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Abstract

:

Arsenic (III) exposure, often from contaminated water, can have severe health repercussions. Chronic exposure to this toxic compound is linked to increased risks of various health issues. Various technologies exist for arsenic (III) removal from contaminated water sources. This work synthesized ZnO-CuO nanocomposites through ultrasound-assisted coprecipitation, generating abundant hydroxylated sites via the deposition of ZnO nanoparticles onto CuO sheets for enhanced arsenic (III) adsorption. Structural characterization verified the formation of phase-pure heterostructures with emergent properties. Batch studies demonstrated exceptional 85.63% As(III) removal at pH 5, where binding with prevalent neutral H3AsO3 occurred through inner-sphere complexation with protonated groups. However, competing anions decreased removal through site blocking. Favorable pseudo-second order chemisorption kinetics and the 64.77 mg/g maximum Langmuir capacity revealed rapid multilayer uptake, enabled by intrinsic synergies upon nanoscale mixing of Zn/Cu oxides. The straightforward, energy-efficient ultrasonic production route makes this material promising for real-world water treatment integration.
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1. Introduction


Contamination of water by toxic heavy metals is a major issue that has serious consequences for human health and the natural environment [1]. While heavy metals occur naturally, human activities like mining, industrial processes, and agricultural runoff contribute to their release into the environment [2]. Consequently, heavy metals accumulate in water, soil, and air, posing a threat to plants, animals, and humans [3].



One such heavy metal is arsenic, which exists naturally but is also discharged into the environment through human practices like mining, smelting, and coal burning [4,5].



High arsenic levels have been reported in groundwater and tap water in regions of Asia, including Bangladesh, India, and China [6,7]. Alarming concentrations are also prevalent in some Latin American countries, such as Argentina [8], Chile [9], Mexico [10], and Peru [11,12]. In Peru specifically, arsenic contamination is linked to mining activities and the abundance of volcanic systems with high arsenic content [12,13]. The city of Tacna, located in southern Peru, has reported arsenic concentrations of up to 0.5 mg/L in drinking water from reservoirs recharged by arsenic-rich volcanic rocks [14]. This level far exceeds the 10 μg/L limit recommended by the World Health Organization [15].



Arsenic contamination of water sources presents serious health risks to humans. Exposure to arsenic can result in various health problems [16], including skin lesions [17], gastrointestinal and neurological issues [18,19], cancer [20,21], as well as birth defects and developmental challenges in children [22].



Arsenic (III) is the predominant form of arsenic in water and is notably toxic compared to other forms [23], making its removal challenging. Arsenic (III) acts as a reducing agent and can chemically transform when exposed to oxygen, resulting in its conversion to arsenic (V), which exhibits reduced toxicity and improved water removal capabilities [24].



A broad spectrum of techniques and technologies can be utilized for arsenic removal from water, but their efficacy varies based on factors such as arsenic type, concentration, and cost [25]. Common technologies include precipitation, coagulation, adsorption, and ion exchange [26]. Precipitation employs chemicals to induce arsenic precipitation, while coagulation facilitates the clumping of arsenic particles for easier removal [27]. Adsorption employs materials to bind arsenic to their surfaces, and ion exchange uses resins to exchange arsenic ions for other ions [28].



Adsorption is the process by which a substance adheres to the surface of another substance and offers significant advantages over other technologies. It is highly efficient, cost-effective, versatile, and safe for arsenic removal from water [29]. For this purpose, different materials that could remove arsenic from water have been studied, such as TiO2 [30] and their composites [31,32], iron-based materials [33,34], nickel-based materials [35], perovskite-type materials, such as CaTiO3 [36], graphene-based materials [37], carbon nanotubes [38], and other materials [39]. In terms of effectiveness and cost, the adsorption method is the most efficient, but its operation is still expensive.



CuO, ZnO, and ZnO/CuO nanomaterials are promising adsorbents for arsenic remediation [40,41,42,43] on account of their substantial surface area and porous properties [44], hydroxyl functional groups on the surface [45], variable surface charges [46], redox activity [47], wide pH stability [48], reusability [49], low cost, and easy synthesis methods [50,51,52,53,54,55,56]. These properties facilitate arsenic adsorption through surface complexation, ion exchange, electrostatic interactions, coprecipitation, and redox reactions. However, the specific mechanisms of arsenite adsorption are not well understood and require further research to optimize nanosorbent design for efficient arsenic removal [57].



The main objectives of this research involved the synthesis of ZnO/CuO nanocomposite at different concentrations using an ultrasound-assisted precipitation method. Subsequently, the synthesized materials were subjected to comprehensive characterization to evaluate the impact of the composition on their structural, vibrational, and morphological properties, as well as their effectiveness in arsenic (III) removal. In this investigation, a comprehensive set of analytical methods was utilized. These techniques included X-ray diffraction (XRD), Fourier-transform infrared (FTIR) spectroscopy, scanning electron microscopy (SEM), and BET surface area. Furthermore, batch experiments to evaluate the arsenic adsorption capabilities of the synthesized materials were also performed.




