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Introduction: One of the most attractive fields for cellulose aerogels is water remediation, basically in the pollutant’s adsorption and oil/water separation. There are different sources to extract cellulose, but the extraction from paper waste is an excellent option for impulse circular materials applications.
Methods: We obtained cellulose from office waste paper through a simple alkali method and used it to fabricate an aerogel by freeze-drying based on the materials’ circularity. To increase lipophilicity, the aerogel was modified using two different coatings: polycaprolactone (WOPP) and candelilla wax (WOPW), extracted from a Mexican plant. The aerogels were analyzed by several physicochemical techniques such as Scanning Electronic Microscopy, Infrared spectroscopy, and thermal analysis.
Results and Discussion: To our knowledge, this is the first time that candelilla wax has been reported as aerogel modification. The highly porous aerogels showed a density of around 0.1 g/cm3 and a fibrous structure. Furthermore, the contact angle of the aerogels was measured to compare the hydrophobicity of the surfaces, showing values around 120° in the modified aerogels compared with the hydrophilic behavior of pristine cellulose aerogel. The achieved recycled mineral oil absorption capacity for WOPW was 6.1 g/g, while for WOPP was 4.88 g/g. Thus, we obtained a natural coating aerogel with a high water/oil separation potential.
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1 INTRODUCTION
Securing access to sufficient and clean water stands as a pressing global challenge, marked by its increasing scarcity and degradation (Mishra et al., 2021). The industrial footprint, extending across the globe, has exacerbated this issue by discharging hazardous pollutants into aquatic ecosystems. These pollutants include heavy metals, radioactive materials, pesticides, dyes, pharmaceuticals, chiral chemicals, and, notably, oil contaminants (Akpomie and Conradie, 2020). The menace posed by oil is particularly pronounced, representing a significant threat to both aquatic and terrestrial life due to its coating properties, unsightly appearance, and noxious odor (Laitinen et al., 2017). Addressing this challenge requires effective oil absorption and separation techniques, ranging from physical methods and chemical treatments to bioremediation (Bayat et al., 2005). Among these, oil absorption, characterized by its cost-effectiveness and straightforward process, is considered a prominent method, with recovered oil easily retrievable through squeezing, distillation, or extraction (Cheng et al., 2017).
In recent times, aerogels have emerged as a focal point of interest for oil/water separation, owing to their remarkable characteristics such as high porosity, low density, and a large surface area (Yuan et al., 2017; Zhang et al., 2019). The key to their effectiveness in selectively absorbing oil in water lies in their hydrophobic and oleophilic nature (Sai et al., 2015). The wet contact angle (WCA) serves as a metric for classifying aerogels by their hydrophobicity: below 90° is hydrophilic, between 90° and 150° is hydrophobic, and values exceeding 150° are considered superhydrophobic (Laitinen et al., 2017). Surface modifications using silylation routines, employing compounds like methyltrimethoxysilane (MTMS) (Nguyen et al., 2013) or trimethylchlorosilane (TMCS) (Fan et al., 2017), enhance the aerogel’s hydrophobicity. Additionally, environmentally friendly polymeric separators like polycaprolactone (PCL) have found application (He et al., 2021).
Conversely, inorganic materials like silica and polymers such as polyvinyl alcohol (PVA) (Yang et al., 2022; Lu et al., 2023) have been extensively used for fabricating aerogels to absorb oil from water. However, their non-biodegradable nature raises environmental concerns, highlighting the growing need for efficient and cost-effective materials for oil and water separation (Yang et al., 2022). This has led to an increased focus on biopolymers sourced from biomass residues, including cellulose, lignin, or chitosan, due to their advantageous characteristics such as abundant raw materials, low cost, and environmental friendliness (Zhang et al., 2023).
Cellulose, as the most abundant polymer on Earth, emerges as an ideal candidate for aerogel fabrication. It boasts renewability, biocompatibility, biodegradability, low density, high porosity, and a large specific surface area (Long et al., 2018). Cellulose can be sourced from various natural resources such as bamboo, cotton, pineapple, and sugarcane bagasse (Zhang et al., 2018; Do et al., 2020; Li et al., 2021), among others. The potential of cellulose-based aerogels for oil absorption has been widely explored, particularly utilizing waste paper as a sustainable source. Nguyen et al. (2013) achieved notable success in developing an ultralight porous hydrophobic material from waste paper using MTMS, showcasing substantial absorption capacities for different crude oils.
