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Abstract

:

A straightforward, fast and efficient analytical method was developed which utilizes a magnetic composite called three-dimensional graphene (3D-G@Fe3O4) as an adsorbent to recover nitrite ions (NO2−) from environmental water samples. The investigation into the synthesized adsorbent contained an examination of its morphology, chemical composition, structural attributes, and magnetic properties. This comprehensive analysis was conducted using various instrumental techniques, including Fourier transform-infrared spectroscopy (FT-IR), scanning electron microscopy (SEM), Raman spectroscopy, X-ray diffraction (XRD), Brunauer-Emmett-Teller (BET), Barrett-Joyner-Halenda (BJH), and vibrating sample magnetometry (VSM). The adsorbent surface was activated by adding cetyltrimethylammonium bromide (CTAB) to the sample solution. To improve the selectivity and sensitivity of the method, nitrite ions were reacted with sulfanilic acid and chromotropic acid sequentially. An orange-red azo-dye complex was formed in the presence of nitrite ions with a clear absorbance peak at 514 nm. The effect of the main experimental parameters such as the pH of the sample solution, adsorbent dosage, and CTAB dosage was explored, and the optimization process was performed using a central composite design (CCD). The linear dynamic range (20–100 ng mL−1) was determined under optimal experimental circumstances, yielding a reasonable determination coefficient (R2, 0.9993), a detection limit of 5.12 ng mL−1, an enrichment factor of 167, and precision values of 1.0% intraday and 2.9% inter-day. The methodology successfully identified minute nitrite ions in environmental water samples with relative recoveries that varied between 96.05 and 101.6 ng mL−1.
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1. Introduction


Nitrites are used in food preservation, soil fertilizers, detergents, wood pulp, dyes, and synthetic fibers. However, high concentrations of nitrite ions (NO2−) can affect human health [1,2]. A maximum contaminant level (MCL) of 11 mg L−1 for NO2− in drinking water has been set by the United States Environmental Protection Agency (US EPA) [3]. The escalating accumulation of NO2− in groundwater, rivers, and lakes has resulted in significant risks to both public health and the ecosystem [4]. Excessive amounts of NO2− in the human body can cause a health problem known as methemoglobinemia [5,6], and also it has carcinogenic side effects due to the formation of N-nitrosamines [7]. Therefore, the determination of NO2− is very important for environmental and biological safety [8,9].



Because of the toxic nature of NO2−, the development of analytical methods for extraction and determination of traces of NO2− has gained special attention from various research groups in the world [10,11]. A variety of analytical techniques including capillary electrophoresis [12], ion chromatography [13], high-performance liquid chromatography (HPLC) [14,15], anodic voltammetry [16,17], spectrofluorimetry [18], square-wave voltammetry [19], and spectrophotometry [20], have been proposed for the determination of nitrite ions. Many of these methods are hindered by intricate and costly equipment and expensive reagents. However, spectrophotometry possesses several attractive features, including straightforward equipment, quick response time, satisfactory sensitivity and accuracy, and ease of use, while requiring minimal sample preparation [21,22,23]. However, before performing a trace analysis, sample preparation is a prerequisite. Various techniques, including solid-phase extraction (SPE) [24], cloud point extraction (CPE) [25,26,27], and liquid-phase microextraction (LPME) [28] have been developed for the extraction and preconcentration of nitrite ions. Among these methods, solid-phase extraction is probably the most widely applied technique, as it offers several advantages including operational simplicity, low solvent consumption, short processing time, possibility of process automation, and higher enrichment factor [29,30]. Indeed, the development of efficient adsorbents for solid-phase extraction (SPE) is an active area of research, and nanomaterials, especially carbon-based nanomaterials, have gained significant attention for their unique properties. Carbon-based nanomaterials offer advantages such as high specific surface area, chemical stability, and tunable surface functionalities, making them promising candidates for effective adsorption in SPE processes [31,32,33].



Graphene, a carbonaceous substance consisting of a single or a few layers of sp2-hybridized carbon atoms organized in a honeycomb structure, is commonly employed as a highly efficient adsorbent for various extraction processes [24]. Graphene, a 2D carbon allotrope, exhibits exceptional properties like high conductivity and surface area, rendering it promising for various applications. In contrast, 3D graphene encompasses structures with three-dimensional features, enhancing properties like surface area and mechanical stability. To discern between graphene and 3D graphene, diverse characterization techniques, including SEM, TEM, BET surface area analysis, pore size distribution measurements, and Raman spectroscopy are employed. These methods facilitate the visualization of morphology, quantification of surface area, and identification of structural differences, crucial for their distinct applications. In addition, many modification approaches have been used to improve its efficiency as an adsorbent. One of these appealing ways is producing three-dimensional graphene aerogel synthesized by the chemical vapor deposition method [34,35,36]. The unique properties of 3D graphene provide a high surface area, large mesoporous volume, and three-dimensional nano porous structure, which makes it a good candidate for employment as an efficient adsorbent for organic and inorganic species [37,38,39,40]. The scalable graphene-based sensors make them economically feasible for widespread deployment in various environmental monitoring and analytical settings. Additionally, the high sensitivity and selectivity of these sensors enable accurate detection and quantification of nitrite and nitrate ions in complex sample matrices. Moreover, the efficient response time of graphene-based sensors enhances the rapid analysis of water quality, facilitating timely decision-making and intervention measures in environmental management practices [41,42].



