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Abstract

In recent times, there has been a significant rise in global arsenic intake, stemming from both drinking water and food sources.
Arsenic contamination in groundwater can originate from natural geological processes and anthropogenic activities such as industrial
effluents, agricultural practices like insecticide use, municipal sewage, and household waste. One eco-friendly and dependable method for
addressing this issue involves the synthesis of metal complex nanoparticles, which have broad applications in various fields, including
sensing, catalysis, and environmental remediation. A noteworthy development is the creation of a novel nano-hydrazinyl Schiff base Co(ll)
complex sensor designed specifically for detecting arsenic with high sensitivity and selectivity. This nano-hydrazinyl Schiff base Co(ll)
complex underwent comprehensive characterization using a range of analytical tools, including Dynamic Light Scattering (DLS), Zeta
potential analysis, Transmission Electron Microscopy (TEM), Scanning Electron Microscopy (SEM), Fourier-Transform Infrared
Spectroscopy (FT-IR), contact angle measurements, as well as BET surface area and pore size determination. The nanoparticles exhibited
excellent water dispersibility, high surface area, and favorable hydrophobic properties, making them suitable for sensing applications in
aqueous environments. Furthermore, researchers explored the practical application of the Nano Hydrazinyl Schiff Base Co(ll) Complex as a
simple, cost-effective, and highly sensitive Quartz Crystal Microbalance (QCM) sensor for rapidly detecting arsenic. Using this Nano
Hydrazinyl Schiff Base Co(ll) Complex sensor, arsenic can be reliably detected even at deficient concentrations, as low as 1 ppm, with a
remarkable response time of 7-8 minutes. Additionally, the cytotoxicity of the Hydrazinyl Schiff Base Co(ll) Complex nanoparticles was
thoroughly investigated to ensure their safety. This innovative method has demonstrated its effectiveness and feasibility for precisely
determining arsenic ions in groundwater and industrial effluent wastewater samples.
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1. Introduction

Arsenic, a ubiquitous and highly toxic trace element, poses a severe environmental and public health concern even
at minuscule concentrations [1]. Its toxicity stems from its ability to bind to and inhibit enzymes crucial for normal
physiological functions [2]. Arsenic is naturally present in water, soils, rocks, and living organisms; however, anthropogenic
activities such as mining, smelting, and the use of arsenic-containing pesticides and wood preservatives have significantly
contributed to its widespread distribution and increased levels in the environment [3]. Chronic exposure to arsenic can lead to
a range of adverse health effects, including various cancers (skin, lung, bladder, and kidney), skin lesions, cardiovascular
diseases, neurotoxicity, and diabetes [4]. Alarmingly, arsenic contamination in drinking water affects millions globally,
particularly in regions with high natural arsenic levels in groundwater, such as parts of Asia, South America, and North
America [5]. Given its high toxicity and widespread presence, regular monitoring and removal of arsenic from various
sources, including natural waters, are imperative. The World Health Organization (WHO) has set a stringent limit of 10
ng/mL (or 10 parts per billion) for total arsenic in drinking water, necessitating the use of highly sensitive and accurate
analytical techniques [6]. Several analytical methods have been employed for trace arsenic determination, each with
advantages and limitations. While relatively simple and inexpensive, colorimetric methods often lack sensitivity and
selectivity [7]. Atomic absorption spectrometry (AAS) and hydride generation systems combined with AAS offer improved
sensitivity but can be time-consuming and require experienced operators [8]. Inductively coupled plasma mass spectrometry
(ICP-MS) and atomic fluorescence spectrometry provide exceptional sensitivity and multi-element analysis capabilities but
are often costly and require complex instrumentation [9]. In recent years, nanoparticle-based sensors have emerged as
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promising tools for predicting heavy metal pollution accumulation, translocation, and eco-toxicological impacts [10]. Among
these, the nanoparticle-based Quartz Crystal Microbalance (QCM) sensor has gained significant attention due to its
advantages: affordability, selectivity, sensitivity, rapid response time, and potential for miniaturization and portability [11].
The QCM sensor operates on the principle of a piezoelectric effect, where a quartz crystal oscillates at a specific frequency
when an alternating electric field is applied. When a target analyte interacts with the sensor surface, the mass change causes a
shift in the oscillation frequency, which can be correlated to the analyte concentration. By functionalizing the sensor surface
with specific nanoparticles or receptors, the QCM sensor can be tailored for selective and sensitive detection of various
analytes, including heavy metals like arsenic [12].

Consequently, there is a pressing need for a swift, dependable, and highly sensitive sensor for arsenic detection
capable of meeting the stringent regulatory limits and addressing the widespread contamination issues. Our current research
endeavors focus on developing a single analytical sensor capable of detecting heavy metals like arsenic with high sensitivity,
selectivity, and rapid response times. Arsenic contamination in groundwater and its associated health risks have become a
global concern, affecting millions worldwide. The contamination can originate from natural geological processes and
anthropogenic activities [13]. In several regions, notably in parts of Asia and South America, arsenic naturally occurs in
aquifers due to the weathering of arsenic-bearing rocks and minerals. The release of arsenic into groundwater is influenced by
various factors, including geochemical conditions, pH, redox potential, and the presence of microorganisms [14].

