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Abstract

:

Centrifugal spinning was utilized in producing polyacrylonitrile (PAN) nanofibers loaded with extractant di-(2-ethylhexyl) phosphoric acid (D2EHPA) for efficient adsorption recovery of gallium from aqueous solutions. The adsorption experimental data were best fitted by a pseudo-second-order kinetic model and the BET equilibrium isotherm model. Optimal adsorption performance by the PAN/D2EHPA nanofibers exhibited an adsorption capacity of 33.13 mg g−1 for the recovery of gallium at pH 2.5 and 55 °C. The thermodynamic parameters demonstrated that adsorption was endothermic, spontaneous, and favorable. The stability and reusability of the nanofibers was assessed, demonstrating retention of structural and functional integrity for the nanofibers over five cycles of an adsorption/desorption process, whilst retaining adsorption efficiency. The results demonstrate that PAN/D2EHPA nanofibers have excellent potential for utilization in an efficient adsorption process for gallium recovery, offering significant positive environmental impact over conventional liquid–liquid extraction methods.
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1. Introduction


Gallium-based components can be found with extensive applications in a wide array of products including semiconductors, integrated circuits, laser diodes, LEDs, photovoltaic cells, and multitudes of other various electronic components. Additionally, gallium-based compounds are utilized in medical imaging, pharmaceuticals, as well as catalysts for chemical reactions. The versatility and unique properties of gallium make it a crucial element in numerous technological advancements and innovative products for a diverse range of industries and sectors [1,2,3,4,5].



The demand for gallium has seen significant growth in recent years in line with the rapid advancements and demand for electronic devices, lighting technologies, and photovoltaic energy. However, the widespread use of gallium-based products can also lead to the release of industrial effluents containing this metal, posing a potential risk of polluting the aquatic environment [6,7,8,9,10,11]. Gallium discharged into arable soils or groundwater has been shown to have significant negative impact on plant growth in the diminishment of root development, transpiration, nutrient uptake, and biomass accumulation. The presence of gallium in aquatic systems is also a growing concern, with numerous reports noting its increasing occurrence and concentrations alongside other technology-critical metals posing serious and significant health risk for aquatic ecosystems [12,13,14,15,16,17].



The retrieval of gallium from water is typically accomplished via chemical precipitation, complexation, ion exchange, solvent extraction, and adsorption, all of which possess their own advantages and disadvantages [18]. However, there is greater demand for new technologies for the recovery of technologically critical metals with lower costs that are more effective in reducing metal content from electronic waste and industrial effluents, thus reducing contamination of the environment [19,20]. Adsorption is considered a suitable technique for metal ion removal from solution in the elimination of contaminants even at very low concentrations [21]. This approach presents significant advantages over other methodologies, including high efficacy, straightforward operation, minimal energy usage, environmentally benign properties, as well as offering a diverse range of materials for the creation of various adsorbents that are adaptable and tunable to the conditions required [22]. However, the development of the properties of adsorbent materials can be challenging in terms of optimizing adsorption equilibrium time, selectivity, efficiency, and regeneration capacity [23].



Polymeric nanofibers have seen increased attention in adsorption applications, reflecting their ease of production, high specific surface area, simple regeneration, and regular pore structure [24,25]. Many studies have reported excellent results for polymeric nanofiber applications in wastewater treatment containing metal ions [26,27]. The typical method for preparation of nanofibers is electrospinning, but centrifugal spinning is gaining more attention as it utilizes centrifugal force rather than an electric field [28,29,30,31,32] as it offers increased productivity, simplified handling, and the removal of the hazard of high voltage in the generation of nanofibers [26,33,34].



Di-(2-ethylhexyl) phosphoric acid, commercially known as D2EHPA, is an alkyl phosphoric extractant commonly used in liquid–liquid extraction, which is readily available in commercial quantities at a reasonable cost. D2EHPA has been employed for the retrieval of a variety of metals, including uranium, cobalt, nickel, zinc, beryllium, vanadium, gallium, indium, and rare earth elements [35]. Although the liquid–liquid technique is widely used for metal separation and extraction, it can be detrimental to human health and the environment due to the emissions of volatile organic compounds into the atmosphere. On an industrial scale, these processes require substantial quantities of organic solvents, with significant losses either via the aqueous solution or evaporation [35].



Polymeric nanofibers for adsorption applications can be produced by impregnation of the nanofiber with a liquid extractant [36]. This modification of nanofibers with D2EHPA can provide tunable materials that not only offer excellent efficiency in the recovery of metals but also offer an excellent alternative to the solvent–solvent extraction process, thus further reducing the environmental impact for gallium recovery by removal of the need for solvents in the process. Whilst there have been some studies of D2EHPA impregnated polymeric nanofibers for metal recovery [37,38], there are no reports for their application in gallium recovery. Furthermore, D2EHPA is considered to be a better extractant for separation of a matrix of metals with indium, gallium, and zinc, for example, when compared with other acidic organophosphates [3].



