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Abstract: As oil is now an important resource for the survival and development of mankind, the consumption of oil continues to increase each year, and there have been a number of major oil spills in history, such as the oil spill from the Deepwater Horizon drilling rig. Therefore, oil spills during storage and transportation have become an issue of serious concern. Current methods such as incineration and chemical methods cause secondary environmental pollution and fail to enable resource recovery. The adsorption method by porous materials has attracted worldwide attention due to its simplicity, portability, and efficiency. It has become an important factor to explore how porous adsorption materials can adsorb efficiently and reduce environmental pollution. Biomass resources are abundant, cost-effective, biodegradable, and sustainable, which have been extensively explored for the production of porous materials. Herein, recent advances in cellulose-based, chitosan-based, wood-based and other biomass-based oil-absorbing porous materials are summarized, and cellulose-based porous materials, such as nanocellulose, bacterial cellulose, and regenerated cellulose and their related derivatives, are further expanded. In addition, typical environmentally friendly manufacturing methods and the oil adsorption capacities of various oil-absorbing porous materials are also discussed. Compared with the traditional petrochemical adsorption materials, the development advantages of biomass porous oil absorption materials are analyzed. The reasons hindering the popularization and use of oil-absorbing biomass materials are summarized and the future application fields are prospected.
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1  Introduction

Rapid industrialization is having a negative impact on the global environment [1,2], with pollution of marine ecosystems becoming increasingly serious. As global demand for oil and its derivatives grows, the discharges of oil and its by-products [3,4] as well as oil-containg domestic and industrial effluents [5,6] during storage and transportation resulted in irreversible damage to the marine ecology and public health [7–9]. Therefore, the treatment of oily wastewater is an urgent problem that needs to be solved. Generally, the treatment methods to deal with the above incidents generally include incineration [10–12], containment using oil booms to limit spread [13–15], recovery with mechanical skimmers [16–18], and oil dispersion using chemical dispersants [19,20], and others. However, these methods may lead to secondary contamination or wasted resources during incident handling. In contrast, adsorption is a preferred option due to the avoidance of secondary pollution. The unique pore structure of porous materials makes a significantly large specific surface area, which results in the excellent absorption of liquid substances. The structure of oils consists mainly of hydrophobic groups that have non-polar or weak polar properties and have relatively weak intermolecular interactions. The porous materials can be effectively used for oil adsorption through physical adsorption through hydrophobic modification using non-polar monomers. Adsorbent materials are able to adsorb oil and its derivatives from water efficiently and easily, making them a focus of research [21–25].

Industrially produced oil-absorbing materials are mainly derived from petrochemical-based polymers (polyacrylamides, polyurethanes, graphenes, etc.). Bentini et al. [26] mixed powder of polyvinylidene difluoride (PVDF) and expanded graphite (EGr) at a mass ratio of 7:1 to form a homogeneous mixture, which was heated and cooled at room temperature to obtain PVDF/EGr porous material with an average oil absorption capacity of 12 g/g. Visco et al. [27] investigated polyurethane foams filled with different numbers of carbon fibers and found that their selective oil absorption was improved at an optimal filling level of 1 wt% and that their contact angle with water varied with the number of fillings, ranging from 111° to 114°. Nevertheless, most petrochemical-based adsorption materials come from non-renewable resources such as oil and natural gas, and their manufacturing process generates large amounts of wastewater and exhaust gases, resulting in severe environmental pollution. In addition, due to their poor compatibility, these materials are not easily decomposed and degraded, causing serious disposal problems when the upper limit of use is reached. Accordingly, the use of conventional petrochemical-based adsorption materials in conbating oil spills and other oil pollution problems is bound to have adverse effects on the environment.

Compared to petroleum-based materials, porous biomass materials exhibit excellent environmental compatibility and sustainability. In addition, porous biomass materials possess a significant advantage in terms of biodegradability [28,29], which, to a certain extent, can reduce the environmental problems caused by the waste of materials. Therefore, the utilization of biomass resources to develop environmentally friendly oil-absorbing porous materials and reduce dependence on petrochemical products has emerged as a new research focus [30]. Natural polymeric materials such as cellulose, chitosan, and wood derivatives are currently attracting global attention from researchers due to their easy availability, low cost, and excellent performance in oil-water separation. These materials can be used in various applications such as oil absorbents and oil-water separation membranes, providing efficient oil and pollutant removal from water with good adsorption and separation properties. Furthermore, the favorable biocompatibility and degradability of natural polymeric materials result in minimal environmental impact [31,32]. They help reduce waste through natural degradation or recycling, thereby promoting the development of a sustainable circular economic system. Therefore, focusing on the research, development and application of natural polymeric materials is of significant importance, contributing to the protection of the marine ecological environment, human well-being and economic development [33]. Table 1 shows the characteristics, advantages, and disadvantages of the popular oil-absorbing porous materials.
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2  Cellulose-Based Oil-Absorbing Porous Materials

