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Abstract


While significant efforts have been made to recycle metals like lithium or cobalt for sustainable development in the battery industry, the reuse of other high-value materials, such as fluorinated carbon nanotubes (FCNTs), remains underexplored. This study introduces a novel, eco-friendly method to repurpose quality-downgraded FCNTs (QD-FCNTs) as effective nano-additives in polyacrylamide (PAAm) microgel composites for water retention applications. Because QD-FCNTs are rich in surface defects, by employing a mild surface treatment with a low dosage of organic electron donor N,N,N′,N′-tetramethyl-p-phenylenediamine, we enhanced the hydrophilicity of QD-FCNTs without additional energy input or a large quantity of harmful chemicals. This treatment significantly improved the interaction between QD-FCNTs and PAAm microgels, leading to a 55% increase in water retention time compared to the composites made of untreated QD-FCNTs. Our findings present a sustainable approach to extending the lifecycle of FCNTs, contributing to the circular economy and offering practical solutions for potential water management in agriculture and environmental technologies.
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1. Introduction


By repurposing high-value materials at the end of their life cycle, we can extend their utility despite the diminished original functionality from prolonged use. This strategy not only maximizes resource efficiency but also aligns with sustainable practices by giving a second life to materials that would otherwise be discarded. With the global trends of shifting to a more sustainable future, managing and repurposing high-value materials used in energy storage applications becomes particularly challenging [1,2]. Current extensive research in this area has focused on recycling valuable metals like lithium, cobalt, nickel, and manganese [3,4,5], as well as other materials used such as electrolytes [6,7], cathode [8,9,10], and anode [11] in spent lithium-ion batteries (LIBs). Despite low-dimensional carbon nanomaterials having shown exceptional electronic properties [12,13] and enabling various high-performance energy storage applications [14,15], the recycling or reuse of these high-value carbon nanomaterials, such as carbon nanotubes (CNTs), remains significantly underexplored [16,17,18]. Among various value-added carbon nanomaterials, the fluorinated ones [19], especially fluorinated carbon nanotubes (FCNTs), are particularly useful, but energy- and resource-costly [20,21]. FCNTs with extraordinarily high fluorination levels are even prone to quality degradation over time due to defluorination, posing significant barriers to their sustainable applications.



In light of these challenges, we are trying to explore in this work the potential repurposing of quality-downgraded fluorinated carbon nanotubes (QD-FCNTs) to reduce their overall energy and environmental costs. Considering that various carbon nanomaterials have been employed as innovative nano-additives in functional composites [22], especially via the integration with microgels for environmental, biomedical, energy, and catalysis purposes [23], we propose here an eco-friendly method to re-functionalize QD-FCNTs at a near-zero energy cost to enhance their hydrophilicity and enable their reuse as nano-additives in polyacrylamide (PAAm) microgel composites for extended water retention for potential sustainable agricultural practices.



As a brief background review, fluorinated carbon nanotubes have been extensively studied for their unique properties and applications in the renewable energy and storage sectors. For example, in supercapacitor applications, FCNTs demonstrate enhanced performance compared to non-fluorinated counterparts, with improvements in specific capacitance, rate capability, and cycling stability [20]. Additionally, FCNTs are used in silicon heterojunction solar cells [24], perovskite solar cells [25], various batteries [26], catalysts [27,28], and reinforced composites [29]. These applications benefit from the partial fluorination of CNTs, which balances conductivity and functionality, leading to superior electrochemical properties. Lithium and sodium primary batteries using FCNTs with an optimal fluorine-to-carbon ratio as the cathode materials have achieved both high energy density (1147 Wh·kg−1) and power density (8998 W·kg−1), outperforming conventional carbon–fluoride materials [30,31]. Further studies also confirmed that the selective fluorination of the outer nanotube layers preserves electronic conductivity while enhancing the performance of primary lithium batteries [32].



Beyond energy storage, FCNTs play a critical role as efficient electrocatalysts. In the efforts of converting CO2 and nitrate to urea under ambient conditions, FCNTs offer higher urea yields and enhanced electro-catalytic efficiency [33]. They can also modulate the electron configuration of metalloporphyrin-like active sites to reduce the energy barrier for CO2 reduction [34]. In fuel cells, FCNTs enhance the oxygen reduction reaction (ORR) by providing a higher density of active sites [35]. Moreover, FCNTs can serve as valuable reinforcing fillers in polymer composites [36].