Herein, this study presents the development of an effective nanomaterial capable of adsorbing and recovering gallium from aqueous solutions. Polyacrylonitrile (PAN) nanofibers were loaded using a range of D2EHPA extractant concentrations by centrifugal spinning to determine synthetic and performance optimization. A range of variables for experimental conditions including pH, temperature, and contact time were also explored. The nanofibers were characterized to confirm the presence of functional groups, their morphology, and their thermal stability and degradation, via FT-IR, SEM, and TGA techniques, respectively. The adsorption kinetics, equilibrium, and thermodynamics were studied by applying nonlinear regression methods. The reusability of the nanofibers was also assessed through consecutive cycles of gallium adsorption and desorption.




2. Materials and Methods


2.1. Materials


The nanofibers were fabricated using N,N-dimethylformamide (98%) (DMF) and polyacrylonitrile (PAN), purchased from Proquímios (Rio de Janeiro, Brazil) and Sigma-Aldrich (St. Louis, MO, USA), respectively. The di-(2-ethylhexyl) phosphoric acid (D2EHPA, 97%) was acquired from Albright & Wilson Americas, Inc. For the adsorption and desorption experiments, gallium ion solutions were prepared using ICP gallium standard, obtained from Sigma-Aldrich. Solutions with concentrations of 1, 3, and 5 M were prepared using analytical grade reagents such as sodium hydroxide (98%, Alphatec, Paraná, Brazil) and nitric acid (65%, Synth, São Paulo, Brazil). Desorption was carried out using a 1 M solution of hydrochloric acid (37%, Neon, São Paulo, Brazil).




2.2. Preparation of the Nanofibers


Polyacrylonitrile (PAN) was selected as a polymer for production of the nanofibers due to its high mechanical resistance and stability, which would allow for repeated cycles of reuse [39]. The polymeric solution was produced by stirring the required proportions of PAN, extractant (D2EHPA), and solvent (DMF) for 4 h at 60 °C using a heating plate.



PAN nanofibers without the D2EHPA extractant were prepared using 12 wt% polymer and 88 wt% DMF solvent [40]. For the PAN nanofibers loaded with D2EHPA, the DMF solvent proportion was kept fixed at 88 wt%, whilst 12 wt% consisted of PAN and extractant mix at PAN/extractant ratios (% w/w) of 70/30, 80/20, and 90/10 [41,42].



The nanofibers were obtained by use of a centrifugal spinning machine from Forcespinning® equipment (L1000-MS, FibeRio, Mcallen, TX, USA) (Figure 1).



The spinneret consisted of two opposing orifices (i.d. of 0.30 mm), which was loaded with 2 mL of polymeric solution. A rotational speed of 8000 rpm was applied for the spinneret, whilst solution refills (5 refills) were made to provide the desired mass of nanofibers. The extruded nanofiber were collected on sixteen collection plates (114 mm(H) × 19 mm(W) × 6.4 mm(D)) located 12.5 cm from the spinneret orifice [37,38,40].




2.3. Characterization of the Nanofibers


Thermogravimetric analysis (TGA) (Model TGA-50/Shimadzu, Kyoto, Japan) was used to analyze the thermal degradation of the polymers. Samples were heated from ambient temperature to 800 °C, in an alumina holder at a rate of 10 °C min−1 under nitrogen atmosphere (50 mL min−1). Fourier transform infrared spectroscopy (FT-IR) (Prestige-21 instrument, Shimadzu, Japan) was employed to analyze the chemical composition of the nanofibers. The surface morphologies of the nanofibers were investigated by scanning electron microscopy (SEM) (VEGA-3G microscope (TESCAN, Brno, Czech Republic). The diameters of the nanofibers were obtained from the SEM images, using ImageJ software version 1.8.0 (NIH Image, Washington, DC, USA). The aqueous gallium solutions were analyzed using atomic absorption spectrometry (Model 240FS AA/Agilent Technologies, Santa Clara, CA, USA).




2.4. Adsorption Experiments


Adsorption tests were accomplished over 240 min, using approximately 0.06 g of nanofibers, and 30 mL of gallium solution (20 mg L−1), with a constant 1:500 g mL−1 of solid:liquid ratio, with stirring at 240 rpm under initial conditions of pH 2.5 and 25 °C, for determination of the optimal performing prepared polymer/extractant nanofibers. For the best-performing nanofiber identified, the influence of pH was examined within the range of 0.5 to 3.0 (pH adjustments with HNO3 and NaOH) to determine the optimal process pH [42].



Kinetic curves were obtained by maintaining the initial gallium concentration constant at 20 mg L−1, with a contact time of 240 min and stirred at optimal pH for different temperatures (25, 35, 45, and 55 °C).



For the equilibrium curves, the following parameters were evaluated: initial gallium concentrations (20, 40, 60, 80, 100, 120, and 150 mg L−1) and stirred for a range of temperatures (25, 35, 45, and 55 °C) at optimal pH for 240 min.



After the adsorption experiments, the suspensions were filtered, and the solid phase was separated. Elemental analysis was conducted using atomic absorption spectroscopy (AAS). All experiments were conducted in triplicate to ensure the reproducibility and accuracy of the experimental data.