2. Materials and Methods


2.1. Materials


All the chemicals employed in this investigation were of analytical quality and were utilized without any additional purification steps. 2-Propanol, Zinc (II) Acetate Dihydrate, Copper (II) Nitrate Trihydrate, Sodium Hydroxide, Hydrochloric Acid (37%), Sodium (meta) Arsenite, Sodium Chloride, Sodium Nitrate, and Sodium Sulfate were supplied by Merck Company (Darmstadt, Germany).




2.2. ZnO-CuO Nanocomposites Synthesis


The synthesis of the ZnO-CuO nanocomposite was achieved by employing the ultrasound-assisted precipitation method. For this purpose, five samples were synthesized with 00:100 (0: 3.9922 g), 25:75 (1.09745 g: 2.99475 g), 50:50 (2.195 g: 1.9965 g), 75:25 (3.2925 g: 0.99825 g), and 100:00 (4.3923 g: 0) molar ratios of zinc (II) acetate dihydrate and copper (II) nitrate trihydrate, respectively. Each of these reagents was mixed and dissolved by a 35 kHz ultrasound cleaner (VWR Symphony, Radnor, PA, USA) in 500 mL of 2-propanol for 30 min and labeled as an A solution. Similarly, 0.08 M (1.6 g) of sodium hydroxide was dissolved in 500 mL of ultrapure water for 30 min and labeled as a B solution. After 30 min of sonication, the B solution was added dropwise to the A solution and then kept in constant sonication for an additional 30 min. Subsequently, the resulting solid was subjected to several rounds of ultrapure water washing, followed by filtration, drying at room temperature, and finally, calcination at 400 °C for a period of 2 h. The obtained samples were labeled CuO, ZnO-CuO (25:75), ZnO-CuO (50:50), ZnO-CuO (75:25), and ZnO, according to the molar ratio.




2.3. Characterization


The X-ray diffraction (XRD) patterns of the ZnO-CuO nanocomposites were recorded using a diffractometer from AERIS Research (Malvern Panalytical Ltd., Almedo, The Netherlands) with Ni-filtered CuKα radiation (wavelength 1.5406 Å) over a 2θ range from 20° to 80°. The crystallite size and structural parameters were determined by Rietveld refinement using X’Pert HighScore Plus software version 4.9. Nitrogen adsorption analysis at 77 K was carried out on a Gemini VII surface area analyzer from Micromeritics Instrument Co. (Norcross, GA, USA) to measure the specific surface area (BET) of the nanocomposites after degassing the sample at 200 °C under helium flow for 2 h. Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy over the 400–4000 cm−1 range was performed using a Bruker Invenio R spectrometer (Ettlingen, Germany) to acquire the vibrational spectra. A Thermo Scientific Quattro S field emission scanning electron microscope (FE-SEM) (Thermo Scientific Co., Eindhoven, The Netherlands) equipped with an UltraDry EDS detector was used to analyze the morphology of the samples and perform elemental analysis, and Thermo Scientific Talos F200i Transmission Electron Microscope (Thermo Scientific Co., Eindhoven, The Netherlands) was utilized to examine the shape and particle size of the samples. The arsenic (III) concentration was quantified using a flameless atomic absorption spectrometer (Shimadzu AA-6300, Shimadzu Scientific Instruments, Inc., Kyoto, Japan) with a graphite furnace atomizer (GFA-EX7i), employing a hollow cathode lamp (293.7 nm, 25 mA) for arsenic and a deuterium lamp for background correction.




2.4. Batch Adsorption Experiments


A 10 ppm arsenic (III) stock solution was prepared by dissolving 5.45 mg of sodium meta-arsenite (NaAsO2) in 1 L of ultrapure water to provide the arsenic (III) adsorbate.



Batch adsorption experiments were then performed to evaluate the arsenic removal capacity of the synthesized ZnO-CuO nanocomposite materials. These batch tests served as a rapid screening tool for analyzing the adsorption capabilities of the nanocomposites by studying the depletion in arsenic(III) concentration when equilibrated with the nanocomposite adsorbent material under controlled conditions. In the experimental procedure, a solution consisting of 100 mL of water containing 10 ppm of arsenic (III) at pH 7 was subjected to a treatment involving the combination of 50 mg/L of adsorbent. The resultant solution was then stirred at a rate of 200 rpm for 2 h while maintaining a temperature of 25 degrees Celsius. The arsenic adsorption experiments were conducted in a darkened environment. Samples were collected at various time intervals; then, centrifugation was carried out at 6000 rpm for 5 min, and thereafter, the supernatant was analyzed utilizing graphite furnace atomic absorption spectroscopy.




2.5. Impact of pH on Arsenic Removal


To assess the impact of pH on the effectiveness of arsenic removal, a series of solutions was prepared. These solutions maintained a constant concentration of 10 ppm of arsenic (III) while varying the pH levels. The pH was changed by adding solutions of either sodium hydroxide or diluted hydrochloric acid. After an adsorption procedure that lasted for two hours, samples were collected, and subsequently, they were subjected to centrifugation at 6000 revolutions per minute. A graphite furnace atomic absorption spectrometer was used to analyze the supernatant.