Despite FCNT’s superior performance in diverse applications, our previous research has shown that the stability of fluorine content on the strained nanotube surfaces decreases as the carbon lattice curvature increases [37,38]. Fluorinated nanolattice of extremely high curvature strain, such as that of the fluorinated single-walled carbon nanotubes (FSWNTs), are prone to defluorination under mild chemical conditions or even after prolonged storage. Such quality down-gradation further drives up the cost of widely utilizing the high-value FCNTs. On the other hand, QD-FCNTs obtained from long-term degradation, despite losing their original functionality, potentially have rich surface defects that facilitate the re-functionalization of QD-FCNTs, as repurposing CNTs often requires specific surface treatments. The conventional methods used for CNT re-functionalization typically involve energy-intensive processes and rely on using large quantities of environmentally harmful chemicals, such as heated concentrated nitric acid or piranha solution bath [39]. Compared to pristine CNTs, QD-FCNT’s rich defects [40] could potentially be leveraged for much milder CNT re-functionalization, making them a better candidate for eco-friendly processing and reusing of CNTs for other sustainable technology applications.



As for agricultural practices, one potential contribution CNTs could make is to serve as nano-additives in hydrogels for water retention with enhanced mechanical properties. However, conventional hydrogels are macroscopic 3D polymer networks capable of retaining 500–600 times their own weight in water. Such highwater uptake can cause significant volume changes in soil (both via swelling and shrinkage), negatively affecting plant development. Moreover, their extraordinarily strong water absorption capability can compete with roots for water. Microgels, while absorbing less water than hydrogels, still retain tens of times their own weight in water, enhancing soil moisture without causing excessive swelling. Additionally, their large surface area facilitates faster fertilizer absorption and more efficient moisture uptake in a short time. Despite these advantages, however, microgels are soft, micron-sized colloidal particles that can easily run off in soil. In this work, by incorporating QD-FCNTs with PAAm microgels, we aim to create composites that not only improve water retention but also offer nano-additive assisted microgel flocculation to improve the stability of microgels, thereby potentially benefiting their application in sustainable agricultural practices.



Taking advantage of the above-mentioned rich defects on QD-FCNTs, we showcase a nearly zero-energy re-functionalization method for QD-FCNTs to improve their interaction with hydrophilic PAAm microgels and reuse them as nano-additives in the formed QD-FCNT/PAAm microgel composites for elongated water retention. As illustrated in Scheme 1, at room temperature, a small amount of strong organic electron donor N,N,N′,N′-tetramethyl-p-phenylenediamine (TMPD) was used to treat the defects on the QD-FCNTs surface, resulting in a more stable composite material with improved water retention capabilities. Such a mild surface treatment process avoids high energy consumption and the usage of large quantities of environmentally harmful chemicals, which not only extends the lifecycle of the high-value FCNTs but also aligns well with the principles of the circular economy by minimizing waste and reducing environmental impacts.




2. Experimental


2.1. Materials and Chemicals


The free radical initiator 2,2′-azobis(2-methylpropionitrile) (M.W.: 164.21 g/mol, purity: 98+%) was purchased from Sigma-Aldrich (Burlington, MA, USA) and stored in a refrigerated environment until use. The crosslinker N,N′-methylene-bis-acrylamide (M.W.: 154.17 g/mol, chemical formula: C7H10N2O2, purity: 98+%), acrylamide monomer (M.W.: 71.08 g/mol, chemical formula: C3H5NO, purity: 98+%), and the organic electron donor N,N,N′,N′-tetramethyl-p-phenylenediamine (TMPD; M.W.: 164.25 g/mol, Purity: 98+%) were obtained from Alfa Aesar (Ward Hill, MA, USA). Denatured ethyl alcohol was purchased from NCL Placentia (M.W.: 46.068 g/mol, chemical formula: C2H5OH, purity: 99.5%, 200 proof). Fluorinated single-walled carbon nanotubes were acquired from Nanoshel, Inc. (Congleton, UK), and stored at room temperature in the air for over 1.5 years. The long-term storage led to significant degradation in fluorine content, and these nanotubes are referred to as QD-FCNTs (quality-downgraded FCNTs) in this study.




2.2. PAAm Microgel Synthesis


Polyacrylamide microgel was synthesized in an alcoholic environment. Briefly, 1.00 g of 2,2′-azobis(2-methylpropionitrile), 216 mL of 99.5% ethyl alcohol, 1.17 g of N,N′-methylene-bis-acrylamide, and 43.2 g of acrylamide monomer were used. The acrylamide monomer was dissolved in ethanol with thorough stirring to ensure complete dissolution. The crosslinker, N,N′-methylene-bis-acrylamide, was then added and stirred on an electromagnetic stirring plate until homogeneity was achieved. Finally, the free radical initiator 2,2′-azobis(2-methylpropionitrile) was introduced into the solution and stirred uniformly. The mixture was purged with argon gas for 30 min to remove dissolved oxygen. Polymerization was carried out by heating the solution in a pre-heated water bath at 60 °C for 18 h. Upon completion of the reaction, the obtained microgel product was dried in an oven at 50 °C for 72 h.