The percentage of gallium adsorbed (R%) was determined according to Equation (1) [43], and the adsorption capacity (qe) of gallium ions was calculated by using Equation (2) [43,44],


  R % =     ( C   0   −   C   e   )     C   0     × 100  



(1)






    q   e   =     ( C   0   −   C   e   ) × V   m    



(2)




where Ce (mg L−1) is the equilibrium concentration of gallium ions, C0 (mg L−1) is the initial concentration of gallium ions, V(L) is the volume of the initial solution, and m (g) is the weight of adsorbent.




2.5. Kinetics Studies


For kinetic evaluation of gallium adsorption, the data were fitted to pseudo-first-order (PFO) (Equation (3)), pseudo-second-order (PSO) (Equation (4)), and Elovich (Equation (5)) model equations.



The PFO model is considered valid for the initial adsorption stage, which assumes that adsorption occurs as a consequence of a concentration gradient between the solute and adsorbent surface [45]. However, for most pollutant adsorption application studies, the PSO model tends to provide the best fit [45].



Adsorption kinetics can also be effectively represented by the Elovich model, which is commonly used to represent a generic kinetic order, especially when dealing with heterogeneous surfaces [46].
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The term qt (mg g−1) is the amount of gallium adsorbed at time t; q1 and q2 (mg g−1) are the theoretical values of adsorption capacity of PFO and PSO models, respectively. The parameters k1 (min−1) and k2 (g mg−1 min−1) are the rate constants of the PFO and PSO models, respectively. The parameter “a” is associated with the initial velocity (mg g−1 min−1) in the Elovich model, and parameter “b” is Elovich’s desorption constant (g mg−1).




2.6. Equilibrium Studies


Equilibrium isotherm curves were adjusted to the experimental data using Langmuir (Equation (6)), Freundlich (Equation (7)), and BET (Equation (8)) models. The Langmuir isotherm indicates that adsorption occurs in a monolayer on a homogeneous adsorbent surface. Furthermore, it assumes that the active sites on the surface of adsorbent have the same affinity and energy for adsorption. [47]. The Freundlich isotherm is not restricted to a single layer formation and assumes that the adsorbent surface is heterogeneous [48]. Brunauer, Emmett, and Teller (1938) proposed a theory for the adsorption phenomenon based on the same mechanism of Langmuir’s theory, although this model assumes that molecules are adsorbed in overlapping layers, which means a layer has the great ability to generate adsorption sites, causing the deposition of one onto another [49].
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where qm (mg g−1) is the capacity adsorbed per unit of mass of the adsorbent in equilibrium, Ce (mg L−1) is the equilibrium concentration of gallium in the solution, kL (L mg−1) is the equilibrium constant of the Langmuir model, kF ((mg g−1)(mg L−1)−1/n) is the equilibrium constant for the Freundlich model that provides a measure of capacity, 1/nF is the heterogeneity factor that indicates the intensity of adsorption, and kS and kR are the equilibrium constants of BET isotherm for the first layer and upper layers, respectively.




2.7. Thermodynamics Parameters Estimation


Thermodynamic parameters were investigated based on the values of enthalpy variation (∆H0, kJ mol−1), Gibbs free energy variation (∆G0, kJ mol−1), and entropy variation (∆S0, kJ mol−1 K−1), as determined from Equations (9)–(11) [50], respectively:
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where Ke represents the thermodynamic equilibrium constant (non-dimensional), T is temperature (K), and R is the gas constant (8.3144 × 10−3 kJ mol−1 K−1).




2.8. Modeling and Parameter Estimation


The experimental values were fitted to the respective equilibrium and kinetic models using nonlinear regression, which involved minimizing the least-squares function. The quality of the adjustment was measured using the adjusted coefficient of determination (R2adj), coefficient of determination (R2), average relative error (ARE) (Equation (12)), and mean sum-of-squares error (MSE) (Equation (13)) [45].
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qexp is the value of q measured experimentally, qcal is the value of q determined by the adjustment, and n is the number of experimental data.




2.9. Desorption and Regeneration of Adsorbent


The stability and durability analysis of the nanofibers involved five cycles of adsorption/desorption using an orbital shaker (Model SL-222, Solab, Aberdeen, UK). For adsorption analysis, 0.06 g of nanofibers was added to 30 mL of gallium solution (20 mg L−1 at PH = 2.5) giving a solid-to-liquid (S:L) ratio of 1:500 g mL−1. The solution was mixed using a shaker for 60 min at 240 rpm and 55 °C. The gallium-loaded nanofibers were then transferred to 15 mL 1 M HCl eluent for desorption (S:L ratio of 1:250 g mL−1) and agitated for 5 min at 240 rpm and 25 °C [3,51].





3. Results


3.1. Materials Characterization


3.1.1. Infrared Spectroscopy (FT-IR) Analysis


The FT-IR spectrum for D2EHPA (Figure 2A) revealed peaks at 2961, 2932, 2861, 1464, and 1381 cm−1, which can be assigned to C-H vibrations of the CH3 and CH2 groups. The characteristic bands at 1229 and 1033 cm−1 correspond to stretching vibrations of P=O and P-OH, respectively [38,52,53].



The PAN spectrum (Figure 2B) showed characteristic bands for N-H at 3445 cm−1 and stretches for C-H at 2940 cm−1 and 1453 cm−1, for C≡N at 2244 cm−1, C=C at 1627 cm−1, and C-N at 1251 cm−1 [54,55].



