(I) acetate monohydrate (Cu(CHsCOO): - H20, 241.60 g mol™), potassium hydroxide (KOH, 56.10 g
mol ™), glacial acetic acid (CH;COOH, 60.05 g mol™!), and ethanol (C2HgO, 46.07 g mol ™) were used without
further purification.

2.2. Synthesis of the cold plasma-engineered CNPs/TiO»/CuQ/Chitosan nanocomposite

The cold plasma—engineered CNPs/TiO2/CuO/Chitosan nanocomposite was synthesized via a four-step
procedure (Fig. 1):
Step 1: The CNPs were initially surface-modified using a dielectric barrier discharge cold plasma source with
air as the working gas. The discharge was sustained at an applied voltage of 10 kV and a current of 30 mA, with
an electrode gap of 2 cm and a gas flow rate of 5 L min™'. The treatment was maintained for 1 h to ensure effective
surface functionalization.
Step 2: The plasma-activated CNPs (1 g) were dispersed in 50 mL of ethanol via ultrasonication for 60 min.
TTIP (35 mL) was then added dropwise to the suspension under acidic conditions (pH = 2) to facilitate the in
situ loading of 7 wt.% TiOz relative to the carbon support. Following an aging period, the precipitate was washed,
oven-dried at 80°C for 5 h, and calcined at 400°C under a nitrogen (N2) atmosphere for 3 h.
Step 3: The TiO2-modified product was dispersed in 40 mL of deionized (DI) water for 60 min. Separately,
copper(Il) acetate monohydrate (0.12 g) was dissolved in 20 mL of DI water and added to the suspension. The

pH of the mixture was adjusted to = 10 using a KOH solution to promote the in situ precipitation of 4 wt.% CuO




species. After aging, the resulting material was washed, dried at 80°C for 5 h, and calcined at 250°C under a
pure N> atmosphere for 2 h.

Step 4: The CuO-modified product was dispersed in 35 mL of DI water for 60 min. Simultaneously, chitosan
(0.08 g) was dissolved in 30 mL of 1% (v/v) acetic acid solution under stirring at 40°C for 2 h. The modified
product was added to the chitosan solution and stirred for 12 h, yielding a final chitosan content of 8 wt.%. The
mixture was subjected to hydrothermal treatment at 150°C for 6 h, followed by thorough washing and drying at
80°C for 12 h. Finally, the cold plasma—engineered CNPs/Ti02/CuO/Chitosan nanocomposite was stored in a
cool, dry place.

— Fig. 1 «

2.3. Characterization

XRD analysis was carried out on a PHILIPS X’PERT PRO X-ray diffractometer using Cu-Ka radiation (A=1.54
A) with a scanning angle (20) from 10° to 80°. FT-IR spectra were recorded on a SHIMADZU IR Prestige-21 IR
spectrophotometer within the 4000-500 cm™ range. XPS spectra were acquired with a BESTEC EA 10
spectrometer with a monochromatic Al-Ka source. The BET specific surface area was collected at -196 °C on a
BELSORP MINI II apparatus by nitrogen adsorption-desorption isotherms. Zeta potential analysis was
performed using a HORIBA Scientific SZ-100 at 25°C. FESEM images and EDX data were obtained using a
MIRA III VEGA-TESCAN-XMU instrument. TEM images were recorded with a PHILIPS CM 120 apparatus.
Throughout the study, the concentration of Cd(II) ions in the aqueous solutions was determined using atomic

absorption spectroscopy (AAS) with a Varian AA240 instrument.

2.4. Adsorption experiments

A stock solution of cadmium (1000 mg L") was prepared by dissolving cadmium nitrate tetrahydrate in DI
water and storing it in the dark at 4°C. Cadmium ions remain divalent over a broad pH range because they have
a low tendency toward hydrolysis [30]; however, a small amount of 0.1 N nitric acid was added to stabilize the
solution and prevent Cd(II) precipitation. Working solutions of 20 mg L™! to 100 mg L™! were then prepared by
serial dilution. In a typical adsorption experiment, a specified mass of the nanocomposite (10- 50 mg) was
dispersed in 50 mL of Cd(II) working solution. The initial pH was adjusted to 5.5- 7.5 using dilute HCI or NaOH.
The mixture was stirred at room temperature for predetermined contact times (30- 150 min). In each experiment,
the suspension was filtered, and the residual Cd(II) concentration was quantified using an AAS. Blank
experiments without nanocomposite were also conducted across the pH range to confirm the Cd(II) chemical
behavior. The Cd(II) adsorption efficiency (R, %) and equilibrium adsorption capacity (qe, mg g') were

calculated as follows:




R = ((Co—Cy) / Co) « 100 (1)
ge=(Co-C) V/M 2)
where Co and C; (mg L) are the initial and time-dependent Cd(II) concentrations at time t (min), respectively;

V (L) is the solution volume, and M (g) is the mass of the adsorbent used [28].

2.5. Response Surface Methodology

Cd(II) adsorption performance was evaluated using response surface methodology (RSM) based on design of
experiments (DOE). Unlike traditional One-Variable-at-a-Time (OVAT) methods, which are labor-intensive,
costly, and overlook interactions among variables, RSM examines multiple variables simultaneously. This
approach improves efficiency and reduces costs and reagent use. RSM models and analyzes interactions between
parameters, offering a thorough understanding of the process [27]. In this study, central composite design (CCD),
a robust and widely used RSM component, was employed to estimate quadratic response surfaces and develop
second-order polynomial models describing the relationship between input and output variables. A key
advantage of CCD is the inclusion of axial points (-a and +a) within the experimental domain, which improves
model robustness and predictive accuracy across varying operating conditions. A five-level CCD was
implemented for four independent variables: initial Cd(II) concentration, nanocomposite dosage, solution pH,
and contact time (Table 1). By default, high factor levels were coded as +1 and low levels as -1. The relationship
between these independent variables and the response variable, defined as the Cd(II) adsorption efficiency (Y),
was modeled using the following second-order polynomial equation:
Y= B0+ X, Bi Xi + TiS Bii XP+ TS, Xili 1 Bij Xi Xj + & 3)
Here, Y denotes the predicted response; 30 represents the intercept coefficient; {3i, Bii, and (ij are the regression
coefficients for the linear, quadratic, and interaction effects, respectively; Xi and Xj denote the coded independent
variables; and ¢ represents the random error [29]. The optimization procedure involved estimating these
coefficients, predicting the response values, and performing diagnostic checks to validate the model’s statistical