2.3. Carbon Nanotubes Surface Treatment


For the surface treatment of QD-FCNTs, 80 mg of TMPD was dissolved in 30 mL of ethanol using a bath ultrasonicator for 20 min to ensure complete dispersion. Next, 200 mg of QD-FCNTs were added, followed by probe sonication for another 20 min to achieve uniform dispersion. The mixture was then covered and left undisturbed at room temperature for 16 h to promote thorough interaction between the TMPD molecules and QD-FCNTs. The TMPD-treated QD-FCNTs solution was then vacuum-filtered through a 0.1 µm PTFE membrane (Deschem, Changshu, China) to collect the surface-treated nanotubes. The collected film was rinsed with ethanol three times and dried in an oven at 50 °C to remove residual solvent, preparing it for further characterization. Control samples involving QD-FCNTs without TMPD treatment went through the same solution processing procedure without adding TMPD.




2.4. Preparation of QD-FCNTs/PAAm Microgel Composites


To prepare QD-FCNTs/PAAm microgel composites, 1.44 g of dried PAAm microgel was dispersed in 30 mL of D.I. water and subjected to sonication using a 360 W ultrasonic homogenizer for 10 min. Then, 72 mg of QD-FCNTs were added, and the mixture was sonicated at 360 W for another 20 min to achieve a stable, well-dispersed liquid composite of QD-FCNTs/PAAm-microgel. The formed composites were then centrifuged using a VWR International (Darmstadt, Germany) small benchtop Medifuge centrifuge machine at 6000 rpm. The supernatant of the centrifuged solution was carefully decanted and the QD-FCNTs/PAAm microgels collected at the tip area of the centrifuge tubes were used for further study.




2.5. Instruments and Characterization


Scanning electron microscopy (SEM) was conducted using an FEI Quanta 400 ESEM (InTouchScope software, Version 1.11) with a secondary electron detector at an accelerating voltage of 5 kV. Energy dispersive X-ray spectroscopy (EDX) elemental analysis was performed using a JEOL JSM-6010LA (Tustin, CA, USA) instrument operated through InTouchScope software (Version 1.11) at 7 kV. Raman spectra were recorded using a Thermo Fisher DXR3 Raman spectrometer (Madison, WI, USA) with a 785 nm laser of 1 mW power. Thermogravimetric analysis (TGA) was carried out on a TA Instruments TGA 2050 system at a heating rate of 10 °C/min in air. Infrared spectra were collected using a Thermo Scientific iD7 ATR accessory with an FT-IR spectrometer. The size of the microgel was measured using Anton Paar’s dynamic light scattering instrument Litesizer DLS 700 (Houston, TX, USA).




2.6. Water Retention Study


The water retention studies of the QD-FCNT/PAAm microgel composites, both with and without TMPD treatment, were evaluated by monitoring the rate of water loss over time under controlled conditions. The prepared composites collected in the centrifuge tubes were placed inside a 35 °C incubator with a vent to simulate conditions of warm temperatures in agricultural fields, which has accelerated water evaporation. The sample was periodically weighed at certain time intervals to track the reduction in water content. The initial weight of the composite (fully hydrated) was recorded, and subsequent measurements were taken until a constant weight was reached, indicating complete water evaporation. The percentage of retained water at each time point was calculated based on the initial mass of the composites.





3. Results and Discussions


Fluorinated carbon nanotubes can experience significant defluorination under mild conditions, depending on their fluorination method [40] and the curvature strain on the C-F bonds [37]. In this work, we used a type of FSWNT with an initial fluorine content of above 50% by mass, as provided by the manufacturer. We found that at this high fluorination level, FSWNTs can lose nearly all their fluorine content after long-term storage at room temperature. As shown in Table 1, after 1.5 years of storage at room temperature, the fluorine content had dramatically decreased to approximately 1.5%. According to Mickelson et al., the maximum C ratio for FSWNTs that can be achieved through non-invasive fluorination is 2:1, which corresponds to a fluorine fraction of 44% by mass. Although higher fluorination levels can be attained, they begin to damage the carbon nanotube backbone with further increased fluorination contents [41]. Therefore, it is reasonable to expect that these highly fluorinated CNTs are more susceptible to mild degradation conditions due to the high defect levels. Once the fluorine atoms are removed over long-term use or storage, some of the exposed carbon sites will remain as bare carbon defect sites.



As addressed earlier, re-functionalization is often necessary to restore the properties of CNTs for reuse. Since defect sites are generally more reactive and can undergo chemical modifications under milder conditions [42,43], we hypothesize that QD-FCNTs with more defluorination-induced defects can be functionalized under eco-friendly conditions.