Anthropogenic sources of arsenic contamination include mining activities, industrial processes (such as smelting,
coal combustion, and semiconductor manufacturing), agricultural practices (such as the use of arsenic-based pesticides and
wood preservatives), and improper waste disposal [15]. Industrial effluents and wastewater discharge can introduce significant
amounts of arsenic into water bodies, posing risks to human health and the environment [16]. In densely populated areas with
high groundwater extraction rates, lowering water tables can mobilize naturally occurring arsenic from sediments,
exacerbating the contamination problem [17].

Climate change and associated changes in precipitation patterns and groundwater recharge rates can further impact
the distribution and mobility of arsenic in aquifers [18]. Arsenic contamination in drinking water has become a public health
crisis in many regions, particularly in developing countries where access to safe drinking water is limited, and resources for
water treatment are scarce [19]. Long-term exposure to arsenic-contaminated water has been linked to various health issues,
including skin lesions, cardiovascular diseases, neurological disorders, and various types of cancer [20]. Addressing arsenic
contamination requires a multi-faceted approach involving monitoring, remediation, and the development of cost-effective
and sensitive detection techniques. Continuous monitoring of arsenic levels in water sources is crucial for identifying
contaminated areas and assessing the effectiveness of remediation efforts [21]. While accurate, conventional analytical
techniques can be time-consuming and expensive and require specialized laboratory facilities, which may not be readily
available in resource-limited settings [22]. Developing nanoparticle-based sensors, such as the QCM sensor functionalized
with specific nanoparticles or receptors, offers a promising solution for on-site, rapid, and cost-effective arsenic detection
[23]. These sensors can potentially overcome the limitations of traditional analytical methods and provide real-time
monitoring capabilities, enabling timely intervention and remediation efforts [24]. By addressing the pressing need for a swift,
dependable, and susceptible arsenic sensor, our research aims to contribute to the global effort to mitigate the risks associated
with arsenic contamination and improve access to safe drinking water for communities worldwide [25].

This study presents the development of a novel nano-structured hydrazinyl Schiff base Co(ll) complex-
functionalized Quartz Crystal Microbalance (QCM) sensor. The unique aspect of our research lies in the synthesis and
comprehensive characterization of this complex, which exhibits exceptional colloidal stability, high surface area, and
favorable hydrophobic properties. This work addresses the critical need for a rapid, reliable, and highly sensitive method for
detecting trace levels of arsenic in aqueous systems. By integrating this novel nanostructure onto a QCM platform, we
demonstrate its potential for environmental sensing, contributing significantly to water quality monitoring and public health
protection.

2. Experimental Procedures and Methodology
2.1. Materials and Solutions

In this research study, high-purity chemicals were employed throughout the experimental procedures. The critical
materials utilized included 1-hydrazinylphthalazine (obtained from Merck), 1-(2H-benzo[d][1,2,3]triazol-2-yl)propan-2-one
(purchased from Sigma-Aldrich), and cobalt(ll) chloride hexahydrate (CoCl..6H20, sourced from BDH). For the preparation
of solutions and as a reaction medium, absolute ethanol of spectroscopic grade purity was procured from BDH. Bid stilled
water, obtained from glass distillation apparatuses, was consistently used for all aqueous solution preparations. It is important
to note that all chemicals and reagents employed in this study were of high purity and used as received from the suppliers
without further purification or treatment steps. Using high-quality materials and solvents is crucial in ensuring the
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reproducibility and accuracy of the experimental results and the successful synthesis and characterization of the desired
compounds and nanostructures.

2.2. Instrumentation

The Cairo University in Egypt investigation used a comprehensive analytical approach to characterize various
materials. Multiple scientific instruments and techniques were employed to analyze the intrinsic properties and features of the
substances studied. Mass spectra were acquired using an MS-5988 GS-MS instrument (Hewlett-Packard) with electron
ionization at 70 eV. UV-Vis spectra within the 200 to 700 nm range were recorded using a PerkinElmer spectrophotometer.

The Microanalytical Center at Cairo University conducted antimicrobial research, while cytotoxicity studies were
conducted at the National Cancer Institute and Cairo University. Microanalysis for carbon, hydrogen, and nitrogen content
was performed with a CHNS-932 (LECO) Vario Elemental analyzer. Melting points were determined using a TriForce
XMTD-3000 apparatus. FT-IR spectra (4000 to 400 cm™) were obtained using a Perkin-Elmer 1650 spectrometer with KBr
disks. The molar conductance of solid complex solutions in ethanol (10> M) was measured with a Jenway 4010 conductivity
meter. The surface charge and particle size of hydrazinyl Co(ll) complex nanoparticles were determined using a NanoSight
NS500 instrument (Malvern Panalytical). BET surface area and pore volume were measured with a Quanta Chrome Nova
Touch 4L analyzer, following degassing at 65°C for 1.25 hours. Atomic Force Microscopy (AFM) used an Oxford Jupiter XR
AFM model, with samples prepared by sonication using an ultrasonic probe sonicator (UP400S, Hielscher).

Thin film synthesis was performed with a Spain coater instrument (Laurell-650Sz) under vacuum conditions. AFM
images and roughness profiles were obtained at 47 nm x 47 nm with a gold tip in contact mode. Wettability was assessed
using a Biolin Scientific contact angle analyzer (model T200) under sessile drop conditions. QCM-based hydrazinyl Co(ll)
complex nanosensors were established using an AT-cut quartz crystal chip with a gold electrode (Q-Sense, Shenzhen). The
sensor was cleaned with an ammonia, H-O-, double-distilled water solution, then air-dried. Baseline QCM measurements were
taken with double-distilled water before introducing arsenic solutions (0.1, 0.5, and 1 ppm) at a controlled flow rate.