The PAN nanofiber spectrum (Figure 2C) displayed similar expected characteristic stretches at 3450 cm−1 (N-H), 2930 cm−1 (C-H in CH2), 2245 cm−1 (-CN), 1454 cm−1 (bending of C-H in CH2), but with an exception for the appearance of a carbonyl stretch (C=O) at 1629 cm−1 (C=O) reflecting residual DMF from synthesis [32,55,56,57,58,59].



The spectrum for the PAN/D2EHPA nanofibers (Figure 2D) reflected the sum of the respective spectra for D2EHPA and the PAN nanofibers, confirming the intimacy of the two substances connected through intermolecular interactions, without the breaking of any bonds [60].



The interactions involving the PAN/D2EHPA nanofibers, before and after metal adsorption, were examined (Figure 3). The P=O bond stretching vibration originally observed at 1225 cm−1 for the nanofibers was shifted to a lower frequency of 1200 cm−1 on gallium adsorption, reflecting oxygen coordination with the metal [38]. Furthermore, the decreased magnitude of the 1036 cm−1 peak (associated with P-OH stretching) suggests substitution of hydrogen ions by the metal ions in the cation exchange mechanism [61].



In addition, the main reaction of the D2EHPA extractant with the metal (Ga3+) is shown in Equation (14) [3]:


    G a   3 +   +   2 ( R H )   2   ↔ G a   R   3     R H   + 3   H   +    



(14)








3.1.2. Thermogravimetric Analysis (TGA)


Figure 4 shows the thermogravimetric (TGA) curves for PAN nanofibers and PAN/D2EHPA nanofibers with polymer/extractant ratio of 80/20 (% w/w). The curves present an initial weight loss of up to 5% between 30 and 310 °C and between 30 and 240 °C for the PAN nanofibers and the PAN/D2EHPA nanofibers, respectively. This initial weight loss may be attributed to the removal of water and residual DMF in the polymer [31].



The PAN/D2EHPA nanofibers revealed three further stages of weight loss. The stage from 240 to 300 °C reflected the decomposition of D2EHPA within the nanofibers [42]. This was followed by further weight loss between 300 and 450 °C due to PAN degradation or dissociation [31]. The final stage occurred between 450 and 700 °C and corresponds with the slowed disintegration of D2EHPA and the PAN dissociation until stabilization [44].



Whilst the D2EHPA-loaded nanofiber degradation process started at a lower temperature, the quantity of residue at temperatures above 500 °C that remained was higher for these nanofibers compared to the pure nanofibers. According to Singh et al. (2013), the TGA results of pure D2EHPA indicate that at a temperature of 500 °C, the resulting final mass is ~25–30% of the initial mass. As can be seen in the TGA (Figure 4) at 500 °C, the PAN nanofibers have a final mass of ~40% of the initial mass, while the PAN/D2EHPA nanofibers have a final mass of ~55% of the initial mass. This 15% difference between the final masses may be due to the presence of a remaining portion of D2EHPA in the modified fibers [62]. This portion of remaining organic solvent may have been loaded into the pores of the adsorbent material, resulting in greater thermal stability [63]. In addition, the weight loss verified for the PAN/D2EHPA nanofibers was lower than for the PAN nanofibers. Overall, this profile is indicative of good thermal stability and strength of the PAN/D2EHPA nanofibers for the process application studied herein.




3.1.3. Scanning Electron Microscopy (SEM)


The SEM images of the nanofibers (Figure 5) showed homogeneous structures of the PAN (Figure 5A) and PAN/D2EHPA (Figure 5B) nanofibers. There was no evidence of agglomeration or granule formation along the respective nanofiber structures. The PAN/D2EHPA nanofiber diameters ranged between 530 and 950 nm, whilst the pure PAN nanofibers had a narrower diameter range between 900 and 1100 nm, the difference being attributed to the addition of D2EHPA, which is considered to have reduced the viscosity of the polymeric solution, leading to alterations in the nanofiber structure and resulting in a smaller diameter [64].



The SEM-EDS mapping of the PAN/D2EHPA nanofibers after adsorption of the metal showed (Figure 5C–F) good uniformity in distribution along the nanofiber surface for carbon, nitrogen (present in the polyacrylonitrile), phosphorus, and oxygen (D2EHPA). This confirmed that the extractant was well adhered to the fibers’ structure along their entire length. Significantly, gallium (Figure 5G) was also observed uniformly distributed along the nanofiber surface after adsorption.





3.2. Adsorption of Gallium


3.2.1. Effect of Polymer/Extractant Ratio


Figure 6 shows the gallium adsorption capacities and removal efficiencies for the nanofibers using different polymer/extractant ratios. The nanofiber production yield was also evaluated according to the percentage of extractant in the polymeric solution.



Increasing the D2EHPA concentration in the nanofiber composition resulted in an increase in the efficiency of metal adsorption, where D2EHPA concentrations of 20 and 30% demonstrated the greater adsorption of gallium. However, increasing D2EHPA concentration in nanofiber production led to lower nanofiber yields with decreased fiber diameter and lower uniformity. The formation of nanofibers was impossible when the extractant proportion surpassed 30% by weight [65]. Therefore, the nanofibers containing 20% of extractant were selected for use in the subsequent experiments, since they provided high metal adsorption efficiency, without significant loss of production capacity.