To improve the hydrophilicity of CNTs for better interaction with microgels, introducing hydrophilic hydroxyl (-OH) or carbonyl (-C=O) groups to the sidewalls of CNTs is a well-known strategy [44]. However, conventional methods for introducing hydroxyl groups to the CNT surface typically require energy-intensive processes and large amounts of environmentally harmful chemicals, such as concentrated nitric acid or piranha batch solutions [39]. Even though some studies employ more efficient heating methods like microwaves, these still consume extra energy and substantial quantities of acids [45]. Given that defluorination of QD-FCNTs often leaves surface defects on the nanotube lattice [40], we propose a novel approach to treating these defect-containing QD-FCNTs using N,N,N′,N′-tetramethyl-p-phenylenediamine (TMPD), a strong organic electron donor. By performing this treatment at room temperature without additional energy input, we successfully enhanced the hydrophilicity of the QD-FCNTs and their interactions with PAAm microgels. Due to their polarity and slight water solubility, TMPD molecules can be used in small amounts in polar solvents for CNT surface treatments, reducing environmental impact. Rather than soaking the CNTs in bulk quantities of strong acids, we add milligram-level amounts of TMPD and treat the QD-FCNTs overnight at room temperature. Owing to its lower environmental and energy footprint—and for brevity—we refer to the TMPD-treated QD-FCNTs as Eco-friendly Treated QD-FCNTs (ET-QD-FCNTs) in this paper.



Figure 1 shows SEM images and EDX elemental analysis of the QD-FCNTs before and after TMPD treatment and ET-QD-FCNTs/PAAm composites. Both the untreated QD-FCNT control sample (Figure 1(A1)) and the TMPD-treated ET-QD-FCNTs sample (Figure 1(B1)) exhibit compact nanotube networks composed of FCNT bundles, with observed bundle lengths of up to 80 µm. The similarity in CNT length and morphology before and after TMPD treatment indicates that the CNT structure is well-preserved due to the mildness of the treatment. EDX elemental analysis (Figure 1(A2,B2)) shows a slight increase in oxygen content after TMPD treatment. As listed in Table 1, the fluorine content decreased by only 0.2%, indicating that the remaining fluorine content after long-term storage is relatively stable. An oxygen content of 6.02% was observed in the QD-FCNTs because of the long-term storage in air, during which some defect sites on QD-FCNTs may react with environmental oxygen-containing species such as moisture and oxygen. After treatment with TMPD, the observed further increase in oxygen content, though small, is notably higher than the decrease in fluorine content, suggesting that additional oxygen was bonded to the nanotubes due to the TMPD treatment. This is further supported by the water contact angle change of thin films prepared from QD-FCNTs (Table 1), which decreased from 150° (untreated) to 120° after TMPD treatment, indicating that even a slight increase in oxygen content via such an eco-friendly re-functionalization can significantly improve the hydrophilicity of the CNTs surface, which further enhance CNT’s interaction with the more hydrophilic PAAm microgels.



Figure 1(C1) displays the SEM image of the ET-QD-FCNTs/PAAm microgel composites. The image reveals that the QD-FCNTs are homogeneously coated with PAAm microgels. The characteristic nanotube bundles of the ET-QD-FCNTs are no longer visible because the bulkier PAAm microgels are uniformly distributed over the CNT surface, likely due to hydrogen bonding and/or physical attractions between the functional groups present on both components (Scheme 1). Figure 1(C2) shows the corresponding elemental analysis of the ET-QD-FCNTs/PAAm microgel composites shown in Figure 1(C1), highlighting the appearance of nitrogen signals and an increase in oxygen signals attributable to the presence of PAAm microgels.



To further investigate the surface chemical changes caused by the TMPD treatment, we collected ATR-FTIR spectra of the QD-FCNTs (Figure 2A) [46]. The untreated QD-FCNTs show a small peak at 1210 cm−1, corresponding to the C-F bond stretching vibration, with no other significant peaks. After TMPD treatment, no peak related to the surface adsorption or chemical bonding of TMPD molecules was observed. Instead, a notable peak corresponding to -OH stretching emerged at 3333 cm−1 [47], consistent with the increased oxygen content observed in the EDX analysis. This suggests the formation of hydrophilic hydroxyl groups on the CNT surface, likely due to TMPD’s role in generating reactive species (e.g., TMPD•⁺ radical cations). Forming these radicals donates electrons to CNT defect sites for further reacting with water, leading to the formation of hydroxyl groups at defect sites. Simultaneously, multiple peaks appeared between 2900 and 3100 cm−1, which can be assigned to the C-H stretching vibration bonds on some reduced defect sites.



The formation of hydroxyl groups at defect sites proved by the FT-IR characterization increases the polarity of the CNT surface, improving its affinity for water and other polar molecules. The increased hydrophilicity facilitates stronger interactions with the hydrophilic PAAm microgels through hydrogen bonding and dipole–dipole interactions, which may contribute to the homogeneous distribution of PAAm microgels on the CNT surface, leading to improved composite stability.