The primary aim of this paper is centered on devising a novel analytical method, which, while effective for detection purposes, may not be economically feasible for selective NO2− ions in water treatment or the removal of different pollutants from water samples [43,44]. Therefore, the emphasis of this study lies in advancing analytical methodologies rather than directly addressing the practical challenges associated with water treatment on a broad scale [45]. Therefore, the present study focuses on the utilization of an analytical technique to selectively recover and preconcentrate NO2− ions from low concentrations in environmental water samples. Adding benzenoid chemicals and CTAB to the sample solution significantly enhanced the selectivity and sensitivity of the detection method. The proposed reagents exhibit a high degree of selectivity in their interaction with NO2−, hence mitigating the impact of coexisting interference ions exist in the environmental water samples.



The innovation of this study involves the utilization of magnetic three-dimensional graphene (3DG-Fe3O4) nanocomposite as a very efficient adsorbent for benzenoid chemicals, specifically CTAB (exchanged with NO2− ions), in the analysis of environmental water samples.



The adsorption process take place with π-π interaction followed by anion exchange between CTAB (Br−) and NO2− ions. The objective of this study is to improve analytical methodologies by introducing magnetic adsorbent materials and employing a chromotropic method over the selective extraction of NO2− ions. The use of advanced magnetic adsorbents enhances the specificity of the method, ensuring that interference from other substances is minimized.




2. Experimental


2.1. Procedures and Materials


Ethanol (EtOH, 96%), acetone (>99%), acetonitrile (ACN, >99%), hydrochloric acid (HCl, 32%), dimethyl sulfoxide (DMSO, >99%), sodium chloride (NaCl, ≥99.5%), ferrous sulfate tetra hydrate (FeSO4∙4H2O), iron (III) chloride hexahydrate (FeCl3∙6H2O, 99%), copper (II) nitrate trihydrate (CuNO3∙3H2O, 99.5%), mercury (II) chloride (HgCl2), sodium nitrite (NaNO2), ammonia (NH3, 25%), disodium hydrogen phosphate (Na2HPO4) and sodium sulfate (Na2SO4) were acquired from Merck Chemicals in Darmstadt, Germany. Sigma Aldrich (St Louis, MO, USA) was the supplier of sodium nitrate (NaNO3), methanol (MeOH, 99.8%), and cetyltrimethylammonium bromide (CTAB). The compound ammonium chloride (NH4Cl) was acquired from Riedel-De Haen AG, a company based in Sleeze, Hanover, Germany. To prepare the NO2− stock solutions, 0.149 g of sodium nitrite were dissolved in 100 mL of distilled water and stored at a temperature of 4 °C until they were ready for use. On a daily basis, the operational medicines were prepared by gradually diluting the initial solution in distilled water.




2.2. Instrumentation


The absorption measurements were performed with a UV-2601 double-beam UV–vis spectrophotometer manufactured in Beijing, China. The spectrophotometer was coupled with a tungsten lamp serving as the light source. The measurements were conducted using a set of micro-cuvettes with an optical path length of 1 cm, manufactured by Fisher Scientific in Hampton, NH, USA. A WTW Inolab 720 pH meter from Weilheim, Germany was used to determine the pH measurements. The homogeneity of solutions was achieved through the utilization of a Eurosonic 4D ultrasonic water bath (Euronda, Montecchio Precalcino, Italy) and a ZX-Classic vortex mixer (Velp Scientifica, Milan, Italy). The infrared spectra in the range of 400 to 4000 cm−1 were recorded using the Equinox 55 FT-IR spectrometer, manufactured by Bruker in Bremen, Germany. The scanning electron microscopy (SEM) micrographs were captured using the Hitachi S-4160 machine, manufactured in Tokyo, Japan, running at a voltage of 5.0 kV. A vibrating sample magnetometer (VSM/AGFM Meghnatis Daghigh Kavir Co., Kashan, Iran) was employed to study the magnetic properties of the adsorbent at ambient temperature. The magnetic field intensity was systematically varied ranging from −10 to 10 kOe. The Cu K3 radiation (κ = 1.54178 α) was used to acquire the X-ray diffraction (XRD) patterns using an X‘Pert Pro MPD X-ray diffractometer at Almelo, The Netherlands.



The Raman spectra were obtained using a Senterra Dispersive Raman microscope (Bruker, Germany) that utilized a 785 nm wavelength laser for illumination. The Barrett-Joyner-Halenda (BJH) and Brunauer-Emmett-Teller (BET) methods were employed to determine the surface area, pore volume, and size analysis. These analyses were completed using an ASAP 2000 Surface area and porosity analyzer manufactured by Micromeritics Instrument Corp., Norcross, GA, USA.