The equilibrium adsorption isotherms of the sample with the better performance were studied by conducting batch experiments under dark conditions using 50 mg of the ZnO-CuO nanocomposite and varying initial arsenic (III) concentrations of 10, 20, 40, 60, 80, and 100 ppm dissolved in 100 mL of deionized water. The resultant adsorption data after 2 h of contact time were modeled using the linearized Langmuir and Freundlich isotherm equations.



The Langmuir model assumes monolayer coverage of energetically equivalent sites, while the Freundlich model accounts for multilayer adsorption on a heterogeneous surface. Analysis of the correlation coefficients and chi-square values from the linear regression fitting revealed that the Langmuir model better described the arsenic (III) adsorption behavior.




2.6. PZC of ZnO-CuO Nanocomposite


The point of zero charge (PZC) of ZnO-CuO nanocomposites with the most exceptional adsorption capabilities was determined using the salt addition method [58]. To elucidate, 40 mL of a 0.1 M NaNO3 solution was aliquoted into nine separate Erlenmeyer flasks. The pH levels of the ZnO-CuO nanocomposite suspensions, spanning the range from 3 to 11, were adjusted by introducing either 0.1 M nitric acid or 0.1 M sodium hydroxide solutions, monitored with a pH meter (HI 5221, HANNA Instruments, Woonsocket, RI, USA). Following this, 0.02 g of ZnO-CuO nanocomposites were introduced into each flask and agitated at 150 rpm on an orbital shaker, maintaining a temperature of 30 °C for a duration of 24 h. Once equilibrium was reached, the contents were filtered, and the pH values of the filtrates were duly recorded. Subsequently, the PZC value, representing the pH at which the total surface charge on the adsorbent becomes neutral, was determined by plotting a graph correlating the initial pH with the change in pH.




2.7. Influence of Coexisting Ions on Arsenic Removal


To examine the effects of competing ions, test solutions were made using sodium salts of chloride, nitrate, and sulfate at varying concentrations of 100, 250, and 500 ppm.



The adsorption experiments were performed with an initial arsenic (III) concentration of 10 ppm and a dosage of 50 mg/L of adsorbent. A sodium hydroxide solution was employed to adjust the pH of the solutions to ~7.0.



After the batch adsorption tests were conducted for two hours, samples were collected from the test solutions containing the ZnO-CuO nanocomposite adsorbent and arsenic species. These samples were centrifuged at 4000 rpm for 5 min to separate out the adsorbent particles. Centrifugation facilitated the isolation of the supernatant from the solid adsorbent phase. The supernatant consisted of the residual arsenic species remaining in the solution after the adsorption process. This supernatant was then analyzed using a sensitive atomic absorption spectroscopy technique coupled with a graphite furnace atomizer.





3. Results and Discussion


3.1. X-ray Diffraction Results


X-ray diffraction (XRD) analysis provided critical insights into the crystalline phase composition, nanostructure, and structural parameters of the synthesized ZnO-CuO nanocomposites (Figure 1a). The samples contained two distinct components, hexagonal zincite ZnO (JCPDS 01-075-1526) and monoclinic tenorite CuO (JCPDS 00-005-0661), without any additional impurity peaks. The relative intensity of the ZnO and CuO peaks varied proportionally with their composition ratios, as expected.



Detailed Rietveld refinement of the XRD patterns was performed using PANalytical HighScore Plus software V.4.9 to quantify the relative phase abundances, crystallite sizes, and lattice constants in the nanocomposites. The background was modeled using the Chebyshev function, and the pseudo-Voigt profile was applied for peak fitting. Table 1 summarizes the results of the nanocomposites.



Excellent fitting confirmed that the samples contained highly crystalline zincite ZnO and tenorite CuO as the only phases with tunable relative compositions, as expected from the synthesis ratios. The ZnO crystallite size exhibited an initial increase from 14.93 nm to 22.48 nm as CuO content increased to 50%, which was attributed to CuO-mediated nucleation and growth. However, at 75% CuO, the size reduced to 10.33 nm, indicating dominant ZnO growth inhibition effects, as depicted in Figure 1b and outlined in Table 1. These trends imply that complex synergistic interactions between ZnO and CuO modulate crystallite growth during nanocomposite formation. Furthermore, the specific surface area understandably correlated inversely with crystallite size, as displayed in Table 1.




3.2. FTIR Spectral Analysis


Fourier-transform infrared spectroscopy was employed for the detailed characterization of the chemical environments and bonding structures in the synthesized ZnO-CuO nanocomposites (Figure 2). The FTIR spectra provided complementary evidence, alongside XRD and microscopy, on the successful formation of ZnO and CuO phases with tunable compositions.



