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Abstract

:

Arsenic (As) removal from portable water bodies using the nanotechnology-based adsorption technique offers a unique method to lower the As contamination below the World Health Organization’s (WHO) maximum contaminant level (MCL). This work promotes a systematic methodological-based adsorption study by optimizing the different parameters that affect As removal using TiO2/γ-Fe2O3 nanocomposites (T/M NCs) prepared with the green, facile, and cost-effective ball milling method. The studies using X-ray Diffraction (XRD) illustrate the structural modifications with variations in the constituting T/M ratios, with high-resolution transmission electron microscopy (HRTEM) being used for the NC morphological studies. The optical characterization studies showed that bandgap tuning between 2–2.8 eV reduced the maghemite (γ-Fe2O3) content in the NCs and the elemental analysis confirmed the desired stoichiometry of the NCs. The magnetic measurements showed that the magnetic interaction among the particles tends towards exchange coupling behavior as the weight ratio of γ-Fe2O3 content decreases in the NCs. The adsorption studies using the most efficient NCs with an optimized condition (NC dose (8 g/L), contact time (15 min), As concentration (2 ppm), and pH (4)) resulted in a more than 99% removal of As species, suggesting the excellent behavior of the synthesized nanomaterial for water treatment and making it more economical than other competing adsorption techniques and materials.
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1. Introduction


Human health is one of man’s most significant priorities but is bedeviled by many environmental contaminants. Most of the pollutants are predominantly in metallic forms and of high carcinogenicity, with specific heavy metals such as arsenic (As) being top on the list. Several studies reveal that millions of people worldwide are exposed to these heavy metals through contaminated drinking and groundwater used for domestic purposes [1,2]. The varying degrees of severity in different parts of the globe show that arsenic ranks at the top, justifying the urgency and numerous attempts to develop several methods for removing it from potable water sources [3,4,5,6,7,8].



The high prevalence of As within the Earth’s crust accounts for the facile leaching into water bodies and soil. Industrial products, wastes, and mining activities may account for contamination from human-made activities [9,10]. The As atoms may combine with a complex carbon atoms framework to form a harmless organic structure or exist as highly toxic inorganic As compounds without carbon. In the inorganic forms, As atoms exist in various oxidation states (−3, 0, +3, +5), with As (III) (arsenite) and As (V) (arsenate) dominating mostly in aqueous mediums. Owing to their prevalence in the environment, the European Union (EU), the United States of America (USA), and the World Health Organization (WHO) established the maximum contaminant level of 10 μg/L for As in drinking water. Other countries retained the earlier WHO guideline of 50 μg/L as their interim target [11]. However, with potential accumulation, long-term exposure or intake can lead to severe diseases, including acute and chronic poisoning in the respiratory and gastrointestinal system, conjunctivitis, hyperkeratosis, hyperpigmentation, cardiovascular diseases, and disturbance in the peripheral vascular and nervous systems [12]. Therefore, there is a significant need to remove As from drinking water to avoid its substantial effects on humanity’s health [13]. Thus, in the 2030 agenda, the WHO and United Nations (UN) jointly developed a new set of Sustainable Development Goals to meet and ensure safe and sustainable access to drinking water free of various contaminants, including As metal.



Therefore, various strategies and techniques have been widely reported to offer methods for removing As from water bodies, such as electrochemical treatment, reverse osmosis, chemical treatment, ion exchange, membrane filtration, co-precipitation, photocatalysis, and adsorption [14,15,16,17,18]. Adsorption techniques are commonly employed for water treatments to remove organic, inorganic, and biological pollutants. Most soluble and insoluble adsorbents offer several advantages, including high removal efficiency, simplicity, relatively low-cost, easy operation, wide pH range, and less harmful by-products [19,20]. The materials used for the adsorption processes also offer higher reclamation potentials, accounting for the numerous scientific investigations on this technique [21].



The adsorption process involves the adhesion of atoms, ions, or molecules from a gas, liquid, or dissolved solid (adsorbate) to a surface, creating a layer on the adsorbing material surface (adsorbent). The amount of adsorbate on the adsorbing material depends on numerous factors: pH, dosage, time, concentration, and temperature, which influence the efficiency of removing the contaminants in the aqueous medium. Engineered nanomaterials offer massive potential for completely removing As (III) and (V), carbon-based materials, surfactants, agriculture, industrial wastes, and polymers. The use of metals and metal oxides, such as Fe2O3, TiO2, CeO2, CuO, and ZrO2, has been extensively exploited considering their low-cost, high adsorption capacity, and affinity towards As [14,22,23,24]. Other studies employ the combination of two or more metal oxides in the form of composites to enhance the adsorption characteristics, which has recently attracted considerable interest from researchers [25,26,27].



The use of metals and metallic oxides for As oxyanion adsorption depends strongly on the properties of the active sites of d-block elements (i.e., Fe, Cu, Mn, Zn, Ni, and Ti) [28]. Predominantly, iron oxides (IOs) provide excellent adsorption properties with a high surface-area-to-volume ratio and modifiable surfaces, proven biocompatibility, excellent magnetic properties, reusability, ease of separation using an external magnetic field, and a comparatively low cost [29,30]. The adsorption mechanism of IOs-based nano-adsorbents depends on heavy metals’ migration, deprotonation, and surface complexation. The tools mainly occur through ligand exchange, i.e., hydroxyl (OH−) or hydroxide (OH2) groups in the coordination sphere of surface structural Fe atoms, and are explained through a zero-point charge [31]. In the ion-exchange process, the specific adsorption to OH− groups and their recoverability is due to their magnetic properties positioned on the iron-based adsorbents specifically for the adsorption process [32]. They can coordinate easily with other elements due to variable oxidation states.



Fe3O4 (magnetite), α-Fe2O3 (hematite), and γ-Fe2O3 (maghemite), among other IOs nanomaterials, are the most common, highly explored, and widely used in water treatment applications [33]. The cubic crystal structured maghemite unit cell contains 32 O2− ions, 21(1/3) FeIII ions, 2(1/3) positive vacancies, and the most stable polymorph. The cationic vacancies in the octahedral sites provide stability and homogeneous ion distribution for γ–Fe2O3, significantly increasing the removal efficiency compared to other phases containing only singly coordinated reactive OH− moieties [34].