Similarly, Han et al. (2012) synthesized a hydrophobic and porous aerogel using waste newspaper as the sole raw material, demonstrating impressive absorption capabilities for organic solvents and oils. The resulting product could be recycled and reused through squeezing, combustion, and distillation. Fan et al. (2017) continued this trajectory, utilizing newspaper as the sole raw material, crosslinking with glutaraldehyde, and treating with TMCS to obtain a hydrophobic and porous cellulose-based aerogel with significant oil absorption capacities. Laitinen et al. (2017) produced a cellulose nanofibril aerogel with MTMS hydrophobic modification by freeze-drying, exhibiting impressive absorption capacities for diverse oils and organic solvents, including the recyclability of 30 cycles for diesel oil. Additionally, Sanguanwong et al. (2020) employed napkins with MTMS to obtain an aerogel capable of absorbing oil, with a recyclability of 10 cycles dependent on freeze-drying temperatures.
In this study, we present a groundbreaking approach to fabricating an aerogel using reconstituted cellulose sourced from waste paper. To augment its efficacy in adsorbing mineral oils, we performed surface modifications on the cellulose aerogel by employing two hydrophobic polymers. The key objectives of this project encompass providing a practical and cost-effective solution for repurposing waste paper, coupled with the efficient removal of hydrophobic contaminants.
To realize these objectives, we strategically selected two distinct coatings. Firstly, we applied poly-ε-caprolactone, a biodegradable polyester known for its robust mechanical and thermal properties. This polymer significantly contributed to enhancing the aerogel’s durability and overall performance. Complementarily, we incorporated candelilla wax, a natural alternative renowned for augmenting the aerogel’s hydrophobic properties. The utilization of candelilla wax adds further value to our approach by leveraging a locally abundant Mexican product.
The amalgamation of waste paper, poly-ε-caprolactone, and candelilla wax aims to yield an aerogel with exceptional capabilities in adsorbing mineral oils, all while maintaining a commitment to environmental friendliness and economic viability. This innovative solution not only provides a sustainable avenue for the utilization of waste paper but also addresses the pressing need for efficient removal of hydrophobic contaminants. Ultimately, this project is poised to make significant contributions to both environmental preservation and economic advancement.
2 MATERIALS AND METHODS
2.1 Materials
The waste office paper (WOP) was collected from old documents and crushed as pretreatment. Urea, chloroform, and acetone were purchased from J.T. Baker. Analytical grade Sodium Hydroxide (NaOH) was obtained from Reactivos Química Meyer. Ethanol was purchased from CTR Scientific. Polycaprolactone (PCL, Mn = 80,000 Da, Tg = 60°C) was obtained from Sigma Aldrich, and Candelilla wax (CW) (MW = 436 g/mol, ρ = 0.9 g/cm3, melting point 70 °C) was purchased from ABREIKO S DE RL DE CV. Recycled mineral oil came from different laboratory equipment and was dyed using Chefmaster candy color red from a local chocolate store.
2.2 Cellulose extraction from office wastepaper
Cellulose fiber extraction from WOP was obtained by treating the paper with an alkali aqueous solution, NaOH (7 wt%), and urea (12 wt%). NaOH allows the dissolution of the cellulose, while the urea works as an additive that improves the extraction and delays the gelation process, allowing for better gel handling (Budtova, 2019). Then, 100 mL of solution was cool-prepared and refrigerated for 1 h at −20°C. Afterward, 4 g of pretreated WOP were added to the solution to dissolve the paper and extract the cellulose. An immersion blender was used to mix and crush the paper until a paste-like texture was obtained.
2.3 Aerogel elaboration
To replace the alkaline solution within the gel, 100 mL of ethanol was introduced, and the mixture was allowed to stand at room temperature for 24 h. This initiates the coagulation process, resulting in the formation of a stable alcogel. Subsequently, the alcogel was rinsed with distilled water until a neutral pH was achieved. The purified alcogel was then immersed in 50 mL of ethanol to facilitate a solvent exchange (Pircher et al., 2016). Once the alcogel was fully formed and stable, it was dried via lyophilization with a freeze dryer for 48 h at −50°C and 0.060 mPa. This process yields a stable WOP-based aerogel (control).
