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Recent research has increasingly focused on finding low-cost, eco-friendly sources to produce high-quality materials. Since its discovery, graphene has garnered significant attention due to its exceptional properties. However, large-scale production of graphene remains challenging due to the expensive and harmful reagents typically used in its synthesis. Agricultural waste, a rich carbon source, offers a potential solution, with date palm trees generating substantial amounts of waste annually. This review is the first comparative study that systematically explores graphene materials derived from date palm trees, date seeds, and date syrup, emphasising their environmental applications. The paper begins by explaining the basics of graphene and various synthesis approaches from solid waste and different derivatives. It covers the properties of graphene and how various parameters can alter these characteristics. The primary focus is on the synthesis, characterization, and properties of graphene derived from date palm waste. A comparative analysis of graphene derived from date palm versus oil palm is also provided. The environmental applications of graphene produced from date palm waste are discussed in detail. Additionally, the paper outlines the prospects and future opportunities for producing graphene from date palm waste. In summary, graphene materials derived from date palm waste showed superior properties and exceptional adsorption capacities in pollutant removal. Although research in this area is still in its early stages, the pressing need for sustainable graphene production methods is expected to drive significant advancements in this field and this pioneering review can provide a roadmap for researchers.
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1 INTRODUCTION
The high cost and the lack of sustainable graphene limit its use in applications that require large-scale manufacturing and supplies. Recently, biomass has drawn a lot of interest because it can be converted into useful carbon-based compounds (Idris et al., 2023; Joshi et al., 2023). Biomass is a plentiful and natural source of carbon. A high carbon content ranging between 45 and 55 wt. % is found in a variety of biomass forms, such as municipal solid wastes, plant leaves, grass and agricultural and food residues (Urzúa et al., 2024). Different types of carbonaceous materials can be prepared from different types of biomass such as carbon quantum dots (Hao et al., 2023), graphene quantum dots (GQDs) (Abbas et al., 2023), carbon nanofibers (Gao et al., 2023), carbon nanotubes (Yang et al., 2024) and graphene (Safian et al., 2023).
Depending on the biomass source, biomass materials have different compositions. Nonetheless, the composition is mostly composed of cellulose, hemicellulose, and lignin. The characteristics of the resultant carbonaceous materials based on biomass are influenced by process conditions, including pressure, heating rate, residence time, temperature, and kind of feedstock. Different combinations of process conditions result in different properties, including porosity, surface area, and surface functional groups (Idris et al., 2023). Carbon-based nanomaterials, such as graphene and its derivatives, can be produced from agricultural waste that contains a lot of carbonaceous cellulose (Li L. et al., 2024). Many agricultural wastes have been studied as raw materials for the production of graphene and graphene-based materials such as paddy straw (Chaturvedi et al., 2022), coconut shell and coconut coir (Tamilselvi et al., 2020), wheat straw (Dawood Saleh et al., 2023), corncob (Tinh et al., 2023), sugar beet bagasse (Faghiri and Ghorbani, 2020), sugarcane dry leaves (Thangaraj et al., 2024) and oil palm empty fruit bunch (Mahalingam et al., 2022).
One of the first plants that people ever cultivated is the date palm (Phoenix dactylifera). It is a member of the Palmae (Arecaceae) family and is a tropical and subtropical tree (Saleem et al., 2023). Each date palm tree generates roughly 40 kg of waste from leaves, surface fibres surrounding the trunk and fruit-bearing bunches per year (Galiwango et al., 2017). Therefore, in countries where there is a large number of date palm trees, this waste causes environmental problems. According to Scopus, there is a total of 1,654 research documents in the area of graphene and biomass (between 2009 and 2023), and 225 research documents with keywords of graphene and agricultural waste (between 2013 and 2023). While there are about 174 research documents with keywords of graphene and oil palm (between 2013 and 2023), there are only 11 in the area of graphene and date palm (between 2017 and 2023). Statistics of research documents and trends are shown in Figure 1. These statistics clearly indicate that studies in the area of producing graphene from date palm waste are not well investigated yet.
[image: Figure 1]FIGURE 1 | (a) Total number of publications and (b) trend in publications between 2013 and 2023 using the keywords “graphene”, “biomass”, “agricultural waste”, “oil palm” and “date palm”.
Some reviews have been published in the area of biomass-derived graphene and graphene-like materials (Ouyang et al., 2021), using agricultural waste to produce graphene and its derivatives (Li L. et al., 2024), graphene synthesis from lignocellulosic biomass (Ahmad Farid and Andou, 2022) and the synthesis of carbon nanoparticles from materials derived from oil palm byproducts (Zakaria et al., 2022). However, to date, there is no review paper focusing on the synthesis and reduction of graphene materials using date palms. The objective of this review paper is to provide a comprehensive analysis of the recent studies in synthesizing and reducing graphene materials using different date palm parts. The paper detailly investigates the different preparation methods used in producing graphene materials from date palm, the results of characterization tests used to study the surface of the produced date palm-derived graphene as well as its performance in environmental applications. Challenges and opportunities in the synthesis and reduction of graphene materials using date palm waste are also discussed. This novel review sheds light on the opportunity of utilizing this abundant type of agricultural waste and open the doors for more research in the area of converting date palms into valuable materials for different applications.
2 OVERVIEW OF DATE PALM AND GRAPHENE
2.1 Date palm overview
In dry and semi-arid regions, especially in the Arab world, date palm is a significant crop (Saleem et al., 2023). Frequently, the plant grows from a single root system as a clump of one or more trunks, although it can also grow as a single tree. It is around 15–25 m tall tree and the leaves are 3–5 m long. It has 150 leaflets that are roughly 30 cm long and 2 cm wide (Alkhalaf et al., 2023). In addition to being an essential source of food for humans and animals, other date palm components are used in chemistry, medicine, pharmacognosy, and building industries (Kwaasi, 2003). The chemical analysis of different parts of the date palm tree is presented in Table 1. It shows a high percentage of carbon and oxygen. The date seed consists of 44.1 wt. % carbon and 48.3 wt. % oxygen. While the date palm leaf contains a higher carbon percentage of 50.4 wt. %, the stem contains a lower carbon percentage of only 38.1 wt. % (Hussain et al., 2014). The date palm tree has an extremely hard body that allows it to endure dry and harsh conditions and even grow again after fire damage (Tahir et al., 2020).
TABLE 1 | Chemical analysis of different date palm parts (Hussain et al., 2014).
[image: Table 1]Globally, one million hectares are used for date palm tree farming. Date palms are believed to occupy approximately 3% of the world’s cultivable land (Tahir et al., 2020; Younis et al., 2023).
Date fruit is sold as a high-value product all over the world, and in most arid regions, it is considered a crop of significant importance (Chandrasekaran and Bahkali, 2013). It is reported that there are between 100–120 million date palm trees in the world and 70%–90% of them are present in the Middle East and North Africa region (Makkawi et al., 2019). An estimated 25–30 kg of waste is produced by each date palm tree from leaves and surface fibres surrounding the trunk. Moreover, there is another 10–15 kg from the fruit-bearing bunches. Every year, about 4 million tons of date palm waste is produced worldwide (Figure 2) (Galiwango et al., 2017). Furthermore, the Middle East and North Africa (MENA) region produces more than 2.7 million tons of waste yearly. After harvesting of palm trees, a lot of residues build up in agricultural areas every year. Leaves, midrib base or petiole, leaflets, spadix stems, mesh, pits, and rachis are examples of these residues (Manai et al., 2024).
[image: Figure 2]FIGURE 2 | Total approximate number of date palm trees and the approximate global annual date palm waste.