adequacy.
— Table 1 «

2.6. Kinetics and adsorption isotherms

Adsorption kinetics are commonly evaluated using the pseudo-second-order model, which implies that the rate-
limiting step is governed by chemical interactions (chemisorption) between the adsorbent and the adsorbate. The
following equation expresses it:

t/qt=1/Kaqe? +1/qe(t) 4)




where qe (mg g’ represents the equilibrium adsorption capacity, qt (mg g™!) is the adsorption capacity at time t
(min), and K, (g mg™! min™) is the pseudo-second-order kinetic constant. The K> and qe parameters are
determined by linear regression of t / qt versus t, where the slope and intercept correspond to 1 / ge and 1/ Ko
qe?, respectively [31].

In solid-liquid systems, adsorption involves the accumulation and concentration of one or more solution
components onto a solid surface until equilibrium is reached. This equilibrium state is characterized by ge and
Ce, and adsorption isotherms describe their relationship. qe (mg g™') is defined as the amount of adsorbate per
unit mass of sorbent, while Ce (mg L) represents the equilibrium concentration of the remaining adsorbate in
the solution. The Langmuir and Freundlich isotherms are the most widely used models because they fit
adsorption data well.

The Langmuir isotherm assumes monolayer adsorption on a homogeneous surface with a finite number of
identical, energetically equivalent active sites. The following equation expresses it:
qe = qmax K Ce/ 1+ Kt Ce (5)
where qmax (mg g!) is the maximum adsorption capacity, and Ki. (L mg™) is the Langmuir constant related to
binding-site affinity and adsorption energy [32].

The Freundlich isotherm model assumes heterogeneous adsorption on a surface with a non-uniform distribution
of active sites and varying adsorption energies. It is commonly expressed in its linear form as:
log ge =log Kr +1/n log Ce (6)
where Kr (L mg™) is the Freundlich constant related to adsorption capacity, and n is the Freundlich exponent

associated with adsorption intensity and surface heterogeneity [33].

2.7. Selectivity experiments

The selectivity of the cold plasma—engineered CNPs/Ti02/CuO/Chitosan nanocomposite was evaluated in the
presence of competing Pb(II) ions. After optimizing Cd(II) adsorption, the same experimental parameters were
applied to Pb(II) to determine its individual adsorption capacity. The Cd(II)-Pb(Il) binary system was
subsequently investigated at an equimolar (1:1) concentration ratio to evaluate competitive adsorption behavior
and elucidate the potential synergistic or antagonistic interactions. The selectivity coefficient (a), quantifying
the competitive adsorption, was determined using the following equation:
a(A/B)=(qe,A.Ce,B)/(qe.B.Ce, A) (7)
where A and B denote Cd(II) and Pb(II), respectively [31].

3. Results and discussion

3.1. Structural analysis




The crystallographic structure of the cold plasma—engineered CNPs and the cold plasma—engineered
CNPs/Ti02/CuO/Chitosan nanocomposite, using XRD diffraction patterns, are compared in Fig. 2.
Nanocrystalline CNPs in both XRD patterns show a prominent peak centered at 26.80°, originating from the
(002) reflection, and a secondary peak at 43.40°, corresponding to the (100) reflection, align perfectly with
JCPDS card No. 41-1487. These peaks confirm the crystalline nature and quasi-graphitic structure of the carbon
nanoparticles, demonstrating that cold plasma surface modification effectively induced a more ordered, denser
crystalline arrangement within the carbon lattice. The XRD pattern of the nanocomposite exhibits a high-
intensity peak at 25.20°, corresponding to the (101) diffraction plane of the anatase phase of TiO>
(JCPDS card No. 21-1272). The reflection observed at 27.40° corresponds to the (110) plane of the rutile phase
(JCPDS card No. 21-1276). It is worth noting that the reflections from CNPs and TiO; partially overlap within
the 25° to 28° diffraction angle range. In the XRD pattern of the nanocomposite, distinct peaks are observed at
38.97° and 48.74°, which are well indexed to the (200) and (202) planes of the CuO phase (JCPDS card No. 80-
1268). The sharpness of these reflections confirms the high crystallinity of the CuO. The coexistence of these
peaks alongside TiO; phases provides strong evidence for the formation of a multi-component heterogeneous
structure. Additionally, the distinct reflection at 22.21° is attributed to the ordered arrangement of chitosan
polymer chains, likely due to extensive intermolecular hydrogen bonding. It can be inferred that the interaction
between the functional groups of chitosan and the metal oxides has caused broadening of the chitosan peak. The
absence of any additional peaks associated with impurities indicates the high purity of the nanocomposite. To
estimate the crystallite size, the Debye-Scherrer equation is used:

D=KA/BcosH (8)
where D is the crystallite size (nm), K is a constant of 0.94, A is the X-ray radiation wavelength (0.15418 nm), 3
is the full width at half maximum (FWHM) of the peaks (radians), and 0 is the diffraction angle (radians) [33].
The average crystallite size of the cold plasma—engineered CNPs/TiO2/CuO/Chitosan nanocomposite was

determined to be 28 nm.