The Zn-O and Cu-O metal–oxygen vibrational stretches confirmed the incorporation of ZnO and CuO, with relative intensities varying proportionally to the Zn and Cu content, as expected from the synthesis ratios. Specifically, the Zn-O peaks at 410 cm−1 and 607 cm−1 corresponded to the hexagonal wurtzite structure of the ZnO [59,60]. The Cu-O stretch at 507 cm−1 indicated the presence of a monoclinic CuO [61].



The FTIR spectra also exhibited small peaks at 2328 cm−1 and 2360 cm−1, corresponding to the stretching vibrations of residual carboxyl groups. These leftover organic carboxyl moieties likely originated from the incomplete decomposition of the zinc acetate and 2-propanol precursors during the thermal treatment [62].



Additional signals observed at 1403 cm−1 and 1506 cm−1 were assigned to the symmetric stretching vibrations of carboxylate functionalities (COO−) associated with residual acetate groups [63]. The relative intensities of the carboxyl and carboxylate peaks showed a direct correlation with the ZnO:CuO composition ratios. The higher the copper content, the greater the intensity of these peaks was observed. This variational trend aligns with the greater stability of copper acetate complexes compared to zinc acetates, leading to higher residuals at higher CuO contents.



The presence of residual organic groups like carboxylates and hydroxides revealed incomplete decomposition of the zinc acetate and 2-propanol precursors during the low-temperature ultrasonication treatment. This was likely responsible for the residual carbon observed in the EDS analysis (Table 2).




3.3. Scanning and Transmission Electron Microscopy


Field scanning electron microscopy (FE-SEM) and energy-dispersive X-ray spectroscopy (EDS) were applied to investigate both the morphology and elemental composition of ZnO-CuO composites. Figure 3 shows that the ZnO-CuO composites consist of CuO leaves covered by irregularly shaped ZnO nanoparticles (Figure 3). The increase in ZnO content tends to cover the CuO leaves progressively, as can be observed in Figure 3d,f,h), where CuO leaves were widely covered. EDS analysis was effectively utilized to validate and quantify the elemental composition. This technique allowed for the precise determination of the elemental ratios in ZnO-CuO composite materials. Table 2 reveals the relative abundance of Zn and Cu in the samples based on the elemental composition determined from the samples. Notably, the Zn/Cu ratio determined by EDS analysis closely matched both the anticipated values based on the molar composition used in the synthesis and the XRD results. This indicates that ZnO and CuO have been extensively incorporated, and the composites are homogeneous. Carbon content in samples is due to calcination residual carbon and organic volatilization from precursors.



Transmission Electron Microscopy (TEM) images are displayed in Figure 3b,d,f,h,j), and the particle size distribution is displayed in Figure S2. Comparing the average sizes and standard deviations obtained after analyzing several images, the data reveal a clear trend. Pure CuO exhibited 477 ± 275 nm sized leaves, decreasing to 439 ± 260 nm in the ZnO-CuO (25:75) composite as small ZnO nanoparticles began adsorbing onto surfaces. However, the ZnO-CuO (50:50) composite showed considerably larger 702 ± 307 nm particles, implying a large surface for ZnO growth and generating severe aggregation from ZnO bridging between CuO leaves. Thereafter, the 75:25 ratio limited amassing with 487 ± 234 nm sizes. Pure ZnO nanoparticles possessed small 25 ± 7 nm irregular morphologies. Hence, the nanoparticulate decoration of ZnO onto CuO lever and pore surfaces seems to first assist crystalline growth before later inducing aggregation through interlinkage.





 





Table 2. EDS Elemental Analysis of ZnO-CuO Composite Materials.
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Element

	

	
Sample

	




	
ZnO

(100)

	
ZnO-CuO

(25:75)

	
ZnO-CuO

(50:50)

	
ZnO-CuO

(75:25)

	
CuO

(100)






	
Zn (Atom %)

	
30.42

	
5.85

	
15.93

	
19.95

	
-




	
Cu (Atom %)

	
-

	
20.33

	
17.00

	
6.07

	
27.46




	
O (Atom %)

	
19.79

	
60.24

	
57.04

	
59.69

	
61.32




	
C (Atom %)

	
49.79

	
13.58

	
10.03

	
14.29

	
11.21










3.4. Analysis of Arsenic (III) Adsorption


The arsenic (III) removal efficiency of the synthesized ZnO-CuO nanocomposites was evaluated in batch adsorption trials performed under pH 7 conditions, starting with an initial arsenic concentration of 10 mg/L (Figure 4). Prior to these experiments, meticulous calibration of the atomic absorption spectrometer was conducted, yielding an impressive R-squared value of 0.999 (Figure S1). Then, three nanocomposite samples with varying ZnO:CuO molar ratios of 25:75, 50:50, and 75:25 were tested. It was observed that arsenic (III) removal efficiency was strongly dependent on the composition, with the ZnO-CuO (50:50) nanocomposite demonstrating a maximum removal of 70.5%. The ZnO-CuO (25:75) and ZnO-CuO (75:25) composites showed relatively lower removal rates of 43.02% and 63%, respectively. In comparison, pure CuO and ZnO nanoparticles exhibited relatively low removal rates of 1.02% and 0.41%, respectively. The enhanced performance of the 50:50 nanocomposite can be attributed to optimal synergistic effects between ZnO and CuO at this ratio for providing abundant hydroxylated surface binding sites for arsenic (III) adsorption [44,64]. The abundance of these hydroxyl groups facilitated arsenic (III) removal at pH 7 through mechanisms like surface complexation and ion exchange [46,65].