2.3. QCM-Monitoring of Arsenic lons

The study used a QCM system to monitor arsenic ions with QCM-based hydrazinyl Co(ll) complex nanosensors.
Measurements were conducted by applying a 1 ppm arsenic solution onto the nanosensor surface under different conditions—
temperatures (25°C, 35°C, and 45°C), arsenic concentrations (0.1, 0.5, 1 ppm), and pH levels (4, 7, 10). The process involved
repeated arsenic solution injection until QCM signal stabilization, indicating equilibrium in the binding interaction, followed
by a rinse with double-distilled water to remove unbound particles. This method evaluated the nanosensors' effectiveness in
detecting arsenic in various environmental settings by achieving precise measurements and equilibrium in binding
interactions.

2.4. Synthesis of the studied compounds
2.4.1. Synthesis of Schiff Base Ligand (L)

Following our previous research [26] and the protocol in Reference [27], we synthesized a novel Schiff base ligand
through a condensation reaction between 1-hydrazinylphthalazine and 1-(2H-benzo[d][1,2,3]triazol-2-yl)propan-2-one.
Initially, 1-hydrazinylphthalazine (0.4 g, 2.48 mmol) was dissolved in hot absolute ethanol (65°C). Separately, 1-(2H-
benzo[d][1,2,3]triazol-2-yl)propan-2-one (0.436 g, 2.48 mmol) was dissolved in hot ethanol. These solutions were combined
in a 1:1 molar ratio and refluxed for six hours, resulting in the formation of a reddish-brown solid. This precipitate was
filtered, washed, and recrystallized from ethanol, yielding the pure Schiff base ligand with an 81% yield (Fig 1).

2.4.2. Synthesis of Hydrazinyl Co(ll) Complex and its Nanostructure

The synthesis of the nano cobalt complex involved a multi-step procedure. First, an ethanolic solution of the Schiff
base ligand (0.6 g, 1.88 mmol) was dissolved in hot ethanol at 65°C. Cobalt (II) chloride (CoClz, 1.88 mmol) was dissolved in
20 mL of absolute ethanol in a separate container. The two solutions were combined and refluxed with continuous stirring for
five hours, forming the cobalt(l) complex, precipitating as a solid (Fig 1). This solid was isolated by filtration, thoroughly
washed, and dried under a vacuum with anhydrous calcium chloride as a desiccant [28]. Recrystallization yielded the pure
cobalt(ll) complex. A color change from reddish-brown to yellowish-green was observed during the synthesis, likely due to
the cobalt(ll) ion's coordination with the Schiff base ligand. The synthesized cobalt(Il) complex was further treated with
ultrasonic probe sonication for 10 minutes [29, 30], promoting the breakdown of larger particles into nanoscale structures and
facilitating the formation of nanostructured materials.
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Fig 1.The structure of the Hydrazinyl Schiff Base and its Co(Il) Complex formation reaction.

3. Result and Discussion
3.1.Characterization of Hydrazinyl Co(11) Complex
3.1.1. Spectroscopic and Thermogravimetric Characterization

The Cobalt complex stands out due to its distinct chemical composition and noteworthy biological attributes [31].
This complex exhibit stability in air and readily dissolves in polar organic solvents such as dimethylformamide (DMF) and
dimethyl sulfoxide (DMSO). However, it demonstrates limited solubility in water. Elemental analysis affirms a 1:1 metal-to-
ligand ratio for the complex. In DMSO concentration of 1072 M) at 25 °C, its molar conductivity (Am) registers at 62 Q!
mol™t cm?, indicating its electrolytic nature [27].The newly synthesized Schiff base cobalt complex exhibited favorable
characteristics with a yield of 84%, a melting point of 249°C, and presented as a dark brown solid. Based on the provided
information, the elemental analysis results obtained experimentally [C, 39.02%; H, 4.16%; Co, 11.05%; N, 18.57%] are in
agreement with the calculated values [C, 39.32%; H, 4.46%; Co, 11.35%; N, 18.88%] for the proposed chemical compound
[Co(L)CI(H20)s]-Cl-H20, where L represents the ligand with the molecular formula C17H23CI,CoN7QOa.

The close match between the calculated and experimental percentages of carbon (C), hydrogen (H), chlorine (Cl),
cobalt (Co), and nitrogen (N) confirms the 1:1 metal-to-ligand ratio. It validates the composition of the complex [27, 32]. The
EI-MS technique was used in this work to corroborate the mass of the Cobalt complex by examining the intense molecular ion
peaks in the spectra shown at m/z = 521.20 [M+2]*. The coordination mechanism between the ligand and the cobalt center is
revealed through a comparative analysis of the infrared spectra of the ligand and the cobalt complex. Notably, the azomethine
group and N-phthalazine in the ligand exhibit a robust band at 1627 and 1574 cm™, respectively, which shift to 1613 and 1545
cm™ in the complex [33, 34].

This shift signifies coordination through the two nitrogen atoms. Additional nonligand bands at 463 cm™ and 565
cm™ correspond to v(M—N) and v(M—0) coordinated water, respectively [35-37]. In the IR spectra of the ligand, the peaks
corresponding to Triazol ring stretching and (N-N) triazole were revealed at 1563 and 1089 cm™, respectively [26, 38-39].
The triazole did not bind to the Cobalt metal cation, as shown by the unchanged band of the v(N-N) mode at 1088 cmin the
IR spectra of the Cobalt complex [38, 39].