Cellulose, a macromolecular polysaccharide composed of glucose with the molecular formula (C6H10O5)n (Fig. 1), is widely available [40] and naturally renewable. There are a variety of cellulose resources worldwide, such as straw, reeds, etc. The porous cellulose-based materials, which can be prepared with nanocellulose, hydroxyethyl cellulose, bacterial cellulose, etc., possess high specific surface area and are easy to modify [41–43] in an environmentally friendly manner. However, its polyhydroxy structure results in poor oil selectivity [44], which requires control of the oil-water selectivity of cellulosic porous materials.
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Figure 1: Molecular structure of cellulose

2.1 Nanocellulose-Based Oil-Absorbing Porous Materials

At present, the Technical Association of the Pulp and Paper Industry (TAPPI) and other organizations [45] propose that nanocellulose can be divided into the following three categories: (1) cellulose nanocrystals (CNC), (2) microfibrillated cellulose (MFC), (3) bacterial nanocellulose (BNC). Researchers have shown great interest due to its hydrophilicity, renewability, biocompatibility, and excellent mechanical strength [46–48]. Chatterjee et al. [49] prepared porous materials (CNCA) using the ice template method by combining an aqueous suspension of CNC with polyethyleneimine (PEI) and an epoxy cross-linker. Then, chemically modified graphene sheets (GrEs) were attached to the surface of the porous material by the dip-coating method to obtain a CNC/graphene porous material (GCNCA). GrEs only improved the surface hydrophobicity of the material, without affecting its porosity and elasticity. The absorption of non-polar organic solvents ranged from 25 to 58 g/g, which showed selective oil absorption and maintained good oil absorption even after 100 times of extrusion-expansion. Chen et al. [50] added cellulose nanofibers (CNF) to a mixed bacterial suspension, followed by the addition of sodium alginate for stirring, freezing, and subsequent cross-linking with a Ca2+ solution to produce CNF@aerogel microspheres. An epoxy-acetone solution was configured and sprayed on the surface of CNF@aerogel by a simple spray bonding method to uniformly attach the MHNTs and Fe3O4/MHNTs and obtain a nucleoshell structure with a core-shell structure for the porous biomass material. This material exhibited a hydrophobic angle of up to 134°, which could be used for selective oil adsorption and magnetic recovery. Meanwhile, it showed strong tolerance under different pH and salinity conditions. Gong et al. [51] provided a method to prepare porous hydrophobic aerogels with cellulose nanocrystals (CNC) supported by polyvinyl alcohol (PVA), followed by thermochemical vapor deposition of methyltrichlorosilane on the surface. The maximum contact angle of this material could reach 144.5°, the porosity was more than 97.7%, and the absorption capacity can reach 32.7 times the original weight. Zhang et al. [52] treated kapok fibers with sodium hydroxide (8 wt%) at 100°C for 1 h, then washed them with deionized water to neutrality and drained them at 60°C for 24 h. The obtained kapok fibers were treated in a valley beating machine for 40 min and then homogenized in a high-pressure homogenizer to obtain kapok cellulose nanofibrils (KCN). The aqueous KCN suspension was dispersed and the pH was adjusted to 4. Then 0.2 wt% vinyltrimethoxysilane (VTMO) was added with continuous stirring for 2 h. Finally, the modified porous material was freeze-dried (Fig. 2). The prepared materials possessed superhydrophobicity with a maximum hydrophobicity angle of up to 150.5° and exhibited an excellent oil-absorption capacity in the range of about 126.8 to 320.4 g/g.
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Figure 2: Schematic diagram of the preparation process of Kapok cellulose foam. Adapted with permission from Reference [52], Copyright © 2021 Published by Elsevier Ltd.