Raman spectroscopy is a powerful tool for characterizing various carbon allotropes by analyzing the rotational and vibrational spectral signatures of carbon atoms within their lattice structures [48]. In this study, we used Raman spectroscopy with a 1 mW, 785 nm laser to investigate both QD-FCNTs and ET-QD-FCNTs. Typically, Raman spectra of SWNTs exhibit three key bands: the Radial Breathing Mode (RBM) bands, D-band, and G-band. The RBM band, observed in the low-frequency range (100–300 cm−1), is related to nanotube diameter and provides insights into their size and chirality. The D-band, centered around 1300 cm−1, indicates defects and disorder within the carbon lattice, with higher intensity reflecting a greater presence of sp3-hybridized (diamond-like) carbon atoms. The G-band, near 1590 cm−1, corresponds to the tangential stretching mode of carbon–carbon bonds in the sp2-hybridized graphene-like lattice of CNTs [49].



Our Raman analysis revealed that the untreated QD-FCNTs samples displayed the typical spectral features of SWNTs, with a strong G-band at 1591.2 cm−1 and a weak D-band at 1301.8 cm−1 (Figure 3A). The low D-band intensity supports the significant loss of fluorine from the FCNTs and partial recovery toward pristine CNTs. After the echo-friendly TMPD-treatment, the ET-QD-FCNTs kept the same G-band intensity as that of the untreated QD-FCNTs (Figure 3B); however, the amplified D-bands shown in Figure 3C demonstrated that the intensity of the disorder-representing D-band of the ET-QD-FCNTs increased compared to the untreated QD-FCNTs, which agrees with the FT-IR analysis in Figure 2A and EDX analysis in Table 1. The G-band in Figure 3B has a downshifted shoulder of around 1570 cm−1. In fact, the G-band can be split into two sub-peaks called the G+ peak and the G− peak [50]. G+ peak originates from LO (longitudinal optical) phonons, which involves vibrations where the carbon atoms move parallel to the axis of the nanotubes, whereas G− peak originates from TO (transverse optical) phonons and involves vibrations where the carbon atoms move perpendicular to the axis of the nanotube. The increase of G− peak after TMPD treatment (ET-QD-FCNTs in Figure 3B) compared to that of the untreated (QD-FCNTs in Figure 3B) is due to the treatment-caused hydroxyl functionalization, which introduced more sp3 hybridization and increased disorder in the carbon lattice, enhancing the transverse optical phonon modes. Such hydroxyl functionalization also caused a downshift of the G− band from 1570.6 to 1568.8 cm−1 due to the weakening of the carbon–carbon bonds near the functionalized sites.



Additional evidence was found in the RBM region (100–300 cm−1), which is characteristic of radial vibrations in perfectly cylindrical nanotubes. The RBM band frequency of SWNTs (ωRBM) is inversely proportional to their diameter (dt), following the relation ωRBM = 248/dt [51]. In Figure 3D, the RBM peaks at 153.3, 205.1, and 263.8 cm−1 correspond to nanotube diameters of 1.62 nm, 1.21 nm, and 0.94 nm, respectively. According to the Kataura plot, which relates SWNT diameter to electronic properties and chirality [52], under 785 nm laser excitation (1.58 eV), RBM peaks below 162 cm−1 (dt > 1.53 nm) indicate metallic nanotubes, while those above 200 cm−1 (dt < 1.24 nm) are from semiconducting tubes. Fluorination generally disrupts the cylindrical structure of SWNTs by introducing sp3 hybridization, causing the RBM bands to disappear, but they can reappear when defluorination occurs [53]. In this study of QD-FCNTs, the reappearance of the prominent RBM band at 153.3 cm−1 after long-term storage suggests a substantial recovery of metallic SWNTs, while the weaker RBM bands at 205.1 cm−1 and 263.8 cm−1 indicate less recovery of pristine semiconducting SWNTs, despite significant defluorination. Since as-synthesized SWNTs typically consist of approximately 2/3 semiconducting and 1/3 metallic nanotubes and achieving perfect chirality control is difficult due to the similar structures and formation energies of the two types [54], the dominant intensity of metallic SWNT RBM bands over semiconducting ones suggests that metallic tubes are more favorably recovered during the long-term natural defluorination. The discrepancy in recovery between metallic and semiconducting nanotubes can be attributed to their differing electronic structures. Metallic CNTs have delocalized π electrons across their lattice, which tend to preserve nanotube integrity. In contrast, semiconducting CNTs have a more localized electron density and a bandgap, making them more vulnerable to reactions with species such as OH free radicals [55]. Thus, the RBM bands from the semiconducting nanotubes may be continuously suppressed due to reactions with reactive species in the environment during the quality downgrading process of FSWNTs.