Date palm wood, leaves, and stems are considered agricultural waste with a lot of potential for use as polymeric matrix reinforcement (Bezazi et al., 2024). The fibers from date palms exhibit remarkable qualities, such as low density and excellent inherent mechanical qualities. It is also cheap, plentiful, biodegradable, and renewable (Chkala et al., 2024). Natural fibers are becoming more and more popular due to the growing demand for more renewable and green resources. Natural fibers such as flax, sisal, kenaf, pineapple, oil palm fiber, and date palm have become more well-known as possible reinforcement for composite materials. The basic building blocks of a natural fiber are stiff, crystalline cellulose microfibrils covered in an amorphous matrix composed of hemicellulose and lignin (Al-Awa et al., 2023; Sarmin et al., 2023). Cellulosic polysaccharides, which have good binding properties, make up around 44% of the date palm tree’s fibers, followed by hemicellulose (26%), lignin (11.5%), and wax, fat, pectin, and inorganic substance lignin (18.5%) (Supian et al., 2021). Natural fiber composites find use in the furniture, automotive, building, and packaging industries (Abdellah et al., 2023). Utilizing date palm fibers and leftover cardboard, a unique thermal and acoustic insulating material was developed that can reduce energy use, enhance thermal comfort in buildings, and minimize greenhouse gas emissions (Benallel et al., 2024). Furthermore, the reinforcing material for the bumper beam was selected to be date palm fibers. The most crucial part for passenger safety in cars is the bumper beam. Using the hand lay-up approach, date palm reinforced epoxy composites and Kevlar were combined to make specimens with different weight percentages. Better boost in tensile strength and tensile modulus was demonstrated by the manufactured specimen (Muthalagu et al., 2021). An analysis of the mechanical properties of several date palm fiber kinds found in the Middle East revealed that the average tensile strength of date palm fiber is 135 ± 44 MPa, and ranges from 97 to 196 MPa. On average, Young’s modulus is 4.6 ± 0.6 GPa, however, it can vary from 2.5 to 5.4 GPa. These average qualities are far superior to typical building materials which highlight the possible use of date palm fiber in composites (El-Shekeil et al., 2024).
2.2 Overview of graphene and its derivatives
A single-layer, two-dimensional carbon-based nanomaterial is called graphene. It is made up of carbon atoms that have undergone sp2 hybridization and are structured like a honeycomb. (Joshi et al., 2023; Kumar et al., 2023; Manikandan and Lee, 2023). Graphene’s sp2-hybridized carbon atoms leave a free pz orbital that is perpendicular to the plane. Three sp2-bonded carbon atoms make up the honeycomb lattice of graphene (Figure 3a) (Tucek et al., 2018). Two equivalent sub-lattices of carbon atoms make up each unit cell in graphene. These sub-lattices are connected by σ bonds (Balasubramanian and Chowdhury, 2015). Covalent bonds between all atoms are formed by in-plane σ-bonds (sp2 orbitals) and π-bonds (2p orbitals) that are oriented perpendicularly to the basal plane (Figure 3b) (Joshi et al., 2023).
[image: Figure 3]FIGURE 3 | (a) Representation of the honeycomb lattice of graphene (Reproduced with permission from Balasubramanian and Chowdhury, 2015 ©Royal Society of Chemistry), (b) sp2 hybridization in graphene (Reproduced with permission from Tucek et al., 2018 © Royal Society of Chemistry), (c) structure of different graphene derivatives (Reproduced with permission from Chung et al., 2021 ©Wiley; Balqis et al., 2023), and (d) values of different graphene’s mechanical, thermal, electrical, and optical properties.
Graphene was discovered in 2004 by Novoselov et al. The groundbreaking discoveries of compounds of hybridized carbon with sp2 such as graphene, carbon nanotubes, and C60 opened completely new areas of study. Graphene appears to have the most potential within the carbon nanomaterial family because of its remarkable electronic, optical, magnetic, mechanical, and thermal characteristics. Because of its multilayered three-dimensional (3D) structure and two-dimensional (2D) lattice, graphene is believed to be the most layered and stable substance ever known. In the last several years, there has been an accelerated number of studies devoted to different aspects of graphene (Joshi et al., 2023; Kumar et al., 2023; Manikandan and Lee, 2023). Carbon-based nanomaterials, including graphene, fullerenes, and carbon nanotubes, have garnered a lot of attention due to their numerous applications. These materials find application in numerous fields, including chemical engineering, photochemistry, optical, sensors, mechanical, electrical, biocompatible materials, adsorption technologies, photocatalysis, energy storage, thermal management, and biomedical applications (Kumar et al., 2023).
Even though pristine graphene has many special qualities, employing it in its native form can be difficult because of its low solubility and quick aggregation in the solution because of van der Waals interactions. Consequently, to preserve the special qualities of pure graphene and to benefit from alterations such as the surface having a functionalized oxygen group in the case of graphene oxide (GO), graphene derivatives were created (Joshi et al., 2023). GO is a system of carbon rings with a two-dimensional structure with a variety of surface functional groups, including carboxyls, hydroxyls, epoxy, and carbonyls. It has several unique features such as high surface area, augmented oxygen-containing groups and hydrophilicity (Mahor et al., 2021; Kumar et al., 2023). Due to its excellent dispersion in aqueous solutions and high oxygen content, graphene oxide, which is a single sheet of graphite oxide crystal is widely used as chemical precursor for a range of graphene materials in diverse applications (Chiang et al., 2023). For GO nanoparticles to be potentially used in medical applications, especially in drug delivery systems, their small size (less than 100 nm) is essential (Casallas Caicedo et al., 2020). The Staudenmaier method and the Hummers approach are two extensively used methods for producing graphene oxide. Graphite is treated with different oxidizing agents in both methods. The Hummers' procedure uses sulfuric acid and potassium manganate (VII) solution as oxidizing agents. Conversely, the Staudenmaier process uses nitric acid and potassium (Chiang et al., 2023).
A novel kind of layered carbon nanomaterial with excellent chemical stability, elasticity, conductivity, and desirable thermal properties is called reduced graphene oxide (rGO). It is a good candidate for application as a photocatalyst due to its high absorbance, excellent chemical stability, and simplicity of production (Manikandan and Lee, 2023). GO is converted to rGO via thermochemical, electrochemical, or photoreaction processes. The number of functional groups containing oxygen is significantly reduced as a result of these approaches. When rGO is compared to GO, it has a higher specific area due to a lower concentration of functional groups. GO has hydrophilic inclinations, whereas rGO has hydrophobic qualities due to variations in the functional groups on the surface (Thangaraj et al., 2024). Many applications, including those in health, chemistry, nuclear physics, the environment, and engineering, have profited from this diversity of properties, which are determined by the functional groups that reside on the surface of GO and rGO (Torrisi et al., 2022).
Another graphene material that has an anisotropic lattice structure is graphene quantum dots (Li L. et al., 2024). A few nanometers make up the lateral dimension of GQDs. The majority of synthesized GQDs are elliptical or circular, while they can also be triangular, quadrate, or hexagonal. They are smaller and have a higher crystallinity than carbon dots. Different defects and functional groups are added to the GQDs depending on the synthetic methods, which may drastically change the structural and physicochemical characteristics (Zheng et al., 2015). GQDs are considered zero-dimensional materials and in addition to having the fascinating characteristics of graphene, they also show remarkable characteristics like non-zero band gaps, edge effects, and quantum confinement (Chaturvedi et al., 2022). Because of its unique physicochemical characteristics and potential for economic uses, there has been a lot of interest in graphene quantum dots. They have great solubility, tunable photoluminescence, low toxicity, strong biocompatibility, and simplicity of functionalization. These characteristics make them excellent alternatives to conventional semiconductor quantum dots (Abbas et al., 2023). Carbonic precursors are oxidatively cut to create GQDs under extreme conditions with potent oxidizing agents such as nitric acid and concentrated sulfuric acid (Mahalingam et al., 2022). The structure of different graphene derivatives is shown in Figure 3c.
2.3 Graphene properties
Graphene has special mechanical, thermal, electrical and optical characteristics due to the highly organized and firmly packed monolayer of carbon atoms (Khoei and Khorrami, 2016; Chung et al., 2021). Its surface area is 2,630 m2/g, its strength is 1.0 TPa, and its stiffness is 0.7 TPa. In addition to its optical transmittance of 97.7% and electrical conductivity of 108 A/cm2, graphene can handle electrical current densities one million times higher than copper (Kumar et al., 2019). It has a specific capacity of 744 mA h/g and a specific capacitance of 550 F/g. Its high electrical conductivity which is equal to 106 S/cm is more than copper by a factor of six and 60 times greater than single-walled carbon nanotubes (Chakraborty and Hashmi, 2018). Graphene’s amazing features are caused by its 2p orbitals, which form the π state bands that delocalise along its sheet of carbons (Papageorgiou et al., 2017). Figure 3d shows some values of the exceptional graphene properties, and a comparison of different graphene materials properties is provided in Table 2.