The widely investigated anatase TiO2 for adsorption stems from its low toxicity, physicochemical stability, facile preparation, low cost, and eco-friendly properties [35,36]. However, it has certain limitations, including a decreasing surface area due to agglomeration. In comparison, a restriction of IOs is particle aggregation due to its large surface-to-volume ratio and low surface energy [37]. Consequently, surface modification ensures these particles’ stability; combining these nanomaterials to form nanocomposites (NCs) anatase TiO2, and γ-Fe2O3 provides an excellent combination of NCs for adsorption purposes and overcomes the limitation of their modified counterparts [38].



The drawback associated with individual metal oxides is agglomeration due to the low energy barrier, however, this problem can be overcome by the impregnation method, surface coating or doping of nanoparticles with the various types of surfactants (anionic, cationic, and nonionic), polymers (polyethylene glycol, etc.), polyelectrolytes, and different metal or metal oxide nanoparticles [39,40,41]. Among metal oxides, the magnetic nanoparticles (MNPs) can be easily separated from an aqueous solution with a low external magnetic field, leading to the growing interest in heavy metal removal. Hence, to enhance the adsorption behavior of arsenic, iron-oxide (maghemite phase) is combined with the TiO2 anatase phase. The TiO2/Iron oxide nanocomposites were formed using the ball milling technique.



Compared to other synthesis methods, the mechanical ball milling technique provides an advantageous and cost-efficient process for preparing NCs. Further advantages over other synthesis methods include its greener and facile features, which may not require solvents or surfactants during synthesis. The milling process yields a more considerable amount of desired product with a short processing time under ambient conditions, eliminating waste generation from multi-step procedures and high temperature and pressure requirements with no hazardous or expensive chemicals. In addition, the relatively low installation cost, use of a common powered grinding medium, and potential for both batch and continuous operation make it suitable for large-scale industrial production [42,43,44,45].



In this work (Scheme 1), the T/M NCs were synthesized by considering the various milling parameters, for example, ball-to-powder ratio (BPR), milling time, and rotation-per-minute (RPM). Another essential consideration is the ratio of the individual nanomaterials in the NCs, which ultimately influences the adsorption performance. Thus, this study optimizes the adsorption conditions with the intention to remove As (III) and (V) contaminants using NCs prepared with a mechanically milled process. The effect of adsorption factors, such as dosage, time, concentration, and pH, was studied extensively to obtain optimized conditions for complete As removal. To the best of our knowledge, the obtained results presented in this study are novel, with the synthesized NCs showing >99% removal of As (III) and (V).




2. Nanocomposite Synthesis, Characterization, and Adsorption Studies


2.1. Synthesis


The anatase TiO2 materials were synthesized using the sol-gel method, and γ-Fe2O3 was prepared with the co-precipitation technique, which was further used for NC synthesis. The anatase nanopowder was obtained by adding 5 mL of titanium tetrachloride (TiCl4) dropwise into 15 mL of ethanol at 60 °C under continuous stirring. After 30 min, a light-yellow gel was obtained and then kept in the oven at 70 °C for 24 h. The dry-gel precursor was calcined at 450 °C in the furnace and ground to create the TiO2 anatase nanopowder.



The IOs nanopowder was obtained by mixing ferric chloride (Fe2+) and ferrous chloride (Fe3+) in a 1:2 ratio in 100 mL of deionized water at room temperature. An ammonium hydroxide (NH4OH) solution was added dropwise to the mixture under continuous stirring and constant nitrogen flow until a black precipitate was formed. The resulting residue was then recovered and washed several times with deionized water, and the suspended particles were collected with a strong neodymium magnet. The material was then dried in an oven at 70 °C overnight. The material was calcined at 150 °C for 2 h to obtain the pure maghemite phase.



The as-synthesized TiO2 (T) and γ-Fe2O3 (M) were used to produce T/M NCs by the ball-milling technique at a constant BPR of 10:1 and a duration of 2 h. The synthesis methods and preliminary results were published in [46], providing a detailed description of the techniques adopted in this study. The different T/M NCs ratios prepared were 1/9, 3/7, 5/5, 7/3, and 9/1, based on the BPR calculations, and resulted in a powdered form. The obtained NCs were stored until further use and evaluated for adsorption studies. A detailed description of the NC’s adsorption conditions is presented in the below table (Table 1).




2.2. Characterization


The X-ray diffractogram was obtained using the Bruker D2-phaser X-ray diffractometer (CuKα λ = 1.5406 Å) in the range from 10°–80°, and the structural properties of the synthesized T/M NCs with crystallite sizes (Dp) were calculated using the Scherrer equation [47,48],


   D p  =   K λ   β   c o s θ    



(1)




where K (0.94 for spherical crystallites) is the shape factor, θ is Bragg’s diffraction angle, and β is the full width at half maximum (FWHM). The dislocation density, δ, which measures the number of dislocation lines in a unit area, is calculated using the relation [49],


  δ =  1   D p 2     



(2)




and the microstrain was calculated by the following equation [50],


  ε =  β  4   t a n θ      



(3)







The morphological studies and micrographs were characterized using high-resolution transmission electron microscopy (HRTEM) at 200 KeV (JEM-2010, JEOL Inc., Peabody, MA, USA). The optical studies for the synthesized NCs in the wavelength range 200–800 nm were performed using a spectrophotometer (JascoV-670, Jasco, Pfungstadt, Germany), coupled with an integrating sphere, and the bandgap estimations of the samples were calculated using the Kubelka–Munk function given by [51],


  F  ( R )  =      (  1 − R  )   2    2 R      



(4)







The extrapolation of the plot (F(R) × hυ)2 against hυ (where R is the reflectance), considering an indirect transition of the materials, allowed for estimating the energy bandgap value from the Kubelka–Munk theory.



The ratio of T and M elements in T/M NCs was studied using an oxford energy-dispersive spectroscope (EDS), a device coupled with a Hitachi TM-1000 Scanning Electron Microscope (SEM).