To prepare hydrogels used for incorporating with CNTs, we need a low-energy cost synthesis method as well. Synthesizing hydrogels in an aqueous system typically results in uniform, macroscopic hydrogels. However, when using an alcohol system—commonly employed for the precipitation and purification of polyacrylamide polymers, the growth of PAAm microgels is limited. Instead of forming macroscopic networks, the hydrogels synthesized in alcohol remain as microgels, ceasing growth once they reach certain sizes. As shown in Figure 4A, the microgels formed in ethanol are visible as low-density white powders. When these microgels are dispersed in D.I. water using a 360 W ultrasonication probe for 10 min, they produce a cloudy, milky colloidal suspension. The Tyndall effect is clearly observed when a red laser beam passes through the suspension, with the light path being visible from a direction perpendicular to the beam (Figure 4B). This phenomenon confirms the microgel nature of the suspension, indicating that the particles are both small and well-dispersed. Dynamic light scattering (DLS) measurements revealed an average particle size of approximately 0.75 μm, as shown in Figure 4C. The FT-IR spectrum of PAAm microgels (Figure 2B) shows two distinct stretching vibration peaks located at 1610 and 1650 cm−1 for amide II and amide I, respectively. Additionally, the peak aroused at 1440 cm−1 is attributed to the C-N bond, while the peaks at 3340 and 2938 cm−1 are assigned to the N-H and C-H bonds, respectively.



To prepare the CNTs/microgels composites, a selected amount of dried PAAm microgels was dispersed in deionized water and sonicated together with either QD-FCNTs or ET-QD-FCNTs at a mass ratio of approximately 5% to the dried microgel. The resulting black dispersion was centrifuged to separate the composite materials from the solution. After drying to remove the absorbed water, the composite surfaces, those facing the center of the centrifuge tube and those facing the tube wall, were analyzed using ATR-FTIR, respectively (Figure 5).



In the case of the composites without TMPD treatment (QD-FCNTs/PAAm, Figure 5A), the wall-facing side showed more intense PAAm adsorption bands than the center-facing side. This difference could be attributed to the slippage of PAAm microgels from the QD-FCNTs networks under the centrifugal force, or incomplete incorporation of the hydrogel with the QD-FCNTs. By contrast, in the composites made of PAAm microgels and ET-QD-FCNTs, the FTIR adsorption band intensities were nearly identical on both the wall-facing and center-facing sides after centrifugation (Figure 5B). This suggests that the ET-QD-FCNTs enhanced the bonding interaction between the PAAm microgels and the nanotubes, likely due to the additional -OH functional groups formed after TMPD treatment (Scheme 1), resulting in stronger and more stable composites. The centrifugal force was insufficient to separate the microgels and CNTs phases with enhanced interfacial interaction, thus preventing slippage and producing a more stable composite material, as confirmed by the digital photograph inset in Figure 5. The absence of a significant difference between the wall-facing and center-facing sides in the ET-QD-FCNT/PAAm composites after centrifugation indicates a uniform and stable composite structure. This uniformity is crucial for large-scale production, as we anticipate that the enhanced CNT/microgel interactions provided by the TMPD-treatment can maintain composite consistency across larger volumes, minimizing potential issues related to phase separation or inhomogeneity.



The ET-QD-FCNTs/PAAm microgels composites were further characterized using Raman spectroscopy (Figure 3, red traces). The presence of the microgel diluted the CNT fraction in the sample, leading to a decrease in the peak intensities of the G-band (Figure 3B, red trace), D-band (Figure 3C, red trace), and RBM bands (Figure 3D, red trace). However, all Raman bands exhibited upshifts in band frequency compared to CNT samples without the PAAm microgel (Figure 3, green and blue traces). This upshift is attributed to the compressive strain exerted on the CNTs by the shrinking of the PAAm microgels after the drying process, which leads to a more rigid carbon lattice and increases the vibrational frequencies.



Figure 6 presents the TGA curves for the pure PAAm microgel, QD-FCNTs/PAAm, and ET-QD-FCNTs/PAAm microgel composites. Below 100 °C, all samples exhibit a slight weight loss, attributed to the evaporation of loosely bound or absorbed moisture. Up to 240 °C, the weight loss remains minimal (around 9%) across all samples, demonstrating that the materials are thermally stable within this range. The decomposition of the pure PAAm microgel accelerates at approximately 360 °C, whereas the QD-FCNTs/PAAm and ET-QD-FCNTs/PAAm composites show a delayed onset of decomposition, starting around 460 °C. This indicates that incorporating CNTs significantly enhances the thermal stability of the PAAm microgels. Although both QD-FCNTs/PAAm and ET-QD-FCNTs/PAAm composites exhibit similar decomposition temperatures, the ET-QD-FCNTs/PAAm composite shows a less steep decomposition curve, suggesting a more gradual weight loss compared to the untreated QD-FCNTs/PAAm composite. The steeper decomposition of the untreated QD-FCNTs/PAAm is likely due to insufficient interaction between the QD-FCNTs and the PAAm microgels, which limits the contact area and reduces the thermal stabilization effect provided by the CNTs. Weaker CNT–microgel interactions also result in larger microgel domains that, when decomposed, create larger pores through which volatile components can escape, leading to a faster and more pronounced mass loss. In contrast, the TMPD-treated ET-QD-FCNTs form more uniform interactions with the PAAm microgels via the newly introduced hydroxyl groups. This increases the contact surface area and reduces the size of the microgel domains, which slows down the decomposition process.