TABLE 2 | Comparison of different graphene derivatives properties.
[image: Table 2]2.3.1 Mechanical properties
Graphene has distinguished mechanical properties that make it a good reinforcing agent in composites. Graphene’s mechanical characteristics are attributed to the stable sp2 bonds that form the hexagonal lattice. High-quality monolayer graphene with no defects is thought to be the strongest material yet tested. Its intrinsic strength was reported as 130 GPa and the Young modulus of elasticity was found to have a value of approximately 1 TPa (Papageorgiou et al., 2017). Single-layer graphene is the best nanofiller ever tested (Kumar et al., 2019). Among graphene’s most important mechanical properties is fracture toughness since it is a feature that is crucial for engineering applications. The energy release rate under critical strain was determined to be 15.9 J/m2, and the critical stress intensity factor of 4.0 ± 0.6 MPa indicated the fracture toughness of graphene. These values suggest that the toughness of graphene is mostly related to the membrane’s weakest point, or the initial point of failure (Papageorgiou et al., 2017).
Graphene oxide is mechanically less resistant than graphene and reduced graphene oxide is more mechanically resistant than graphene oxide. On the other hand, graphene oxide has the benefits of easy exfoliation, bulk availability, and low cost in the commercial domain (Torrisi et al., 2022). For graphene oxide, it was demonstrated that adding more oxide agents causes the graphene sheet’s Young’s modulus and ultimate tensile stress to decrease. Moreover, the elastic constants drop as the amount of oxide agents in the graphene sheet increases, with the armchair direction seeing a greater loss of elastic characteristics than the zigzag direction. Furthermore, with an increase of oxide agents (-O/-OH), it was found that the graphene sheet’s failure behaviour shifts from brittle to ductile (Khoei and Khorrami, 2016).
2.3.2 Thermal properties
Graphene is considered a good thermal conductor (Khoei and Khorrami, 2016). A trench was covered with graphene, and by applying a laser to the material and measuring the temperature increase in the center using Raman-scattered light, the thermal conductivity of the material was ascertained (Freitag, 2010). The thermal conductivity of graphene is much greater than that of graphite and diamond and similar to carbon nanotubes (Chakraborty and Hashmi, 2018). According to published data, graphene has a heat conductivity of roughly 5000 W/m. °K. High increases in effective thermal conductivity can be obtained by adding an optimum blend of multilayer graphene to composites with varying matrix components. For a range of matrix materials, the increased heat conductivity brought about by the addition of graphene to the composites has been documented (Shahil and Balandin, 2012; Korkmaz and Kariper, 2020).
Apart from thermal conductivity, graphene has other good thermal properties such as thermal expansion coefficient. This coefficient is important in the thermal management of nano and microelectromechanical systems. Using temperature-dependent Raman spectroscopy, the thermal expansion coefficient was calculated in the 200–400°K temperature range. It is shown to be negative across the whole temperature range and temperature-dependent, with a value of (−8.0 ± 0.7) × 10–6 °K−1 at room temperature (Yoon et al., 2011; Kumar et al., 2019).
2.3.3 Electrical properties
Although graphene’s atoms are all exposed to the environment, the substance is inert and does not chemically react with other atoms. However, it can absorb other molecules and atoms. This significantly alters graphene’s electrical characteristics, making it suitable for use in sensor applications. Graphene has an intrinsic charge mobility higher than silicon and a current density higher than copper (Pandey et al., 2024). A graphene sheet’s electrical properties are significantly influenced by the quantity of graphene layers within it. The possible use of graphene in transistors is attributed to the electron-hole dependence. However, this reliance is exclusive to graphene sheets with a single layer. The reliance decreases with an increase in the number of layers (Phiri et al., 2017).
Due to its high electron mobility, graphene exhibits an electrical conductivity of 6500 S/m. It possesses a zero-band gap, which prevents its sheet from dispersing in the aqueous solutions (Joshi et al., 2023). The zero-energy bandgap makes graphene the most effective conductor (Pandey et al., 2024). This property is associated with infinite-dimensional, defect-free graphene. When the material’s physical dimensions are reduced to finite values and defects are added to the lattice, the electronic structure of graphene alters so that non-zero values of energy band gaps can be identified. Reducing the size of the graphene fragment can raise the graphene’s bandgap. This programmable electronic structure finds uses in electronics, energy harvesting, and medicine (Chung et al., 2021). Graphene oxide’s structure is greatly disorganized and numerous oxygen functional groups exist on the basal plane and at the edges. Low electrical conductivity is caused by the charge carriers being dispersed by this chaotic structure (M K and Jaiswal, 2016).
2.3.4 Optical properties
The optical characteristics of the graphene generated through each synthesis method are unique because of the structural flaws. For example, in addition to line defects at the grain boundaries, chemical vapour deposition graphene is characterized by tiny densities of sp3 defects and a certain quantity of amorphous carbon and metal catalyst impurities. The presence of these contaminants can affect the optical response, even though their effects on the electrical properties are often negligible (M K and Jaiswal, 2016). Applications of graphene in the optical and optoelectronic domains have garnered increasing attention since 2008, due to advancements in graphene production processes and electronics understanding. For instance, indium tin oxide, which is costly, fragile, and based on the scarce element indium, may be replaced by graphene, a promising transparent conductive electrode. Touch screen prototypes have been developed using transparent 30-inch graphene electrodes. High-frequency photodetectors, photovoltaics, and biosensors are three areas where graphene shows great promise (Chang and Wu, 2012).
As the number of graphene layers increases, graphene’s optical transmittance falls. Single-layer graphene has a transparency of about 97.7%. In other words, it can absorb 2.3% of white light. However, bilayer graphene absorbance of white light increases to 4.6% (Phiri et al., 2017; Joshi et al., 2023). The optical absorption of graphene is due to the interband and intraband transitions. This small absorption percentage needs to be viewed in the context of the absorbent layer’s single-atom thickness. When this thickness is taken into account, it can be seen that the light-matter interaction in graphene is extraordinarily large (M K and Jaiswal, 2016).
2.4 Biomass-derived graphene synthesis
Currently, a growing body of research indicates that the most effective method for producing high-quality, reasonably priced graphene materials is by using agricultural waste as the precursor raw material (Li L. et al., 2024). Despite the great purity of graphene obtained from biomass, its structural integrity can be affected by a variety of source materials and processing techniques. Therefore, optimizing biomass materials and synthesis techniques is necessary (Zhou et al., 2022). Numerous agricultural wastes have been the subject of in-depth research as raw materials for the synthesis of graphene and products derived from it. Graphene oxide was produced using wheat straw (Dawood Saleh et al., 2023), corncob (Tinh et al., 2023), and sugar beet bagasse (Faghiri and Ghorbani, 2020) whereas graphene quantum dots were produced using paddy straw (Chaturvedi et al., 2022) and oil palm empty fruit bunch (Mahalingam et al., 2022). Reduced graphene oxide was produced from coconut shells and coconut coir (Tamilselvi et al., 2020) and dry leaves of sugarcane (Thangaraj et al., 2024).
2.4.1 Conventional synthesis approaches
Graphene synthesis methods usually include the usage of large amounts of expensive and toxic chemicals. Therefore, researchers have focused on creating more practical and reliable processes for synthesizing graphene from biomass precursor materials (Li L. et al., 2024). Carbon-based materials are conventionally prepared from biomass by simple procedures such as pyrolysis, carbonization and activation and hydrothermal (Figure 4a). In most cases, no harmful chemicals are used (Urzúa et al., 2024). The synthesis procedures and a summary of various agricultural wastes utilized to make graphene, and its derivatives are given in Table 3. Carbonization and activation are the main two steps in the production of graphene from biomass. Firstly, biomass gets dehydrated and then crystallized at high temperatures. The microstructure of obtained carbon depends on the carbonization temperature. The activation can either be physical using steam and/or CO2 or chemical using NaCl, KCl, KOH, ZnCl2 or H3PO4 (Sawant et al., 2022; Zhou et al., 2022). Although it has been demonstrated that chemical activation can create a broad pore size distribution with large channels for quick ion transfer and effective storage, their severe toxicity, thermal instability, and corrosivity preclude their widespread use in clean and sustainable energy storage (Li J. et al., 2024).