2.4 Surface modifications
To produce a hydrophobic aerogel, two methods of surface modification were employed. The initial modification involved the utilization of PCL as a plasticizer. For this, 0.5 g of PCL was dissolved in 50 mL of chloroform, and the aerogel was submerged in the solution for 15 min, followed by air-drying at room temperature for 1 h. Subsequently, it was subjected to another round of freeze-drying for 24 h. For the second modification, CW was used; 0.4 g of candelilla pellets were dissolved in 50 mL of acetone, and the aerogel was immersed for 15 min in the solution and freeze-dried for 24 h.
2.5 Physicochemical characterization
2.5.1 Aerogel properties
The general properties of the synthesized aerogels, such as their physical description, mass, dimensions, density, and porosity, were documented and reported to see their evolution throughout the experimental process.
The density (ρ) was calculated with Eq. 1, while porosity (P) was measured with Eq. 2.
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Where m is the mass (g), V is the volume (cm3), and [image: image] is the bulk density of cellulose (1.528 g/cm3) as reported in Sanguanwog et al. (2020).
2.5.2 Morphology
Scanning electron microscopy (SEM) studies were carried out using a DSM-950 (Zeiss, Germany) equipment with a QBSD detector for compositional contrast imaging operating at 20 kV. Samples of aerogels were deposited on pin stubs of aluminum and sputter coated with a thin carbon layer.
2.5.3 Chemical characterization
FT-IR spectra were acquired on an FTIR Nicolet 6700 (Thermo Fischer Scientific, United States) at a scanning range of 4,000–400 cm−1. This analysis was performed to characterize the components of the aerogels, proving the presence of cellulose and the Candelilla wax and PCL coatings.
2.5.4 Thermal characterization
Calorimetric data were obtained by differential scanning calorimetry (DSC) with a DSC 2910 (Modulated TA Instruments, United States) equipped with a refrigeration cooling system (RCS). Experiments were conducted under a flow of dry nitrogen with a sample weight of approximately 5 mg. Heating runs were performed at a rate of 10 °C/min, respectively. Thermal degradation was studied at a 10 °C/min heating rate in a TGA 2950 Thermogravimetric Analyzer (TA Instruments, United States) with ranged test temperatures from 25°C to 500 °C.
2.5.5 Wet contact angle (WCA)
Static contact angle measurements with the sessile water drop method were recorded and analyzed at room temperature using a low-cost contact angle analyzer (Han et al., 2022). Contact angle values of the right and left sides of the water drop were measured and averaged. Measurements were performed 5 s after the drop of 5 µL was deposited on the sample surface. All data were an average of ten measurements on different surface locations. The angle was estimated using Eq. 3.
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Where h is the height of the droplet, w is its width and θ the Wet contact angle.
2.5.6 Absorption capacity and degradability in water
The aerogels’ oil absorption capacity (Q) was calculated by measuring their initial and final weight after saturation from an oil immersion using Eq. 4.
[image: image]
Where m0 and mf are the initial and final mass, respectively, measured in grams.
Finally, three samples of each aerogel, with and without coatings, were placed in an aqueous solution under agitation, and their weight loss was monitored for 3 days. After a defined time, the samples were freeze-dried for 24 hours. The weight loss percent was calculated using the Eq. (5a) and Eq. (5b).
[image: image]
Where m0 and mt are the initial and final mass, respectively, measured in grams.
3 RESULTS AND DISCUSSION
The optimization of the method for obtaining aerogels was initially carried out using new office paper to minimize the number of variables that could impact the correct cellulose aerogel production. During this phase, adding a second ethanol bath was necessary after neutralizing the paper mixture dissolved in NaOH/urea. Subsequently, tests were conducted using office waste paper, concluding that neutralizing the aerogel with ethanol baths was appropriate.