Upon heating to 800 °C, approximately 3.8% of the original weight of the ET-QD-FCNT/PAAm composite and 1.6% of the QD-FCNTs/PAAm composite remain as residues. In contrast, the pure PAAm microgels fully decompose by 700 °C. The lower percentage of residue in the ET-QD-FCNTs/PAAm composite is likely due to the stronger interactions between the CNTs and the polymer, resulting in more uniform dispersion of individual nanotubes. In the case of the untreated QD-FCNTs/PAAm composites, weaker interactions may cause some CNTs to remain bundled, leading to higher residual mass after heating, as the dense nanotubes packing in these bundles reduce the evaporation of volatile components.



To assess the water retention properties, the prepared composites (without drying) were placed in centrifuge tubes inside a ventilated incubator at 35 °C, simulating the warm conditions of agricultural fields. We measured the controlled water release properties of the QD-FCNT/PAAm and ET-QD-FCNT/PAAm microgel composites by tracking the percentage of water evaporation over a period of 350 h. As shown in Figure 7, although both composites initially retained the same amount of water (96.7%), the TMPD-treated ET-QD-FCNT/PAAm microgel composites demonstrated slower water evaporation compared to the untreated QD-FCNT/PAAm composites over 300 h. Specifically, the QD-FCNT/PAAm composites took 142 h to lose 88% of their weight, while the ET-QD-FCNT/PAAm composites required 220 h to reach the same weight loss. This reflects a 55% increase in water retention time, achieved solely through the energy-free surface treatment of the QD-FCNTs with a low dosage of TMPD. This improved water retention is likely due to stronger interactions between the ET-QD-FCNTs and the PAAm microgels, creating a more tightly linked composite structure via the nanotubes, which effectively locks in water for a longer duration.



To further confirm the water retention properties, we conducted a rapid de-moisture analysis of the samples at 80 °C using a moisture analyzer. As shown in Figure 7B, de-moisture at 80 °C was completed for QD-FCNT/PAAm composites within approximately 30 min, while the same process for ET-QD-FCNT/PAAm composites took around 40 min. This also indicates improved water retention time for the ET-QD-FCNT/PAAm composites compared to those made with untreated QD-FCNTs, suggesting enhanced water/composite interactions even at elevated temperatures. Notably, at 80 °C, the remaining weight percentage after complete water release was 97.6% for the QD-FCNT/PAAm microgel composites and 98.5% for the ET-QD-FCNT/PAAm microgel composites. The water losses were slightly higher than those in the water release tests at 35 °C because of the higher drying temperature.



Notably, these composites require only a small fraction of CNTs to achieve the above exceptional functions. We conducted a composition analysis of the ET-QD-FCNTs/PAAm composites fully saturated with water, based on the initially added components and the amount of water lost after complete drying. As shown in Figure 8, water constitutes 98.5% of the composite, PAAm accounts for 1.4%, and the ET-QD-FCNTs represent just around 0.1%, demonstrating the exceptional performance of ET-QD-FCNTs as an efficient microgel additive. These results highlight the effectiveness of the ET-QD-FCNT/PAAm microgel composite in maintaining water retention under thermal stress, underscoring its potential for applications in water management and sustained release environments. Regarding the potential fluorine release and environmental impact, the trace amounts of fluorine still detected after treatment with TMPD suggest that the remaining fluorine atoms are strongly bonded within the carbon nanotube lattice as stable C–F bonds. These bonds are chemically inert and unlikely to leach into the environment under normal conditions. Moreover, the incorporation of ET-QD-FCNTs into the PAAm microgel matrix provides additional physical encapsulation, further minimizing the potential for fluorine release. Therefore, the ET-QD-FCNTs/PAAm composites are expected to be environmentally safe for agricultural applications.



To provide a clear comparison of our eco-friendly modification method with other conventional techniques, we have summarized the advantages and possible limitations of this work in Table 2 below:




4. Conclusions


This research successfully demonstrated the repurposing of quality-downgraded fluorinated carbon nanotubes (QD-FCNTs) as eco-friendly nano-additives in polyacrylamide (PAAm) microgel composites for water retention applications. The study highlights how QD-FCNTs, degraded through long-term storage, can be re-functionalized using a mild, low-dosage treatment with organic electron donors. This process enhances the hydrophilicity of the CNT surfaces by introducing small amounts of hydroxyl groups at defect sites, significantly improving their compatibility and interaction with PAAm microgels. The treatment results in ET-QD-FCNT/PAAm composites that are more thermally stable and exhibit a 55% increase in water retention time compared to untreated QD-FCNT/PAAm composites. These improvements underscore the critical role of CNT surface functionalization in achieving enhanced composite performance. Importantly, these composites achieved this performance with just 0.1% reused CNT loading, highlighting their cost-efficiency and environmental sustainability. For future research, we suggest exploring the scalability of this eco-friendly surface treatment for industrial applications, ensuring that the process remains cost-effective and environmentally friendly at larger production scales. Investigating the long-term environmental impact and degradability of these composites in agricultural settings is also crucial to assessing their sustainability and safety over extended use. Additionally, optimizing the QD-FCNT/PAAm composites may be necessary for applications that require exceptionally high water retention rates.