It is notable that nanofibers without any D2EHPA extractant content show some capacity, although low, for metal adsorption. This can be attributed to the inherent chemical and physical characteristics of the PAN nanofibers that facilitate some metal adsorption [23].




3.2.2. Effect of pH


A chemical speciation diagram for gallium (Figure 7) was generated using Hydra/Medusa software version 2.0 to identify the optimal solution pH for the adsorption of gallium ions onto PAN/D2EHPA nanofibers. Ga3+ species was identified as being available in solutions below pH 4; however, precipitation of the metal could occur at pH above ~3.0, which could lead to a false increase in the adsorption capacity values.



A study on the effects of pH on gallium adsorption (Figure 8) revealed that pH 2.5 was optimal for maximum Ga adsorption efficiency, which was in agreement with the literature [3,20,51]. A lower pH introduces competition from greater concentrations of H+ ions with gallium ions, thus preventing adsorption of the Ga3+ cations [20,51]. Thus, pH 2.5 as the optimal value was used for the subsequent adsorption experiments.




3.2.3. Adsorption Kinetics: Model Selection and Fitting


The adsorption kinetic data for gallium adsorption onto PAN/D2EHPA nanofibers were obtained by maintaining the initial gallium concentration at 20 mg L−1. The contact time monitored was from 0 to 240 min for each experiment, for a range of temperatures (25, 35, 45, and 55 °C) at pH 2.5.



Table 1 presents the kinetic parameters determined for the PFO, PSO, and Elovich models. The pseudo-second-order (PSO) model was found to provide the most accurate description for the experimental data. The criteria used for model selection considered the highest values of the adjusted coefficient of determination (R2adj) and coefficient of determination (R2), as well as the lowest values of the mean sum-of-squares error (MSE) and average relative error (ARE).



Figure 9 depicts the kinetic curves illustrating the Ga adsorption by the PAN/D2EHPA nanofibers. The adsorption process exhibited rapid initial adsorption rates within the first 30 min, followed by a gradual decrease in the adsorption rate due to the PAN/D2EHPA nanofiber sites being gradually saturated with increased contact time. Equilibrium was achieved at approximately 60 min for all the temperatures investigated. Equilibrium was reached due to the low number of active sites on nanofiber and a decrease in the concentration gradient. The parameters of the PSO model demonstrated that the adsorption rate (k2) and adsorption capacity (q2) increased with increasing temperature, indicating higher temperatures favored adsorption [66].




3.2.4. Adsorption Equilibrium: Model Selection and Fitting


The application of isotherm models to adsorption equilibria can provide useful information about the mechanisms involved and are widely used in assessing the performance of adsorbents. The adsorption isotherms for PAN/D2EHPA nanofibers are illustrated by Langmuir, Freundlich, and BET models. The experimental data were fitted for a range of temperatures (25, 35, 45, and 55 °C), for a range of gallium concentrations (20 to 150 mg L−1), for 240 min, and at pH 2.5.



Selection of the most suitable model (for each curve) involved a nonlinear regression fitting procedure. The results (Table 2) showed that BET model presented the highest values for the coefficient of determination (R2adj) and coefficient of determination (R2). Furthermore, the lowest values for the average relative error (ARE) and mean sum-of-squares error (MSE) were observed in the BET model. This model proposes some simplifying assumptions for the mechanism of Langmuir’s theory and admits the possibility that a layer has the ability to produce adsorption sites, generating the deposition of one layer over the other [49]. Consequently, the BET model was considered the most suitable for describing the equilibrium of the system.



Highlighted in Figure 10 are the equilibrium adsorption data and the fitted curves obtained using the Langmuir, Freundlich, and BET models for each temperature studied. The results obtained suggested that with the increase in initial concentration of the Ga in solution, the adsorption capacity (qm) of the nanofibers also increased gradually. Moreover, higher temperatures were found to enhance the adsorption capacity (qm). This can be related to the fact that increased temperature leads to activation of the adsorbent surface and/or an enlargement of the pore size. As such, the increased frequency of collisions between the adsorbent surface and the molecules facilitates their movement towards the surface and enhances their penetration into the adsorbent material [66]. This observation is consistent with the isotherm parameters, as the equilibrium constant (ks) value increased with increasing temperature, indicating a higher affinity between the adsorbent and adsorbate at higher temperatures. Specifically, the highest adsorbate–adsorbent affinity was observed at 55 °C for the temperatures studied.



In this study, the PAN/D2EHPA nanofibers demonstrated a superior maximum experimental adsorption capacity (q) of 33.13 mg g−1 for gallium compared to the other adsorbents under the specified experimental conditions studied (Table 3). This indicates that the PAN/D2EHPA nanofibers are highly effective in adsorbing gallium from aqueous solutions.