2.2 Bacterial Cellulose-Based Oil-Absorbing Porous Materials

Bacterial cellulose (BC), a water-soluble polysaccharide produced by bacteria, is mostly ribbon-shaped and has a dense fibrous structure with excellent mechanical properties and inherent biodegradability [53–56]. Compared to plant cellulose, BC is an important environmental protection material [57,58] and offer unique properties such as higher crystallinity and purity. BC is usually synthesized by mechanical crushing and atmospheric drying [59], and the BC prepared by treating vinegar residue hydrolysate with activated carbon exhibits higher fiber density, crystallinity and good thermal stability [60]. Men et al. [61] used the in-situ polymerization method to prepare BC-DMC porous materials by adding only 2-(methacryloyloxy) ethyltrimethyl ammonium chloride (DMC) and AIBN as initiator. The addition of DMC ensured the original porous structure while enhancing the hydrophobicity and antibacterial properties of BC. The maximum oil absorption capacity for various oils exceeded 30 g/g, and after several cycles, an oil absorption capacity of over 20 g/g could still be achieved. He et al. [62] used BC as raw material and 1,2,3,4-butanetetracarboxylic acid (BTCA) as catalyst, which not only acted as a catalyst, but also could undergo esterification reaction with BC.

BC with improved elastic and hydrophobic properties can be prepared by thermochemical vapor precipitation modification. The resulting material can quickly recover after compression and be separated by simple mechanical extrusion after absorbing oil, providing a new way to prepare BC aerogels with high elasticity and hydrophobic ability. This material is easily collected by external magnets, with excellent recyclability, which can be reused at least 10 times and still maintains the highest adsorption capacity (silicone oil has a high value of up to 181 g/g). Yan et al. [63] prepared porous materials with elastic compressibility and high oil absorption by freeze-drying an aqueous suspension with appropriate BC concentration and then performing chemical vapor deposition of methyltrimethoxysilane using ammonia as a catalyst. The maximum contact angle of the modified material could reach 142° and the adsorption capacity of oil was 121.8 to 284.1 g/g, which is a new idea to solve the problem of oil spills in industry. He et al. [64] obtained self-assembled bacterial cellulose aerogels (BCAs) by freeze-drying. Meanwhile, silica sols were prepared by a one-step catalytic process using methyltriethoxysilane (MTES) as a precursor. MTES, H2O, ethanol and acetic acid were mixed at a molar ratio of 1:4:6:0.8, and dilute ammonia was added dropwise to promote gelation. Finally, the freeze-dried BCAs were impregnated in the sol for 30 min and aged in ethanol for 24 h. The BCAs/SAs were obtained by freeze-drying. BCAs/SAs exhibited a remarkable hydrophobicity with a contact angle of 152° and exhibited favorable lipophilicity generated by methyl groups on the surface of the silica gas gel filler. Due to their layered cell structure, BCAs/SAs exhibited good resilience and excellent oil absorption capacity, which makes them promising for various applications in oil absorption, oil production, and oil-water separation (Fig. 3).
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Figure 3: (a) Illustration of the whole synthetic steps of BCAs/SA composites: the BCAs obtained by flexible BC nanofibers were impregnated into MTES-derived silica sols under vacuum and finally assembled into BC/SAs after freeze-drying; (b) Schematic of the dehydration reaction between hydroxyl groups on BC fibers and silica aerogels. Adapted with permission from Reference [64], Copyright © 2017 Published by Elsevier B.V.

2.3 Regenerated Cellulose-Based Oil-Absorbing Porous Materials

Materials based on regenerated cellulose are obtained from renewable natural cellulose and are converted into cellulose solution and its derivatives only by changing their physical structure [65,66]. This process primarily involves dissolution-regeneration [67,68] and lead to the production of high-performance, environmentally friendly materials based on regenerated cellulose [69–72]. These materials facilitate the creation of a biodegradable porous adsorption material that provides a new direction for the regeneration and utilization of biomass waste and enables the functional application of porous materials based o regenerated cellulose in the field of water treatment.