To summarize, this study offers an innovative approach to re-functionalize and repurpose QD-FCNTs for environmentally friendly applications. By utilizing a low-energy, sustainable treatment, the approach extends the lifecycle of high-value CNT-based materials, contributing to the circular economy. The findings provide practical solutions for improving water retention, making this method potentially applicable to sustainable agriculture and other environment-focused applications.
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Scheme 1. Schematic illustration showing the treatment of QD-FCNTs with N,N,N′,N′-tetramethyl-p-phenylenediamine (TMPD) to enhance their hydrophilicity for improving interaction with PAAm microgels. 
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Figure 1. SEM images (A1–C1) and EDX elemental analysis (A2–C2) of QD-FCNTs (A1,A2), ET-QD-FCNTs (B1,B2), and ET-QD-FCNTs/PAAm composites (C1,C2). 
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Figure 2. ATR-FTIR spectra of (A) QD-FCNTs and ET-QD-FCNTs and (B) pure PAAm microgels. 
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Figure 3. Raman spectra of QD-FCNTs, ET-QD-FCNTs, and ET-QD-FCNT/PAAm microgel composites. (A) Full spectra; (B) Enlarged G-band area; (C) Enlarged D-band area; and (D) Enlarged Radial Breathing Mode (RBM) Band area. 
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Figure 4. (A). As-synthesized PAAm microgel; (B). Tyndall effect of the dissolved microgel in D.I. water; (C) Dynamic Light Scattering (DLS) size measurement of the microgel. 






Figure 4. (A). As-synthesized PAAm microgel; (B). Tyndall effect of the dissolved microgel in D.I. water; (C) Dynamic Light Scattering (DLS) size measurement of the microgel.



[image: Sustainability 16 09468 g004]







[image: Sustainability 16 09468 g005] 





Figure 5. ATR-FTIR analysis of (A) QD-FCNT/PAAm and (B) ET-QD-FCNT/PAAm microgel composites. Dark red traces: the sample side facing the centrifuge tube wall; Light bl traces: the sample side facing the center of the centrifuge tube. 
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Figure 6. Thermogravimetric analysis (TGA) of PAAm microgels, QD-FCNT/PAAm, and ET-QD-FCNT/PAAm composites in air. 
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Figure 7. Water retention studies of QD-FCNTs/PAAm and ET-QD-FCNTs/PAAm composites in a (A) 35 °C incubator and (B) 80 °C moisture analyzer. 
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Figure 8. Composition analysis of ET-QD-FCNT/PAAm composites after complete drying. 
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Table 1. EDX and Contract Angle Analysis of QD-FCNTs and ET-QD-FCNTs.
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	Elements and Contacting Angle
	QD-FCNTs
	ET-QD-FCNTs





	Carbon, mass%
	92.42
	91.85



	Oxygen, mass%
	6.02
	6.79



	Fluorine, mass%
	1.56
	1.36



	Film Contacting Angle
	150°
	120°










 





Table 2. Advantages and Possible Limitations of Current Work.
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	Aspects
	Advantages
	Limitations





	Eco-Friendly Treating QD-FCNT with TMPD
	
	
Utilizes a mild, near zero-energy process



	
Avoids the use of large amounts of harsh chemicals like concentrated acids or piranha solutions



	
Reduces environmental impact and hazardous waste



	
Enhances hydrophilicity of CNTs by introducing hydroxyl groups



	
Improves compatibility with PAAm microgels





	Increase in oxygen content is not very high

(but is sufficient to enhance CNT–microgel interaction)



	Composite

Performance
	
	6.

	
Retains over 30 times of its own weight in water




	7.

	
After the eco-friendly surface treatment of QD-FCNTs, the ET-QD-FCNT composite achieves a 55% increase in water retention time at 35 °C




	8.

	
Enhances thermal stability of composites (according to TGA)




	9.

	
Ensures homogeneous dispersion of microgels on CNT surfaces






	The water-retention improvement may be sufficient for agricultural applications but may not meet the requirements of applications needing extremely high water-retention.

(e.g., diapers)



	Cost-Effectiveness
	
	10.

	
Reduces energy and chemical costs due to mild treatment conditions




	11.

	
Utilizes quality-downgraded materials, adding value to waste




	12.

	
Low ecological footprint due to reduced chemical and energy usage




	13.

	
Supports sustainable material practices and circular economy principles






	Although our method for reusing QD-FCNTs is cost-effective, the initial fabrication of FCNTs (before quality degradation) is expensive.
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