2.3. Preparation of the Adsorbent


Graphene oxide (GO) was initially synthesized using the Hummer method from graphite. Subsequently, 0.1 g of recently synthesized graphene oxide (GO) was added to 50 mL of distilled water and exposed to sonication for 15 min.



Subsequently, 0.7 g of ferrous sulfate (FeSO4) was added to the solution, followed by an additional sonication period of 5 min. Then, the pH of the solution was adjusted to 11 using ammonia solution (NH3, 25%). After that, the solution was placed in an oil bath at 90 °C for 6 h to formation of magnetic nanoparticles over GO. Next, the supernatant liquid was removed, and the sediment was washed three times with water and three times with EtOH. Afterward, the sediment was filtered and freeze-dried [46]. Finally, the freeze-dried powder was used as an adsorbent in the subsequent experiments.




2.4. The Procedure


First, 25 mL of the sample solution containing 40 ng mL−1 NO2− was placed in a screw cap vial, and then the pH of the solution was adjusted to 6.6 with 0.1 M HCl. After that, 40 mg of sulfanilic acid and 10 mg of chromotropic acid were added, respectively, to the solution, which is resulted the colored solution for spectroscopic determination purposes.



Next, 3 mg of CTAB was introduced into the solution and agitated for a period of 1 min to enhance the specific adsorption of NO2− ions. The solution was subjected to sonication for a duration of 1 min after the addition of 10 mg of the magnetic adsorbent. After the adsorption process, the adsorbent particles were separated from the solution by use of a magnet, and the aqueous supernatant was disposed of. Following that, 150 µL of dimethyl sulfoxide (DMSO) was added to the adsorbent, and the resulting mixture was mechanically stirred for 1 min. Then, the adsorbent was expelled from the solution once more by means of an external magnet, and the resultant organic supernatant was analyzed using a UV-vis spectrophotometer.





3. Results and Discussion


In this study, the crucial parameters influencing extraction recovery (ER) and enrichment factor (EF) were systematically examined and optimized through the implementation of a central composite design. After optimal conditions were obtained, the average ER and EF were calculated using the following equations:


  E R =     C   f     V   f       C   i     V   i     × 100  



(1)






  E F =     V   i       V   f      



(2)







In this context, the variable Cf is used to indicate the analyte concentration in the extraction solvent. Ci, on the other hand, specifies the starting concentration of the analyte in the sample solution. Additionally, Vi and Vf represent the volumes of the sample solution and the extraction solvent, respectively.



3.1. Characterization


The three-dimensional morphology of nano porous structure of 3D-G-Fe3O4 was investigated by scanning electron microscopy (Figure 1a). The SEM micrograph of 3D-G-Fe3O4 indicates that the iron oxide nanoparticles are well-distributed on the surface of the flake-like graphene sheets. The irregular standing of the graphene flakes-sheets over each other is the main characteristic of the three-dimensional architecture of 3D-G-Fe3O4. Figure 1b illustrates the FT-IR spectrum of 3D-G-Fe3O4. The peaks observed at 570, 1200, 1570, and 3400 cm−1 correspond to the stretching vibrations of Fe-O, –C-H, C=C, and -OH, respectively. As can be seen, there is no peak at 1000 and 1750 cm−1 assigned to the characteristic epoxy and carbonyl stretching vibration bands that exist in the GO structure. This is due to the successful reduction of GO to G during synthesis of 3D-G@Fe3O4.



A VSM was used to evaluate the magnetic characteristics of 3D-G-Fe3O4 under ambient conditions, incorporating field cycling. Figure 1c depicts a significant saturation magnetization value of 54.8 emu/g. This magnetic nanoparticle exhibits a lack of hysteresis, coercivity, and remanence. The recorded saturation magnetization values for 3DG-Fe3O4 were 39 emu/g. The results demonstrated the adsorbent’s notable magnetic characteristics, indicating its potential for efficient separation by the application of an induced magnetic field.



Figure 1d illustrates the X-ray diffraction (XRD) patterns of the GO, Fe3O4, and 3D-G-Fe3O4 samples. The XRD pattern of graphene oxide (GO) has a prominent peak at 2ι = 12.26°, which corresponds to the (0 0 2) reflection of GO. The observed diffraction peaks at 18° (111), 30° (220), 36° (311), 43° (400), 54° (422), and 64° (440) are consistent with the established X-ray diffraction (XRD) data of Fe3O4 nanoparticles, as reported in the standard spectrum of Fe3O4 (JCPDS, No. 65-3107). The final X-ray diffraction (XRD) pattern of the adsorbent is shown by the upper curve in Figure 1d. The distinct peak of GO has vanished, and the presence of Fe3O4 nanoparticles is apparent. These observed patterns indicate the synthesis of 3D-G-Fe3O4.



The Raman spectra of GO and 3D-G-Fe3O4 (Figure 1e) show the alterations in molecular organization caused by self-assembly and reduction, including the presence of disordered and imperfect structures. The graphene oxides (GO) spectra display two distinct peaks at around 1340 and 1590 cm−1, aligning with the D and G bands, respectively. The D band is associated with modes that arise from structural defects and imperfections. On the other hand, the G band indicates the existence of carbon-carbon bonds that are sp2-hybridized. The ratio of ID intensity to IG intensity is as an indicator of abnormality. In GO, the ID/IG intensity ratio is 0.95, however in 3D-G-Fe3O4, it rises to 1.28. The observed rise in the ID/IG value suggests that the reduction and magnetization mechanisms have caused alterations in the GO structure, resulting in significant quantity of structural imperfections.