Zhang et al. [73] effectively used freeze-drying and hydrophobic modification techniques to obtain new functional regenerated cellulose-based materials through the reaction of discarded cigarette filters and polyvinyl alcohol. The highly porous foam material had a water contact angle range of 91.9° to 126.2° and could be used as an oil adsorbent for wastewater treatment. Du et al. [74] provided a new method for constructing a porous structure of a hydrophobic sponge based on regenerated cellulose. In this method, methyltrichlorosilane was used as a silanizer, and the porosity (up to 87.46%) was regulated by toluenesulfonylhydrazine to achieve the regeneration of cellulose xanthate. After several measurements, the water contact angle was stable at 140°~145°. Xu et al. [75] dissolved pulp cellulose in a solution of tetraethylammonium hydroxide (TEAOH)/urea/H2O and obtained regenerated cellulose microstructures (RCMSs) with a pore size of micro/nanoscale through an emulsion-solidification-drying process, to synthesize microporous materials with high stability and high porosity (Pr, 90%~93%), which could be used for the separation and purification of oily wastewater. Ma et al. [76] prepared natural microfibers/regenerated cellulose (NM/RCA) directly from hardwood pulp by mixing N-methylmorpholine-N-oxide monohydrate (NMMO·H2O) with deep eutectic solvent (DES) to form a co-solvent. The new carbonized microfiber aerogel had a water contact angle of 151.5°. It had excellent properties such as high-temperature resistance, high adsorption rate and high resilience. The recovery rate was 80.5% after several cycles, demonstrating the wide application of new regenerated cellulose-based in the separation and purification of oil/water pollutants (Fig. 4).
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Figure 4: (a) Schematic illustration of the fabrication of the natural microfibrils/regenerated cellulose-based carbon aerogel (NM/RCA); (b) The reaction mechanism of NM/RCA. Adapted with permission from Reference [76], Copyright © 2023 Published by Elsevier B.V.

2.4 Oil-Absorbing Porous Materials Based on Other Cellulose

Xu et al. [77] proposed a room temperature cellulose-grafted epoxidized soybean oil (ESO) to efficiently produce natural porous materials based on whole biomass. The cellulose aerogel modified by epoxidized soybean oil has a maximum contact angle with water of 132.6° and good hydrophobic properties. Setyawan et al. [78] prepared hydrophilic cellulose aerogels (~97.5%) with a water contact angle of 137° from low-cost coconut shell fiber by alkali-urea and freeze-drying method. Cellulose aerogels are characterized by low density (ρ = 0.047 g/cm−3), high porosity and high flexibility. The surface is modified by a silanizing agent (TMCS or HMDS), and the hydroxyl group on the surface is replaced by the trimethylsilyl group, which can make the aerogel surface hydrophobic. The modified cellulose aerogel has good elasticity, near-superhydrophobicity, and has great application potential in oil spill recovery. Li et al. [79] successfully prepared a new type of cellulose aerogel by using cellulose oxidation, crosslinking, freeze-drying and cold plasma modification. Its water contact angle was up to 152.8° with excellent oil/water selectivity and high absorption capacity for various oils and organic solvents up to 28.20 g/g, which was expected for use in the field of oil and organic solvent leakage cleaning and oil-water separation. Liu et al. [80] proposed a sol-gel method with freeze-drying and hydrophobic surface modification to prepare bamboo cellulose foam with special wetting properties. The water contact angle of bamboo cellulose foam was 160°. Due to the three-dimensional network structure of the superhydrophobic bamboo cellulose foam and the synergistic effect of its hydrophobic components, it exhibited excellent oil absorption performance of 11.5 to 37.5 g/g and good recyclability for various types of oil. After 10 cycles, the absorption capacity of oil (1,2-dichloroethane) was up to 31.5 g/g, which expanded the possibility of separating oily wastewater by super-wetting interface materials and stimulated the new idea of oil-water separation under harsh conditions, and promoted the development and application of natural bamboo cellulose. Lang et al. [81] dispersed cellulose in a mixed solution of NaOH/urea/H2O (weight ratio 7/12/81), then added MBA (N,N′-methylenebisacrylamide) to the completely dissolved cellulose solution and stirred at room temperature for 5 h, and when the MBA was completely dissolved, a certain amount of tannin was added at a time, and stirring was continued for 1 h. The solution was left for 6 h to form a hydrogel. The obtained solution was kept stationary for 6 h to form a hydrogel, followed by dialysis until the pH of the dialysis medium was neutral, and then freeze-drying was performed to obtain the porous material. Its water contact angle was 163° ± 1°. PCMT exhibited a three-dimensional interpenetrating porous structure and excellent oil absorption capacity with good adaptability in complex environments (Fig. 5).
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Figure 5: (a) Illustration of the chemical structure exposed on the PCMT surface; (b) Contact angle of water on the PCMT surface; (c) Absorption of n-hexane in the PCMT; (d) Absorption of dichloromethane in the PCMT under water. Adapted with permission from Reference [81], Copyright © 2024 Published by Springer Nature.