3.2.5. Thermodynamics Studies


The thermodynamics parameters of Ga adsorption on the PAN/D2EHPA nanofibers provide information explaining the adsorption behavior [70]. The equilibrium constant (Ke) was estimated [50] using the results obtained by the BET model, which presented the best fit. The slope of the plot for ln (Ke) versus 1/T and y-intercept (Van ’t Hoff equation) were used to calculate the thermodynamic parameters, and the results are presented in Table 4.



The obtained negative ∆G0 values reflected a spontaneous and favorable nature for the adsorption process. Furthermore, the increasingly negative ∆G0 values that correlated with increasing temperature indicated that the adsorption process was most favorable at 55 °C for the temperatures studied.



The positive value obtained for ∆H0 indicated that the adsorption was an endothermic process. Furthermore, it is possible to infer from the magnitude of ∆H0 the interactions that occur between the adsorbate and the adsorbent. Physisorption is frequently associated with the lower magnitude of ∆H0 (5–40 kJ.mol−1), whilst chemisorption can be associated with higher values related to chemical bond strength (40–800 kJ.mol−1) [71]. Therefore, the magnitude of ∆H0 (32.82 kJ.mol−1) determined for the gallium adsorption in this study can be described as physical adsorption between adsorbent and adsorbate. As mentioned previously, the unadulterated PAN polymer matrix presents a heterogeneous surface with high surface area and high porosity, which favors adsorption (Figure 6) [23]. Considering the results presented herein, physisorption should be considered the predominant mechanism of Ga3+ adsorption on the PAN/D2EHPA nanofibers.



The positive ∆S0 value suggests a moderate increase in random behavior at the solid–solution interface during the adsorption of the gallium [43,71].




3.2.6. Desorption and Regeneration of Adsorbent


The reuse of the PAN/D2EHPA nanofibers were studied over five sequential cycles of adsorption and desorption (Figure 11). The nanofibers maintained an adsorption efficiency above 78% during the five cycles (Figure 11A), whilst the desorption efficiency remained constant with values in the range 91–97% (Figure 11B). This suggested the PAN/D2EHPA nanofibers maintained good stability as an adsorbent material exhibiting consistent and reliable adsorption and desorption capacity for gallium over time. This stability is crucial for practical applications and underscores the potential of the PAN/D2EHPA nanofibers as an effective and durable adsorbent for gallium recovery.



The main limitation of this study was the structural sensitivity of the polymeric nano-fibers to higher concentrations of HCl above 2 M [38], which could lead to degradation and rupture of the polymer chains with progressive loss of mass [44]. Consequently, the optimal HCl concentration selected for desorption studies was 1.0 M, which allowed for effective desorption of gallium in a timely manner (5 min). However, it is worth noting that further optimization of the desorption conditions should be explored in future studies.



The PAN/D2EHPA nanofibers retained good stability during the cycles with no significant change in the metal adsorption capacity. These results provide strong evidence for the outstanding potential of PAN/D2EHPA nanofibers in adsorption applications, as they enable efficient metal recovery while retaining excellent stability over numerous reuse cycles. The consistent performance and stability of these nanofibers highlight their suitability for sustainable and reliable metal recovery processes.