The magnetic properties of γ-Fe2O3 and NCs were analyzed using a Superconducting Quantum Interference Device (SQUID) magnetometer (Quantum Design MPMS3) and the corresponding magnetic hysteresis loop. The measurements were carried out to obtain magnetization-field (M-H) curves, magnetization temperature (M-T) curves, Zero-Field-Cooled (ZFC) curves at 1.8 K, and the Field-Cooled (FC) curve at a temperature interval between 2 K and 312 K using a constant magnetic field of 100 Oe.





3. Results and Discussion


3.1. XRD Diffractograms


The X-ray diffractogram (Figure 1) for the different ratios depicts the variation of the peak intensities from the as-synthesized nanomaterials. The prominent peaks of anatase TiO2 (ICDD 00-064-0863) increased proportionately from the 1/9 ratio moving to the 9/1 ratio, as the peaks of cubic spinel structured γ-Fe2O3 (ICDD 00-039-1346) decreased. Additionally, the peak positions of TiO2 shift towards lower 2θ angles (25.46 to 25.34) as the ratio increases with the reduction in γ-Fe2O3. However, the milled NCs showed no phase changes nor the presence of any secondary phases [52,53].



The calculated crystallite sizes for the T/M NCs, considering the most intense peaks (Table 2), showed a size increment as the TiO2 composition increased, consistent with the observation that TiO2 has a larger crystallite size than γ-Fe2O3 [54]. The prominent peaks’ ratios (I(101)/I(311)) also showed a consistent variation which decreases while the γ-Fe2O3 composition increases (down the column) following the variation in ratios. This is due to the point defects in the crystal structure because of very similar ion sizes (the ionic radii of Ti4+ −0.68 Å and Fe3+ −0.64 Å). These defects aid in enhancing the NC’s specific surface area, which could significantly impact the nanomaterials’ electronic properties and their applications in the field of adsorption and photocatalysis.




3.2. TEM Analysis


The morphology of the synthesized T/M NCs (Figure 2) was studied using HRTEM characterizations that showed nearly spherical-shaped nanoparticles [55], with broad size distribution and reduced aggregation. The particle-size distribution histograms fitted with log-normal function for peak values (Figure 3) showed that the average particle size ranged between 15 to 20 nm. The distribution indicates that average particle sizes increased with increasing TiO2 ratios, corroborating the XRD data.



The estimation of the d-spacing using the image from a T/M (5/5) NC (Figure 4) measured using an inverse Fast Fourier Transform (FFT) showed fringes of sizes 0.35 nm and 0.25 nm, corresponding to the prominent (101) peaks of anatase TiO2 and (311) cubic γ-Fe2O3. It also verifies the observations and presence of both phases in the nanocomposite.




3.3. EDS Analysis


The EDS analysis was carried out to determine the stoichiometry from the ball-milled process. Table 3 shows the average elemental composition results for different T/M NCs (i.e., 1/9, 3/7, 5/5, 7/3, and 9/1), respectively, which is very close to the desired experimental values.




3.4. UV-VIS Diffuse Reflectance Spectrum


The bandgaps of synthesized anatase TiO2 (3.2 eV) and γ-Fe2O3 (1.95 eV) varied considerably with the composition ratio [46]. A plot of the bandgaps (Figure 5) for the different T/M NC ratios showed a reduction in the bandgaps as the amount of γ-Fe2O3 increased. The reduction in bandgap is associated with the increased electron transfer to TiO2 (leaving behind a compensating hole in γ-Fe2O3), accounting for a decreasing energy bandgap from the T/M NCs to TiO2 [56]; the presence of TiO2 in the NCs accounts for its higher bandgap values for γ-Fe2O3. Therefore, excess electrons are generated due to the composite formation highly recommended for the adsorption in the sorption-ion exchange mechanism [57,58].



However, excess γ-Fe2O3 contributes Fe ions to the NCs and can be toxic when used for drinking water treatment [59]. In addition, the X-ray diffractogram depicts the presence of TiO2 depletion at a higher γ-Fe2O3 presence (I(101)/I(311) from Table 4). Comparing the bandgap values with the ratios (Table 4) shows that the NC properties tend toward higher material composition.




3.5. SQUID Analysis


Figure 6 shows the M (H) curves recorded for the γ-Fe2O3 and NCs samples. Herein, it is possible to notice that all the curves exhibited hysteretic characteristics that agree with those expected for a ferromagnetic material (see insets in Figure 6). It is worth mentioning that the magnetic moment in these curves was normalized to the fraction of the magnetic phase in each sample. In addition, Table 5 reports the maximum magnetic moment (Mmax), coercitivity (HC), remanence (MR), and remanence ratio (RR) obtained for the samples. Nonetheless, we observed that the remanence ratio is lower than that reported for non-interacting magnetic nanoparticles (MNPs) with either cubic (RR = 0.8) or uniaxial (RR = 0.5) anisotropy [60,61]. This discrepancy can be related to the size of the synthesized MNPs [62]. As documented, small IO NPs can depict the surface-to-core exchange among non-collinearly arranged spins on their surface than at their core. Consequently, a reduced number of spins can contribute to the remanence of the sample. This feature is consistent with the lack of saturation at magnetic fields as high as 70 kOe for all samples.



There is also an observed decrease in Mmax from 91.89 to 61.71 emu/g as the γ-Fe2O3 content in NCs decreases towards a T/M weight ratio of 5/5, from which Mmax increases to 82.97 emu/g. This response could be related to the average particle size diminishing in NCs as the γ-Fe2O3 content decreases as well as either dipole-dipole or exchange coupling among particles that modify the effective anisotropy of samples (Keff). Accordingly, the dipole-dipole coupling is a long-range demagnetizing interaction that occurs among particles without contact, whereas the exchange coupling is a short-range magnetizing interaction among particles in close contact [63,64]. As Figure 2 shows, the nanoparticles become more aggregated as the T/M weight ratio tends to 1/9. Thus, it is possible to suggest that the magnetic interaction among particles tends towards exchange coupling as the γ-Fe2O3 weight content in NCs decreases. Moreover, this feature is congruent with the reduction in HC from 0.33 to 0.28 kOe for these NCs, as it has been reported for other composite magnetic materials [65].