The specific surface area and pore size distribution of 3DG-Fe3O4 were measured using the BET and BJH procedures, respectively, as shown in Figure 1f. The hysteresis loop observed in the nitrogen adsorption-desorption isotherm falls within the relative pressure (p/p0) range of 0.45–0.95, indicating the existence of a porous structure. In a uniform pore system with a parallel wall slit-like pore structure, the adsorption behavior is marked by a notable increase in adsorption as the relative saturation pressure approaches, followed by a rapid decrease in desorption at the same pressure. The total specific surface area of pure 3DG-Fe3O4 was determined to be 218 m2 g−1 in the BET investigation. The BJH results demonstrated a narrow dispersion of pores inside the 3DG-Fe3O4 substance, exhibiting an average size of around 5.9 nm (Figure 1f).




3.2. Effect of Desorption Solvents on Recovery


In adsorption experiments, it is necessary for the eluent to possess enough strength to completely extract the analyte from the adsorbent, while keeping the strongly attached interfering substances intact. The capacity of several solvents, such as acetone, methanol (MeOH), ethanol (EtOH), acetonitrile (ACN), and dimethyl sulfoxide (DMSO), to remove the analyte from the 3DG-Fe3O4 surface was evaluated using the suggested method. Figure 2 demonstrates that DMSO produced the most significant extraction recovery compared to the other solvents. This is probably due to some nature of DMSO, which is known for its high solvating power, that allows it to effectively solubilize and desorb polar and non-polar compounds from surfaces. In the case of nitrate ions, DMSO likely forms hydrogen bonds or other types of interactions with the polar nitrate ions, facilitating their desorption from the adsorbent surface. Although acetone and ACN also provided compatible recovery, DMSO is low in toxicity, stable and compatible with a variety of analytical techniques commonly used in chemistry and biochemistry, making it a versatile choice for desorption studies. Therefore, DMSO was selected as the desorption solvent for further studies.



The magnitude of the desorption solvent’s volume is a crucial aspect in achieving dependable and consistent analytical outcomes. Thus, the influence of desorption solvent (DMSO) volume on the recovery of the analyte was investigated in the range of 100–300 µL. As shown in Figure 3, when DMSO volume was increased from 100 to 150 µL, the efficiency increased to a maximum at 150 µL, because as DMSO volume increased, more analyte desorbed from the adsorbent. Moreover, the efficiency decreased with volumes greater than 150 µL, since increasing the eluent volume led to the dilution. Hence, a volume of 150 µL was selected as the optimal volume of desorption solvent.




3.3. Optimization of the Procedure: A Central Composite Design


A rotatable and orthogonal central composite design (RO-CCD) was employed to optimize the essential factors and boost extraction efficiency. The utilization of a rotatable design guarantees uniform variability for every anticipated reaction, contingent exclusively on the distance from the central point of the design. Orthogonality allows for the independent evaluation of each factor, which enhances the reliability of the experimental design [47]. The Design-Expert 7.1.3 software package (Stat-Ease Inc., Minneapolis, MN, USA) was used to generate the experimental design and perform the related statistical analyses. After conducting initial studies, we identified three key elements that were found to be significant: the pH of the sample solution, the dosage of the adsorbent, and the amount of surfactant (CTAB). The number of experiments for the design was calculated using Equation (3) equal to 23.


    N   t o t   =   N   f   +   N   a   +   N   0    



(3)







In this given context, Nf denotes a full factorial design, which can be expressed as Nf = 2f, where f represents the number of factors. The symbol “Na” represents a star-shaped pattern with a factor of 2f, which helps in determining the curvature in the experimental area. In addition, N0 represents the number of replicated trials conducted at the central point, where all parameters are set to their midway. Conducting the experiment at this central location allows for a reliable evaluation of experimental error. In the experimental area, the star points are deliberately positioned at angles of +± and—º with respect to the center. The equation determining the value of α, a crucial factor in ensuring rotatability, yields a value of ±1.682.


  α =     N   f     4    



(4)







To minimize the influence of uncontrolled factors, the tests were carried out in a randomized fashion. The tests were separated into two segments and completed over two consecutive days due to the impracticality of executing all experiments during a single working day. This methodology aimed to mitigate the potential inconsistencies arising from alterations implemented throughout the research.



The information shown in Table 1 provides a complete overview of the critical factors and their respective symbols and levels. This includes axial values (±±), factorial values (±1), and center points (0). Table S1 displays the data, which is located in the supplementary data file.



By applying multiple regression analysis to the design matrix, a fitted quadratic polynomial equation (model) was obtained. This model describes the relationship between the response and the independent parameters. It can be used to optimize the conditions and to predict the metrology data. The mathematical expression (Equation (5)) represents the response (absorbance) Y as a function of various factors A, B, and C, along with their interactions and quadratic terms. This predictive model in coded terms is presented in (Equation (5)).