4. Conclusions


D2EHPA-modified nanofibers were produced using force-spinning equipment for the efficient recovery of gallium from aqueous solutions. The FTIR analysis of the PAN/D2EHPA nanofibers demonstrated the combined characteristics present in the individual spectra of D2EHPA and the PAN nanofibers. This confirmed the close association of the two substances through intermolecular interactions, while maintaining the integrity of their chemical bonds. PAN nanofiber diameters ranged between 900 and 1100 nm. D2EHPA-modified nanofibers exhibited homogeneous and smooth nanofiber structures without any formation of agglomeration points or granules with fiber diameters between 530 to 950 nm. This diameter variation between pure nanofibers and modified nanofibers can be attributed to the decrease in viscosity of the polymeric solution due to the addition of D2EHPA. As a result, there were modifications in the structure of the nanofiber, leading to a reduction in diameter. At 500 °C, TGA showed that there is ~15% difference in final mass between PAN nanofibers and PAN/D2EHPA nanofibers. This is due to the presence of a remaining portion of D2EHPA in the modified fibers. The Hydra/Medusa software revealed that gallium precipitation can occur at pH above ~3.0, which can lead to a false increase in the adsorption capacity values. Furthermore, the study of the effects of pH on gallium adsorption revealed that pH 2.5 was ideal for maximum Ga adsorption efficiency. Increasing the concentration of D2EHPA in the nanofiber composition led to an increase in metal adsorption efficiency but resulted in lower yields of nanofibers with a decrease in fiber diameter and lower uniformity. The nanofibers prepared from PAN/D2EHPA ratios of 80/20 (% w/w) demonstrated the best performance in terms of nanofiber production yield (72%) and gallium metal adsorption capacity (33.13 mg g−1, at pH 2.5 and 45 °C). Pseudo-second-order (PSO) model adsorption kinetics provided the most accurate depiction of the kinetic data. The BET equilibrium isotherm model provided the best fit to the experimental data, which also lends support to the possibility for deposition of layers, one over another. Thermodynamic parameters confirmed that the adsorption was favorable, spontaneous, and endothermic. The nanofibers also demonstrated stability and reusability with no notable depletion of D2EHPA throughout five cycles of adsorption and desorption whilst also maintaining near-constant adsorption efficiency. As such, polyacrylonitrile nanofibers loaded with the commercial extractant, D2EHPA, have demonstrated excellent potential as stable adsorbents for the recovery of gallium with the added promise of a significantly lower environmental impact compared to conventional liquid–liquid extraction.
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Figure 1. Schematic illustration of the Forcespinning® equipment. 
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Figure 2. FT-IR spectra of (A) D2EHPA, (B) PAN, (C) PAN nanofibers, and (D) PAN/D2EHPA nanofibers. 
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Figure 3. FT-IR spectra of the PAN/D2EHPA nanofibers, before and after Ga adsorption. 
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Figure 4. TGA curves for the PAN and PAN/D2EHPA nanofibers. 
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Figure 5. SEM images of (A) PAN nanofibers and (B) PAN/D2EHPA nanofibers. EDS elemental survey of PAN/D2EHPA nanofibers post-extraction for (C) carbon, (D) nitrogen, (E) phosphorus, (F) oxygen, and (G) gallium. 
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Figure 6. Effect of polymer/extractant ratio on metal adsorption capacity (mg g−1), metal removal efficiency (R%), and nanofiber production (%). Conditions: concentration of gallium = 20 mg L−1; pH = 2.5; S:L ratio = 1:500 (g mL−1); contact time = 240 min; temperature = 25 °C; polymer/extractant ratio = 70/30, 80/20, 90/10, and 100/0 (% w/w). 
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Figure 7. Chemical speciation diagram for Ga, generated using Hydra/Medusa software. 
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Figure 8. Influence of pH on Ga adsorption efficiency. Conditions: concentration of Ga= 20 mg L−1; polymer/extractant ratio = 80/20 (% w/w); S:L ratio = 1:500 (g mL−1); temperature = 25 °C; contact time = 240 min; pH = 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0. 
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Figure 9. PSO kinetic model for Ga adsorption by the PAN/D2EHPA nanofibers. Conditions: concentration of Ga = 20 mg L−1; polymer/extractant ratio = 80/20 (% w/w); S:L ratio = 1:500 (g mL−1); pH = 2.5; temperature = 25, 35, 45 and 55 °C; contact time = 0, 3, 5, 10, 15, 20, 30, 60, 120, 180, and 240 min. 
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Figure 10. Adsorption Isotherms of Ga by the PAN/D2EHPA nanofibers at different temperatures: (A) 25 °C, (B) 35 °C, (C) 45 °C, and (D) 55 °C. Conditions: pH = 2.5; polymer/extractant ratio = 80/20 (% w/w); S:L ratio = 1:500 (g mL−1); contact time = 240 min; concentration of Ga in solution = 20, 40, 60, 80, 100, 120, and 150 mg L−1. 
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Figure 11. Desorption and regeneration of PAN/D2EHPA nanofibers: (A) adsorption and (B) desorption efficiencies during five cycles of reuse. Adsorption conditions: concentration of Ga = 20 mg L−1; polymer/extractant ratio = 80/20 (% w/w); pH = 2.5; S:L ratio = 1:500 (g mL−1); contact time = 60 min; temperature = 55 °C. Desorption conditions: polymer/extractant ratio = 80/20 (% w/w); S:L ratio = 1:250 (g mL−1); temperature = 25 °C; contact time = 5 min. 






Figure 11. Desorption and regeneration of PAN/D2EHPA nanofibers: (A) adsorption and (B) desorption efficiencies during five cycles of reuse. Adsorption conditions: concentration of Ga = 20 mg L−1; polymer/extractant ratio = 80/20 (% w/w); pH = 2.5; S:L ratio = 1:500 (g mL−1); contact time = 60 min; temperature = 55 °C. Desorption conditions: polymer/extractant ratio = 80/20 (% w/w); S:L ratio = 1:250 (g mL−1); temperature = 25 °C; contact time = 5 min.
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Table 1. Kinetic model fitting data of gallium adsorption by the PAN/D2EHPA nanofibers.






Table 1. Kinetic model fitting data of gallium adsorption by the PAN/D2EHPA nanofibers.





	
Model

	
Temperature (°C)




	
25

	
35

	
45

	
55






	
PFO

	

	

	

	




	
q1 (mg g−1)

	
9.1583 ± 0.2065

	
9.5110 ± 0.1374

	
10.0030 ± 0.0925

	
10.3919 ± 0.08546




	
k1 (min−1)

	
0.1222 ± 0.0112

	
0.3699 ± 0.0340

	
0.3713 ± 0.0219

	
0.3415 ± 0.0171




	
R2

	
0.9796

	
0.9847

	
0.9937

	
0.9952




	
     R   a d j   2     

	
0.9773

	
0.9830

	
0.9930

	
0.9947




	
ARE (%)

	
5.49

	
3.24

	
2.18

	
1.96




	
MSE

	
0.19

	
0.13

	
0.06

	
0.05




	
PSO

	

	

	

	




	
q2 (mg g−1)

	
9.8419 ± 0.1799

	
9.8698 ± 0.1173

	
10.3803 ± 0.1077

	
10.8444 ± 0.09912




	
k2 (g mg−1 min−1)