3.5. pH Influence on Arsenic (III) Removal


The influence of contact time on the arsenic (III) adsorption capacity of the 50:50 ZnO-CuO nanocomposite was evaluated at varying pH levels, as depicted in Figure 5a. It was evident that the amount of arsenic adsorbed rapidly increased during the initial stages of contact between the adsorbate and the adsorbent. This was followed by the attainment of adsorption equilibrium after 120 min for all tested pH conditions. The initial rapid uptake indicates fast diffusion and accessibility of the arsenic species to the binding sites on the nanocomposite surface. The plateau after 120 min signifies saturation of the available adsorption sites. The fast adsorption kinetics are beneficial for potential applications, as they would require shorter residence times.



Batch adsorption experiments revealed a maximum arsenic (III) removal of 85% by the ZnO-CuO (50:50) nanocomposite at pH 5 after 2 h. The abundant hydroxyl groups on the nanocomposite surface, coupled with the positive surface charge under acidic conditions, promoted favorable chemisorption interactions with arsenic (III) species. Speciation studies show that at pH 5, arsenic exists predominantly as neutral H3AsO3, which can directly bind to positively charged surface sites via inner-sphere complexation.



The kinetics of arsenic (III) adsorption by the ZnO-CuO nanocomposites under varying pH conditions were analyzed using two common kinetic models—the pseudo-first order and pseudo-second order rate equations [36].



The pseudo-first-order model (Equation (1)) assumes that adsorption occurs through a physisorption mechanism with weak interactions between the adsorbate and the adsorbent surface. The pseudo-second-order model (Equation (2)) assumes that chemisorption is the rate-limiting step involving stronger chemical bonding via the exchange or sharing of electrons between adsorbent and adsorbate [66].


    d  q t    d t   =  k 1     q e  −  q t     



(1)






    d  q t    d t   =  k 2       q e  −  q t     2   



(2)




where qt denotes the adsorption capacity at time t; qe denotes the adsorption capacity at equilibrium, while k1 and k2 represent the rate constants for pseudo-first and pseudo-second-order kinetics, respectively. Equations (3) and (4) provide the linearized forms of these kinetic expressions.


  l o g      q e  −  q t       q e    = −    k 1    2.303   t  



(3)






   t   q t    =  1   k 2   q e 2    +  t   q e     



(4)







The obtained kinetic coefficients are presented in Table 2.



The results show that the kinetic data fitted both models (Figure 5b,c) and present decent correlation coefficients (R2), as shown in Table 3, indicating that the arsenite adsorption follows multiple steps [67,68]. However, the pseudo-second-order model demonstrated a better fit overall, with R2 values very close to 1. According to Ho et al. [67], the excellent fit of the experimental kinetic data to the pseudo-second-order model suggests that chemisorption is likely to be the rate-limiting step controlling the kinetics of arsenic adsorption by the ZnO-CuO nanocomposite.



Chemisorption involves the formation of strong chemical bonds between the adsorbate and adsorbent surface atoms. This typically occurs through the sharing or exchanging of valence electrons, creating coordinated covalent linkages [69].



Analysis of the pseudo-second-order rate constants (k2) revealed that the k2 values progressively decreased as the solution pH increased from acidic to alkaline conditions.



The higher k2 and faster adsorption kinetics under acidic pH can be attributed to the positive surface charge of the nanocomposite and favorable electrostatic interactions with the negatively charged arsenic (III) ions. Under acidic conditions, the hydroxylated ZnO-CuO surface becomes protonated and acquires a net positive charge [43]. This enhances electrostatic attraction between the positively charged surface binding sites and the anionic arsenite species   (  H 3    AsO  3 −  /   HAsO  3  2 −   )  , accelerating the rate of chemisorption [70,71]. However, as the pH increases, deprotonation of the surface hydroxyl groups occurs, imparting a negative charge to the nanocomposite surface. This electrostatic repulsion between the now negatively charged surface and anionic arsenite ions likely reduces the chemisorption rate [24,72].



Linear forms of Langmuir and Freundlich models were utilized to characterize the equilibrium adsorption data (Table 4).



The Langmuir equation assumes monolayer coverage with uniform binding sites, allowing the calculation of the maximum uptake capacity (qmax). Its linear form permits the determination of the dimensional equilibrium constant KL, signifying adsorbate-adsorbent affinity. Conversely, the empirical Freundlich model presumes multilayer sorption across heterogeneous localities of variant affinities. Hence, binding escalates indefinitely with concentration. The heterogeneity factor 1/n provides insights into sorption intensity.