By introducing hydrophobic groups on cellulose molecules or using CVD to treat cellulosic porous materials, the amphiphilicity of cellulosic porous materials can be regulated to give the materials higher oil selectivity and improve oil absorption efficiency. However, the above methods still have a lot of room for improvement in terms of mechanical strength and adsorption efficiency. At the same time, there are also problems such as high costs and difficulties in industrial production.

3  Chitosan-Based Oil-Absorbing Porous Materials

Chitosan is the only alkaline polysaccharide in nature. The molecular weight of the monomer is about 161.2, and the molecular structure is shown in Fig. 6. It is a non-toxic and harmless natural polymer material with good adsorption, biocompatibility, and environmental friendliness, commonly found in exoskeletons of crustaceans and insects [38,82,83].
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Figure 6: Molecular structure of chitosan

Li et al. [84] provided a strategy for absorbing highly viscous oils. Essentially, polyaniline and Fe3O4 were used to prepare magnetic and conductive chitosan composite aerogel adsorbent, which can generate heat through an alternating magnetic field. After hydrophobic modification, this absorbent could repeatedly absorb high-viscosity oil with an absorption capacity of 21 g/g. The surface of the modified aerogel changed from hydrophilic to hydrophobic, and the maximum contact angle between the material and water was 121°, which enabled the aerogel to absorb non-polar oil. Si et al. [85] used a metal framework (ZIF-8) with high crystallinity and large surface area to effectively prepared an ultra-light double-mesh cellulose nanofiber/chitosan-based aerogel with high adsorption capacity for oil and organic solvents through physical entanglement and scalable freeze-drying methods. Then, hydrophobic modification was realized by using methyl trimethoxysilane. Its maximum contact angle with water was 132.6°, and the maximum oil absorption capacity could reach 74.55 g/g through the oil absorption capacity test. After several cycles, it still maintained high durability, allowing potential material selection for subsequent engineering applications. Yin et al. [86] constructed a magnetic porous template based on CS, itaconic acid, and Fe3O4 nanoparticles (FeNPs) with electrostatic interaction in water, and then freeze-dried it. The by polydimethylsiloxane (PDMS) modified product exhibited excellent hydrophobicity after freeze-drying, with a maximum contact angle with water of 147.1° and an adsorption capacity of up to 22.38 g/g. Wang et al. [87] mixed CS/acetic acid solution with aminoethyl-β-cyclodextrin-sodium phytate (a-cd-stp) solution to prepare a CTCS sponge, and then immersed it in citric aldehyde/ethanol solution (1%, v/v) to synthesize CCTCS sponge. After drying at room temperature, it was soaked in palmitic acid/ethanol solution at different temperatures and dried to obtain the ACCTCS sponge. The experimental results showed that the modified sponge had ideal mechanical properties and strong hydrophobicity, with a water contact angle of 147.8° and a high organic matter absorption capacity. After 10 times of adsorption-desorption, the oil removal rate could reach >26.2 g/g, which is a new solution for industrial oil-water separation. Su et al. [88] used TPP/citral cross-linking and octadecanethiol to modify chitosan aerogel to obtain a kind of superhydrophobic MCTCS sponge. The highly porous structure and coherent porous structure allowed it to absorb 60 times its weight of oil, enabling continuous and repeated recycling. Yi et al. [89] used directional freezing technology to freeze-dry and silanize chitosan-based aerogels, giving them a highly porous structure and anisotropy. Silane-modified CS aerogels showed a significantly higher water contact angle of 152.3°, and the maximum oil absorption could reach 63 g/g. Kordjazi et al. [90] prepared a high-efficiency water/oil separation filter cotton fabric coated with chitosan/acrylamide hydrogel coated using ammonium persulfate (APS) as a thermal initiator and polyacrylamide monomer (MBA) as a crosslinker. It was tested with a water contact angle of 156° and a porous structure. It had high stability in an alkaline environment (seawater), and could effectively separate water and oil mixtures with a separation efficiency of 98%. Guan et al. [91] dissolved chitosan (CS) in acetic acid (HAc) solution to obtain a homogeneous CS/HAc solution. Cuttlefish ink was added to the above solution and stirred for 30 min to obtain a homogeneous black solution. To this solution, (3-glycidyloxypropyl) trimethoxysilane (40% mass ratio to CS) was added and stirred at 60°C for 1 h to complete the cross-linking process. Directional freezing was then performed for 15 min followed by sublimation in a freeze dryer at −50°C for 48 h to form directional tubular channel structures. Superhydrophobic photothermal PDMS-Ink@CS aerogels were prepared by immersing the obtained Ink@CS aerogels into a mixed PDMS/isopropanol solution for about 10 min, followed by reaction at 80°C for 2 h. PDMS-Ink@CS aerogel had good photothermal conversion and oil adsorption capacity, which could realize the continuous extraction of crude oil on the sea surface. PDMS-Ink@CS aerogel had the best oil absorption rate when the thickness was about 6 mm, and its adsorption capacity for various oils or organic solvents was between 20 and 32 g/g. For the adsorption of highly viscous crude, PDMS-Ink@CS aerogels could adsorb 18 times of their own weight of crude oil under sunlight of 1 kW/m2, and the crude oil could be easily recovered by extrusion (Fig. 7).
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Figure 7: Schematic diagram of the preparation for the PDMS-Ink@CS aerogel. Adapted with permission from Reference [91], Copyright © 2023 Published by Elsevier B.V.