	
0.0189 ± 0.0020

	
0.0779 ± 0.0095

	
0.0813 ± 0.0109

	
0.0604 ± 0.0052




	
R2

	
0.9899

	
0.9926

	
0.9944

	
0.9958




	
     R   a d j   2     

	
0.9887

	
0.9918

	
0.9938

	
0.9953




	
ARE (%)

	
4.51

	
2.42

	
1.85

	
1.77




	
MSE

	
0.09

	
0.06

	
0.05

	
0.04




	
Elovich

	

	

	

	




	
a (mg g−1 min−1)

	
0.7536 ± 0.1027

	
1.8346 ± 0.4432

	
1.7258 ± 0.4089

	
1.4505 ± 0.3184




	
b (g mg−1)

	
13.5961 ± 9.1638

	
2.95 × 105 ± 1.1080

	
2.61 × 105 ± 9.54 × 105

	
3.50 × 104 ± 1.02 × 105




	
R2

	
0.9414

	
0.9624

	
0.9630

	
0.9590




	
     R   a d j   2     

	
0.9348

	
0.9582

	
0.9589

	
0.9544




	
ARE (%)

	
10.08

	
6.02

	
5.73

	
5.95




	
MSE

	
0.55

	
0.31

	
0.04

	
0.05











 





Table 2. Isotherm parameters for the adsorption of Ga by the PAN/D2EHPA nanofibers.
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Model

	
Temperature (°C)




	
25

	
35

	
45

	
55






	
Langmuir

	




	
qm (mg g−1)

	
26.0781 ± 2.0044

	
28.2560 ± 1.7170

	
29.8030 ± 1.3662

	
30.0122 ± 1.4174




	
kL (L mg−1)

	
0.4702 ± 0.2701

	
0.5307 ± 0.2039

	
2.0421 ± 0.6571

	
2.6579 ± 0.9394




	
R2

	
0.7742

	
0.8511

	
0.8902

	
0.8814




	
     R   a d j   2     

	
0.7291

	
0.8213

	
0.8682

	
0.8577




	
ARE (%)

	
14.66

	
9.23

	
9.95

	
7.88




	
MSE

	
9.01

	
7.07

	
6.00

	
6.72




	
Freundlich

	




	
kF (mg g−1) (mg L−1)−1/nF

	
10.9141 ± 1.2778

	
12.2427 ± 1.5929

	
16.8224 ± 1.8976

	
17.1351 ± 1.6963




	
1/nF

	
0.2156

	
0.2083

	
0.1519

	
0.1501




	
R2

	
0.9371

	
0.9109

	
0.8761

	
0.9051




	
     R   a d j   2     

	
0.9245

	
0.8931

	
0.8513

	
0.8861




	
ARE (%)

	
6.73

	
10.47

	
12.36

	
10.02




	
MSE

	
2.51

	
4.23

	
6.77

	
5.38




	
BET

	




	
qm (mg g−1)

	
19.2934 ± 1.0124

	
22.4484 ± 1.6436

	
26.0702 ± 1.6906

	
25.7405 ± 1.1103




	
kS (L mg−1)

	
1.4101 ± 0.4519

	
0.9657 ± 0.3324

	
2.7847 ± 0.8487

	
3.8718 ± 0.8709




	
kR (L mg−1)

	
0.0042 ± 5.44864 × 10−4

	
0.0036 ± 8.47457 × 10−4

	
0.0026 ± 9.3356 × 10−4

	
0.0029 ± 5.75802 × 10−4




	
R2

	
0.9727

	
0.9591

	
0.9546

	
0.97761




	
     R   a d j   2     

	
0.9590

	
0.9387

	
0.9319

	
0.96642




	
ARE (%)

	
3.74

	
6.30

	
7.13

	
5.10




	
MSE

	
1.09

	
1.94

	
2.48

	
1.27




	
qexperimental

	
30.19

	
31.96

	
32.92

	
33.13











 





Table 3. Comparison of adsorption capacities of various adsorbents for removal of Ga.
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	Adsorbent
	pH
	T (°C)
	Ce (mg L−1)
	q (mg g−1)
	Reference





	P507 extraction resin
	3.0
	40
	93.3
	30.4
	[19]



	Amidoxime resin (LSC700)
	2.0
	45
	290
	29.24
	[44]



	Bentonite
	2.5
	20
	203.77
	10.67
	[67]



	Discarded tea
	3.0
	25
	80
	10.9
	[68]



	Nano-TiO2
	3.0
	40
	10.0
	8.00
	[69]



	Polyacrylonitrile nanofibers with D2EHPA
	2.5
	45
	85.0
	33.13
	This work










 





Table 4. Thermodynamic parameters for Ga adsorption using PAN/D2EHPA nanofibers.






Table 4. Thermodynamic parameters for Ga adsorption using PAN/D2EHPA nanofibers.





	
Temperature (K)

	
∆G0 (kJ mol−1)

	
∆H0 (kJ mol−1)

	
∆S0 (kJ mol−1 K−1)






	
298

	
−29.46

	
32.82

	
0.21




	
308

	
−31.55




	
318

	
−34.69




	
328

	
−35.73
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