[image: Figure 4]FIGURE 4 | (a) Conventional synthesis methods of carbon-based materials from agricultural waste, and (b) types of date palm tree wastes used to produce graphene materials.
TABLE 3 | Examples of some agricultural wastes and the synthesis methods used to produce graphene and its derivatives.
[image: Table 3]One process for turning biomass into graphene is pyrolysis. It is the process of oligomers and polymer precursors being thermally deposited onto silicon carbide surfaces while a catalyst is present, and the atmosphere is inert. Over the whole silicon carbide substrate, it continually creates high-purity functionalized graphene. Carbon nanostructures build up because of thermal disintegration at excessive temperatures during graphene production without oxidation processes, which lowers the total specific surface area of the generated graphene materials (Kumari and Samadder, 2022). Pyrolysis has a number of benefits, although often being carried out at a higher temperature. For instance, pyrolysis eliminates the requirement for water resources, saving energy on wastewater treatment and solid-liquid separation. In addition, pyrolysis can increase the material’s porosity and surface area. Temperature, reaction duration, and additives can also be used to adjust the characteristics of carbon compounds produced by pyrolysis (Yu et al., 2022). Another common strategy is hydrothermal treatment for converting biodegradable waste to carbon-based materials which has various structures and compositions. It turns biomass precursors into structured carbon materials. Hydrothermal treatment is often conducted at a temperature, typically between 180 and 250°C and at pressures more than 1 atm. The purpose of pre-treatment is to increase biomass solubility, biomass-solvent interaction, and the chemical reaction (Sawant et al., 2022; Dong et al., 2023). In hydrothermal processes, water acts as a catalyst, reactant, and solvent. A range of feedstocks can be converted into a number of desirable products thanks to the hot compressed water (such as subcritical or supercritical water). Hydrothermal processing is a method of accelerating natural transformation pathways to create desired products by processing organic matter at high pressures and temperatures (Zhang et al., 2023). The capacity to function at low temperatures, the ability to process any kind of wet biomass without pre-drying, and the high surface functionality of the resulting materials are only a few benefits of the hydrothermal process. The process does, however, have many drawbacks, such as the requirement for costly, sophisticated, and pressured equipment, the extra expense of separating the solid and liquid products, and the significant process water discharge (Ercan et al., 2023).
2.4.2 Non-conventional synthesis approaches
One promising technique for the effective and versatile conversion of biomass is molten salt technology. Molten salts are used in thermochemical processes as solvents, catalysts, and heat carriers due to their exceptional thermal conductivity, solubility, and catalytic activity. Some of the characteristics of molten salt technology include high thermal efficiency, even temperature distribution, good heat storage, increased reaction speeds, and a regulated reaction environment. Molten salts are very successful at increasing the conversion efficiency and product quality of materials derived from biomass because of their multifunctionality (Wang et al., 2025). To create carbon with significant capacitance, molten carbonates with mild characteristics and good stability have been successfully used in tobacco stems, peanut shells, bamboo shells, and other biomass. However, it was discovered that molten carbonates encourage the release of nitrogen from carbon in the form of NH3, which lowers the amount of pyrrole-N and pyridine-N in the carbon. These factors have been demonstrated to have a major impact on capacity of capacitance. Therefore, while utilizing molten carbonates as activators to further increase the capacitive performance, it is crucial to retain more nitrogen in carbon and control it to the required functional group (Li J. et al., 2024). Nevertheless, among the most promising techniques for converting biomass is molten salt-assisted pyrolysis. This is due to its benefits, which include easier equipment and operation, better product quality, higher pyrolysis efficiency, and faster mass and heat transfer (Atakoohi et al., 2024).
An effective conversion technique that can convert biomass quickly, distribute heating evenly, and have a smaller environmental impact is microwave-assisted conversion. The produced material has better qualities than other conversion processes, such as a higher concentration of carbon, a large reactive surface area, a larger volume of microporosity, and rich carboxylic and hydroxyl surface groups (Allende et al., 2024b). Random external elements such as plasma generation, metal discharge, thermal hotspot formation, etc., can also disrupt the chemistry of microwave heating because of instantaneous non-uniform heating and varying electric fields. Due to its dielectric properties, which alter microwave permittivity, biomass, on the other hand, is a poor microwave absorber. This results in the need for the installation of microwave absorbers, which raises energy expenses. For the design and development of microwave reactors with specific temperatures and frequencies to be successful, the dielectric characteristics need to be well specified by additional research. Due to our poor understanding of the electromagnetic field dispersion in a microwave environment and the interaction between biomass and microwaves, large-scale applications are difficult (Divyabharathi et al., 2024).
Another non-conventional synthesis approach is flash Joule heating. This is an efficient and cost-effective method for the synthesis of 2D materials. It produces an immediate high temperature in less than a second using the sample’s electrical resistance exotherm. Low-defect graphene can be synthesized in less than a second with very high yields using biomass. The flash Joule heating process involves mixing biomass feedstock with carbon black to improve its electrical conductivity, then placing it between two electrodes in a quartz or ceramic tube. The carbon source quickly reaches high temperatures (above 2,700°C) in extremely short time (less than 100 ms) under the high-voltage discharge resulting in the transformation of amorphous carbon into layered graphene material. This technique does not require using any harmful or dangerous chemicals. Therefore, neither traditional furnaces nor the use of solvents or reactive agents are necessary for the synthesis process and there is no need for further purification steps (Dong et al., 2023; Li Q. et al., 2024). However, specialized equipment that can handle the harsh process conditions—such as high voltage, temperature, and pressure—is needed for flash Joule heating. This equipment can have a significant upfront cost, and it may be difficult to maintain overtime (Hosny et al., 2025). A summary of the advantages and limitations of the different synthesis approaches is provided in Table 4.
TABLE 4 | Summary of the advantages and limitations of the different synthesis approaches.
[image: Table 4]3 DATE PALM-DERIVED GRAPHENE SYNTHESIS AND CHARACTERIZATION
Worldwide, date palm trees are estimated to number between 100 and 120 million and each tree produces about 40 kg of waste per year. This means that the annual quantity of date palm waste is about 4 million tons. Currently, the majority of date palm waste is burned to provide heat or composted, even though it contains a high lignin, cellulose, and hemicellulose content suitable for conversion into higher-value goods (Galiwango et al., 2017; Makkawi et al., 2019). The efforts made to create graphene materials and to reduce graphene oxide using date palms are discussed in the section that follows. The characterization results of the produced graphene materials are discussed and compared to graphene produced from oil palm waste as both oil palm and date palm are closely related species and belong to the same family which is the (Arecaceae) Palmae family (Bourgis et al., 2011). The coming section is divided into four categories according to the part of the date palm tree which was used as a raw material (Figure 4b).
3.1 Graphene from date palm seeds
Seeds make up 8–15 wt. % of the fruit on date palms (Jonoobi et al., 2019). Several research looked into the production of biodiesel from date palm seeds (Demirbas, 2017), others employed it as an adsorbent for several pollutants such as boron, lithium, and molybdenum (Da’na et al., 2023). As a carbon source, date seeds or pits were used to produce graphene oxide (Al-Zahrani et al., 2022). First, the date seeds were processed to make a lignin. Then, the lignin was converted to graphite which was finally used to prepare the graphene oxide through modified Hummer’s method. The powdered date seed was mixed with 98% sulfuric acid to make lignin. After several steps of diluting, heating, washing, drying, and chilling, the acid-insoluble lignin was obtained. Iron (III) nitrate served as the catalyst source to prepare graphite from lignin. An iron nitrate solution was prepared and added to the lignin solution at 70°C. The iron-lignin mixture was stirred, dried, and heated which led to the formation of a solid iron-promoted lignin precursor. This precursor was then added to a quartz tube reactor where N2 and CO2 gases were passed through the reactor while heating to 900°C. After cooling, a few layers of graphite were taken out of the quartz tubular reactor and used to prepare graphene oxide. Figure 5 depicts a schematic of the process of synthesizing graphene oxide from date seeds.