This step removed excess NaOH present in the alco-gel structure and effectively eliminated a significant amount of ink from the final material. By implementing these minor adjustments without the addition of any crosslinker, a successful cellulose aerogel was obtained from WOP, following similar procedures to those reported by Li et al. (2018). After optimizing the WOP-based aerogel, it underwent a hydrophobicity enhancement process by applying PCL (WOPP) and wax (WOPW) coatings. The detailed procedure is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic representation of the experimental procedure for obtaining the aerogels used in this study.
The FT-IR spectra of WOP (line a), WOP-based aerogel (line b), modified WOPP (line c), and WOPW (line d) aerogels are displayed in Figure 2. The spectra obtained from the analysis of office paper waste and the WOP-based aerogel reveal discernible differences in both composition and structure, arising from the fundamental maceration process applied to the paper. Notably, the WOP spectrum exhibits signals linked to the presence of hemicellulose around 1,672 cm−1, which becomes imperceptible in the WOP-base aerogel following the processing. Furthermore, characteristic lignin signals at ν = 1,595 and ν = 1,506 cm−1, indicative of aromatic hydrocarbons, are absent in the base aerogel, suggesting the successful removal of lignin during the bleaching process.
[image: Figure 2]FIGURE 2 | FTIR spectra of WOP (line a) and, WOP-based (line b), WOPP (line c), and WOPW (line d) aerogels.
Certain infrared signals are sensitive to structural changes within the transformed crystalline area of cellulose (Oh et al., 2005). For instance, the signal corresponding to the stretching modes of the hydroxyl -OH group, abundant in the cellulose structure, appears to increase after alkaline treatment, implying intensified inter- and intermolecular hydrogen bonds facilitated by sodium hydroxide. The maximum absorbance signal attributed to C-H stretches undergoes a shift from 2,928 to 2,900 cm−1, indicating changes in the arrangement of β-glycosidic linkage angles. Concurrently, the decrease in the 1,427 cm−1 signal assigned to CH2 unfolding suggests an increase in the number of disordered structures due to alkali action.
A subtle yet significant change is observed in the signal transitioning from 1,161 to 1,156 cm−1, associated with C-O-C stretching, indicative of the transformation of the crystal structure from cellulose I to cellulose II. The band at 895 cm−1, belonging to β-anomers or β-bonded glucose polymers, further confirms that the aerogel base primarily consists of cellulose without lignin or hemicellulose impurities. Hence, it can be confidently asserted that the cellulose extraction process from waste paper has been accomplished.
Poly-ε-caprolactone is a biodegradable polyester, wherein the intrinsic signals of the aliphatic groups appear around 2,900 cm−1, and a distinct peak at 1732 cm−1 corresponds to the ester group (C=O). Candelilla wax is primarily composed of n-alkanes with a chain length ranging between 29 and 33 carbons (≈50%) and high molecular weight esters (20%–29%) (Toro-Vazquez et al., 2007).
As a result, in WOPW spectra (Figure 2, line d), the characteristic signals of these compounds can be observed. Specifically, the peaks at νs = 2,916 and νas = 2,894 cm−1 are attributed to the symmetric and asymmetric vibrations of the saturated hydrocarbons. In contrast, the peak at ν = 1720 cm−1 corresponds to the vibrations of the functional group C=O of the esters. By observing the presence of the characteristic functional groups of these compounds in the WOPP and WOPW aerogels, it is possible to ensure that they were successfully coated and that these polymers are integrated into the material’s structure.
The coating is also evident in the electron microscopies shown in Figure 3. In these micrographs, the aerogels are observed at two different magnification levels. For the WOP-based aerogel, it is apparent that it is formed by cellulose fibers that are heterogeneously distributed, leaving spaces between them. This three-dimensional arrangement generates the presence of pores or free space within the structure. The fibers appear to be well integrated, which could contribute to the material’s adequate mechanical behavior.
[image: Figure 3]FIGURE 3 | SEM images of WOP-based, WOPP, and WOPW aerogels surfaces at 250 (A–C) and 500 X (D–F).