— Fig. 2 «

3.2. Chemical analyses

Fig. 3 presents the chemical structure and functional groups of the cold plasma—engineered CNPs and the cold
plasma—engineered CNPs/TiO>/CuO/Chitosan nanocomposite. The FTIR spectra of both samples show a
striking resemblance. This similarity confirms that the oxygen- and nitrogen-containing functional groups
introduced via the cold plasma process remained unchanged during the nanocomposite fabrication. Strong
bonding between the nanocomposite components eliminated transient spectral features, resulting in a unified,

integrated structure that preserves the intrinsic characteristics of the CNPs. The presence of absorption bands




associated with TiO; and CuO indicates that the metal oxide nanoparticles have formed chemical bonds with
functional groups derived from the cold plasma and do not readily detach from the nanocomposite matrix. This
confirms the successful nanocomposite synthesis and accounts for its long-term stability. Shifts in absorption
bands and changes in vibrational frequencies result from hydrogen bonding between functional groups and
electrostatic interactions. Shifts in oxygen-containing groups, such as carbonyls, indicate that these groups act
as ligands and entrap the metal oxides. The absorption bands at 524 cm™, 670 cm™, and 780 cm! are assigned
to Cu—O stretching vibrations, Ti—O-Ti vibrations, and N—H bending vibrations, respectively [34]. A distinct
band at 1090 cm™ corresponds to C—H and C—C bending vibrations and C—N stretching vibrations [35].
Absorption bands at 1385 cm™! and 1460 cm! are attributed to CH» bending vibrations [36]. A distinct absorption
band at 1540 cm™! corresponds to N-H bending coupled with C—N stretching [37]. Absorption bands observed
at 1650 cm™ and 1710 em™ correspond to C=O stretching vibrations of carboxyl and amide carbonyl groups,
indicating the presence of both functional groups on the nanocomposite surface [38]. Additionally, peaks at 2850
cm™! and 2950 cm! correspond to symmetric and asymmetric C—H stretching vibrations. A broad absorption
band at 3420 cm™! is attributed to O-H stretching vibrations from physically adsorbed water and to N-H stretching
vibrations. Absorption bands in the 3744 cm™ and 3854 cm™ regions may correspond to symmetric and

asymmetric N-H stretching vibrations [34].

— Fig. 3 «

Fig. 4a shows the elemental composition of the cold plasma—engineered CNPs/TiO2/CuO/Chitosan
nanocomposite, determined by EDX. The results confirm the presence of the constituent elements, C, N, O, Ti,
and Cu, at their respective characteristic energy levels. Notably, the nitrogen signal is attributed to the amine
functional groups inherent to the chitosan component, confirming its successful integration into the
nanocomposite framework. This analysis shows no significant signal indicating potential impurities from the

synthesis process. The inset shows the weight and atomic percentages of the constituent elements.

— Fig. 4 «

The elemental composition and surface chemical states of the cold plasma—engineered
CNPs/TiO2/CuO/Chitosan nanocomposite were analyzed using XPS over a binding energy range of 0 to 1200
eV. The survey spectrum (Fig. 4b) exhibits characteristic photoelectron lines at 285 eV, 460 eV, 531 eV, and
950 eV, corresponding to C 1s, Ti 2p, O 1s, and Cu 2p, respectively. Upon deconvolution, the C 1s spectrum
(Fig. 4c) can be fitted into two primary peaks at 284.13 eV and 286.14 eV, attributed to the sp’-hybridized

graphitic C=C bonds and C-O or C-N functionalities, respectively. The latter confirms the presence of

10




oxygenated and nitrogenous species derived from chitosan [39]. The Ti 2p spectrum (Fig. 4d) displays two
prominent peaks at 458.61 eV and 464.45 eV, corresponding to the Ti 2p3» and Ti 2pi, respectively. The
measured binding energy separation of ~5.8 eV is consistent with the Ti*" oxidation state in TiO2 [40]. The high-
resolution O 1s spectrum (Fig. 4e) shows two distinct components at 530.25 eV and 532.62 eV, corresponding
to lattice oxygen in the TiO; and CuO crystalline phases and adsorbed surface hydroxyl groups, respectively,
indicating a rich oxygenated surface environment. Finally, the Cu 2p spectrum (Fig. 4f) exhibits two well-defined
peaks at 933.68 eV and 953.55 eV, corresponding to the Cu 2p32 and Cu 2p1.2, respectively. The emergence of
intense shake-up satellite peaks, a typical characteristic of the d° electron configuration, unambiguously confirms

the Cu?* oxidation state in CuO, distinguishing it from metallic Cu® or Cu™ species [41].

3.3. BET surface area

The N adsorption-desorption isotherms of the cold plasma—engineered CNPs and the cold plasma—engineered
CNPs/Ti02/CuO/Chitosan nanocomposite illustrate a typical Type I profile, in accordance with TUPAC
classification (Fig. 5a). The sharp uptake at low relative pressures (P/Po) signifies the dominant presence of the
micropore filling process. At these very low pressures, the pores fill rapidly due to strong interactions between
the narrow pore walls and the gas molecules; subsequently, saturation is reached, and the curve extends parallel
to the relative pressure axis. The isotherm for purely microporous materials lacks a hysteresis loop, with
adsorption and desorption curves that overlap, as observed in the nanocomposite. However, for CNPs, the H4
hysteresis loop indicates a hierarchical pore structure comprising both micropores and mesopores, attributed to
capillary condensation within slit-like pores; the micropores provide high adsorption capacity, while the
mesopores create access pathways [42]. The BET-specific surface areas of cold-plasma-engineered CNPs and
the cold-plasma-engineered CNPs/TiO»/CuO/Chitosan nanocomposite were calculated to be 2568.30 m? g and
872.79 m? g’!, respectively, while their monolayer adsorption capacities (Vm) were determined to be 590.08 cm?
(STP) g'and 200.53 cm® (STP) g}, respectively. The reduction in the nanocomposite's surface area is primarily
attributed to encapsulation and pore-blocking by the long-chain chitosan matrix, physical occupation of
micropores/mesopores by the anchored TiO2/CuO nanoparticles, and the higher mass density of the incorporated
metal oxides. Carbon nanoparticles have a porous structure, and their surface area increases upon plasma
exposure. However, chitosan is a polymeric macromolecule characterized by long, flexible chains. During
nanocomposite formation, chitosan chains coat the surface of the CNPs, blocking a significant portion of the
micropores and mesopores. Consequently, nitrogen gas cannot access the internal cavities, reducing surface area.
Furthermore, polymer network formation and interactions between chitosan and the carbon nanoparticles during
synthesis and drying induce structural compaction and chain entanglement, reducing free pore volume. In
contrast, Ti0»/CuO nanoparticles nucleate and anchor at the pores and structural defects of the CNPs; because