On the other hand, Figure 7 shows the ZFC and FC curves recorded for γ-Fe2O3 and NC samples. As can be seen, all ZFC curves describe an increase in the size magnetic moment as a function of temperature, which can be related to the thermal relaxation of spins in the direction imposed by the applied magnetic field (100 Oe). Moreover, a remarkable irreversibility between the ZFC and FC curve is observed for all cases. This irreversibility can be attributed to the frozen surface spins’ ferromagnetic response in the field-cooled direction [66]. In addition, the FC curves of the NCs describe a plateau-like feature towards low temperature, which agrees with the results obtained from M (H), suggesting the interaction between particles. Consequently, this interaction can impose a cooperative blocking over the re-orientation of the nanoparticles’ spins at lower temperatures [61].




3.6. Adsorption Studies and Effect of Various Parameters


The As adsorption studies using the different NCs ratios (1/9, 3/7, 5/5, 7/3, and 9/1) and varying parameters were evaluated to derive and optimize the relevant factors for the effective removal of As species. Several factors affecting adsorption may primarily depend on the nano-adsorbent properties, in this case, the nanomaterials used for this study. Therefore, the structural, morphological, and optical properties of the NCs play a significant role in the effectiveness of the adsorption process.



3.6.1. Adsorption Using the Synthesized T/M NC Ratios


The adsorption studies of As (III) and (V) using the various T/M NC ratios were determined with a constant dosage of 0.5 g/L, pH 7, and 2 ppm concentration for 5 min by adopting the methodology of our previous work [46]. Figure 8 shows an optimal As (V) removal with the T/M composition of a 5/5 ratio (Figure 8b); however, As (III) removal was marginally better with the 3/7 composition (Figure 8a). This performance is attributed to the higher γ-Fe2O3 composition in the composite and the presence of TiO2, which reduces the agglomeration effects, thereby increasing the surface area. A higher composition of γ-Fe2O3 (i.e., 1/9), although having the potential for providing more charges during the adsorption processes, has smaller crystallite and particle sizes (Table 4) and possesses the challenges of agglomeration. Contrarily, a higher TiO2 presented lower performances attributable to Fe’s composition and potentially lesser charges.



Similarly, a plot of the ppm concentration against the various ratios (Figure 8a,b) showed a minimal value with a 5/5 ratio for As (V) removal and comparatively better performance with a 3/7 composition for As (III) removal. Generally, the NCs showed better As (V) than As (III) reduction for all ratios, consistent with literature reports that As (V) is more straightforward to remove than As (III) [67].



The choice of the 5/5 ratio offers almost equivalent compositions of Fe and Ti in the NCs (Table 2) and parameters desirable for adsorption properties, tapping the practically identical distribution of the physical properties of TiO2 and γ-Fe2O3. The ratio also offers the potential to optimally remove both As (III) and As (V) simultaneously without changing the adsorbing material, which is substantially advantageous. Thus, this study’s subsequent adsorption processes and optimizations mainly focused on the 5/5 T/M NCs ratio based on the preliminary data.



The performance of fabricated nanomaterials for As removal depends on certain prevalent ambient conditions, for example, pH, concentration, time, and dosage. Thus, the systematic study of these conditions will provide an in-depth understanding of the better-operating conditions for nano-adsorbents. Furthermore, efficient applications can allow for better utilization of the adsorbing materials. Therefore, this study aims to elucidate various factors and their influence on As adsorption using the nano-adsorbent.




3.6.2. Effect of Nano-Adsorbent Dosage


The dosage refers to the nano-adsorbent concentration used in adsorption, determining an adsorbent’s capacity for an initial adsorbate concentration. The optimal dose is mainly related to the availability of active sites linked to exposed surface functional groups on the nanomaterials. The solute’s adsorption magnitude is directly proportional to the adsorbent concentration, increasing active exchangeable adsorption sites [68]. Thus, an optimum concentration or the amount of nano-adsorbent dosage determines the adsorbent surface area and adsorption sites. For example, the adsorption efficiency may decrease in the presence of excess adsorbent concentration due to interference resulting from the interaction of active adsorbent sites [69,70,71,72] or adsorption sites remaining unsaturated during the process [73]. Therefore, there is a vital need to optimize the dose of an adsorbent to achieve effective removal.



Figure 9a,b represents the significant increase in the removal of As (III) and (V) with a nano-adsorbent dosage that directly relates to the active site’s availability and, therefore, the presence of surface functional groups providing active exchangeable adsorption sites in the NCs [68]. The adsorption studies using different dosage amounts (0.5, 2, 4, 6, and 8 g/L), evaluated at a constant pH value of 7, showed an increased removal concentration of 2 ppm and 5 min contact time percentage with the increase in the adsorbent dose.



As depicted in Figure 9a, an optimal dosage of 8 g/L is provided for As (III) removal to the MCL recommended by the WHO [74]. A further increase in the dosage poses a potentially excess adsorbent concentration, thereby decreasing adsorption by interfering with the interaction of active sites and unsaturated adsorption sites. The observed poor performance in As (V) removal (Figure 9b) may be due to pH or inefficient contact time for optimal removal, and, therefore, the need for other optimization parameters was carried out.




3.6.3. Effect of Contact Time


The contact time is an essential factor affecting the adsorption process. It can also influence the economic efficiency of the process and the adsorption kinetics [75]. For instance, the initial stages will always result in very high adsorption, primarily due to the presence of many available sites for adsorption. However, as the time prolongs and the adsorbents’ active sites approach saturation with adsorbates, the adsorption percentage and efficiency of further adsorption decrease. Therefore, the effects of time on adsorption were evaluated for different time durations (Figure 10a,b) and the adsorption kinetics and efficiency of the process were explored.



A higher removal percentage was observed in the initial stages (between 5 and 15 min) because of the great adsorption sites’ availability [75]. Further increasing the duration produced lesser adsorption efficiencies for As (III) removal and even lower in the case of As (V) removal. This proves that considering contact time remains vital in adsorption studies and processes to control the effects of saturation on the adsorbents’ active sites, thereby avoiding potential leaching of the As species back into the media. The potential leaching of As (III) and (V) into the media at longer durations (30 min and longer) may account for the observed decrease in removal percentage and increase in ppm (Figure 10a,b). Comparatively, a 15-minute contact time yielded an optimal removal of 98% and 85% of As (III) and As (V), respectively, with a better As (III) removal efficiency compared to As (V).