In contrast, the aerogels coated with PCL (b, e) and candelilla wax (c, f) exhibit a different appearance. The fibers appear to be wrapped with a coating that has an oily aspect. Additionally, there is an accumulation of these coatings in certain areas, connecting the fibers and causing lamellae formation. The observed differences in the micrographs indicate the successful coating of the aerogels with PCL and candelilla wax, resulting in distinct structural features compared to the uncoated WOP-based aerogel. To enhance visibility during observation, some specific regions of the aerogels, corresponding to PCL and wax components, were delineated using red and blue arrows on the microscopy images.
The thermal analysis (TGA) provides insights into the thermal stability of the obtained aerogels (Figure 4). The WOPW sample (Figure 4, blue) shows no degradation until temperatures exceed 300 °C, while the WOPP (Figure 4, red) sample remains stable up to approximately 400 °C. The WOP-based aerogel (Figure 4, black) exhibits an initial weight loss at 100 °C, attributed to adsorbed water, accounting for around 10% of its weight. This indicates a high affinity of the aerogel for water.
[image: Figure 4]FIGURE 4 | TGA curves of WOP-based (black), WOPP (red), and WOPW (blue) aerogels.
Conversely, the aerogels coated with PCL and candelilla wax show no significant loss at 100 °C, proving they have acquired a hydrophobic character. This hydrophobicity is crucial for facilitating the adsorption of oils, the primary purpose of these materials. The thermal degradation process for the aerogel composed solely of cellulose occurs in a step between 260°C and 350 °C, resulting in a carbon yield of approximately 10%. This is due to the presence of non-volatile carbonaceous compounds, as previously observed in regenerated cellulose, associated with the formation of sodium salts during the basic hydrolysis process (Yeng et al., 2015; Hameed et al., 2022).
The coated samples exhibit a distinctive degradation process that closely corresponds to the behavior observed for pure coatings, primarily because the mass proportion of cellulose is low in the coated fibers. This indicates that the coatings predominantly determine the thermal behavior of the coated aerogels.
DSC heating runs shown in Figure 5 revealed that the samples were primarily amorphous. Three distinct endothermic transitions were observed for the regenerated cellulose sample (WOP-based aerogel, black). The first transition occurred between 43°C and 119 °C, which aligns with findings from other reports in the literature (Mahato et al., 2013) and is attributed to the rearrangement of the chains in the amorphous components due to the loss of adsorbed water molecules (Al-Maqdasi et al., 2021). The glass transition temperature (Tg) of an amorphous material is significantly influenced by the presence of water molecules, given their ability to exist in various thermodynamic states with different bonding configurations (Hancock and Zografi, 1994). This variability can exert a pronounced impact on molecular mobility, particularly affecting the behavior of end groups and side chains (Picker and Hoag, 2002).
[image: Figure 5]FIGURE 5 | DSC curves of WOP-based (black), WOPP (red), and WOPW (blue) aerogels.
Two additional transitions are observed, with the second occurring between 125°C and 187 °C and the third between 195°C and 235 °C. These transitions underscore the heterogeneous structure of the sample, indicating distinct thermal properties in different regions (Picker and Hoag, 2002). During the maceration process, it is plausible that the cellulose base structure undergoes varied changes in each region, encompassing both physical alterations, such as changes in crystalline states, and chemical modifications, including modifications of β-glycosidic bonds.
Moreover, native cellulose fibers and their derivatives typically exhibit an extended chain fibrous structure with potential orientation in different directions (Morán et al., 2008). Heating may induce rearrangements in this orientation, contributing to the observed multiple transitions. Notably, when transitions unrelated to the amorphous part decrease in intensity, it indicates a lower ratio between the crystalline and amorphous components (Mwaikambo and Ansell, 2002).
In summary, the transitions in the structure of regenerated cellulose manifest diverse physicochemical phenomena within the material’s architecture. Finally, at 320 °C, the depolymerization of cellulose occurred due to the rupture of the glycosidic bonds.
The influence of coatings on thermal transitions is evident. For example, in WOPP, a pronounced first transition is observed because the glass transition or melting point of polycaprolactone typically occurs between 60°C–70 °C, depending on the molecular weight (Balsamo et al., 2001; Gómez-Lizárraga et al., 2017). The shift to 78 °C of this transition concerning the control indicates that more energy is required for the molecular reorganization of the PCL-coated aerogel, making it more stable to thermal changes, it seems that the presence of cellulose facilitated the crystallization of PCL, probably because of a nucleating effect Similarly, the second transition observed in the WOPP aerogel suggests an enhancement in the structural organization of cellulose, as evidenced by the heightened intensity of the transition at 212 °C. As previously discussed, this phenomenon appears to be closely associated with the rearrangement occurring within the crystalline portion of the fibers.