they have a higher mass density than carbon, they fill the material's pores and voids.
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Fig. 5b displays the pore size distribution and porosity curves obtained using the Barrett, Joyner, and Halenda
(BJH) method. The average pore diameters for the cold-plasma-engineered CNPs and the cold-plasma-
engineered CNPs/Ti0,/CuO/Chitosan nanocomposite were calculated to be 2.04 nm and 2.03 nm, respectively,
while the total pore volumes were determined to be 0.4591 cm? g and 0.1406 cm® g'!, respectively. Interestingly,
while the specific pore volume of the nanocomposite decreased by approximately 50% compared to the pristine
plasma-modified CNPs, the average pore diameter remained largely unchanged. This behavior indicates that the
intrinsic pore structure of the CNPs was preserved during the nanocomposite synthesis. The reduction in pore
volume is attributed to the void-filling effect, where the incorporation of TiO»/CuO nanoparticles and the
chitosan matrix partially occupies the pre-existing pore channels without inducing structural collapse or altering
pore geometry. This suggests that the remaining accessible pore network retains the characteristic size
distribution of the plasma-engineered CNPs, confirming that the synthesis route successfully preserves the

structural integrity of the carbonaceous support.

— Fig. 5 «

3.4. Zeta potential

Nanoparticle dispersion in aqueous media can protonate or deprotonate surface OH groups, yielding OH?* or
O™ species, respectively; Zeta potential analysis characterizes this surface charge state. A Zeta potential
magnitude exceeding 30 mV typically indicates high colloidal stability due to electrostatic repulsion. As
illustrated in Fig. 5S¢, the nanocomposite exhibits a mean Zeta potential of —35.9 mV at pH ~7, confirming the
long-term stability of the strongly anionic nanoparticles. This strong negative surface charge facilitates

adsorption of Cd(II) ions via electrostatic attraction.

3.5. Morphological studies

FESEM examined the surface morphology of the cold plasma—engineered CNPs/TiO2/CuO/Chitosan
nanocomposite, as shown in Fig. 6(a-d). The micrographs reveal an irregular, highly porous morphology,
suggesting successful integration of metal oxide nanoclusters into the chitosan and the modified CNPs
framework. In fractured regions, pulled-out metal-oxide nanoparticles create crack-bridging features that impede
crack initiation and propagation. Moreover, the coexistence of coalesced quasi-spherical particles and localized
interfacial defects increases the effective surface-area-to-volume ratio, which is highly advantageous for Cd(II)
ion adsorption. The particle size distribution curve (Fig. 6€) shows an average diameter of 20.60 nm.

TEM was employed to resolve the internal architecture of the nanocomposite, as shown in Fig. 6(f-1). The
micrographs show distinct morphological heterogeneity: dark gray regions correspond to the CNPs, while the

bright, smooth areas correspond to the chitosan, both appearing as thin, transparent layers. Notably, highly
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dispersed black spherical nanoparticles are identified as the metal oxide component, forming small clusters with
an average diameter of 8.68 nm (Fig. 6j). Furthermore, no free nanoparticles are observed outside the composite
matrix, signifying a highly homogeneous dispersion. This tight interfacial integration is attributed to strong
hydrogen bonding between the surface hydroxyl groups of the metal-oxide nanoparticles and the functional

moieties of chitosan, minimizing interparticle distance and ensuring the structural integrity of the nanocomposite.

— Fig. 6 <

3.6. Adsorption
3.6.1. Statistical assessment

In this study, a CCD model within the RSM framework was employed to systematically evaluate the adsorption
efficiency of the cold plasma—engineered CNPs/Ti02/CuO/Chitosan nanocomposite. An experimental matrix
comprising 30 runs (Table 2) investigated the interactions among four critical independent variables: (A) initial
Cd(II) concentration, (B) nanocomposite dosage, (C) solution pH, and (D) contact time. Based on ANOVA and
statistical regression, the optimal quadratic model describing Cd(II) adsorption efficiency (R) in terms of coded
factors is expressed as follows:
R (%)=88.54+434 A+4.13B+3.14C+1.87D+1.31 AB—0.1706 AC + 0.3606 AD —3.48 BC —2.35 BD
—~3.51CD-0.5720 A? - 7.40 B>+ 1.66 C*+ 1.06 D? 9)

— Table 2 «

ANOVA verified the adequacy, reliability, and predictive capability of the developed quadratic model, as
summarized in Table 3. The model was highly significant, with an F-value of 378.93, a P-value of <0.0001, and
a sum of squares of 3486.63, indicating that it describes Cd(II) adsorption as a function of the selected
parameters. The correlation coefficients support the goodness of fit: an R* value of 0.9972 indicates that the
model accounts for 99.72% of the total variance in the experimental data. The proximity of the Adjusted R?
(0.9945) and Predicted R?(0.9856) values demonstrates model robustness and confirms no overfitting.

Adequate Precision: The signal-to-noise ratio was 88.52, well above the threshold for a reliable design space.
The Lack of Fit (LOF) term was non-significant (F = 2.74, p > 0.05), indicating that the regression equation
adequately represents the relationship between the experimental variable and the response. Experimental
reproducibility was evidenced by a low Coefficient of Variation (C.V.%) of 0.96%, a standard deviation (Std.
Dev.) of 0.81, and a Predicted Residual Error Sum of Squares (PRESS) of 50.22. Statistical significance was
observed for the linear terms (A, B, C, D), quadratic terms (A2, B2, C2, D?), and interaction terms (AB, BC, BD,

and CD) at the p < 0.05 level; however, the AC and AD interactions were not statistically significant (p > 0.05).
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Finally, the normality of the error distribution was confirmed by the uniform distribution of residuals in the
normal probability plot (Fig. 7a). Additionally, the compact scatter of observed data points around the regression
line in the predicted vs. actual plot (Fig. 7b) further validates the predictive accuracy of the model within the

investigated design space.