Based on this data, the proposed formula for the Cobalt complex is [Co(L)CI(H.0)s]-Cl-H,O. The UV-Vis
spectrum of the Cobalt complex reveals distinctive bands at 260 nm and 339 nm, indicative of n—* and n—n* intramolecular
transitions, respectively [27]. Regarding biological activity, the antibacterial and antifungal properties of the Cobalt complex
were evaluated using the disc diffusion method [40, 41]. The study utilized Thermal Gravimetric Analysis (TGA) to assess
the synthesized metal complexes' thermal resilience and distinguish between water molecules existing as hydrated or
coordinated within their structures. Analysis through TG and DTG was conducted on the Schiff base ligand metal complexes,
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examining their behavior across a temperature spectrum from ambient conditions to 800°C [27, 28]. The thermal analysis of
the [Co(L)CI(H20)3]-Cl- H,O complex exhibited three decomposition steps. The initial step, between 35-105°C with a peak
at 93.8°C, led to the loss of hydrated water molecules, estimating a mass loss of 3.08% (calculated = 3.46%).

The subsequent step, between 105-245°C with a peak at 277.11°C and 313.6, involved the loss of C7H12CIN3O;
with an estimated mass loss of 39.07% (calculated = 39.59%). The final step, between 345-800°C with a peak at 516.7 and
623.27°C, related to the loss of CioHoCINswith an estimated mass loss of 42.06% (calculated = 42.49%),leaving behind
cobalt oxide (CoO) as the decomposition product.

3.1.2. Biological Applications: Antimicrobial Efficacy

Table 1 shows the antimicrobial activity data, represented by the zone of inhibition (in mm), of the hydrazinyl Schiff base
ligand (L), the hydrazinyl Co(ll) complex, and standard antibiotics against various microorganisms. By comparing the
antimicrobial activity of the hydrazinyl Schiff base ligand (L) and its corresponding hydrazinyl Co(Il) complex (Table 1), it is
evident that the complexation with the Co(ll) ion enhances the antimicrobial activity in most cases [32, 37, 41]. Against
Gram-negative bacteria, the hydrazinyl Co(ll) complex exhibits significantly higher antimicrobial activity than the free
hydrazinyl Schiff base ligand (L). For instance, against Escherichia coli (ATCC:10536), the hydrazinyl Co(ll) complex shows
a zone of inhibition of 23+£0.7 mm, which is substantially higher than the free ligand (10.3+0.6 mm) and comparable to the
standard antibiotic gentamicin (27.0£1.0 mm).

Similarly, against Salmonella enterica (ATCC: 14028), the hydrazinyl Co(ll) complex demonstrates a higher zone of
inhibition (19.8+1.0 mm) compared to the hydrazinyl Schiff base ligand (L) (9.0+1.0 mm), and its activity is slightly higher
than the standard antibiotic gentamicin (18.3+0.6 mm). The hydrazinyl Co(ll) complex also exhibits enhanced antimicrobial
activity against Gram-positive bacteria compared to the free hydrazinyl Schiff base ligand (L). Against Staphylococcus aureus
(ATCC:13565), the hydrazinyl Co(ll) complex shows a higher zone of inhibition (23.7+£1.0 mm) than the free ligand
(10.0+£1.0 mm), and its activity is slightly higher than the standard antibiotic ampicillin (22.0+1.0 mm). For Streptococcus
mutans (ATCC:25175), the hydrazinyl Co(Il) complex displays a higher zone of inhibition (18.9+£0.3 mm) compared to the
hydrazinyl Schiff base ligand (L) (15.3+0.6 mm), but slightly lower than the standard antibiotic ampicillin (20.3£0.6 mm).
Regarding antifungal activity, the hydrazinyl Co(ll) complex exhibits higher antimicrobial activity against Candida albicans
(ATCC:10231) compared to the free hydrazinyl Schiff base ligand (L), with a zone of inhibition of 24+0.6 mm for the
complex and 16.7+0.6 mm for the free ligand. The activity of the hydrazinyl Co(ll) complex is higher than the standard
antifungal agent nystatin (21.0+1.0 mm). However, against Aspergillus nigar (ATCC:16404), the hydrazinyl Co(ll) complex
shows a slightly lower zone of inhibition (21+0.6 mm) compared to the hydrazinyl Schiff base ligand (L) (20.3+0.6 mm).
Still, its activity is comparable to the standard antifungal agent nystatin (19.3+0.6 mm).

The enhanced antimicrobial activity of the hydrazinyl Co(ll) complex can be attributed to the presence of the Co(ll)
ion, which can interact with biomolecules and potentially disrupt cellular processes. The chelation of the hydrazinyl Schiff
base ligand with the Co(ll) ion can also modify the lipophilicity and solubility properties, facilitating better penetration into
microbial cells and improving antimicrobial efficacy. The hydrazinyl Co(ll) complex is more active than the hydrazinyl Schiff
base ligand due to the chelation effect, structural modifications, redox properties, and altered solubility imparted by the
complexation with the Co(ll) ion. Our studies collectively demonstrate that the complexation of Schiff base ligands with
metal ions consistently enhances antimicrobial activity. Our research shows the Co(ll) complex significantly outperforms the
free hydrazinyl Schiff base ligand against various microorganisms, often matching or exceeding standard antibiotics. This
aligns with Abdel-Rahman et al.'s (2023) findings, where their metal complexes, especially the Mn(ll) complex, exhibited
superior antimicrobial activity compared to the free ligands [37].