By fitting experimental results to these fundamental isotherms and deriving key parameters, including equilibrium concentration Ce, quantity bound at equilibrium qe, and constants that reveal critical binding tendencies, the adsorption mechanism, capacity, and favorability can be effectively elucidated from a theoretical lens to support the empirical observations.



To enhance comprehension of the adsorption process and ascertain the maximal capacity of arsenic (III) removal using ZnO-CuO (50:50) nanocomposite, adsorption isotherm data were acquired under ambient conditions at a temperature of 25 degrees Celsius. The data were subjected to fitting using the linear equations of the Langmuir and Freundlich models, respectively.



The results displayed in Figure 6 and Table 5 show a superior Freundlich model linear regression fit (R2 = 0.9856) that verifies heterogeneous multilayer binding of arsenic (III) ions onto the variable ZnO-CuO (50:50) nanocomposite surface [74].



At acidic pH 5, the neutral H3AsO3 species predominates and can access both high- and low-energy binding sites through a combination of inner-sphere direct surface complexation on abundant hydroxyls [75], as well as secondary interactions. This multilayer arrangement leads to a very high overall adsorption capacity [76].



The decent Langmuir fit suggests that while some monolayer coverage occurs at stronger chemisorption sites [77], the diverse surface enables extensive multilayer arsenic (III) adsorption through the spectrum of weaker physisorption sites [78].



The kinetics showed that chemisorption likely limits the initial uptake rate [79]. Thereafter, rapid diffusion and physisorption drive the high equilibrium capacities by allowing neutral H3AsO3 to saturate the heterogeneous surface of the nanocomposite [80].



Table 6 illustrates a comparison of several materials based on ZnO and CuO that have been reported for the removal of arsenic (As).



Through direct ultrasound-mediated nanostructuring, our ZnO-CuO (50:50) nanocomposite demonstrates an appreciable 64.77 mg/g arsenic (III) Langmuir adsorption capacity. This surpasses conventionally fabricated precursors, including pure ZnO (5.03 mg/g) [81] and ZnO-GO (8.17 mg/g) composites [82], validating the intrinsic benefits of synergistic nanotexturing. Notably, only tailor-made supports like solution combustion-derived ZnO-CuO/g-C3N4 [46] or dopants with citrate-hydrothermally synthesized Pd@ZnO/CuO [83] enable higher capacities near 100 mg/g. However, despite the absence of expensive adjuncts, our facile sonochemical synthesis elicits emergent morphological properties from interfacial Zn/Cu alloying, conferring substantial As(III) coordination strength.



Additionally, employing only non-toxic, cost-effective metal salts lends promise for sustainable, large-scale adoption. This establishes an easily prepared, competitively performing nano-adsorbent via component manipulation. Further stoichiometric modulation could elucidate mechanisms and systematic property enhancements.





 





Table 6. Comparative Arsenic Adsorption Capacities in ZnO-CuO Nanocomposites and Other Adsorbents.
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	Material
	Synthesis Method
	Test Conditions
	qmax (mg/g)
	Reference





	ZnO-CuO/g-C3N4
	Solution combustion method
	7 mg of adsorbent; 50 mL of 20–150 ppb As (III) solution; 70 min
	97.56
	[46]



	CuO-ZnO
	Electrospinning
	5 mg of adsorbent; 10 mL of 1–9 ppm As (III) solution; 24 h
	26.27
	[44]



	ZnO-GO
	Solvothermal
	0.3 g of adsorbent; 100 mL of 10–50 ppm As (III) solution; 1 h.
	8.17
	[82]



	CuO-ZnO doped chitosan succinic acid
	Freeze-drying process
	10 mg of adsorbent; 5 mL of 0.1–1.2 ppm As (III) solution; 24 h.
	0.899
	[84]



	ZnO
	Precipitation
	10 mg of adsorbent; 4 mL of 3–1000 ppm As (III) solution
	5.03
	[81]



	ZnO nanorods
	Precipitation
	0.4 g of adsorbent; 50 mL of 30–90 ppb As (III) solution
	38.46
	[85]



	Pd@ZnO/CuO
	Citrate-hydrothermal
	10 mg of adsorbent; 10 mL of 250 ppb arsenic solution; 3 h
	91.96
	[83]



	CuO/ZnO
	Ultrasound
	50 mg of adsorbent; 100 mL of arsenic solution with 10–100 ppm; 2 h
	64.77
	present work









3.6. PZC Analysis of ZnO-CuO Nanocomposite


The point of zero charge results are displayed in Figure 7. In contrast with the previous results, the maximum 85.63% arsenic (III) removal observed at pH 5 aligns closely with the point of zero charge (PZC) of 6.45 when the net surface charge is minimized, enabling favorable chemisorption [41]. Below the PZC, the positively charged surface attracted anionics    H 2    AsO   3 −   /   HAsO  3  2 −     through electrostatics, conferring 78.18% (pH 3) to 85.63% (pH 5) uptake. Above the PZC, surface repulsion of these species reduced capacity to 72.55% (pH 7), 67.55% (pH 9), and 55.57% (pH 11) as hydroxylated areas grew [86].