3.6.4. Effect of As Concentration


An initial As concentration significantly influences the percentage removal of the species. At low adsorbate concentrations, the surface area, adsorption sites, and adsorbents’ availability are relatively high, allowing for instantaneous adsorbing to the contaminants [76]. However, higher concentrations signify that all the available adsorption sites are insufficient, thus decreasing the removal percentage. Consequently, the removal percentage of an adsorption process purely depends upon the ratio of the number of adsorbate moieties to the adsorbent’s available active sites in a particular environment [77]. A lesser ratio depicts more sites’ availability, which gradually increases with the decrease in adsorbates resulting from increased percentage removal.



Studies on the effects of As removal with different concentrations using a fixed adsorbent NC dosage of 8 g/L at a pH of 7 were carried out (Figure 11a,b). The pre-determined optimal duration of 15 min helped eliminate the potential disadvantage of As species leaching back into the aqueous media after adsorption.



In this study, the 8 g/L adsorbent NC dosage showed a maximum (>99%) As (III) removal for all concentrations (i.e., 2, 4, and 6 ppm, Figure 11a). The depreciation in performance as As concentration increases for As (V) removal (Figure 11b) may be due to the higher concentration and comparatively reducing adsorption sites of the adsorbents and availability for readily adsorbing the contaminants [76], thereby decreasing the removal percentage. Consequently, a lower ratio (number of active sites occupied/number of active sites available), increasing the number of adsorbate moiety per unit volume of solution at a fixed adsorbent dose, might be recommendable for better performances. The limited performance with As (V) compared to As (III) may also be related to the pH of the media, which tends to favor As (III) removal at near-neutral pH values in comparison to lower values for As (V) removal [77].




3.6.5. Effect of pH


The media’s pH remains a critical variable affecting the adsorption of As, mainly due to ionization and an adsorbent’s surface characteristics. The pH reportedly modifies the adsorbent’s surface and the present functional groups, e.g., OH−. This potential modification helps the adsorbent to be efficient enough to adsorb in a slightly acidic environment due to the electrostatic repulsion between H+ ions and surface functional groups [46]. Other studies also report that the adsorption of As and other metals (e.g., La) at pH values preferentially less than 9.0 [73] was beneficial for heavy metal removal. The optimal pH of 7.0 for As (III) removal and even lesser pH values for As (V) removal reportedly causes the adsorption sites on the adsorbents’ surface to be protonated. The constraints imposed by the pH in the aqueous media significantly affect the degree of speciation of As species and the adsorbent surface charge. The interaction between the IOs surface containing OH− group becomes protonated as FeOH2+, causing the surface to acquire a positive charge [78]. The OH− group’s deprotonation causes the IOs surface to develop a negative charge (Fe−O−), creating an electrostatic attraction between the negatively and the positively charged iron oxide surface [46,79,80]. The acidic pH (around 4.0) favors the sorption of anions onto the iron oxide surface and reportedly favors the maximum adsorption capacity for As (V) due to their anionic forms [81].



Some possible combinations, e.g., Fe and Ti, provide other functional groups at the surface, causing them to acquire more positive charges at various pH levels. These materials have significant efficiency for As removal from polluted water at different pH values. Some literature reports include the maximum adsorption capacity for As (III) and As (V) using a composite of Fe-M (M = Sn, Cr, Cu, Mn, Ti) binary oxides [82,83,84,85,86].



Thus, we determined the effect of pH on As species removal at a constant 15 min duration, 2 ppm concentration, and 8 g/L adsorbent dosage by varying between acidic (pH 4), neutral (pH 7), and alkaline (pH 10) media (Figure 12a,b).



The acidic pH 4 produced >99% removal for both As (III) and (V) (Figure 12a,b), owing to reportedly modified adsorbent’s surface and present functional groups which help adsorption due to the electrostatic interaction existing between H+ ions and surface functional groups [46]. The acidic pH favors the anions’ sorption onto the iron oxide surface and accounts for the maximum adsorption capacity for As (V) due to their anionic forms [81]. The modifications due to the combination of the Fe-Ti oxide provided other functional groups at the surface. They possibly acquired more positive charges at various pH, thereby maximizing adsorption capacity for As (III) and As (V) using the binary composite oxide. The optimal results at pH 4, which almost lie on the MCL limit (Figure 12a,b), showed that the NCs efficiently remove all As species contaminants.



Further, an increase in the pH values to neutral (7.0) still produced >99% As (III) removal, which decreased at an alkaline pH value (10). At a neutral pH (7.0), the removal percentage for As (V) reduced, which is consistent with the reported literature results, and declined further at an alkaline pH (10) [73,81]. These observations also agree with the previous results for the optimal pH of 4–9 for As (V) removal and pH of 3–11 for As (III) removal [87]. We compared our results with the other synthesis methodology and found that the ball-milled samples show high efficiency as a nano-adsorbent which is represented in (Table 6).