Similarly, EI-Sherif et al., in two separate studies, observed enhanced efficacy of their metal complexes, particularly
Zn(I1) and Cd(Il) complexes, against a range of pathogens. Across all studies, the improved activity is attributed to increased
lipophilicity, metal ion interactions with cellular components, and altered physicochemical properties due to complexation
[32,41].

The enhanced antimicrobial activity of your hydrazinyl Co(Il) complex aligns with several mechanisms proposed in
recent literature. Despite variations in specific metals and ligands used, the consistent enhancement of antimicrobial properties
upon complexation highlights the potential of Schiff base metal complexes as promising candidates for new antimicrobial
agents.
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Table 1.Antimicrobial Activity (Zone of Inhibition in mm) of Schiff Base Ligand (L), hydrazinyl Co(ll) complex, and
Standard Antibiotics against Various Microorganisms

Sample Schiff base Ligand hydrazinyl Co(l1) Standard antibiotic
(L) complex
Microorganism

Gram-negative bacteria Gentamicin
Escherichia coli 10.3+0.6 23+0.7 27.0£1.0
(ATCC:10536)
Salmonella enterica 9.0£1.0 19.8+1.0 18.3+0.6
(ATCC: 14028)
Gram-positive bacteria Ampicillin
Staphylococcus aureus 10.0+1.0 23.7+£1.0 22.0+£1.0
(ATCC:13565)
Streptococcus mutans 15.3+0.6 18.9+0.3 20.3£0.6
(ATCC:25175)
Fungi Nystatin
Candida albicans 16.7+0.6 24+0.6 21.0£1.0
(ATCC:10231)
Aspergillus Nigar 20.3+0.6 21+0.6 19.3+0.6

(ATCC:16404)

3.2. Characterization of Nano-Hydrazinyl Co(l1) Complex
3.2.1. Textural Characterization of Hydrazinyl Co(l1) Complex Nanoparticles by SEM and AFM

Scanning electron microscopy (SEM) is a well-known and practical method for determining the surface morphology
of produced hydrazinyl Co(ll) complex nanoparticles [42, 43]. The SEM images in Fig 2 indicate the excellent dispersity
achieved for these nanoparticles. The images reveal that the particles show a particulate or granular morphology, with small
spherical or near-spherical particles clustered together and showing no apparent signs of aggregation or agglomeration.
Furthermore, the particle diameters are consistently below 100 nm, ranging in size from 34.11 to 61.95 nm. Atomic Force
Microscopy (AFM) images [44, 45], as depicted in Figure 3, vividly illustrate a fibrous morphology for the hydrazinyl Co(ll)
complex nanoparticles. These images revealed no observable signs of aggregation or agglomeration. The particle size,
extrapolated from the AFM images, was determined to be less than 54 nm. The complementary information provided by SEM
and AFM analyses allowed for a comprehensive characterization of the textural properties and morphology of the hydrazinyl
Co(Il) complex nanoparticles. The SEM images confirmed the successful synthesis of well-dispersed, spherical nanoparticles
with diameters below 100 nm, while the AFM images revealed a fibrous nanostructure with particle sizes below 52 nm. These
findings are critical in understanding the nanoparticles' structural features and potential implications for various applications,
such as sensing and catalysis.

Fig 2. SEM Imaging Reveals Well-Dispersed Spherical Hydrazinyl Co(ll) Complex Nanoparticles with Sub-100 nm
Diameters.
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Fig 3. (A) Depict the 3D Atomic Force Microscopy (AFM) on the left, and (B) Depict the 3D Two-Dimensional Atomic
Force Microscopy (2DAFM) on the right for Cd (1) complex nanoparticles.

3.2.2. Dynamic Light Scattering (DLS) and Zeta Potential Analysis

The particle size assessment of the hydrazinyl Co(ll) complex nanoparticles was carried out using the dynamic light
scattering (DLS) technique [46, 47], as depicted in Figure 4. The DLS analysis revealed that the average particle size of the
hydrazinyl Co(ll) complex nanoparticles was 68.061 nm. The results showed an unimodal size distribution with a low
polydispersity index, indicating a remarkably high colloidal stability within the suspension. Figures (4 and 5) illustrate the
particle size distribution and zeta potential outcomes for the hydrazinyl Co(ll) complex nanoparticles. Notably, the measured
zeta potential was -32.674 Mv (Fig 5), suggesting a uniform dispersion of nanoparticles. The zeta potential, a critical
parameter in evaluating the physicochemical stability of colloidal systems during storage, reflects the system's overall stability
[48, 49]. A higher absolute value of the zeta potential corresponds to better system stability. The results presented here
unequivocally highlight the exceptional stability of the hydrazinyl Co(ll) complex nanoparticles. The DLS analysis provided
quantitative information about the particle size distribution and confirmed the nanoscale dimensions of the synthesized
hydrazinyl Co(Il) complex particles. The low polydispersity index indicated a narrow size distribution and high
monodispersity, desirable characteristics for many applications. Furthermore, the zeta potential analysis revealed the presence
of surface charges on the nanoparticles, contributing to their colloidal stability through electrostatic repulsion forces. The high
absolute value of the zeta potential (-32.674 mV) suggested excellent stability and minimal tendency for aggregation or
agglomeration. Together, these analyses provided valuable insights into the size, dispersity, and stability of the hydrazinyl
Co(Il) complex nanoparticles, essential for their successful implementation in various applications.
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Fig 4. Dynamic Light Scattering (DLS) Analysis of Hydrazinyl Co(ll) Complex Nanoparticles Showing Average Particle Size
and Size Distribution
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Fig 5. Zeta Potential of Hydrazinyl Co(ll) Complex Nanoparticles Indicating High Colloidal Stability