— Table 3«

— Fig. 7 «

3.6.2. Interaction effects of variables

Three-dimensional response surface plots (Fig. 8) visualize interactions among the four independent variables
and their cumulative effects on adsorption efficiency. These plots show the response surface curvature and help
identify optimal operating conditions within the experimental design space.

» Effect of Initial Cd(II) concentration (A) and Nanocomposite dosage (B):

As shown in Fig. 8a, increasing the nanocomposite dosage from 20 to 40 mg initially enhances Cd(II) adsorption
efficiency, likely because more active binding sites are available. At higher dosages, however, efficiency
declines, possibly because particle aggregation or site saturation reduces the effective surface area. The selected
range of Cd(I) concentration (40 to 80 mg L") facilitates the establishment of adsorption isotherms and enables
observation of equilibrium behavior without premature adsorbent saturation [43].

» Effect of Nanocomposite dosage (B) and Solution pH (C):

The interplay between dosage and solution pH is depicted in Fig. 8b. Solution pH is a critical determinant of
adsorption. When the pH increases from 6 to 7, Cd(II) adsorption efficiency improves significantly, a typical
pattern in metal-ion adsorption systems. At lower pH values, amine groups on the chitosan chains become
protonated to —~NH3" and carboxyl groups remain protonated (~COOH), which may cause electrostatic repulsion
toward the positively charged Cd(II) ions. As the pH increases, the surface sites undergo deprotonation and these
groups are gradually converted to neutral -NH> and —COQ", restoring the lone-pair electrons and increasing the
negative surface charge. This strengthens electrostatic attraction and improves adsorption efficiency in the
alkaline region, suggesting that the mechanism is primarily pH-dependent and governed by the adsorbent surface
charge [44].

» Effect of Nanocomposite dosage (B) and Contact time (D):

The interaction between nanocomposite dosage and contact time in the range of 60 to 120 min is shown in Fig.

8c. Initially, the abundance of vacant active sites promotes rapid Cd(II) uptake. As contact time increases, the

system approaches equilibrium, and the progressive occupation of active sites leads to a gradual deceleration in
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the adsorption rate. So, extending the contact time beyond the equilibrium point yields only a minor improvement
in adsorption efficiency.
» Effect of Solution pH (C) and Contact time (D):

Fig. 8d illustrates the interactive effect between solution pH and contact time. At lower pH levels, adsorption
efficiency increases more slowly with time. This behavior suggests that competition between H+ ions and Cd(II)
cations for active sites hinders rapid binding, necessitating a longer period to approach saturation. Conversely,
at higher pH levels, the reduction in H+ concentration and the subsequent deprotonation of amine groups activate
the surface sites. This promotes rapid cationic metal-ligand coordination, resulting in high adsorption efficiency
in shorter contact times [45]. These findings demonstrate that Cd(II) adsorption is synergistically enhanced by

optimized pH and contact time.

— Fig. 8«

3.6.3. Optimization

Following the evaluation of the operational variables influencing Cd(II) adsorption, the numerical optimization
of the response surface model was performed to determine the optimal conditions for maximum removal
efficiency (Fig. 9). The model predicted optimal operating parameters to be: an initial Cd(II) concentration of
68.62 mg L', a nanocomposite dosage of 26.20 mg, a solution pH of 6.89, and a contact time of 79 min, providing
the best balance between performance and operational economy. Under these optimized conditions, experimental
validation was done in triplicate, yielding a mean adsorption efficiency of 91.60%. The close agreement
(<0.05%) between the theoretical prediction (91.98%) and experimental results confirms the robustness,

accuracy, and reliability of the developed quadratic model in describing the Cd(II) adsorption process.

— Fig. 9«

3.6.4. Adsorption Kinetics and Isotherm Analysis

A synergistic interplay at the molecular, thermodynamic, and kinetic levels governs the adsorption performance
of the cold plasma—engineered CNPs/TiO,/CuO/Chitosan nanocomposite. At the molecular interface, a high
density of functional groups derived from activated CNPs and TiO»/CuO, coupled with chitosan’s —-NH> and —
OH, creates a heterogeneous binding environment. This environment facilitates rapid diffusion of metal ions to
active sites. It promotes the formation of mixed-ligand complexes, which are thermodynamically more stable
than those typically found in single-functional adsorbent systems [13]. Kinetic analysis revealed that the pseudo-
second-order model best describes the adsorption process (Table 4), indicating that chemisorption is the rate-

limiting step. The high correlation coefficient (R?> = 0.9981) suggests that this step involves electron sharing
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between the adsorbent surface and the Cd(II) ions. A maximum adsorption capacity (qe) of 120.45 mg g™! reflects
the high affinity of metal ions for nitrogen-based donor atoms via coordinate covalent bonding, while

simultaneously interacting with oxygenated functional groups to form stable chelate complexes.

— Table 4«

Langmuir and Freundlich isotherm models were used to evaluate adsorption equilibrium behavior.
Experimental data (qe versus Ce) were subjected to linear regression analysis to identify the most appropriate
theoretical framework. As illustrated in Fig. 10a and 10b, the Freundlich isotherm showed a better fit to the
experimental data, yielding a high R? of 0.9944 and a Freundlich constant (n > 1) indicating favorable adsorption
conditions, as detailed in Table 5. It suggests adsorption on a heterogeneous surface, consistent with the cold
plasma—engineered CNPs/Ti02/CuO/Chitosan nanocomposite. This heterogeneity, together with the pseudo-
second-order kinetic behavior, supports multi-site chemisorption involving complexation interactions between

the Cd(II) ions and the diverse functional groups on the adsorbent surface.