Regarding the aerogel coated with candelilla wax, it is possible to observe that the first endothermic transition is split into two compared to the control (Toro-Vazquez et al., 2011; Lionetto et al., 2019). This characteristic behavior is attributed to candelilla wax, as it first undergoes the rearrangement of the n-alkane chains, mainly hentriacontane, to its crystalline form at 57 °C. Subsequently, around 66 °C, melting occurs, which is associated with the structural order of the gelator molecules within the assembly units (i.e., microplatelet crystals) that form the three-dimensional crystalline structure of wax.
Thus, it becomes evident that both coatings affect the modification of the thermal properties of the aerogels. However, it is clear that in the case of the polycaprolactone coating, the thermal properties are more significantly affected, resulting in increased stability.
The contact angles (θ) determined using water droplets indicate that the WOPP (θ = 129°) and WOPW (θ = 123°) aerogels are hydrophobic materials after coating (θ > 120°), in contrast to the uncoated WOP-based aerogel where it was not possible to determine the contact angle because the drop was fully adsorbed immediately after being deposited on the surface (Figure 6).
[image: Figure 6]FIGURE 6 | Contact angles of WOP-based (A), WOPW (B), and WOPP (C) aerogels.
This behavior is due to the chemical composition of the aerogel surface, as both PCL and candelilla are composed of non-polar compounds (aliphatic chains) that are unable to form hydrogen bonds with water molecules. Additionally, the presence of the coatings alters the roughness of the materials (r), which, according to the Wenzel equation (Eq. 5), directly affects the wettability of the materials.
[image: image]
Thus, it is evident that the contact angles obtained result not only from the chemical structure of the materials but also from the material’s morphology. The evaluation of the transversal section of the aerogels showed contact angles for WOPP of 115° ± 7, while for WOPW, they were approximately 112° ± 4. In the case of the uncoated aerogel, determining the contact angle proved impossible as the droplet was promptly absorbed. The decrease in contact angle can be attributed to exposed portions of uncoated fibers due to the cut; nonetheless, the hydrophobic behavior remains evident. Notably, the coatings allow us to obtain aerogels with the necessary hydrophobic character for the correct adsorption of contaminant oils (Supplementary Video S1).
By comparing with previous reports, we observe that the obtained values fall within the desired range. We achieved these using coatings that do not raise additional contamination concerns, as is the case with a commonly used inorganic coating like silanes, with contact angles between 120° and 150° have been obtained (Nguyen et al., 2013; Duan et al., 2014; Feng et al., 2015; Zhai et al., 2015; Rafieian et al., 2018; Sanguanwong et al., 2020). We obtained highly hydrophobic aerogels using clean and natural alternatives like candelilla wax.
In Figure 7, it is possible to observe how the coated aerogels have the capacity to adsorb mineral oil drops placed on their surface (orange) while repelling water droplets (stained blue) confirming that they are ideal materials to be tested for removing these contaminants.
[image: Figure 7]FIGURE 7 | Water and oil droplets placed on aerogels, WOPW (A) and WOPP (B).
The average physical characteristics of the obtained aerogels are presented in Table 1. Notably, the aerogels exhibit a remarkably high porosity (>93%), indicating a substantial amount of free space within their structure to accommodate adsorbed contaminants. These porosity values are comparable to data previously reported for aerogels derived from waste paper.
TABLE 1 | Aerogels’ physical properties.
[image: Table 1]For instance, Gong et al. (2021) reported obtaining aerogels composed of cellulose nanofibers with a porosity exceeding 99%. Considering that our aerogels, formed from microfibers, show only a 6% difference in porosity compared to Gong’s nanofiber-based aerogels, it can be regarded as a successful outcome. Moreover, our method utilizes economically viable materials and a simple process, presenting a promising avenue for giving the waste paper a second purpose.