4. Conclusions


The TiO2/γ-Fe2O3 (T/M) nanocomposites synthesized using facile ball-milling and used for As (III) and (V) adsorption studies showed more than 99% arsenic removal. The structural studies of the milled nanocomposites showed no phase changes or presence of any secondary phases for all the synthesized ratios. The morphological studies showed the presence of spherical particles, with d-spacing values of 0.35 nm and 0.25 nm corresponding to the (101) and (311) planes belonging to the anatase TiO2 and cubic γ-Fe2O3 phases. The studies also showed variation in the crystallite and particle sizes, which decreases by increasing the maghemite content and the bandgap of the nanocomposites. Moreover, the SQUID analysis of the samples showed that the NC’s magnetic parameters tend to vary based on the γ-Fe2O3 weight content. The adsorption studies focused on optimizing the factors affecting arsenic removal, dosage, time, concentration, and pH. From the results, it is determined that an optimal T/M (5/5) NC ratio at an adsorbent dosage of 8 g/L with a contact time of 15 min, and pH 4 confirmed the maximum adsorption of >99% As (III) and (V), well below the WHOs recommended permissible concentration (0.01 ppm). From the results of the removal efficiency studies using a maximum of 2 ppm, we determined that the nanocrystals can be efficiently employed for even higher concentrations. Thus, the promising results obtained from this nanocomposite will be further studied to determine the kinetics. This also proves it may be a potential candidate for the effective removal of arsenic and can be implemented in a large-scale application, which is currently underway.
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Scheme 1. Graphical illustration represents the objective of the designed work. 
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Figure 1. X-ray diffractograms of T/M nanocomposites at different ratios of 1/9, 3/7, 5/5, 7/3, and 9/1. 
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Figure 2. Micrographs obtained from the HRTEM image analysis for the various T/M NCs ratios; (a) 1/9, (b) 3/7, (c) 5/5, (d) 7/3, and (e) 9/1, respectively. 
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Figure 3. Particle size distribution from the HRTEM image using a log-normal function for average size estimations for the various T/M NCs ratios; (a) 1/9, (b) 3/7, (c) 5/5, (d) 7/3, and (e) 9/1, respectively. 
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Figure 4. HRTEM micrograph of T/M (5/5) NC fringes corresponding to the inter-planar spacing. 
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Figure 5. Bandgap estimations for the different T/M NCs ratios (1/9, 3/7, 5/5, 7/3, and 9/1). 
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Figure 6. Magnetization field-dependent M (H) curves measured for samples: (a) γ-Fe2O3; (b) 1/9; (c) 3/7; (d) 5/5; (e) 7/3; and (f) 9/1. 
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Figure 7. Magnetization temperature-dependent ZFC (black circles) and FC (white circles) curves measured for samples: (a) γ-Fe2O3; (b) 1/9; (c) 3/7; (d) 5/5; (e) 7/3; and (f) 9/1. 
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Figure 8. (a) As (III) and (b) As (V) removal in percentage and ppm concentration, using a constant 0.5 g/L dosage, pH 7, and 2 ppm concentration for 5 min for various T/M NCs ratios. 
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Figure 9. (a) As (III) and (b) As (V) removal for various dosages in percentage and ppm concentrations, using a 5/5 T/M NC ratio and pH 7 for 5 min. 
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Figure 10. Effects of adsorption time for (a) As (III) and (b) As (V) removal at pH 7 and 2 ppm using an optimized 8 g/L concentration of 5/5 T/M NC ratio. 
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Figure 11. Effects of different adsorption concentrations on (a) As (III) and (b) As (V) removal. 
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Figure 12. pH studies using the optimized 8 g/L dosages at a constant 15 min duration and 2 ppm (a) As (III) and (b) As (V) concentration. 
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Table 1. Optimization conditions adopted for this study.
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S.no

	
Adsorption

Parameters

	
Experimental

Conditions

	
Description






	
1

	
Initial study

(T/M NCs ratios:

1/9, 3/7, 5/5, 7/3, and 9/1)

	
As (III) and As (V)—2 ppm

Dose—0.5 g/L

pH—7

Time—5 min

	
Studies on the

optimization of

the complete removal

of arsenic using

the best ratio.




	
2

	
Effect of

Dosage

	
Dose = 0.5, 2, 4, 6, and 8 g/L

pH—7

Time—5 min

As (III) and As (V)—2 ppm




	
3

	
Effect of

time

	
Time = 5, 15, 30, and 60 min

Dose—8 g/L

pH—7

As (III) and As (V)—2 ppm




	
4

	
Effect of

concentration

	
Concentration = 2, 4, and 6 ppm

Dose—8 g/L

pH—7

Time—15 min




	
5

	
Effect of

pH

	
pH = 4, 7, and 10

Dose—8 g/L

Time—15 min

As (III) and As (V)—2 ppm
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Table 2. The calculated crystallite parameters from XRD studies for the different ratios.
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T/M NC

Ratios

	
2θ (Degrees)

	
Average

Dp (nm)

	
I(101)/I(311)




	
TiO2

	
Fe2O3






	
9/1

	
25.34

	
35.69

	
13

	
6.94




	
7/3

	
25.34

	
35.57

	
14

	
2.46




	
5/5

	
25.38

	
35.67

	
13

	
1.42




	
3/7

	
25.4

	
35.73

	
12

	
0.95




	
1/9

	
25.46

	
35.67

	
10

	
0.76











[image: Table] 





Table 3. The average elemental compositions of different T/M NC ratios.
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	Ratios (T/M NCs)
	Ti (%)
	Fe (%)





	9/1
	90.7
	9.30



	7/3
	67.0
	33.0



	5/5
	47.2
	52.8



	3/7
	29.4
	70.6



	1/9
	8.7
	91.3
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Table 4. Compiled and compared table of average crystallite, particle sizes, and bandgap of T/M NCs.
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	Ratios

(T/M NCs)
	Av. Crystallite Size (nm)
	Av. Particle Size (nm)
	Bandgap (eV)





	9/1
	13
	19
	2.80



	7/3
	14
	20
	2.26



	5/5
	13
	17
	2.15



	3/7
	12
	15
	2.11



	1/9
	10
	15
	2.00
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Table 5. Magnetic characteristics were obtained at 1.8 K for γ-Fe2O3 and NC samples.
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	Sample
	Mmax

(emu/g)
	HC

(kOe)
	MR (emu/g)
	RR = MR/Mmax (Unitless)





	γ-Fe2O3
	91.89
	0.27
	20.35
	0.22



	1/9
	66.72
	0.33
	15.92
	0.24



	3/7
	61.71
	0.32
	16.64
	0.27



	5/5
	70.64
	0.41
	23.18
	0.33



	7/3
	56.36
	0.35
	17.62
	0.31



	9/1
	82.97
	0.28
	15.63
	0.19
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Table 6. Comparison of As removal percentage with some adsorbing nanomaterials and their synthesis methodology.
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	Adsorbents
	Synthesis Method
	As Removal
	Reference





	GO-Fe2O3/TiO2
	Sol-gel
	As (III) and (V)~92%
	[88]



	GNPs/CuFe2O4
	One-pot hydrothermal
	As (V)~98%
	[23]



	TiO2
	Hydrothermal
	As (III) and (V)~70%
	[87]



	Fe3O4
	AACVD
	As (III)~88%

As (V)~100%
	[89]