The methods mentioned above all utilize chitosan as a raw material to produce oil-absorbing porous materials. Hydrophobic modification treatment improves the adsorption performance and reusability of oil-water mixtures, achieving cost-effective and efficient oil-water separation. This provides a new scheme for the large-scale production of high-performance oil-absorbing porous materials from biomass resources.

4  Wood-Based Oil-Absorbing Porous Materials

Wood has received extensive attention due to its rich hierarchical porous structure and unique anisotropy, adopting a ‘top-down’ or ‘bottom-up’ strategy to precisely regulate the chemical composition, pore structure, and surface wettability of wood [39,92–94]. This not only provides a new perspective for the development of high-performance oil-water separation materials, but also opens a new path for technological innovation and progress in this field.

The polyalkylsiloxane is preferred for the hydrophobic modification of wood-based biomass. Zhu et al. [95] used methyltrimethoxysilane (MTMS) to modify natural renewable balsa mood aerogel. The maximum contact angle of the obtained material with water could reach 151.8°, and the adsorption of CH2Cl2 could reach 25.1 times. However, Zhao et al. [96] proposed a simpler, efficient, and economical strategy for the production of polymethylsiloxane (POMS)-modified wood, so that the three main advantages of superhydrophobicity, porous structure, and intrinsic channels were combined, and the maximum contact angle between the POMS-modified wood and water was 153°, which selectively separated oil-water mixtures. Chen et al. [97] used reduced graphene oxide (GSH) and vinyl-terminated polydimethylsiloxane (V-PDMS) to modify the delignified wood to prepare superhydrophobic PDMS@GSH wood-based porous materials with Joule heat and photothermal effect of superhydrophobic PDMS@GSH wood-based porous materials, that could be separated quickly, were easy to scale, and had a maximum contact angle of up to 156° with water. This material had a wide application prospects in crude oil purification. It could also be hydrophobized by delignified wood coated with TiO2/PDMS with a maximum contact angle of 160°. Due to the photocatalysis achieved by the addition of TiO2, PDMS and petroleum impurities could be degraded, which represents a novel method for the treatment of petroleum impurities [98] (Fig. 8). Wang et al. [99] immersed the prepared wood-based aerogels in a 1 wt% PDMS/toluene solution (10:1 weight ratio of PDMS to curing agent). PDMS was then conveyed into the wood-based aerogel by vacuum, and then cured in an oven at 60°C. Excess PDMS in the cured modified wood-based aerogel was removed by washing with toluene, modified wood-based aerogels have an oil-absorption capacity of up to 20 g/g. The resulting materials could achieve oil/water separation by gravity alone, with a separation efficiency of 99.5%.
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Figure 8: (a) PDMS@TiO2 wood based material preparation process; (b) Schematic diagram of photocatalytic degradation. Adapted with permission from Reference [98], Copyright © 2022 Published by Elsevier B.V.