[image: Figure 5]FIGURE 5 | Schematic representation of the synthesis of graphene oxide from date seeds (a) the overall process, (b) extraction of lignin from date seeds, (c) synthesis of graphite from lignin and (d) production of graphene oxide from graphite.
Yaqoob et al. (2021) also created a graphene oxide substance and used it in microbiological fuel cells to enhance electron transportation. However, the raw material was the lignin of oil palm. Both oil palm and date palm are closely related species and belong to the same family which is the (Arecaceae) Palmae family (Bourgis et al., 2011). The lignin powder was heated in a furnace with argon gas to 1,100°C at a rate of 20°C per minute and the produced lignin carbon was used to synthesize graphene oxide through the Hummers’ method. In another research, (Mao et al., 2025), synthesized graphene via flash Joule heating technique within milliseconds utilizing lignin. To prevent excessively large particle size or excessive moisture content from reducing flash Joule heating efficiency, the lignin was processed in a blast drying oven at 45°C for 24 h before being combined with a superconducting carbon black for the reaction. Lignin’s substantial carbon content and stable aromatic ring structure made it a promising precursor to produce flash graphene. Following flash Joule heating, sp3 C-C bond composition dropped from 59.8% to 24.0%, whilst sp2 C-C bond content rose from 0% to 38.8%.
Characterization of synthesized materials is a crucial part of each study because it provides information regarding defects, layers, surface chemistry, morphology, texture, and other physicochemical characteristics (Kumari and Samadder, 2022). Several characterization methods were employed to examine the graphene oxide produced from both date palms and oil palms. According to scanning electron microscopy (SEM) the morphology of the manufactured graphene oxide and raw date seeds differed; date seeds had a smooth surface with no pores, while the graphene oxide showed some porosity as displayed in Figure 6a (Al-Zahrani et al., 2022). On the other hand, the SEM image of graphene oxide prepared from oil palm demonstrated an irregular, thin-layered and wrinkled structure (Figure 6b) (Yaqoob et al., 2021). Both graphene oxide materials' SEM showed some degree of an uneven and irregular structure, indicating a transformation in their morphological structure. Nevertheless, the SEM image of the date palm-derived graphene revealed certain portions of a smooth structure, which led to a lower surface area when compared to the oil palm-derived graphene oxide.
[image: Figure 6]FIGURE 6 | (a, c, e) SEM images, FTIR and XRD of graphene oxide prepared from date palm, respectively (Al-Zahrani et al., 2022). (b, d, f) SEM images, FTIR and XRD of graphene oxide prepared from date palm oil palm, respectively (Reproduced with permission from Yaqoob et al., 2021 ©Elsevier).
The surface area of the graphene oxide prepared from oil palm is 280.122 m2/g which is almost 10 times the surface area of graphene oxide prepared from date palm. This indicates a smaller particle size and higher porosity of oil palm-derived graphene oxide. While both graphene oxide materials were developed through Hammar’s method using graphite derived from lignin, date palm lignin underwent an additional co-precipitation process using iron (III) nitrate as a catalyst source before being carbonized. Moreover, the method employed in extracting lignin may also contribute to dissimilar characteristics of the extracted lignin. These disparities in graphite preparation can result in variations in the surface area of the produced graphene oxide.
A high-resolution, quick and non-destructive method for analyzing the electrical, optical, and phonon characteristics of carbon materials as well as their lattice structure is Raman spectroscopy (Tajik et al., 2020). Graphene has distinct vibration bands due to the resonantly enhanced Raman scattering of carbon materials, which has led to the widespread use of Raman spectroscopy to study the molecular structures of carbon compounds (Lee et al., 2021). The D band, G band, and 2D band are the strongest and most extensively researched Raman bands for sp2 carbon materials and their composites. The first order G band is about 1,580 cm-1, while the second order bands D and 2D are between 1,300 ∼ 1,400 cm-1 and 2,600 ∼ 2,700 cm-1, respectively (Li Z. et al., 2023). The D peak can be considered as a carbon atom’s sp3 hybrid structure or sp2 bond hybrid defect. Fully structured graphite crystals do not have the D peak. The crystalline structure of the material is represented by the stretching movement of the sp2 carbon atom, which produces the G peak (Wu and Yu, 2020). Both date palm graphene oxide and oil palm graphene oxide’s D and G bands in Raman spectroscopy showed close values, which indicates similarity in sp2 hybridization disorder and lattice vibration, respectively (Mbayachi et al., 2021).
Fourier transform infrared analysis (FTIR) is one of the characterization techniques that provide information about the functional groups present on the outer layer of the fabricated nanomaterials and their vibrational characteristics (Vasudevan et al., 2023). Due to the presence of cellulose and hemicellulose in date seeds, graphene oxide prepared from them had a high hydroxyl group at 3,339.9 cm-1 (Figure 6c), which could be the result of water molecules. This attribution can also apply to the graphene oxide prepared from oil palm, which also showed a close peak at 3,450 cm-1 (Figure 6d). C = C stretching was shown at 1,524.5 and 1,635 cm-1 peaks for date-palm graphene oxide and oil-palm graphene oxide, respectively. The adsorption band at 1,688.5 cm-1 in date palm graphene oxide was attributed to the carbonyl group (C=O), which suggested the presence of oxygen.
Regarding XRD, graphite prepared from date seeds (Figure 6e) showed a peak (002) at 26.5° and an inter-planar distance (d 002) of 0.334 nm. This implied the carbonaceous nature of graphite as well as the high orientation degree. Yao et al. (2018) used in situ XRD to study the evolution of graphitic carbon structures from loblolly pine wood. The intensity of the disordered peak, which was situated at about 24°, diminished with temperature as the temperature rises from 800°C to 1,300°C. There was an intermediary step in the process where no solid crystalline graphitic structure forms, rather than the graphitic structure developing constantly from the disordered carbon structure. According to the XRD pattern, at 1,400°C, the disordered carbon had all vanished. A tiny, modest peak that is characteristic of graphite (002) emerged at 26.67° after the temperature reached 1,500°C. These findings implied that the final graphite structure was formed by reorganizing the intermediate turbostratic carbon structure. Conversely, the date seeds graphene oxide XRD pattern changed from 26.5° to 11.66°, meaning that there was a 0.80 nm inter-planar gap. An increase in graphene oxide’s inter-planar distance was attributed to the presence of oxygen functional groups (Al-Zahrani et al., 2022). On the other hand, oil palm graphene oxide showed an identical XRD peak at 2 [image: image] = 10.2[image: image] (Figure 6f). This peak demonstrated that graphite had been successfully oxidized and transformed into graphene oxide. Additionally, it demonstrated that graphene oxide has larger interlayer spacing than graphite due to the presence of oxygen functional groups (Yaqoob et al., 2021).
Heat treatment of date seeds at different temperatures was studied by (Bin Sharfan et al., 2024) and resulted in the production of a graphene-like material. One pristine date seeds sample (S0) was prepared to be used as a reference along with the other three carbonized samples. The three samples S1, S2 and S3 have undergone pyrolysis at different temperatures 600°C, 800°C and 1,000°C. Characterization results revealed that the pristine date seeds sample has a non-porous structure (Figure 7a) while the produced graphene-like materials have a porous structure. The porous structure of the carbonized samples (S1, S2 and S3) can be noticed in the SEM images (Figures 7b–d). It can be observed that as the annealing temperature increases, the porosity also increases.
[image: Figure 7]FIGURE 7 | SEM images of (a) pristine date seeds powder S0, and pyrolyzed date seeds powder at different temperatures; (b) S1 at 600, (c) S2 at 800 and (d) S3 at 1000, (e) WXRD and (f) FTIR of pristine date seeds powder S0 and pyrolyzed date seeds powder at different temperatures (Reproduced with permission from Bin Sharfan et al., 2024 ©Elsevier).