3.2.3. BET Surface Area and Pore Size Analysis

The Brunauer-Emmett—Teller (BET) method is a powerful technique for characterizing nanomaterials, providing
valuable insights into their surface area and porosity. In the case of the hydrazinyl Co(ll) complex nanoparticles, the
application of BET adsorption isotherms played a crucial role in scrutinizing their surface area characteristics (Fig 6) [50, 51].
The nitrogen adsorption-desorption isotherms exhibited a characteristic type 1V behavior, indicating the presence of hysteresis
loops, confirming the macroporous nature of these nanoparticles. The BET analysis revealed a surface area of 93.5578 m2/g
for the hydrazinyl Co(ll) complex nanoparticles. Additionally, the average particle radius was determined to be 14.575 nm,
and the average pore size was found to be 3.18822 nm. The substantial surface area, as elucidated by the multipoint BET
analysis, significantly enhances the capacity of these metal complex nanoparticles to adsorb arsenic ions from aqueous
environments. This remarkable surface area can be attributed to the unique fibrous morphology of the nanoparticles, as
evidenced by the AFM analysis, which revealed a fiber-like structure with a diameter of approximately 52 nm. The
macroporous structural characteristics, stemming from the fibrous morphology, play a pivotal role in augmenting the efficacy
of arsenic ion adsorption by these metal complex nanoparticles. The high surface area and macroporous nature provide
abundant active sites and enhanced accessibility for arsenic ions to interact with the nanoparticle surface [52]. Furthermore,
the fibrous morphology with a diameter of 52 nm contributes to the high surface area. It facilitates the adsorption process by
providing a more significant number of binding sites and potential ion exchange channels along the length of the fibers. This
unique fibrous architecture creates a highly conducive environment for efficient arsenic ion adsorption and subsequent
removal from aqueous solutions [53, 54]. The macroporous structure, substantial surface area, and fibrous morphology with a
favorable fiber diameter make these complex metal nanoparticles highly attractive for arsenic ion adsorption and remediation
applications. The synergistic effect of these characteristics enhances the nanoparticles' adsorption capacity, selectivity, and
kinetics, ultimately leading to improved arsenic ion removal efficacy.
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Fig 6. BET Adsorption Isotherms Analysis of Hydrazinyl Co(Il) Complex Nanoparticles for Surface Area Characterization
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3.2.4. Contact Angle, Hydrophobicity, and Toxicity of Hydrazinyl Co(11) Complex Nanoparticles

The hydrophobic nature of the hydrazinyl Co(ll) complex nanoparticles is evident from the considerable water
contact angle measured at 117.3° (Fig 7). This inherent hydrophobic characteristic enhances the suitability of these
nanoparticles for practical sensing applications in aqueous environments [55-57]. In developing eco-friendly nanoparticle-
based sensors, ensuring the material's non-toxicity is essential. A thorough evaluation of the cytotoxicity of the hydrazinyl
Co(Il) complex nanoparticles resulted in a reassuring ICso value of 653 pg/ml (Fig 8) [58, 59]. The notably high ICso value
provides confidence in the potential utilization of these nanoparticles as sensors in water-related applications, emphasizing
their safety and environmental compatibility. The hydrophobic nature of the nanoparticles, as indicated by the high-water
contact angle, is advantageous for sensing applications in aqueous environments. This property facilitates the interaction and
adsorption of target analytes onto the nanoparticle surface, enhancing the sensitivity and selectivity of the sensing system.
Furthermore, the low cytotoxicity of the hydrazinyl Co(ll) complex nanoparticles, as demonstrated by the high ICso value, is a
crucial consideration for their practical implementation. It ensures that the nanoparticles pose minimal risk to biological
systems and the environment, making them suitable for water quality monitoring and remediation applications. The
hydrazinyl Co(ll) complex nanoparticles offer a promising platform for developing eco-friendly and efficient sensing systems
for detecting and monitoring various analytes in aqueous environments by combining the hydrophobic nature and low
cytotoxicity.

Fig 7. Water Contact Angle Measurement of Hydrazinyl Co(Il) Complex Nanoparticles Demonstrating Hydrophobicity

Fig 8. Cytotoxicity Evaluation of Hydrazinyl Co(Il) Complex Nanoparticles Indicating High ICso VValue for Safe Use in
Water-Related Applications
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3.2.5. Arsenic lon Monitoring Using QCM-Based Hydrazinyl Co(11) Complex Nanosensors

A typical experiment utilizing a Quartz Crystal Microbalance (QCM)-based hydrazinyl Co(ll) complex nanosensor for
detecting arsenic ions can be divided into four distinct stages, each revealing crucial information about the sensor's
performance [27, 58]:

1. Baseline Stability: The sensor's frequency response is recorded in the initial stage, providing a stable baseline
measurement. This step serves as a reference point for the subsequent stages.