— Fig. 10«

— Table 5«

3.6.5. Comparative study

Beyond environmental and economic considerations, an effective nanocomposite for heavy metal remediation
must demonstrate a synergy between high adsorption capacity and rapid kinetics. This dual functionality is
critical for minimizing reactor volumes and reducing both capital and operational expenditures. Table 6 presents
a comparative study of adsorption performance across various nanocomposites reported in recent literature;
however, direct comparisons are often complicated by disparate experimental protocols, including variations in
pollutant concentration, nanocomposite dosage, synthesis methods, pH, and contact time. Furthermore, some
nanocomposites achieve acceptable removal efficiencies only after prolonged reaction times or under strongly
alkaline pH. The cold plasma—engineered CNPs/Ti02/CuO/Chitosan nanocomposite exhibits an optimal balance
of high efficacy and favorable kinetics, highlighting it as a candidate for advanced wastewater treatment

applications.

— Table 6«

3.6.6. Adsorption mechanism
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The theoretical framework for heavy metal adsorption onto functionalized nanocomposites encompasses
several mechanistic pathways, including electrostatic interactions, surface complexation, and coordinative
bonding. In this study, the adsorption of Cd(II) onto the cold plasma—engineered CNPs/TiO2/CuO/Chitosan
nanocomposite is driven by the synergy between the plasma-activated CNPs and the ternary TiO2/CuO/Chitosan
framework (Fig. 10c). The cold plasma surface engineering yields enhanced complementary binding
mechanisms unavailable in single-functional modification strategies. It creates a heterogeneous binding
environment for Cd(II)’s distinct coordination preferences. This covalent attachment strategy ensures a robust
linkage between the organic functional groups and the nanocomposite core, providing excellent chemical
stability across a wide pH range. They exhibit amphoteric behavior, acting as both proton donors and acceptors
depending on the solution pH. The chitosan coating has abundant amino and hydroxyl groups serving as reactive
centers for chemical modification and Cd(II) sequestration. This inherent surface reactivity facilitates direct
interaction with Cd(II) through electrostatic attraction and surface complexation. Recent investigations suggest
that synergistic effects among functional groups enhance adsorption performance through cooperative binding
mechanisms, in which one group facilitates the approach of metal ions while another provides additional
stabilization via secondary interactions [52]. Furthermore, pH-dependent speciation of both functional groups
and metal ions is critical; for instance, surface-bound moieties such as amino groups undergo protonation in
acidic media, while carboxyl groups deprotonate under alkaline conditions, significantly modulating their
respective binding capacities [53].

Under optimized conditions, the influence of temperature on Cd(II) adsorption (25°C to 70°C) was assessed
(Fig. 10d). The results indicate that increasing temperature significantly enhances adsorption capacity,
approaching near-complete removal at 70°C. This enhancement can be attributed to several factors: first, the
reduced viscosity of the aqueous medium at elevated temperatures facilitates the diffusion of Cd(II) ions through
the boundary layer surrounding the nanocomposite particles. Second, increased thermal energy enhances Cd(II)
mobility, enabling deeper penetration into chitosan’s internal porous architecture to access sequestered amino
and hydroxyl sites [54]. Simultaneously, the inorganic TiO>/CuO components provide essential thermal and
mechanical stability, reinforcing the chitosan framework and preventing structural degradation under elevated
thermal conditions. The positive correlation between temperature and removal efficiency confirms that the
adsorption process is endothermic, suggesting that Cd(II) uptake is governed by chemisorption, which requires

overcoming a specific activation energy barrier, rather than being driven solely by physisorption.

3.6.7. Selectivity
The selectivity of the cold plasma—engineered CNPs/TiO2/CuO/Chitosan nanocomposite was evaluated in
binary systems with competing Pb(II) ions and multi-component matrices similar to real wastewater. In complex

industrial streams, such as battery manufacturing effluents, cadmium and lead often coexist with other transition
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metals. The adsorbent’s surface affinity is governed by ionic physicochemical properties, including ionic radius,
electronegativity, hydration energy, and coordination-geometry preferences, which determine selective uptake
[55]. Cd(II) and Pb(II) behave differently in aquatic systems. Pb(II) ions predominantly undergo hydrolysis to
species like PbOH" and Pb(OH), above pH 6.0, while Cd(II) ions maintain a more stable divalent state across a
broader pH range [56, 57].

Cd(II) ions exhibit intermediate behavior with a moderate preference for hard and soft donors, whereas Pb(II)
ions show a pronounced affinity for sulfur- and nitrogen-based ligands [58]. Structural analysis suggests that
optimal performance requires a precise balance of functional groups and spatial distribution. Theoretical
modeling indicates that while high amino content enhances Pb(II) selectivity, it can impede overall capacity due
to steric crowding; conversely, excessive oxygen-containing functional groups, such as carboxyl, promote
nonspecific electrostatic interactions that diminish selectivity. In multi-metal systems, these interactions act
synergistically due to surface-bridge formation, charge neutralization, or allosteric modulation, or
antagonistically due to site competition and electrostatic repulsion [59]. In the Cd(II)- Pb(II) binary system,
these behaviors are concentration-dependent. Synergistic effects often dominate at low concentrations, where
heterogeneous binding sites remain available, while competitive inhibition prevails as concentrations increase
[60].

Experimental results confirmed a marked selectivity for Cd(IT) over Pb(Il). In single-component systems, the
equilibrium adsorption capacities (qe) reached 120.45 mg g™! for Cd(II) and 99.75 mg g’ for Pb(II) under the
optimized conditions (solution containing 69 mg L™! of each metal ion, adsorbent dosage 26 mg, pH 6.9, contact
time 79 min, and temperature 25°C). In binary systems, these capacities decreased to 85.65 mg g™ and 50.35 mg
gl respectively, confirming significant competitive adsorption. The selectivity coefficient values (aCd/Pb),
ranging from 2.75 to 4.58, reached a maximum at pH 6.5 (Fig. 11a). This performance is attributed to the
nanocomposite’s engineered oxygen-donor-rich coordination environment, which, combined with the smaller
ionic radius of Cd(II) (1.09 A) relative to Pb(II) (1.32 A), facilitates preferential mixed-ligand chelate formation
[61].