Because cellulose, lignin, and hemicellulose were present, the wide-angle X-ray diffraction (WXRD) spectra of S0 (Figure 7e) revealed notable peaks of 15.9, 18.1, 20, 23.6, 25.1, and 32.8°. The presence of these peaks suggests that the atomic structure of the pristine date seeds sample is semi-crystalline. Following thermal annealing of date seed samples, the majority of the peaks observed in the X-ray diffraction pattern disappeared, resulting in the emergence of two distinct broad peaks at 2θ angles of 23.5° and 43.50° . These findings suggest the presence of carbonaceous material and indicate a morphological transition from a semi-crystalline to an amorphous state. This shift was also attributed to the fact that d-spacing between neighbouring planes has increased, which may enhance the porosity. Furthermore, in samples S2 and S3, raising the annealing temperature produced an amorphous morphology resembling that of S1. However, as the temperature rose, the peak at 43.5° became more intense, which suggested a rise in microporosity.
However, FTIR readings of the powdered date seeds at 150°C (before pyrolysis) (Figure 7f) displayed a broad absorption band for–OH stretching vibration between 3,200 and 3,400 cm-1. This is a sign that water, carboxylic acids, alcohols, and phenols are present. Moreover, results demonstrated peaks between 2,800 and 2,900 cm-1, and they were attributed to the stretching vibration of alkyl groups (–CH) resulting from the presence of lignin, cellulose, and hemicelluloses. The FTIR results of the pyrolyzed date seeds powder at 600°C, 800°C and 1,000°C showed the disappearance of functional groups such as–OH and–C––O, which indicated the conversion to carbonaceous materials. Brunauer–Emmett–Teller (BET) surface area of this graphene-like material produced through the thermal treatment of date seeds was 117 ± 13 m2/g. It was noticed that the pyrolyzed date seeds at 600°C have more porosity than the pristine sample which has only a BET surface area of 50 m2/g which indicated that carbonization at higher temperatures led to the production of a material with a large surface area and a porous structure. In another study, 3D porous graphene-like was created by carbonizing coffee and tea waste at 550°C and then thermochemically activating the mixture in KOH at 850°C. Coffee and tea waste’s microstructure demonstrated the formation of micro- and mesopores during carbonization, and additional chemical activation creates hierarchically extremely porous carbon that resembles graphene in three dimensions. According to the BET method, graphene-like derived from coffee waste had a greater specific surface area of 3,486 m2/g than graphene-like derived from tea waste, which had a specific surface area of 2,407 m2/g (Beissenov et al., 2024). These high reported specific surface areas, which even exceed the theoretical value of commercial graphene’s surface area, highlight the potential of graphene-like materials derived from biomass waste in applications that require high surface area, such as adsorption. It can be observed that the surface areas of graphene-like materials derived from tea and coffee waste are significantly higher than those derived from date palm seeds. This can be attributed to the difference in synthesis procedures, as graphene-like materials derived from date palm seeds did not undergo the KOH activation process, which can enhance the specific surface area and create a well-developed microporous structure.
3.2 Graphene from date palm leaves
The most residues that date palm trees produce each year are leaves (Jonoobi et al., 2019). About 30 kg of leaf waste is produced annually from each date palm tree (Galiwango et al., 2017). About 50.4% of the date palm leaves' overall makeup is carbon, making them carbon-rich (Hussain et al., 2014). Graphene quantum dots were synthesized utilizing two processes using date palm leaves (Saleem et al., 2023). Hydrothermal technique for 12 h at 200°C in water was used in both procedures. No reducing, passivizing agents or organic solvents were used in the first procedure. However, in the second one, absolute ethanol was used. In the first synthesis method, 5 g of leaf powder (obtained through ball milling) was boiled in 200 mL of deionized water at 80°C for 1 h. The extract underwent several steps of centrifugation, filtration, sonication, and hydrothermal treatment for 12 h at 200°C and finally, after drying the precipitate at 70°C for 4 h, GQDs powder was obtained. On the other hand, in the second method, leaf pieces were soaked in pure ethanol and the solution was stirred, centrifuged, filtered, and concentrated in a rotary evaporator. After that, the slurry was thoroughly dissolved in 100% ethanol to ensure that the GQDs were evenly dispersed and finally the dispersion was filtered out and dried to obtain GQDs. The results showed that the yields for GQD-1 and GQD-2, which were produced using methods 1 and 2, respectively, were 52% and 49.2%. Thus, procedure 1 was deemed to be more advantageous than the other one due to its larger yield. A schematic representation of the preparation of GQDs from date palm leaves using the two methods is shown in Figures 8a,b. Similar hydrothermal process was followed in a recent study where GQDs were prepared over 8–12 h from spent tea leaves at 200°C to create turbostratic carbon, which then was transformed into aromatic carbon and generated bright blue, fluorescent GQDs (Abbas et al., 2023).
[image: Figure 8]FIGURE 8 | Schematic representation of the preparation of GQDs from date palm leaves using (a) method 1 (distilled water) and (b) method 2 (ethanol), Raman spectroscopy results of date palm graphene quantum dots prepared following (c) method 1 and (d) method 2, FTIR results of date palm graphene quantum dots prepared following (e) method 1 and (f) method 2 (Saleem et al., 2023).
The structure of GQD was studied using Raman spectroscopy (Figures 8c,d). The presence of D and G bands in GQD-1 (prepared from date palm leaves without using any chemicals) and GQD-2 (prepared from date palm leaves using only pure ethanol) was confirmed through Raman spectroscopy characterization. The D band is linked to sp3 hybridized carbon atoms that originate from defects and oxygen functional groups, and it is correlated with the crystalline quality. The G band is associated with the nature of crystalline, and it arises from sp2 hybridized carbon atoms (Chua et al., 2015; Saleem et al., 2023). For GQD-1 and GQD-2, the D band was detected at 1,381 cm-1 and 1,364 cm-1, respectively. Conversely, for GQD-1 and GQD-2, the G band was detected at 1,590 cm-1 and 1,575 cm-1, respectively (Saleem et al., 2023). These outcomes closely resemble those of graphene quantum dots synthesized from fullerene C60 (Chua et al., 2015). The results presented in Table 5 demonstrate the highly similar crystalline nature and quality of the three materials, as evidenced by the nearly identical values of the D and G bands for the GQD synthesized from date palm leaves and GQD synthesized from fullerene.
TABLE 5 | Summary of Raman and FTIR results of conventional graphene quantum dots and date-palm graphene quantum dots.
[image: Table 5]On the other hand, transmission electron microscopy (TEM) results revealed that the size of GQD-1 ranges from 3.5 to 8 nm, while the size of GQD-2 ranges from 3.5 to 7 nm. Although GQD-1 and GQD-2 had approximately similar size, their size is higher than that of conventional graphene quantum dots synthesized from fullerene which comes in diameters between 2 and 3 nm. Kalita et al. (2016) used rice grains as a carbon source to create GQDs with diameters ranging from 2 to 6.5 nm. The quantum confinement effect caused a red shift in the photoluminescence emission spectra as the size of the GQDs increased from 2 to 6.5 nm. Reactant concentration, temperature, and reaction time all affect the size of GQDs, which in turn affects their characteristics. In the top-down technique in particular, the GQDs typically show a wide range of sizes. It is possible to regulate the size and shape of GQDs by altering the synthesis conditions (Zhao et al., 2024). Nevertheless, their size is < 20 nm which is the typical size of GQDs indicating their robust luminous characteristics that may be adjusted and high photoluminescence emissions (Gozali Balkanloo et al., 2023).
On the other hand, the FTIR spectroscopy data revealed the stretching vibrations of the hydroxyl group, C=C, carbonyl group, and C-O for both GQD-1 and GQD-2 prepared from date palm leaves (Figures 8e,f). Results confirm that carbonization has occurred during the hydrothermal reaction. The same peaks of the carbonyl group, C=C, hydroxyl group and C-O were detected in the FTIR analysis of the conventional GQD which indicates that both date palm GQDs and the conventional one has similar surface characteristics. A summary of FTIR results of conventional GQDs and date-palm GQDs is provided in Table 5.
3.3 Graphene from low-quality dates
Another kind of date palm waste that can be used to make worthwhile items is spoilt and low-quality dates. Utilizing low-grade dates and sand, graphene-coated sand was produced. The dates pulp was boiled for 20 min, filtered and the date juice mixture was centrifuged at 7,000 rpm for 30 min. The extract was concentrated under vacuum at 70°C and then mixed with the sand. Following a thorough mixing, the mixture was heated to 90°C in a hot air oven until the date liquid solidified on the surfaces of the sand. After drying, the product was pyrolyzed for 3 hours in an N2 carbonized furnace at 750°C. When the melting point of hardened date juice (185°C) was reached, the colour of the sample changed to dark brown and then transformed into carbon. After graphitization, ashes from the surface were removed through activation by strong H2SO4 and the final graphene-coated sand was produced (Abd Ali, 2019).