  Y =   a   0   +   a   1   A +   a   2   B +   a   3   C +   a   4   A B +   a   5   A C +   a   6     A   2   +   a   7     B   2   +   a   8     C   2    



(5)







a0 = 0.53; a1 = 0.05; a2 = 0.06; a3 = 0.03; a4 = 0.03; a5 = −0.03; a6 = −0.08; a7 = −0.02; a8 = −0.07. Y denotes the response (absorbance), the intercept is represented by a0, and the coefficients of the model terms are denoted by the “a” terms (a1 to a8). The sign of each coefficient shows the direction of the correlation between the appropriate factor and the response. However, the coefficients’ magnitudes might be used to indicate the significance of this correlation.



Subsequently, an analysis of variance (ANOVA) was conducted to assess the significance of the model terms. The analysis of variance (ANOVA) is a statistical procedure utilized to examine data obtained through an experimental design. Table 2 presents the quadratic model, including coded factors and statistical metrics such as F-value and p-value. The F-value, obtained by dividing the model mean square by the residual mean square, is a statistical test used to compare the variance of the model with the variance of the residuals (error).



The ratio of model variances, as indicated by the model F-value, provides insight into the significance of the factors influencing the response. If the variances are approximately equal, the ratio will be close to one, suggesting that none of the factors significantly affect the response. In this case, the model F-value is 21.12, which implies that the model is statistically significant. The p-value associated with the F-value represents the probability of observing the given F-value under the assumption that the null hypothesis is true (meaning there is no significant factor effect). A small p-value suggests that the observed results are unlikely under the null hypothesis. Based on the model’s statistically significant F-value, it can be inferred that at least one of the components has a significant impact on the response variable. Hence, a modest p-value would provide evidence to reject the null hypothesis, suggesting statistically significant factor effects inside the model. p-values below 0.05 indicate the significance of model terms, whereas values above 0.1 suggest their lack of significance. The model terms A, B, C, AB, AC, A2, B2, and C2 hold statistical importance in the present scenario.



In Figure 4, three-dimensional (3D) response surfaces and contour plots are presented to illustrate the significant interactions, specifically the pH-adsorbent and pH-CTAB, in the context of the correlation between the response and these interacting factors. In these visualizations, the third factor is held constant at its center point. The utilization of this visual depiction facilitates the understanding of the intricate correlation between the reaction and the interaction of these particular components, providing a visual perspective on their influence on the total result [48]. Figure 4a shows the response surface and counterplots of the effect of pH-adsorbent dosage on the response in which the CTAB dosage was kept at 5.5 mg. As can be seen, the pH displays a quadratic effect on the response, so that when pH increased from 2 to 6, the response increased up to a maximum followed by a decline with its further increase. However, the adsorbent dosage shows an almost linear effect on the response with a maximum value of 30 mg.



In Figure 4b, the response surface and counter plots are depicted, specifically highlighting the influence of the pH-CTAB interaction on the response. Moreover, the zeta potential, a critical parameter characterizing surface charge, was investigated to elucidate the surface properties of the adsorbent material in this study [49,50]. The literature revealed a negative zeta potential at the zero-point charge (pHzpc), indicating a net negative charge on the surface of the adsorbent particles under the experimental conditions [51]. This negative charge is likely attributed to functional groups or ions present on the surface of the adsorbent material [52]. Zeta potential can significantly influence the adsorption behavior by affecting interactions with target species in the solution. Here, both CTAB and pH display quadratic effects on the response yielding maxima at 5.8 mg and 5, respectively. The CTAB surfactant acts as a bridge between the adsorbent and the sulfanilic acid-chronotropic acid. The pH level of the sample solution is a crucial factor that can influence the chemical structure of the analyte, the surface charge, and the binding sites of the adsorbent. The protonation/deprotonation reactions of the 3DG-Fe3O4 surface OH groups at normal pH (~5.5–6.5) of the solution are in equilibrium, and thus the surface charge of the adsorbent is almost neutral. In this condition, CTAB acts as a linker between the adsorbent and analyte. It orients itself to the surface with its non-polar tail attached to the adsorbent and with its polar head toward the analyte. Therefore, as the amounts of both the adsorbent and surfactant increase, there is an augmentation in the availability of active sites for adsorption. This implies that higher quantities of the adsorbent and surfactant contribute to creating more sites on the material’s surface, enhancing its capacity to adsorb substances.



The numerical optimization function of the Design-Expert 7.1.3 program was utilized to determine the optimal operating conditions. Consequently, the objective for the important variables was established as “within the specified range,” and the response was set to “maximize”. Hence, the most favorable parameters were determined to be a pH of 5.5, an adsorbent quantity of 25 mg, and a CTAB dosage of 5.7 mg, resulting in a calculated response of 0.59. To evaluate the precision of the outcomes projected by the response surface model, the approach was executed within the optimal parameters established by the model. Three replicates were used to measure the experimental response, resulting in a value of 0.57 with a relative standard deviation (RSD%) of 1.1%. A low relative standard deviation (RSD%) suggests high precision and consistency in the experimental measurements. In addition, the strong concurrence observed between the calculated and experimental responses (0.57) indicates that the response surface model forecasts the system’s behavior within the specified optimum circumstances well.