Explicitly integrating adsorption capacities across the pH range with PZC-governed surface charging provides in-depth insights into the multifaceted electrostatic and chemical factors influencing nano-adsorption [87]. The direct relationship of solution chemistry with binding verifies the intricate interplay of site competition, surface speciation, and charge repulsion in directing pH-responsive arsenic (III) removal.




3.7. Impact of Coexisting Ions


The adsorption of arsenic (III) by ZnO-CuO (50:50) nanocomposites at pH 7 occurs primarily through surface complexation mechanisms involving inner-sphere and outer-sphere binding to surface metal ions and hydroxyl groups [88,89]. The presence of competing anions can interfere with arsenic (III) adsorption by occupying these chemisorption sites or altering surface charge. As seen in Figure 8, increasing concentrations of chloride, nitrate, and sulfate ions (100 to 500 mg/L) at pH 7 all progressively reduced arsenic (III) removal efficiency by the nanocomposite. At the highest concentration (500 mg/L), chloride lowered removal from 72.9% to 47%, nitrate to 47.8%, and sulfate to 49.5%. The monovalent chloride ion likely competes directly with arsenite oxyanions for surface binding [83]. The multivalent sulfate and nitrate ions have greater hydration energies, displacing arsenic (III) through the outer-sphere complex formation [90,91]. Also, specific adsorption of sulfate and nitrate imparted a more negative surface charge at pH 7, weakening the arsenic (III) electrostatic attraction [92].



Despite current experimental limitations for statistical testing, the substantial arsenic adsorption capacity of the synthesized ZnO-CuO nanocomposite through sonochemical methods is evident in this evaluation.




3.8. Stability


The effectiveness of the ZnO-CuO (50:50) composite in removing arsenic (III) was the primary topic of an in-depth study that was conducted on the phase stability of the material under varied pH conditions. For the purpose of determining the structural stability of the composite material, an XRD study was carried out. The XRD patterns that were obtained by exposing the ZnO-CuO (50:50) composite to various pH conditions are displayed in Figure 9.



XRD results show that the ZnO-CuO (50:50) composite keeps its original structure across the whole pH range that was tested. The absence of any new phases and the absence of a significant decrease in the abundance of any phase served as evidence that the composite material has chemical stability under varied pH conditions.



The evaluation of arsenic (III) removal uncovered intriguing trends related to pH, which is important to note. At a pH of 5, the ZnO-CuO (50:50) composite showed the best arsenic removal effectiveness, whereas at a pH of 11, the composite showed the lowest removal efficiency. These findings are consistent with the XRD patterns that were found, providing more evidence that phase stability is directly related to arsenic removal efficiency.





4. Conclusions


The ultrasound-assisted coprecipitation method successfully produced optimized ZnO-CuO nanocomposites with a 50:50 molar ratio, demonstrating excellent 85.63% arsenic (III) elimination capacity under acidic conditions (pH 5) where chemisorptive binding with neutral H3AsO3 prevailed. Favorable pseudo-second order adsorption kinetics revealed rapid uptake, reaching equilibrium within 2 h. The nanomaterial maintained stability across a broad pH spectrum, retaining selectivity despite competing ions.



Multilayer Freundlich model dominance verified specialized heterogeneous surface textures that enable extensive physisorption-driven stacking, complementing chemisorption. The 64.77 mg/g maximum binding capacity, accessible ultrasonication synthesis, and intrinsic synergies upon nanoscale mixing of Zn/Cu oxides substantiate the promise for sustainable large-scale adoption to mitigate critical arsenic contamination issues.



Moreover, competing ions had a few significant effects on the arsenic adsorption by the ZnO-CuO (50:50) composite. Similarly, the stability of the composite was investigated, revealing that the ZnO-CuO (50:50) nanocomposite maintains its structure over a broad pH range. Thus, such a ZnO-CuO composite has true potential as a nanocomposite for water remediation applications.
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Figure 1. (a) X-ray diffraction profiles of ZnO-CuO nanocomposites and (b) Crystallite size of ZnO and CuO. 
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Figure 2. FTIR spectrums of ZnO-CuO nanocomposites. 
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Figure 3. Scanning and Transmission Electron Microscopy images of (a,b) CuO, (c,d) ZnO-CuO (25:75), (e,f) ZnO-CuO (50:50), (g,h) ZnO-CuO (75:25), and (i,j) ZnO. 
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Figure 4. Arsenic removal efficiency of ZnO-CuO nanocomposite. 
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Figure 5. (a) Time-dependent arsenic (III) adsorption by ZnO-CuO (50:50) at various pH, with the initial arsenic concentration set at 10 mg/L and adsorbent concentration at 0.5 g/L; (b) Linear fitting of the kinetic adsorption utilizing the pseudo-first-order model; and (c) Linear fitting using the pseudo-second-order model. 
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Figure 6. (a) Effect of initial concentration of Arsenic (III) removal by ZnO-CuO (50:50) nanocomposite; (b) Langmuir’s isotherm plot; and (c) Freundlich’s isotherm plots. 
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Figure 7. PZC plot for ZnO-CuO nanocomposite by salt addition method. 
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Figure 8. Influence of different competing ions on arsenic (III) removal using ZnO-CuO (50:50). 
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Figure 9. XRD patterns of ZnO-CuO (50:50) after different pH evaluations. 
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Table 1. Structure-related parameters for ZnO-CuO nanocomposites.
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Sample