	GNPs/Fe−Mg
	One-pot hydrothermal
	As (V)~98%
	[25]



	Concrete/γ-Fe2O3
	Simple mixing
	As(V) 10 ppm to 10 ppb
	[90]



	CS magnetic GO
	Co-precipitation
	As (III)~61%
	[91]



	CS/GO-Gd
	Co-precipitation hydrothermal
	As (V)~99%
	[92]



	FeOOH/CuO@WBC
	Two-step hydrothermal
	As (III)~75%
	[93]



	Fe3O4–TiO2
	Co-precipitation
	As (III)~93%

As (V)~94%
	[86]



	TiO2/Fe2O3
	Ball-milling
	As (III) and

(V) > 99%
	This work *







* GO—graphene oxide, TiO2—titanium oxide, Fe2O3—hematite, Fe3O4—magnetite, γ-Fe2O3—maghemite, GNPs—gold nanoparticles, CuFe2O4—copper iron-oxide, Mg—magnesium, Gd—gadolinium, FeOOH—iron oxyhydroxide, CuO—copper oxide, WBC—water bamboo cellulose, CS—Chitosan, and AACVD—Aerosol-assisted chemical vapor deposition.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
T/M 9/1
)
&
-

(LZ)L

(002)L

(ZLi)L
(¥00)L

—TIM 7/3]

(y0Z)1

(so1)L

(Leln

—TIM 5/5

(L)W

(oov)W

(n"e) Ajisuajuj

—T/M 1/9

I T - 00-064-0863

B M - 00-039-1346

20 (deg)





media/file18.png
T T T T T T T T T T L T T T T T T T T T T 5
100 4 ; As (Ill) - 2.0 W~ } As (V)| 2.0
1.8 1 - 1.8
80 - 16 80 - J 16
e o 1.4 = ! i // g

S ! S \ :
=~ 60- \ 1.2 ~ 60+ - 1.2

g I i-__'-“-i - E g L
g ] 1.0 & g ! - 1.0

@ 40 - —  —% [ O 40 - i
o !/! . 08 @ 08
- 0.6 - - 0.6

| \. L
20 - - 0.4 20 - - 0.4
L 0.2 - L 0.2
o4 *® L 0.0 0 L 0.0

I v 1 v | o ] bl | of Ll 1 = 1 o L b I M | & 1
As 1/9 37 5/5 713 9/1 As 119 37 5/5 713 9/1

(a) Ratios (T/M) (b) Ratios (T/M)





media/file21.jpg
Tume pui






media/file26.png
Removal (%)

" T T . T [ T T T T T T i
100 — 100 -
{ i As () 20 { \\\\\\\\\ As (V) |- 2.0
i - 1.8 1 E - 1.8
80 - E |16 80 - I [ 16
B 1.4 — = 1.4
- °\° L
= 12 _ = 604 -1.2
L E S |
1.0 g_— g - 1.0 %
40 4 i 3 40 i
F 0.8 o _ 0.8
- 0.6 - 0.6
20 + - 0.4 20 - L 0.4
/ - 0.2 - 0.2
WHO - MCL ', o : WHO - MCL :
U T 0.0 0 - ; 0.0
1 1 1 s I 2 1 & 1 I I 1 = 1 L 1 L 1
()} 2 4 5 8 10 0 2 4 6 8 10

pH (b) pH





media/file3.jpg
ST

(G121

——Tm sis|
——Tm 377

(Lom

——Tm 119|

B T - 00-064-0863

I M - 00-039-1346

1l nJ.u_u..n.u

L
50
20 (deg)

80

70

60

30

(n-e) Aysuaju|

20





media/file22.png
T I T T | T ¥ T T T T T 1
' 1L 2.0 100 - L 2.0
As ()~ L1, 1.
(1 - 1.8 } As (V) . 1.8
- 1.6 80 1 - 1.6
- -1.4 = i - 1.4
a I =S I
: . 4.2 : 60 - - 1.2
: e |
) -10 & - 1.0
5 ! S 4 3
o ': 0.8 o ': 0.8
L 0.6 - - 0.6
- 0.4 20 - - 0.4
i e I
- 0.2 ; - 0.2
= WHO - MCL - WHO - MCL i
o ®.-L 0.0 o™ 0.0
1 ] 1 L Ll 2 T 1 o T il T e T &= Ll 2 1 12 1
20 30 40 50 60 0 10 20 30 40 50 60

(a) Time (min) (b) Time (min)

ppm





media/file19.jpg





media/file7.jpg





media/file10.png
»

r

wzfm&\\

s
A,.., et

\%

reg %






media/file14.png
Moment (emu/qQ)

Moment (emu/q)

-
o
o

r"""""""' TN
50—'/ if oA /\)//r—_
0 2] sif / /
i |
50+ !
. (C

15.82 erruig

L

-

L

(@)

(b)

)

-100
100 — m— e : >
= s =
ol - 4 vl e
7 / P e Pl
I ! P I
0 () 05 D5 0o ¢ 05 2.0 0
50+ B 4
(d) | (e) (f)
_1 4 1 A 1 1 ~ 1
0980 0 40 80 -80 -40 0 40 80 -80 -40 0
Field (kOe) Field (kOe) Field (kOe)

80





media/file11.jpg
(F(R))*

, T —— T T
165 18 1200 221 24 260 28 90, 32

Energy (eV)





media/file6.png





media/file15.jpg
‘Moment (emu/g)

O

(b)

Sl
§::
: @ © [

0% 70 10 2% 2 W0 Mo 0 % 1) w0 F0 o %0 0 o %o 100 10 B0 o o %o

Tomperature (K) Tomperature (K)

Tomperature (K)





nav.xhtml


  solids-03-00035


  
    		
      solids-03-00035
    


  




  





media/file16.png
Moment (emu/qg)

Moment (emu/g)

N

TR ST, T R, FA . ~
O N A O @

Co

N A O

(d)

0

50 100 150 200 250 300 350

Temperature (K)

100 150 200 250 300 350
Temperature (K)

0

50 100 150 200 250 300 350

Temperature (K)





media/file2.png
©:0
é

Rotation of milling jar

.............
. .