Du et al. [100] sprayed the prepared pH-responsive copolymer onto the compressible wood-based sponge using spraying method. The sponge could realize the surface wettability conversion between hydrophobicity and hydrophilicity at different pH values. The water contact angle of the sponge could reach 155.8° without acid and alkali treatment. After treatment with alkaline solution, the water contact angle was 151.5°. The oil absorption capacity of the wood-based sponge was 12.72 g/g, and it was recyclable. The oil-water separation efficiency was 92% and could be applied to the continuous separation of oily wastewater. Cai et al. [101] coated the surface of porous wood with cross-linked polydivinylbenzene (PDVB), which significantly improved the softness, durability, hydrophobicity, and robustness of the material. The separation efficiency of this PDVB wood film for a surfactant-stabilized water-in-oil emulsion was over 99.98%, and the contact angle with water was up to 160°. After 20 separation cycles, the separation efficiency was 99.98%, achieving high oil/water separation performance and high material recoverys. Ma et al. [102] used the porous structure of natural wood to endow natural wood with the characteristics of fire-proof superhydrophobicity through layer-by-layer construction to deal with the problems of oil leakage and chemical leakage in actual large-scale production. This wood-based material exhibited excellent oil-water separation performance (>97%) and mechanical durability. Its surface and water contact angle was 168°, reflecting superhydrophobic properties.

Zhang et al. [103] developed a wood-based mesoporous Janus membrane, which was based on the unique transpiration microchannel of wood and the synergistic effect of PPy and Ag/AgCl NPs anchored on the wood substrate. In the absence of external input, this wood-based mesoporous Janus membrane enabled highly efficient seawater desalination and switchable separation of oil and water. Meanwhile, the membrane could also adsorb organic substances with an adsorption efficiency of ≥99.51% by increasing the interaction with Ag/AgCl NPs through wood microchanneling. Cheng et al. [104] developed Ag/wood filters that utilize the in-situ precipitation of silver nanoparticles (Ag NPs) in wood. These filters simultaneously achieved the separation of oil and water and the removal of organic dyes from water with a separation efficiency of over 99%, providing a new solution for the treatment of oily wastewater.

All of the above processes use natural renewable wood as raw material to develop new wood adsorption materials for oil-water separation. By retaining the original fibrous skeleton of wood and cross-linking and assembling on its surface, the surface is provided with a high contact angle with water, to obtain wood-based porous materials with hydrophobic and oleophilic properties, which is a new idea for the preparation of new oil-absorbing porous biomass-based materials and realization of the application of natural wood resources in oil-water separation.

5  Other Biomass-Based Oil-Absorbing Porous Materials

In addition to the three biomass materials mentioned above, there are other porous biomass materials that are also suitable for crude oil extraction and oil-water separation. Hu et al. [105] prepared porous-starch/casein K+/carrageenan gel membranes by modifying porous starch, and the cumulative oil absorption could reach 87.5% in 20 min. The material had a high oil absorption capacity and was suitable for quickly extracting oil from crude oil. Jiang et al. [106] used straight-chain starch content control and pre-freezing method to adjust the structure of the starch gel at low-temperature and increase the polyelectrolyte content, thereby improving oil absorption ability of the material. This method was simpleand was intended to be applied in the field of oil-water separation. Wang et al. [107] prepared starch-based superhydrophobic porous materials by rapid impregnation of starch low-temperature gels (SC) in methyltrichlorosilane (MTS) toluene solution, which resulted in the structural formation of micro-and nano-corals from the condensation and hydrolysis of MTS, providing low surface energy. Chen et al. [108] used light-cured soybean oil-based methacrylic acid urethane and low-cost salt porous agent as raw materials to obtain bio-based porous materials through UV curing technology and salt template-assisted process. The material could quickly absorb organic solvents, and the key technologies were all low-cost, which was expected to be utilized on a large scale in the field of oil/water separation. Lu et al. [109] utilized industrial-grade polylactic acid (PA) nonwoven materials as porous membranes and attached PA nanoparticles to the membrane surface to improve the hierarchical roughness of the material surface, and the modified materials had superhydrophobic properties and oil-water separation effects. Zhang et al. [110] added regenerated beeswax and lignin to the cotton surface to achieve superhydrophobicity and superoleophilicity. The beeswax and lignin provided low surface energy and micro/nanostructures to varying degrees, and the addition of lignin further improved the thermal stability of the material and provided good adsorption of thick oil. Li et al. [111] prepared porous templates based on the natural amphiphilic oligomer violet gel secreted by the violet gummy worm, which was converted into a hydrophobic material by self-assembling into a continuous rigid network structure with a hydrophobic core, and air-dried violet aerogels were treated with silane layers. The saturated aerogel could be rapidly degraded in a strong alkaline environment (pH = 14), thus significantly minimizing the impact on the environment. Li et al. [112] prepared micro and nanofiber fabrics by fusion spouting. This material was based on PLA/PBE polymer that used polylactic acid (PLA) and propylene-based elastomers (PBE) as raw materials by mixing thermoplastics. The maximum contact angle between the prepared samples and water was 134°, which had a certain ability to separate water and oil. Aminopropyltrimethoxysilane and vinyltrimethoxysilane could also be polymerized onto PLA by in-situ polymerization to form a semi-interpenetrating silicone network structure, PLA@silicone semi-IPN fiber membranes could absorb up to 83.9 g/g of oil [113], and also exhibit high oil absorption capacity.