	
CuO (100)

	
ZnO-CuO (25:75)

	
ZnO-CuO (50:50)

	
ZnO-CuO (75:25)

	
ZnO (100)




	
Phase

	
CuO

	
ZnO

	
CuO

	
ZnO

	
CuO

	
ZnO

	
CuO

	
ZnO






	
Crystal system

	
Monoclinic

	
Hexagonal

	
Monoclinic

	
Hexagonal

	
Monoclinic

	
Hexagonal

	
Monoclinic

	
Hexagonal




	
Phase percentage (%)

	
100

	
24.71

	
75.29

	
48.57

	
51.43

	
75.2

	
24.8

	
100




	
a (nm)

	
4.67793

	
3.25339

	
4.72394

	
3.25317

	
4.71857

	
3.25237

	
4.76458

	
3.24885




	
b (nm)

	
3.42191

	
3.25339

	
3.40375

	
3.25317

	
3.40595

	
3.25237

	
3.3736

	
3.24885




	
c (nm)

	
5.12759

	
5.21114

	
5.1312

	
5.21158

	
5.13222

	
5.21043

	
5.1187

	
5.20628




	
α (°)

	
90

	
90

	
90

	
90

	
90

	
90

	
90

	
90




	
β (°)

	
99.49249

	
90

	
99.95483

	
90

	
99.88692

	
90

	
99.96167

	
90




	
γ (°)

	
90

	
120

	
90

	
120

	
90

	
120

	
90

	
120




	
ρ (g/cm3)

	
6.5

	
5.66

	
6.5

	
5.66

	
6.5

	
5.66

	
6.52

	
5.67




	
D (nm)

	
17.9

	
14.93

	
16.03

	
22.48

	
18.7

	
19.49

	
10.33

	
24.81




	
Rexp (%)

	
1.37993

	
1.32982

	
1.31176

	
1.32851

	
1.24266




	
Rwp (%)

	
2.23386

	
2.26934

	
2.24639

	
2.5136

	
2.16768




	
Rp (%)

	
1.74381

	
1.86191

	
1.96468

	
1.7781

	
1.58302




	
GOF

	
1.29957

	
1.31047

	
1.34613

	
1.25582

	
1.74439




	
SSABET (m2/g)

	
22.3098 ± 0.0625 m2/g

	
21.8229 ± 0.0198 m2/g

	
17.7192 ± 0.2239 m2/g

	
19.5901 ± 0.1120 m2/g

	
18.4638 ± 0.0642 m2/g











 





Table 3. Kinetic coefficients from pseudo-first-order and pseudo-second-order fitting models based on ZnO-CuO nanocomposites experiment data.
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pH

	
Pseudo 1st Order

	
Pseudo 2nd Order




	
k1

	
qe

	
R2

	
k2

	
qe

	
R2






	
pH 3

	
0.01369084

	
1.19

	
0.60288

	
0.62686683

	
15.63

	
0.99991




	
pH 5

	
0.00634824

	
2.01

	
0.70912

	
0.01764271

	
17.48

	
0.99918




	
pH 7

	
0.02101172

	
3.36

	
0.85998

	
0.02300911

	
14.88

	
0.99959




	
pH 9

	
0.01300043

	
2.30

	
0.54333

	
0.04975609

	
13.44

	
0.99909




	
pH 11

	
0.02208858

	
2.18

	
0.98732

	
0.08071776

	
11.29

	
0.99925











 





Table 4. Adsorption isotherms models and their linear forms.
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	Isotherm Model
	Nonlinear Form
	Linear Form
	Plot
	References





	Langmuir
	    q e  =    Q L   K L   C e    1 +  K L   C e      
	    1   q e    =  1   K L   q  m a x      1   C e    +  1   q  m a x       
	    1   q e      vs .    1   C e      
	[73]



	Freundlich
	    q e  =  K F   C e  1 / n     
	   l n  q e  = l n  K f  +  1 n  l n  C e    
	   l n  q e    vs .   l n  C e    
	[74]










 





Table 5. Isotherm parameters for the arsenic (III) by ZnO-CuO.
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Isotherm Model

	
Langmuir

	
Freundlich




	
Parameters

	
qmax (mg/g)

	
KL

	
RL

	
R2

	
Kf

	
1/n

	
R2






	
Value

	
64.7668

	
0.1283

	
0.4380

	
0.9243

	
9.6168

	
0.2190

	
0.9856
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