Practical water treatment requires adsorbents that function effectively in complex aqueous environments. To
evaluate the practical applicability of the cold plasma—engineered CNPs/TiO2/CuO/Chitosan nanocomposite,
interference studies were conducted with common environmental cations at a concentration of 100 mg L™ and
pH 6.5 (Table 7). The results show that monovalent cations (Na“, K"), even at elevated concentrations (up to 10
times the concentration), cause minimal interference (< 5% reduction in Cd(II) and Pb(II) uptake). This tolerance
is attributed to the negligible affinity of these hard, non-coordinating ions for the target functional groups. By
contrast, divalent cations (Ca?", Mg**, Zn?*, and Ni*") exhibit moderate competitive effects, causing a 10-15%
decrease in Cd(II) and a 15-20% decrease in Pb(Il) adsorption capacities. The selectivity of the adsorbent was

further evaluated in competitive multi-metal systems (mixed ions). Fig. 11b compares the aCd/Pb value in binary
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systems with those in the presence of interfering ions. Despite the competitive decline, the aCd/Pb remained
above 2.75, validating the proposed coordination-based binding mechanism and confirming the efficacy of the

multi-functional surface modification [62].

— Fig. 11«

— Table 7«

3.6.8. Reusability study

To assess the economic viability of the cold plasma—engineered CNPs/Ti02/CuO/Chitosan nanocomposite, its
reusability and stability were evaluated over five consecutive adsorption-desorption cycles. Desorption was
driven by protonation of surface-active sites and release of bound metal ions through competitive ligand
exchange [63]. HCI (1 M) showed the highest Cd(II) desorption efficiency (> 92%) within 60 min among the
desorbing agents HNO3z, EDTA, and Na;COs. After acidic desorption, the nanocomposite was centrifuged,
washed with an ethanol/DI water mixture, and dried at 40°C for 24 h before reuse. As shown in Fig. 11c, after
five cycles, Cd(Il) adsorption efficiency decreased from 91.98% to 87.25%, and the maximum adsorption
capacity (qe) declined from 120.45 mg g to 104.75 mg g'. This reduction likely reflects incomplete metal
desorption, accumulation of irreversibly bound species at high-affinity sites, partial site blocking, or minor
nanoparticle loss during regeneration. Nevertheless, the adsorbent maintained robust performance across all
cycles. Post-recycling FTIR analysis (Fig. 11d) revealed minimal changes in the characteristic functional group

bands, confirming the chemical stability and structural integrity of the nanocomposite.

4. Conclusions

This work reports the synthesis and characterization of a mnovel cold plasma—engineered
CNPs/TiO2/CuO/Chitosan nanocomposite, offering a highly efficient and sustainable material for Cd(II)
sequestration from aqueous media. Through green cold-plasma surface engineering, a chemically heterogeneous
surface with enhanced functional group density was achieved. This synergistic modification, integrated with the
structural stability and abundant active sites of the ternary TiO,/CuO/Chitosan matrix, facilitated superior
adsorption performance and effectively bypassed the limitations inherent in single-functional surface
modifications. Optimization via response surface methodology (RSM) identified pH, dosage, and contact time
as critical parameters. Under optimized conditions (pH 6.89, 26.20 mg/50 mL, and 79 min), the nanocomposite
achieved a peak Cd(II) removal efficiency of 91.98% with an equilibrium capacity of 120.45 mg g’!, even at a
high initial Cd(II) concentration of 68.62 mg L™!. Kinetic and isotherm modeling confirmed a chemisorption-

dominated mechanism, following pseudo-second-order kinetics and Freundlich multilayer adsorption.
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Furthermore, competitive studies revealed high selectivity for Cd(II) over Pb(Il) (aCd/Pb = 4.58 at pH 6.5). The
nanocomposite also demonstrated excellent reusability, maintaining 87.25% efficiency over five cycles,

underscoring its economic viability and potential for advanced wastewater treatment.
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Figure Captions

Fig. 1. Schematic illustration of the preparation procedure of the cold plasma—engineered
CNPs/Ti02/CuO/Chitosan nanocomposite.

Fig. 2. XRD patterns of the cold plasma—engineered CNPs and the cold plasma—engineered
CNPs/Ti02/CuO/Chitosan nanocomposite.

Fig. 3. FT-IR spectra of the cold plasma—engineered CNPs and the cold plasma—engineered
CNPs/Ti02/CuO/Chitosan nanocomposite.

Fig. 4. (a) EDX spectrum and (b) XPS survey scan spectrum of the cold plasma—engineered
CNPs/Ti02/CuO/Chitosan nanocomposite with its fitted spectra of (c) C 1s, (d) Ti 2p, (e) O 1s, and (f) Cu 2p.
Fig. 5. (a) N2 adsorption-desorption isotherms and (b) BJH pore size distribution plots of the cold plasma—
engineered CNPs and the cold plasma—engineered CNPs/T10,/CuO/Chitosan nanocomposite. (c) Zeta potential
of the cold plasma—engineered CNPs/Ti02/CuO/Chitosan nanocomposite.

Fig. 6. (a-d) FESEM images and (e) Particle size distribution curve of the nanocomposite. (f-i) TEM images and
(j) Particle size distribution curve of the nanocomposite.

Fig. 7. Model validation plots of (a) Normal probability vs. residuals, and (b) Predicted vs. actual values.

Fig. 8. Response surface plots (3D) for Cd(II) adsorption efficiency: (a) Effect of Initial Cd(II) concentration
(A) and Nanocomposite dosage (B), (b) Effect of Nanocomposite dosage (B) and Solution pH (C), (c) Effect of
Nanocomposite dosage (B) and Contact time (D), and (d) Effect of Solution pH (C) and Contact time (D).

Fig. 9. Desirability ramp for numerical optimization.