2. Rapid Frequency Drop upon Arsenic lon Binding: A sudden and significant decrease in frequency is observed as
arsenic ions rapidly bind to the sensor's surface. This rapid change is attributed to the occupation of numerous
vacant sites on the sensor's surface by arsenic ions.

3. Continued Adsorption of Arsenic lons: As the experiment progresses, further adsorption of arsenic ion molecules
takes place on the hydrazinyl Co(ll) complex nanosensor's surface. This stage demonstrates the sensor's ability to
capture additional arsenic ions.

4. Equilibrium State: Eventually, an equilibrium state is achieved in the adsorption process between the hydrazinyl
Co(ll) complex and arsenic ion molecules. The sensor's frequency shift stabilizes, indicating that the maximum
capacity for arsenic ion adsorption has been reached.

Figure 9 accompanying this description visually illustrates the sensor's performance throughout these stages, showcasing its
capacity to bind arsenic ions effectively. Once the frequency stabilizes again, it signifies the attainment of an equilibrium state
in the adsorption of arsenic ions on the QCM-based hydrazinyl Co(ll) complex nanosensor's surface [60, 61]. No noticeable
changes in the sensor's frequency are observed at this fourth stage. This implies minimal mass loss has occurred, and any
structural modifications to the nanosensor's surface are minor. Consequently, this reaffirms the sensor's effectiveness in
detecting arsenic ions. The ability of the QCM-based hydrazinyl Co(Il) complex nanosensor to undergo these distinct stages
during the arsenic ion monitoring process demonstrates its sensitivity, selectivity, and reliability in detecting and quantifying
arsenic contamination in aqueous environments.

Arsenic ions

Hydrazinyl Co(IT) Complex
Golden electrodes

Quartz Crystal

Fig 9. Arsenic lon Monitoring Using QCM-Based Hydrazinyl Co(l1) Complex Nanosensors
3.2.5.1. Proposed Sensing Mechanism of the QCM-Based Nano Hydrazinyl Co(11) Complex

Due to the lower electronegativity of arsenic ions compared to the nano hydrazinyl Co(ll) sensor, dipole-dipole
interactions are likely to arise. These can be complemented by n—n interactions between the aromatic hydrazinyl moieties of
the complex and the arsenic ions. Nitrogen-containing heterocycles and other polar functional groups in the nano hydrazinyl
Co(Il) complex can increase negative charge density on the sensor's surface. Consequently, the QCM-based nano hydrazinyl
Co(ll) sensor exhibits an enhanced propensity to interact with arsenic ions, primarily through electrostatic attractions
facilitated by the negatively charged surface, in conjunction with the 7—n interactions between the aromatic hydrazinyl groups
and the arsenic ions [27, 58].
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3.2.5.2. Effect of Temperature

Chemical adsorption processes are significantly influenced by temperature, and the adsorption rate can be increased
or decreased depending on the temperature conditions [62]. When the temperature rises, the arsenic ion molecules and the
nano hydrazinyl Co(Il) complex gain more kinetic energy, resulting in faster movement and a higher frequency of collisions
between them. This can lead to an increased rate of adsorption. In adsorption, higher temperatures facilitate the diffusion of
arsenic ion molecules through the boundary layer surrounding the nano hydrazinyl Co(Il) complex adsorbent and within its
porous structure. The enhanced kinetic energy of the molecules at elevated temperatures allows them to overcome potential
energy barriers more readily and access the adsorption sites. Additionally, changing the temperature can influence the
adsorption equilibrium capacity of the nano hydrazinyl Co(ll) complex towards arsenic ions, potentially enhancing the overall
adsorption performance. At higher temperatures like 45°C (green curve) (Fig 10), there is a much steeper initial drop in
frequency than at lower temperatures. This rapid frequency decrease indicates a faster binding or mass-loading process on the
sensor surface at elevated temperatures. The 35°C (red) and 25°C (blue) curves (Fig 10) also exhibit this pattern, with steeper
initial frequency drops at higher temperatures, signifying accelerated binding/mass loading kinetics driven by the increased
thermal energy. Moreover, the curves reach lower final frequency values at higher temperatures. This suggests higher
temperatures enable greater overall mass binding or analyte capture on the sensor, resulting in more significant total frequency
shifts. In summary, this data demonstrates that increasing the temperature enhances both the rate (from the initial slope) and
the extent (from the final frequency shift) of the frequency change process, likely due to accelerated analyte binding/mass
loading at higher thermal energies.

600
— 2576
400 —_ 35 °C
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Fig 10. Temperature-Dependent Frequency Shift in Arsenic lon Adsorption by Nano Hydrazinyl Co(ll) Complex Sensor
3.2.5.3. Effect of pH on Arsenic lon Adsorption by the Nano Hydrazinyl Co(l1) Complex