3.4. Salt Effect


The impact of salt (NaCl) concentration on the method’s efficiency was investigated within the range of 1–15% (w/v), employing the procedure outlined in Section 2.4. The results depicted in Figure S1 (supplementary data file) indicate that the concentration of salt did not have a statistically significant impact on the extraction of nitrite ions. This suggests that the method remains effective and consistent across the studied range of salt concentrations. The extraction of nitrite ions shows no significant sensitivity to variations in salt concentration within the specified range. The lack of significant influence of salt concentration on the extraction of nitrite ions could be attributed to factors such as the nature of ion pairing, solvation effects, adsorption competition, and electrostatic interactions involved in the extraction process. This is an advantage of this procedure for application in saline waters such as saline lakes, sea water and mineral natural waters.




3.5. Effect of Coexisting Ions


The influence of common coexisting ions in environmental water samples including NH4+, PO43−, CO32−, SO42−, NO3−, Cl−, Fe3+, Hg2+, Cu2+, Na+, and Ca2+ on the extraction of NO2− was also investigated under the optimal conditions. These ions in different concentrations were added individually to 25 mL of a solution containing 40 ng mL−1 of NO2− and the experiments were performed with the procedure described in Section 2.4. The tolerance limits of interfering ions in the analysis of NO2− ions were evaluated at concentrations that did not provide extraction recoveries below 90%. The results displayed in Table 3 demonstrate that these ions have a negligible impact on the extraction process’s recovery at the measured concentration ratios. The approach exhibits resilience and specificity, as the existence of interfering ions at the designated concentrations does not have a negative impact on the retrieval of NO2− ions during the extraction procedure.




3.6. Adsorbent Reusability


The study examined the potential for reusing 3DG-Fe3O4 through consecutive adsorption and elution cycles. Following the extraction of the analyte from the sorbent, the adsorbent underwent two rounds of washing, initially with 2 mL of ethanol and subsequently with 2 mL of distilled water. Next, the adsorbent was subjected to a drying process and subsequently utilized for the succeeding cycle. The findings indicate that the utilization of 3DG-Fe3O4 can be repeated for at least 10 cycles without a significant decrease in extraction recovery. The extraction recoveries demonstrate the reusability and high performance of the adsorbent, which are consistently above 90% across various usages, as indicated in Table S2 (supplementary data file).




3.7. Analytical Method Validation


Method validation is essential for establishing the credibility, reliability, and fitness-for-purpose of analytical methods, ultimately contributing to the integrity and trustworthiness of analytical data generated in various applications. Hence, under the optimized conditions, which included a pH of 5.5, an adsorbent amount of 25 mg, and CTAB dosage of 5.7 mg, various performance parameters were evaluated. The limit of detection (LOD), limit of quantification (LOQ), linear dynamic range (LDR), precision, and enrichment factor were assessed. To establish the calibration curve, a series of standard solutions containing nitrite ions in the concentration range of 10–120 ng mL−1 were prepared. The method demonstrated linearity within the range of 20–100 ng mL−1, with a determination coefficient (R2) of 0.9993, which was deemed quite satisfactory. The aforementioned findings indicate that the methodology demonstrates exceptional sensitivity and precision within the designated concentration range.



The enrichment factor, which is a measure of sensitivity enhancement, was calculated as the ratio of the slopes of the calibration graphs before and after preconcentration [53] and obtained equal to 167. The obtained values for LOD (CLOD = 3 Sd/m, where CLOD represents the limit of detection, Sd represents the standard deviation of the blank, and m represents the slope of the calibration graph) and LOQ (CLOQ = 10 Sd/m) were determined to be 5.12 ng mL−1 and 17.05 ng mL−1, respectively, based on the given equations. The study focused on examining the intraday and inter-day precisions, measured as relative standard deviation (RSD), by evaluating a standard solution of nitrite ion (40 ng mL−1). Three duplicates were conducted on the same day, while three replicates were acquired on different days using the proposed approach. The resulting RSD values were found to be 1.0% and 2.9%, respectively.




3.8. Real Samples


Testing real samples is crucial in the developed analytical method as it contributes to achieving accuracy and validating the method’s recovery. Since accuracy based on recovery is essential for verifying the reliability and performance of analytical methods, identifying and mitigating sources of error or bias, and ensuring compliance with regulatory standards and quality assurance requirements. Hence, several real samples including tap water, sewage, mineral, and rain waters were selected, and developed MSPE was applied for the detection of NO2−. Following the collection of the samples, the next steps involved filtering them, adjusting their pH to the optimized value of 6.5, and subsequently subjecting them to testing in accordance with the proposed procedure under the established optimized conditions. This process ensures that the samples are appropriately prepared and treated to meet the specific requirements of the analytical method, enhancing the reliability and accuracy of the results obtained. To assess the matrix effect on the recovery efficiency of the method, different amounts of nitrite were spiked in the samples. The relative recoveries (RR) were computed using Equation (6) following the completion of the process, and the outcomes are presented in Table 4.