Fig. 10. Linear isotherm plots for Cd(II) adsorption: (a) Langmuir, and (b) Freundlich models. (¢) Adsorption
mechanism illustration, and (d) Influence of temperature on Cd(II) adsorption efficiency under optimized
conditions.

Fig. 11 (a) Selective adsorption coefficient of Cd(II) and Pb(II) under different pH conditions, and (b) Effect of
interfering ions on the selectivity coefficient aCd/Pb. Reusability and stability evaluation: (¢) Adsorption
efficiency and capacity over five consecutive cycles, and (d) FTIR spectra comparison of the fresh and

regenerated cold plasma—engineered CNPs/TiO2/CuO/Chitosan nanocomposite.

27




Table 1

The five-level operating variables used for four independent parameters

Factor Name Unit Levels
-0 -1 0 +1 +a,
A Initial Cd(IT) concentration mg L' 20 40 60 80 100
B Nanocomposite dosage mg 10 20 30 40 50
C Solution pH -—- 5.5 6.0 6.5 7.0 7.5
D Contact time min 30 60 90 120 150
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Table 2

The central composite design (CCD) model

Run A B C D R1
Initial Cd(II) Nanocomposite Solution Contact Adsorption
concentration dosage pH time efficiency

mg L! mg min %

1 40 20 7.0 60 83.42
2 40 40 6.0 60 78.86
3 40 20 6.0 120 76.78
4 100 30 6.5 90 94.17
5 80 20 6.0 60 68.02
6 80 40 7.0 60 96.48
7 60 30 6.5 90 88.29
8 80 40 7.0 120 89.37
9 40 40 7.0 120 77.26
10 80 20 6.0 120 83.98
11 40 20 6.0 60 62.16
12 60 30 6.5 90 87.57
13 60 50 6.5 90 67.47
14 60 30 6.5 90 88.89
15 80 20 7.0 120 90.48
16 40 20 7.0 120 83.59
17 60 30 6.5 150 96.45
18 20 30 6.5 90 77.37
19 80 40 6.0 60 90.48
20 40 40 7.0 60 86.40
21 80 20 7.0 60 88.26
22 60 30 6.5 90 88.86
23 40 40 6.0 120 84.51
24 60 30 7.5 90 99.99
25 60 30 5.5 90 89.37
26 60 30 6.5 90 88.55
27 80 40 6.0 120 96.48
28 60 30 6.5 30 88.17
29 60 10 6.5 90 49.48
30 60 30 6.5 90 89.08
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Table 3
ANOVA results for Cd(II) adsorption

Source Sum of df Mean F-value p-value
squares square

Model 3486.63 14 249.04 378.93 <0.0001 significant
A- Initial Cd(II) concentration 452.14 1 452.14 687.95 <0.0001
B- Nanocomposite dosage 409.45 1 409.45 622.99 <0.0001
C- Solution pH 235.94 1 235.94 358.99 <0.0001
D- Contact time 84.11 1 84.11 127.98 < 0.0001
AB 27.54 1 27.54 41.90 <0.0001
AC 0.4658 1 0.4658 0.7087 0.4131
AD 2.08 1 2.08 3.17 0.0955
BC 193.42 1 193.42 29429 <0.0001
BD 88.22 1 88.22 134.23  <0.0001
CD 196.63 1 196.63 299.18 < 0.0001
Az 8.97 1 8.97 13.65 0.0022
B2 1500.26 1 1500.26 2282.68 < 0.0001
C? 75.29 1 75.29 114.55 <0.0001
D? 30.99 1 30.99 47.16 <0.0001
Residual 9.86 15 0.6572
Lack of Fit 8.34 10 0.8338 2.74 0.1385 not significant
Pure Error 1.52 5 0.3040
Cor Total 3496.49 29
Std. Dev. 0.8107 R? 0.9972
Mean 84.34 Adjusted R? 0.9945
CV.% 0.9612 Predicted R? 0.9856
PRESS 50.22 Adeq Precision 88.5157
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Table 4

The parameters of the pseudo-second-order kinetic model obtained for Cd(II) adsorption

Linear equation on the Qe K; R?
pseudo-second- order Kinetics mg g! ¢ mg”! min!
Y=0.274x + 5.581 120.45 0.0134 0.9981
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Table §
Isotherm parameters of Cd(II) adsorption

Isotherm model Parameter Value
Langmuir Ky (L mg™) 0.2028
Qmax (mg g™ 34.965

R? 09712

Freundlich Kr (L mg™) 6.3841

n 1.0357

R? 0.9944
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Table 6

Comparative study for Cd(II) adsorption using various nanocomposites reported in the literature

Nanocomposite pH Time Adsorption efficiency Ref.
(min) (o)

Chitosan biopolymers from cephalopods 7.0 220 32.00 [46]
Magnetic metal-organic frameworks 6.0 120 87.00 [47]
Phosphate modified magnetite@ ferrihydrite 6.0 50 80.00 [48]
KHCO:s-activated Fe/Mn co-modified peanut shell biochar 7.0 90 84.00 [49]
Iron oxide nanoparticles 8.1 - 98.50 [50]
Multi-walled carbon nanotubes 7.0 120 31.44 [51]
cold plasma—engineered CNPs/Ti0,/CuO/Chitosan 6.9 79 91.98 Current
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Table 7
Effect of interfering ions on the selectivity coefficient aCd/Pb. Initial Cd(IT) and Pb(II) concentration, each 69

mg L, adsorbent dosage 26 mg, pH 6.5, contact time 79 min, and temperature 25°C

Interfering Concentration qe, Cd(II) qe, Pb(II) Selectivity
ion mg L! mg g’ mg g aCd/Pb

None (control) 0 85.65 50.35 4.58
Na* 1000 85.28 48.85 4.47
K* 1000 85.16 48.73 4.45
Ca* 100 79.08 42.79 4.17
Mg** 100 76.22 42.25 3.94
Zn* 100 74.55 41.78 3.75
Ni 100 73.65 40.65 3.68
Mixed ions Variable 72.80 40.29 345
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