The mineral oil absorption was carefully monitored for over 1 hour, and the images depicted in Figure 8. Remarkably, the WOPW aerogel exhibited the highest absorption capacity, reaching an impressive 6.1 g/g value. Even more noteworthy is that it achieved maximum absorption within 5 min, demonstrating its rapid and efficient oil-absorbing capabilities.
[image: Figure 8]FIGURE 8 | Images of mineral oil (stained red) adsorption process over time in WOPP (A1-A5) and WOPW (B1-B5) (B).
Impressively, this aerogel can absorb seven times its weight in mineral oil, showcasing its exceptional performance.
In contrast, the PCL-coated aerogel, WOPP, displayed a slightly lower absorption capacity of 4.88 g/g. The peak absorption capacity is achieved approximately 5 min into the process. Beyond this point, the quantity of oil retained in the aerogel plateaus, signifying that the aerogel has reached its saturation point. Although it showed a slightly reduced absorption rate compared to WOPW, it still exhibits significant potential for oil absorption.
The observed differences in absorption capacities between WOPW and WOPP could be attributed to the distinctive properties of their respective coatings. The inherent characteristics of the WOPW aerogel, coupled with its surface properties, likely contribute to its rapid and superior absorption performance. On the other hand, the PCL-coated WOPP aerogel, while slightly less absorbent, still represents a promising option for oil absorption applications.
Comparing the absorption capacity of our aerogels with those previously reported, such as the works by Yi et al. (2020), Wang et al. (2019), and Xu et al. (2019), it is evident that their capacities may not be the most outstanding. These reports have shown absorption capacities exceeding 20 g/g, attributed to lower densities and higher porosities of the aerogels used in their studies. It is important to acknowledge that cellulose derived from other sources was utilized in these works.
However, it is crucial to highlight the primary objective of our study, which is to leverage waste paper as a sustainable and environmentally friendly resource. The focus here is on repurposing waste paper, a significant factor in environmental pollution, and transforming it into high-performing aerogels with oil-absorbing capabilities. By utilizing waste paper, we can effectively address environmental concerns while producing valuable materials for oil spill response and other related applications.
Considering the environmentally conscious aspect of our approach, the achieved absorption capacities of 6.1 g/g for WOPW and 4.88 g/g for WOPP are indeed commendable. These aerogels demonstrate efficient oil absorption rates, making them promising candidates for practical applications, especially when rapid and effective oil cleanup is essential.
Stability and degradability tests in water were conducted to assess the viability of the aerogels, as illustrated in Figure 9. Remarkably, after 3 days immersed in an aqueous medium with continuous agitation, these aerogels exhibited a stability fivefold greater than that of cellulose aerogels. It is noteworthy to consider that, in their proposed use {of static filters, they would not be subject to the continuous wear and tear caused by agitation. Nevertheless, given their biodegradable origin, it is reasonable to anticipate a considerable degradation over a relatively short time frame.
[image: Figure 9]FIGURE 9 | Aerogel degradation in aqueous media, WOP-based (black line), WOPP (red line) and WOPW (blue line).
Therefore, the results of this study provide a solid foundation for developing sustainable and eco-friendly solutions for managing oil spills and similar environmental challenges. While there may be aerogels with higher absorption capacities in the literature, our work significantly contributes to the advancement of eco-conscious materials derived from waste paper, paving the way for a greener and more sustainable future.
4 CONCLUSION
In this work, super hydrophobic cellulose-based aerogels were obtained. The low density, high porosity, and remarkable adsorption properties make them attractive candidates to be employed in water/oil separation. The Candelilla wax coating effectively decreased cellulose’s intrinsic hydrophilicity, achieving a contact angle larger than 120°. The Candelilla wax-coated aerogel showed a 6.1 g/g absorption capacity for mineral oil and a fibrillar structure. Further studies analyzing the behavior of the aerogel with other solvents are needed. Also, some conditions could be varied to obtain lower densities. However, this first attempt to use a natural and endemic resource as a coating shows promising results. Overall, the findings demonstrate that candelilla wax is a potential coating for cellulose aerogels, and its behavior could be explored deeply to find a natural alternative and avoid the side effects of using conventional coverings.
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