  R R ( % ) =     C   f o u n d   −   C   r e a l       C   a d d e d     × 100  



(6)







The concentration of the analyte in the spiked sample solution, denoted as C found in the provided equation, is determined using the calibration curve. The term “Creal” represents the analyte concentration in the solution without any other substances added, whereas “Cadded” refers to the concentration of the standard solution introduced into the actual sample.



The results indicate that the nitrite recoveries fall within the acceptable range of 96–102%. The results of this study suggest that the sample matrices used did not significantly impact extraction recoveries. Therefore, this methodology can be consistently utilized to quantify the nitrite concentration in water samples obtained from the surrounding environment, showcasing its reliability and suitability for real-world implementations.




3.9. Comparison with Similar Studies


The performance of the developed method was compared with other previously reported research for the determination of the nitrite and the results are summarized in Table 5. The extraction time is shorter than some of the other methods and comparable with the others. The volume of sample is smaller than the other methods. Furthermore, the enrichment factor surpasses that of the alternative approaches. Furthermore, the acceptable limit of detection (5.12 µg L−1) is justified by the fact that the Environmental Protection Agency (EPA) has established a maximum contamination level (MCL) of 11 mg L−1 for nitrites in water.




3.10. Adsorption Mechanism


According to adsorption procedure scheme as shown in Figure 5, first the mixed solution of sulfanilic acid coupled with CTAB was absorbed on the surface of the graphene through π–π interaction and hydrophobic force interactives. In the next step, due to the anion exchange process between CTAB (Br−) and nitrite ions (NO2−), the NO2− ions selectively uptake over the magnetic adsorbent.





4. Conclusions


The current investigation involved the synthesis of a magnetic three-dimensional graphene (3DG-Fe3O4) nanocomposite, which was subsequently employed as a highly efficient adsorbent for the purpose of selectively extracting and preconcentrating NO2− in samples of ambient water.



The selectivity and sensitivity of detection were improved by using sulfanilic acid and chronotropic acid coupled with CTAB for visible detection by spectrophotometry. The reaction between the proposed reagents and NO2− is almost selective and reduces the interferences from other ions which are usually present in environmental water samples. Furthermore, the substantial surface area and porosity exhibited by the 3D graphene oxide render it feasible to employ this methodology for saline materials, including seawater and those with intricate matrices. Moreover, the method offers several advantages such as good accuracy (recoveries 91.05–101.6%), high preconcentration factor (167), good precision (1.01%), low cost, selective, simple, and fast procedure. Furthermore, this method is considered environmentally friendly owing to its low organic solvent consumption with a small desorption solvent (150 µL). The study indicates that this environmentally friendly approach can effectively be employed for the determination of nitrite ions at low concentrations in real environmental samples. The combination of efficiency, low solvent usage, and applicability to low concentration levels enhances the method’s sustainability and practical utility in environmental analyses.
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Figure 1. The characterization of the 3D-G-Fe3O4 nanocomposite by: (a) SEM micrograph of 3D-G-Fe3O4; (b) FT-IR spectrum of 3D-G-Fe3O4; (c) VSM magnetization curve of 3D-G-Fe3O4; (d) XRD pattern of the GO, Fe3O4 and 3D-G-Fe3O4; (e) the Raman spectra of graphene oxide (GO) and three-dimensional graphene-iron (3D-G-Fe3O4) are presented. (f) The nitrogen adsorption-desorption isotherms of three-dimensional graphene-iron (3D-G-Fe3O4) are shown in the inset, along with the BJH pore-size distributions. 
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Figure 2. Effect of types of solvent on recovery (Sample solution: 25 mL, 40 ng mL−1 NO2). 
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Figure 3. The influence of desorption solvent (DMSO) volume on the recovery of analyte. Sample solution: 25 mL, 40 ng mL−1 NO2. 
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Figure 4. (a) Three-dimensional (3D) response surface and counter plots the effect of pH-adsorbent dosage on the extraction recovery (the CTAB dosage was 5.5 mg); and (b) 3D response surface and counter plots of the effect of pH-CTAB dosage on the extract. 
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Figure 5. Proposed mechanism for selective adsorption of NO2− ions over the magnetic graphene oxide. 
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Table 1. The central composite design’s factors and levels.
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Factor

	
Symbol

	

	

	
Levels

	

	




	
−a a

	
−1

	
0 b

	
+1

	
+a a






	
pH

	
A

	
1.0

	
2.4

	
4.5

	
6.6

	
8.0




	
Adsorbent (mg)

	
B

	
5.0

	
10.0

	
17.5

	
24.9

	
30.0




	
CTAB c (mg)

	
C

	
1.0

	
2.8

	
5.5

	
8.2

	
10.0








a Axial points are equal to ±1.682 unit. b Central point. c Cetyl trimethylammonium bromide.