In summary, the rich diversity and excellent plasticity of biomass-based porous materials are evident. Different raw materials and preparation methods show different oil absorption properties and oil-water separation effects, thus offering a wider range of possibilities for different application scenarios. In-depth research and development of biomass-based porous materials is expected to provide more sustainable and efficient solutions for environmental management and resource recovery.

6  Conclusions

The traditional petrochemical-based adsorbent materials are facing the problem of waste disposal, which makes people pay attention to biomass-based porous oil-absorbent materials and highlight them as a new strategy to solve the oil spill accident. The environmental friendliness and sustainability of the preparation process are key factors that must be taken into account when researching new oil-absorbing materials. Through environmentally friendly treatment methods, waste recycling, effective treatment of wastewater, and waste gas, it becomes a more environmentally friendly and sustainable oil-absorbing material.

The research and development of biomass-based porous adsorption materials is not only the theme of green and low-carbon development in today’s world, but also a new oeak for promoting green economic growth. The natural renewability of biomass-based materials relieves the environmental burden caused by dependence on petrochemical materials. At the same time, the modified biomass fiber has higher oil absorption capacity and selectivity. These materials cannot only be applied to the treatment of oil spills at sea, but also play an important role in industrial wastewater treatment, oil transportation pipeline leakage treatment, and other fields. In addition, they can also be used in environmental areas such as soil remediation.

In summary, biomass-based porous oil absorption materials offer numerous advantages, but the properties of the material need to be improved compared to traditional petrochemical products. The reasons may be as follows: (1) The pore structures of bio-based porous materials are complex and uncontrollable, limiting their ability to effectively capture and retain oil. (2) Raw material types and treatment processes, etc., can lead to changes in the surface properties of biomass porous materials, which may further affect the oil-absorption efficiency. (3) Under extreme environmental conditions, such as an atmosphere that is too acidic or alkaline, the structure of the material may be destroyed, thereby affecting the adsorption capacity. In addition, the circulating adsorption capacity of oil-absorbing biomass fiber material is relatively low, which greatly hinders its popularization and use. The oil absorption capacity of chitosan-based porous materials is relatively low, and the adsorption capacity is not as good as that of traditional petrochemical products. The stability of wood oil-absorbing porous materials is poor, and the oil-absorption capacity is lower than that of cellulose-based materials. The preparation process of most materials with high oil absorption capacity is also expensive, which greatly affects their actual production and use. To promote the utilization of porous biomass materials, we will explore novel modification techniques and composite designs to improve their selectivity, stiffness and durability. At the same time, we will also explore methods to improve their properties in extreme environments to extend their durability. In addition, we are committed to the development of low-energy and low-pollution biomass material processing technologies, such as bio-based solvents and supercritical fluid processing technologies, to realize environmentally friendly production and utilization.
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Table 1: Characteristics, advantages, and disadvantages of different types of oil-absorbing porous materials

Type Characteristics Advantages Disadvantages Reference
Melamine  High-density Good chemical stability  Higher cost [34]
construction
High flame Light and easy to Weak chemical stability
retardancy compress
Commercialization
Expanded  Loose porous Resistant to high and low Immature technology and [35]
graphite structure temperatures limited applications
High-temperature radiation and vibration =~ Low reusability
expansion
Polyurethane High porosity Wide range of Poor oil-water separation [36]
applications efficiency
Good elasticity Tunable pore structure Higher technology costs
Carbon High mechanical High thermal and High manufacturing cost [(27]
nanotube strength mechanical stability
High thermal Excellent hydrophobic ~ Need to be combined with
conductivity characteristics other materials
Cellulose Wide range of raw Low density Weak mechanical properties  [37]
material High porosity
Porous structure ~ Biodegradability
Chitosan Wide range of raw Biocompatibility Weak chemical stability [38]
material Antimicrobial property
Alkaline natural Biodegradability Lower mechanical strength
polymer
Lignin Wide range of raw Low cost Weak adsorption stability [39]

material
Porous structure

Multilayer
structure

Good adsorption
performance
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