Similar to the above pyrolysis method used to produce graphene-coated sand, (Khan et al., 2019), generated another hybrid material made of graphene and sand (graphene sand hybrid). Nevertheless, the H2SO4 activation’s final step was not used. Sucrose and fructose molecules in the date syrup completely exfoliated to generate graphene nanosheets on the sand surface. The full exfoliation of the sucrose and fructose molecules in the date syrup produced graphene nanosheets on the sand surface. The date syrup and sand were mixed in a ratio of 2:5. After stirring for 1 h and drying at 80°C, the produced solid was burned at 750°C in a furnace under N2 flow. The mixture was first heated to 100°C at a rate of 2.5°C/min; after that, it was raised to 200°C at a rate of 3.3°C/min, until the dates reached their fusion point. Lastly, the temperature was raised to 750°C at a rate of 9.1°C/min, indicating the date juice’s sucrose and fructose molecules' transformation into carbon material. In a recent study, the impact of using date syrup-based graphene-coated sand hybrid (D-GSH) as a partial sand substitution and its potential to improve both fresh and hardened properties were investigated in 3D-printed cement composites. By reducing the fluctuation in double layer thickness from 38% to 28%, the addition of 0.5% D-GSH considerably enhanced the printing quality when compared to the control mix. The rheological characteristics improved flowability by demonstrating decreased viscosity and shear stress against shear rates (Ali et al., 2024).
The Energy-dispersive X-ray spectroscopy (EDS) results of sand and graphene-coated sand material prepared from low-quality dates demonstrated that carbon has the largest percentage, which is at 76.15%, confirming the graphitization of the sand surface. Moreover, the reduction in the percentage of silica from 52.3% in sand to only 0.9% in graphene-coated sand indicates that the surface of the sand has been covered with graphene. Also, there is 0.7% sulfur on the surface of graphene-coated sand which could be a result of the activation with H2SO4.
Graphene sand hybrid was investigated utilizing a Raman spectrometer and the results showed three peaks. The three peaks were the D band at 1,370 cm-1, the G band at 1,580 cm-1, and the 2D band at 2,760 cm-1. These peaks confirm that date syrup components have successfully converted to graphene carbon material (Khan et al., 2019). Only in graphene with more crystallinity or fewer imperfections is the 2D band clearly visible. As the degree of oxidation rises, the disorder in the material structure also rises. As a result, the intensity of the 2D bands gradually decreases and widens, resulting in their assignment to other bands (Tinh et al., 2023). Moreover, these values are very close to those of conventional graphene reported in (Mbayachi et al., 2021). Table 6 presents an overview of the Raman spectroscopy results for traditional graphene and graphene sand hybrid.
TABLE 6 | Summary of Raman spectroscopy results of graphene materials produced from date palm waste and oil palm waste using sand and glass as supporting material.
[image: Table 6]On the other hand, the XRD results showed a distinct peak at around 23.2[image: image]. This peak was ascribed to the multilayered graphene structure. Results also showed several additional small and medium peaks at different 2θ values which were attributed to the highly crystalline sand that was utilized as supporting material (symbols o and + in Figure 9a indicate quartz and silica, respectively). Similar small peaks between 35[image: image] and 50[image: image] were observed in the XRD results of powdered graphene coated sand using three different types of sands along with the prominent (002) plane reflection of an ordered graphite structure peak at 26.5° (Nusair et al., 2024).
[image: Figure 9]FIGURE 9 | (a) XRD of sand and graphene sand hybrid (GSH) (Khan et al., 2019), (b) FTIR of graphene-coated sand (Reproduced with permission from Abd Ali, 2019 ©Taylor and Francis), (c) schematic representation of graphene glass hybrid synthesis process. XRD and FTIR of graphene materials containing glass as supporting material and produced from (d, f) date palm (Reproduced with permission from Graimed and Tark Abd Ali, 2022 ©Elsevier), and (e, g) oil palm (Reproduced with permission from Vasudevan et al., 2023 ©Elsevier), respectively.
FTIR measurements of graphene sand hybrid revealed peaks at 1796 and 1,451 cm-1 and they were ascribed to C=O stretching of the–COOH groups and C–H stretching vibrations. These findings provided proof that the sucrose and fructose particles completely graphitize on the sand surface, producing a carbonaceous substance with several oxygen functional groups. Conversely, the sucrose functional groups in the graphene-coated sand were represented by the adsorption bands at 1,346 cm-1, 2,721 cm-1, 2,937 cm-1, and 3,336 cm-1 and the graphitization of date syrup was confirmed by the peaks at 1,600 cm1, 1,685 cm-1, 1749 cm-1, and 3,525 cm-1 (Figure 9b).
Glass waste was utilized as supporting material and low-quality dates were used as a sustainable carbon source to create a graphene glass hybrid (Graimed and Tark Abd Ali, 2022). Date syrup was graphitized to create the graphene-glass hybrid through the pyrolysis process. The glass trash was collected, cleaned, sieved, and then added to the date syrup at the ratio of 2:5. After stirring for an hour and drying overnight at 80°C, the uniform solid mixture was loaded onto a ceramic boat and placed in a tube furnace for carbonization at 800°C (under the flow of 100 mL/min N2). Figure 9c shows a schematic of the synthesis of graphene glass hybrid. Glass was also employed by (Vasudevan et al., 2023) in the manufacture of graphene as a covering material for oil palm lignin solution. The lignin that was taken out of the empty fruit bunch of the oil palm was used to create graphene. First, 50 mL of distilled water and 10 g of lignin powder were combined, and the mixture was stirred until a uniform lignin solution was created. After coating a glass substrate with the uniform lignin solution, the substrate was placed in an oven at 50°C for 30 min to dry. Next, the dried lignin glass substrate was placed into a laser-scribed machine and after 30 min, a lignin-coated glass substrate was penetrated by a CO2 laser to generate graphene.
Defect quantification is essential for understanding the basic characteristics of graphene-related systems. Using Raman spectroscopy, significant efforts have been made to measure flaws and disorders. Since the area beneath each peak indicates the probability of the entire process, taking uncertainty into account, the area ratio should, in theory, always be considered for minor disorders or perturbations. However, decoupling the information at full width at half-maximum and peak intensity is significantly more revealing for a huge disorder. The intensity indicates the phonon modes or molecular vibrations participating in the most resonant Raman processes, whereas full width at half-maximum is a measure of structural disorder (Cançado et al., 2011). By measuring the intensity ratio of the D band to the G band (ID/IG ratio), Raman spectrum analysis enables the evaluation of disorder and flaws in carbon materials (Lee et al., 2021). Raman spectroscopy results of graphene glass hybrid (Graimed and Tark Abd Ali, 2022) showed two peaks at 1,110 cm-1 and 1,632 cm-1. The first peak is the defects and disorder D peak, and the second is the graphics G peak. These findings demonstrated that the graphene glass hybrid contains a significant amount of the sp2 graphene carbon material, which was produced by the conversion of the sucrose and fructose molecules in the date syrup. On the other hand, graphene produced from oil palm waste and supported by glass had values of D and G peaks closer to the ones reported for conventional graphene (Table 6). This can indicate that it has a similar structure and crystallinity to the conventional graphene more than the date palm graphene glass hybrid. The intensity ratio of graphene glass hybrid and oil palm graphene (with glass support) is 0.775 and 0.7, respectively indicating the existence of the same disorder degree. The ratio ID/IG rises with increasing graphene disorder because of elastic scattering brought on by increased defect intensity. Nonetheless, the more amorphous the carbon structure, the lower the ID/IG ratio (Mbayachi et al., 2021). An ID/IG ratio of 0.94 was reported by (Tinh et al., 2023) for graphite synthesized from the cellulose of corncob indicating the sp2 hybrid carbon structure; following reflux heating and synthesis using the improved Hummers' method, this ratio rose to 1.003 for GO sample, confirming that oxidation has increased the material’s degree of structural defects. Furthermore, rGO synthesized from sugarcane dry leaves showed an ID/IG ratio of 1.24. When compared to the G band, the D band’s intensity is higher, suggesting that there is more disordered phase in rGO (Thangaraj et al., 2024). The maximal value of ID/IG is approximately 13, and it denotes that the defect is associated with sp3 hybridization (Gupta et al., 2025).