 





Table 2. Analysis of variance (ANOVA) for response surface quadratic model.
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Source

	
Sum of Squares a

	
Df b

	
Mean Square c

	
F-Value d

	
p-Value e

	
Significance




	
Prob > F






	
Block

	
1.2 × 10−3

	
1

	
1.2 × 10−3

	

	

	




	
Model

	
0.3

	
8

	
0.037

	
21.12

	
<0.0001

	
Significant




	
A f

	
0.03

	
1

	
0.03

	
17.03

	
0.0012

	




	
B g

	
0.051

	
1

	
0.051

	
28.67

	
0.0001

	




	
C h

	
8.3 × 10−3

	
1

	
8.3 × 10−3

	
4.7

	
0.0493

	




	
AB

	
8.6 × 10−3

	
1

	
8.6 × 10−3

	
4.87

	
0.0459

	




	
AC

	
9.5 × 10−3

	
1

	
9.5 × 10−3

	
5.4

	
0.0369

	




	
A2

	
0.11

	
1

	
0.11

	
62.49

	
<0.0001

	




	
B2

	
7.0 × 10−3

	
1

	
7.0 × 10−3

	
4

	
0.0670

	




	
C2

	
0.076

	
1

	
0.076

	
43.07

	
<0.0001

	




	
Residual i

	
0.023

	
13

	
1.8 × 10−3

	

	

	




	
Lack of Fit j

	
0.012

	
6

	
2.1 × 10−3

	
1.38

	
0.3388

	
Not significant




	
Pure Error k

	
0.01

	
7

	
1.5 × 10−3

	

	

	




	
Cor total l

	
0.32

	
22

	

	

	

	








a Sum of the squared differences between the average values and the overall mean. b Degrees of freedom. c Sum of squares divided by d.f. d Test for comparing term variance with residual (error) variance. e Probability of seeing the observed F-value if the null hypothesis is true. f pH. g Adsorbent dosage. h C-Tab (Cetrimonium bromide [(C16H33)N(CH3)3Br). i Consists of terms used to estimate experimental error. j Variation in the data around the fitted model. k Variation in the response in replicated design points. l Totals of all information corrected for the mean.













 





Table 3. Effect of coexisting ions on determination of NO2− (40 ng mL−1).
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	Coexisting Ions
	Coexisting Ion/NO2− Ratio (w/w)
	ER





	NH4+
	1000
	101



	PO43−
	1000
	98



	CO32−
	1000
	102



	SO42−
	1000
	97



	NO3−
	1000
	99



	Cl−
	1000
	103



	Fe3+
	1000
	98



	Hg2+
	1000
	91



	Cu2+
	1000
	96



	Na+
	1000
	102



	Ca2+
	1000
	96










 





Table 4. Extraction recovery for NO2− in environmental water samples.
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Sample

	
Added (ng mL−1)

	
Found (ng mL−1)

	
RSD (%) (n = 3)

	
RR a (%)






	
Tap water b

	
-

	
-

	
-

	
-




	
20

	
20.02

	
1.04

	
100.1




	
80

	
81.28

	
1.1

	
101.6




	
Rain water c

	
-

	
-

	
-

	
-




	
20

	
19.29

	
0.99

	
96.45




	
80

	
78.36

	
1.03

	
97.95




	
Mineral water d

	
-

	
-

	
-

	
-




	
20

	
19.84

	
1.06

	
99.2




	
80

	
80.4

	
1.25

	
100.5




	
Sewage e

	
-

	
18.42

	
1

	
-




	
20

	
37.63

	
0.97

	
96.05




	
80

	
98.85

	
1.09

	
100.54




	
Sea water f

	
-

	
-

	
-

	
-




	
20

	
19.57

	
0.96

	
97.85




	
80

	
79.04

	
1.34

	
98.8








a Relative recovery. b The sample was collected from our lab. c The sample was collected from Tehran city (Tehran, Iran) during the autumn rain. d The sample was collected from a Dasani mineral water bottle. e The sample was collected from sewage of the university of Tehran’s chemistry laboratories. f The water sample was collected from the Caspian sea.













 





Table 5. Comparison of the proposed method with other previously reported methods for the determination of NO2−.
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	Analysis
	Extraction
	t (min)
	V (mL) a
	EF b
	LOD c
	LDR d
	RSD (%)
	R (%) e
	Ref.





	UV-Vis
	SPE f
	>36
	250
	125
	3.1
	10–550
	<6.6
	88–105
	[9]



	UV-Vis
	LPE g
	>60
	-
	-
	60
	500–6000
	2.2
	-
	[20]



	UV-Vis
	-
	>40
	-
	-
	4.3
	20–15000
	<10
	94–108
	[54]



	Fluorimetry
	SPE h
	1.5
	160
	160
	0.034
	0.1–80
	0.6
	94–102
	[18]



	Electrophoresis
	-
	2.5
	-
	-
	0.82 i
	-
	0.99
	89–104
	[12]



	UV-Vis
	SPE j
	10
	25
	167
	5.12
	20–100
	1.01
	93–110
	This work







a Sample volume. b Enrichment factor. c,d ng mL−1. e Recovery. f Solid-phase extraction with magnetic nanoparticles. g Liquid-phase extraction (aqueous two-