The initial pH of the solution plays a crucial role in the adsorption of arsenic ions onto the nano hydrazinyl Co(Il)
complex due to its influence on the chemical speciation of arsenic ions and the ionization state of functional groups on the
complex’s surface [63, 64]. Figure 11 shows the change in frequency (Af) over time for the nano hydrazinyl Co(ll) complex-
based sensor at different pH values: 4, 7, and 10. These curves illustrate the effect of pH on the adsorption of arsenic ions onto
the sensor surface. At pH 4 (blue curve), the sensor exhibits a rapid and substantial initial decrease in frequency, indicating
efficient adsorption of arsenic ions onto the sensor's surface. This behavior can be attributed to the protonation of functional
groups on the nano hydrazinyl Co(ll) complex, facilitating electrostatic interactions with the positively charged arsenic
species and leading to enhanced adsorption. The initial frequency drop is less pronounced at pH 7 (red curve) compared to pH
4, suggesting a relatively lower adsorption capacity at this neutral pH value. This observation confirms that optimal
adsorption often occurs within the slightly acidic pH range. In contrast, at neutral pH values, the adsorption may be reduced
due to different arsenic species or changes in the sensor's surface chemistry. Notably, the frequency shift curve for pH 10
(green curve) exhibits a distinct behavior. Initially, a slight increase in frequency is observed, indicating a potential desorption
or repulsion of species from the sensor's surface. This phenomenon can be attributed to the deprotonation of functional groups
at high pH values, leading to electrostatic repulsion between the negatively charged sensor surface and the negatively charged
arsenic species in the solution. Moreover, as the pH level is elevated, the leaching of arsenic becomes apparent, as mentioned
in the provided text. This leaching effect results in a decreased rate of adsorption, consequently diminishing the removal
capacity of arsenic ions, as visually depicted by the gradual decrease in frequency after the initial increase at pH 10. The
observed behavior at high pH can be further expounded upon by considering the augmented presence of sodium ions (Na*) in
the solution, which is attributed to pH adjustments. These sodium ions can compete with the remaining arsenic ions for the
available exchangeable sites on the sensor's surface, thereby hindering the adsorption of arsenic ions and contributing to the
observed decrease in frequency shift [65]. In summary, the nano hydrazinyl Co(ll) complex-based sensor exhibits optimal
adsorption of arsenic ions under slightly acidic conditions (around pH 4). In contrast, adsorption is reduced at neutral pH and
further diminished at high pH due to deprotonation, leaching, and competition from other ions.
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Fig 11. pH-Dependent Frequency Shift in Arsenic lon Adsorption by Nano Hydrazinyl Co(1l) Complex Sensor
3.2.5.4. Effect of Concentration

Figure 12 illustrates the effect of arsenic ion concentration on its detection by the hydrazinyl Co(ll) complex over
time. The three curves correspond to different concentrations of arsenic ions: 0.1 ppm (parts per million), 0.5 ppm, and 1 ppm.
At the initial time (around 7 minutes), the absorbance values for all three concentrations are high, indicating a strong detection
signal. The higher the concentration of arsenic ions, the higher the initial absorbance value. As time progresses, the
absorbance values decrease for all three concentrations. This decrease can be attributed to the reaction between the hydrazinyl
Co(ll) complex and the arsenic ions, where the complex binds to or interacts with the arsenic ions, leading to a change in the
absorbance signal. The concentration of arsenic ions influences the rate of decrease in absorbance. The curve for the highest
concentration (1 ppm) shows a more gradual decrease compared to the curves for lower concentrations (0.5 ppm and 0.1
ppm). This can be explained by the fact that at higher concentrations, more arsenic ions are available to interact with the
hydrazinyl Co(ll) complex, resulting in a slower depletion of the complex and a more gradual decrease in absorbance [66].
The graph demonstrates that the hydrazinyl Co(ll) complex is sensitive to different concentrations of arsenic ions, as
evidenced by the distinct curves for each concentration. However, the detection limit of the complex may be lower than 0.1
ppm, as the curve for this concentration appears to approach a plateau around 9-10 minutes, indicating that the complex may
have been consumed or saturated at this point. It is worth noting that the true information about the specific hydrazinyl Co(Il)
complex used and the experimental conditions would be required to provide a more detailed and accurate interpretation of the
observed trends. Additionally, factors such as the stability of the complex, the reaction kinetics, and any potential interfering
species could influence the detection process and the absorbance values over time.
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Fig 12. Effect of Arsenic lon Concentration on Detection by Hydrazinyl Co(ll) Complex
4. Conclusion

The development of this nanostructured hydrazinyl Schiff base Co(ll) complex and its functionalization onto a
quartz crystal microbalance (QCM) sensor represents a significant advancement for rapid and sensitive detection of arsenic in
aqueous systems. The unique properties of these nanoparticles have been thoroughly investigated through comprehensive
characterization using various analytical techniques like DLS, zeta potential, TEM, AFM, BET, contact angle, and
cytotoxicity studies. The hydrazinyl Co(Il) complex nanoparticles exhibit excellent colloidal stability, high surface area,
fibrous morphology, and favorable hydrophobic nature, making them well-suited for sensing in aqueous environments. Their
low cytotoxicity further enhances their suitability for environmental applications. By integrating these nanoparticles onto a
QCM sensor platform, a highly sensitive and selective arsenic detection system has been developed. The QCM nanosensor
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demonstrated the ability to detect arsenic down to 1 ppm concentration with a remarkable (7-8) minute response time. The
distinct detection stages of rapid frequency drop, continued adsorption, and equilibrium state highlight the sensor's sensiti vity,
selectivity, and reliability. This innovative nanosensor addresses the critical need for rapid, reliable, and highly sensitive
arsenic detection methods. It contributes significantly towards mitigating the risks of arsenic contamination and enabling
access to safe drinking water globally. Successful development of this QCM nanosensor paves the way for further
advancements in environmental sensing and water quality monitoring with potential applications across public health,
environmental remediation, and industrial wastewater treatment sectors.
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