1. Concentration
2. Dosage

3. Time

4. pH

T:M Nano-adsorbent






media/file20.png
Removal (%)

v T v T v T v | v T v T v T v ™
100 - 100 -

— |- 2.0 - 2.0

{__—-/-{ ; L 3
80 - [ 16 80 - T T — L [

. 1 - As (V) |
-1.4 - 1.4

! 2
60 L 1.2 ~ 60 - -1.2
B §

1.0 S g - 1.0
40 - Los 3 40- 0.8
- 0.6 1 - 0.6
20 - [ 0.4 20 - ——————= ™ [ 0.4

. \. ]
L 0.2 ] - 0.2

WHO -MCL - WHO - MCL -
0d-.m SerererT e ®...{ 0.0 04" 0.0

1 ik I : I o I e 1 I b 1 i 1 > | ' 1
0 2 4 6 8 0 2 4 6 8

(a) Dosage (g/L) (b) Dosage (g/L)





media/file23.jpg
s,

o)

‘Concentration (pprm)

‘Concentration (pm)






media/file5.jpg





media/file24.png
1004 & ' i ' il
i 1 1 L— 2.0
As (lIl) [ 1.8
B9 L 1.6
- - 1.4
\ o4
= 60 L 1.2
g o
) L 1.0
oE) 40 [
m L— 0.8
L 0.6
20 - L 0.4
L9
= - WHO - MCL |
0 L= 0.0
. I v T ' T T
2 3 4 5 6
(a) Concentration (ppm)

Removal (%)

100 -
As (V)
80 4
60 - /
$

40 -
——-_________——-————_——__-i

20 4

WHO - MCL

0 4 : 1 . | . :
3 4 5 6

Concentration (ppm)





media/file1.jpg





media/file25.jpg





media/file12.png
(F(R)hv)’

dle R.15¢V
V
iv
2.26eV
7 2.8¢V
r T I T v T . T l T v T
18 20 1. 24 26 28 30 32

Energy (eV)






media/file9.jpg





media/file0.png





media/file8.png
——SD = 0.24 nm

Average size = 14.95 nm

M -377

AAAAAAAANY
ANANRANAAN
AANAANANAN
ARNARAANAN
ARAAANANNN
AANARNNANN
ARNARAANAN
ARNARANANN
ARVARAANAN
AANARARAAY
ARNARAANAN
TRLRTR AN

AR

ANAANALT AN AN

AR AT AR AR AT AR AR AR A A AR AR AR Ay

N AARAIRANAAANT SANAANANANANNN Y
AN AR AR IR
ANANA AN

AAAAANLY AN

ANNANAANANT AN A ANS AR SRR AR SN

ARAALAANAALA LA AN AL AR AL CNAAA AN ALY

AVAIATAAVAAANLANAAAAAANL (AN AR AN AN AR AN NN AN

v
IS
AIIATITII AR
ANAAAAAT SRAANIAN
ANNIAS adairNan

srrrisr
222 2027:
e
e
S

ARTAIARAT ALAAAALALALA AN AL LA AANAA LA LA AR AR AN AN
CANAARLAAA LA ALLL A AR LA AL LA L AR RN AR

a
<

Average size = 14.65 nm

AAIIANINANIARANINANVANNINANNNNINNNN
ATAATALALLAN LA LA AL AL T AN,

24

12 14 16 18
Diameter (nm)

10

16

Diameter (nm)

——SD=0.15 nm

M -7/3

size = 20.21 nm

ANIAANAAAN AN SANIAAANY A~
AR AN AR SRR AN AN .
ARIIAIIINNNNLAN ASNTINNN. AN ~

SEAAIAAII AN AN IR ANTINNT NN NN
ALAANRAN

2272257
S555555 55

Y
ANN:
ARV
TN
3N

AAATITALTTLLLTLLLARALTLLNTL LN LA LA AN AN AN
TLLLLLLATIAL LA LA LR AU L LA LN A LR LR AR LA LA A

NI NN
ASASAAANA A
ASINANNL

ISSAAANAAAN
IR

(d)

14

—SD=0.29 nm

Average size =17.41 nm

35

e
PIIIIIIIII I IS

30

A%
N
A
A%
N
AN
%
AN
INAANAAN
NAANNANY
ANANAAN
ANANAAN

AN
AN

25
Diameter (nm)

23
2!
z.
277
2252020

AN
AAN

Iy
PPrIIIrIII I 7P 77,
$2222222222222.

2225227

2202277077,

;

-
2
2
]
4
.
g
2
s
.
]
]
8
4
4
3
]
1
1
]
1
4
s
4
2

Diameter (nm)

Average size = 19.20 nm

AARAIANTT ALUN AN
RN cataa Y

A7 ATATATATAL LA AL A LA T A LA LA N U T AU R AR

AAAIRRRIRARA
SN

2272227,
e

20 22 24 26 28 30

Diameter (nm)

ke

2727,

ASNINNNN
ANNINNNY:
AIIIILIITIAIINLINIINNINLNNNNN
AANAIIIIIINNANANALANINNNNSY
ARAAALA AN AN AN AN o
SATIIIAITIATIAIIIII AL
ATV

2555557

55555554 9594%9
5555552:5555555%

18

A AN A AT IIIIINIINNT
AAAIAII AN ANANNAAANANALAANANANAN AN
AANIINNININNNNAY e
AIIIIINININY!

N
NN
W
ARARRANAAR Y
3

NRANINNNNNY
/ffzf;lfl”

SN

2127 35977
222 10222727,
2% 12552557
2% 1222252
21722727,

e
b
Py -]
ARANIANLN 233
AN 3
AR 23]
AR 2]
SRR 1w
LAAASANTINANANAAANAR AN A AL AANAARNAN ALY - NANANAY oy K
R T L Py 23]
FAARARLLAA AR AN AL AR N AR AT A YA AN R
T o
B T ]
B S R w N
ARAAARRARLAALAAR AL AR AR L AR AL AR AR RN AN, o
AATAAAAAI AL TR T NN A SNAAAAN 28
- AMIMIMIAMMAINMMMRARINIRNNRNY F- 23
b o AN
. . SIIIINANANL
AN
M M SSASAANAAAN
T T T T T * r y -






media/file17.jpg
. Az W]
=
1k

@ Ratios (1) )