According to X-ray diffraction results, the glass waste had peaks that most likely fit the distinctive quartz and silica diffraction patterns (symbols o and + in Figure 9d). Furthermore, graphene glass hybrid’s results revealed clear peaks at 24.4[image: image] and 43.81[image: image] (Figure 9d) (Graimed and Tark Abd Ali, 2022). On the other hand, the graphene from oil palm waste employing glass as supporting material also showed very close diffraction peaks at 23.4[image: image] and 47.69[image: image]. The peaks at 24.4[image: image] and 23.4[image: image] implied the carbonaceous nature of graphene (Figure 9e) (Vasudevan et al., 2023).
Regarding the FTIR analysis of the graphene glass hybrid derived from date palm syrup (Figure 9f), the presence of quartz on the surface of graphene was confirmed by a bending that occurred at 1,229 cm-1 and was attributed to Si–O vibration. Additionally, a peak at 1,417 cm-1 was identified as the result of the vibratory vibrations' C-H expansion and the C-O distribution of the–COOH groups. The results indicated the complete graphitization of sucrose and fructose on the glass waste surface. On the other hand, the graphene prepared from oil palm waste with glass as supporting material showed peaks at 3,433.5 cm-1, 1722.5 cm-1, and 1,165.4 cm-1, which are assigned O-H, C=C, and C-O groups, respectively (Figure 9g).
The surface area of the graphene produced using dates syrup has a low surface area in comparison to the conventional graphene which has a reported surface area of 2,630 m2/g (Abdellah et al., 2023). This decrease in surface area is probably due to the coating of sand and glass. Regardless of this low surface area, these date palm graphene materials showed superior performance when applied in pollutant removal. However, the graphene-coated sand of (Abd Ali, 2019) showed a greater surface area (175 m2/g) than the graphene-sand hybrid of (Khan et al., 2019) and graphene glass hybrid of (Graimed and Tark Abd Ali, 2022). The reason for this increased surface area can be the activation of the produced graphene with H2SO4. This activation was not carried out in the case of the other graphene materials. The BET surface area of some biomass-derived graphene materials, and date-palm graphene materials in comparison to conventional graphene is summarized in Table 7. It can be observed that many biomass-derived graphene materials have surface areas that are significantly smaller than the theoretical value, thus, chemical activation using KOH, ZnCl2, and H3PO4 as well as physical activation using CO2 and steam is required to enhance surface area (Safian et al., 2021; Lin et al., 2021; Ekhlasi et al., 2018) reported an exceptional surface area of 1,317.1 m2/g for graphene material prepared from powdered Populus wood as a carbon precursor via carbonization and KOH activation under N2 gas at temperatures ranging from 750 to 950°C. Although similar synthesis procedure of carbonization and activation has been followed utilizing other different biomass sources, however, the surface area of the produced graphene materials was far less than the one produced from Populus wood. Thus, it can be hypothesized that the origin of the biomass source plays a significant role in determining the surface area of the produced graphene.
TABLE 7 | Summary of surface area of biomass-derived graphene, date-palm-derived graphene and conventional graphene.
[image: Table 7]3.4 Graphene oxide-reducing agents from date-palm fruit
The chemical reduction technique is the most effective way to synthesize rGO quickly and on a large scale. However, there are many challenges in the process of turning graphitized carbon into rGO. The present chemical approach, however, uses hydrazine as a reducing agent which is a dangerous, poisonous, and corrosive chemical. As a result, the numerous applications of graphene will be limited because of the environmental impact and safety concerns (Amir Faiz et al., 2020).
Lately, efforts have been focused on reducing graphene oxide using ecologically friendly solutions. Additionally, applying these compounds to reduce graphene oxide yields graphene with a higher carbon content. The rich and varied makeup of natural plants includes polyphenols, terpene, alkaloids, tannins, polysaccharides, and other substances. During the reduction process, these ingredients function as antioxidants (Ousaleh et al., 2020). The production of rGO has involved the use of a number of natural sources as green reducing agents, such as green tea extract (Vatandost et al., 2020), sugarcane bagasse (Gan et al., 2019), Caesalpinia sappan L. (Destiarti et al., 2024) and oil palm leaves (Amir Faiz et al., 2020). Table 8 provides an overview of the various biomass sources, reduction techniques, and applications. In general, the green reduction steps of graphene oxide include the stirring, heating, refluxing and filtration of the plant to produce extract which is further used as a green reducing agent for graphene oxide.
TABLE 8 | Green reduction of graphene oxide using different biomass sources.
[image: Table 8]Fruit from the date palm is abundant in active phytochemicals, including flavonoids, carotenoids, and phenolic acids. Phenolic acids and flavonoids isolated from dates were utilized as reducing and stabilizing agents. The date fruit extract containing flavonoids and phenolic acids has the unique ability to chelate metal ions, which promotes the reduction and stability of metal ions into nanoparticles or nanocomposites. Also, phenolic compounds have a large amount of -OH functional groups, which is important for the reduction process. Mo-ZnO/reduced graphene oxide nanocomposites (Mo-ZnO/RGO NCs) was prepared from sodium molybdate (Na2MoO4), zinc nitrate (Zn(NO3)2), and graphene oxide. Reduced graphene oxide was produced from graphene oxide using the bioactive phytochemicals of date fruit extract. Free-moving Zn2+ and Co3+ ions were released from Zn(NO3)2 and Na2MoO4 after dissolving in date fruit extract. These free-moving ions target the extract’s bioactive phenolic compounds' active sites to be stabilized and reduced into nano complexes. The Mo-ZnO/reduced graphene oxide nanocomposites were produced from the nano complexes through heat treatment (Ahamed et al., 2022). Diagram illustrating the use of date palm fruits as a reducing agent in the preparation of Mo-ZnO/rGO is shown in Figure 10a.
[image: Figure 10]FIGURE 10 | Schematic representation of using date palm fruits as a reducing agent in the preparation of (a) Mo-ZnO/RGO nanocomposite (Ahamed et al., 2022), and (b) Cu2O graphene nanocomposite (Reproduced with permission from Athinarayanan et al., 2018 ©Elsevier).
In another study, date fruit extract was used as a reducing agent to synthesize Cu2O/graphene nanocomposites (Athinarayanan et al., 2018). To synthesize Cu2O/graphene nanocomposites; Cu(OH)2 was used to anchor the graphene oxide surface, and date palm fruit syrup was used to reduce it. After creating the copper sulfate solution, it was stirred into the graphene oxide solution. After adding 5 mL of date palm syrup to the mixture, the mixture was incubated at 85°C. The liquid was then allowed to cool to ambient temperature, and the precipitate that formed was centrifuged, carefully cleaned, and dried out at 50°C (Figure 10b). Graphene oxide was successfully reduced to crystalline graphene, as evidenced by the XRD patterns of the Cu2O/G nanocomposite, which had a diffraction peak at 2θ = 22.2[image: image] that is connected to the graphene (002) plane. Different reduction times were reported in the literature using different green reducing agents (Table 8). (Ousaleh et al., 2020) revealed the synthesis of four green reducing agents that were taken from cunica granatum L, citrus lemon L, cannabis sativa L, and date palm (Phoenix dactylifera L). The four green reducing agents were extracted using the microwave-assisted technique and the reduction time was 24 h which is higher than the reduction time reported by (Ahamed et al., 2022; Athinarayanan et al., 2018) which was only 4 and 1 h, respectively.
4 DATE PALM-DERIVED GRAPHENE APPLICATIONS
The use of graphene materials derived from carbonaceous wastes in fuel cells, solar cells, supercapacitors, electrochemical sensors, polymer composites, energy storage, and medical applications has been the subject of numerous investigations. A wide range of research and development disciplines are particularly interested in the potential applications of graphene nanoparticles. Excellent qualities and low cost make graphene-based nanomaterials ideal for use in photocatalysis, antimicrobial devices, sensors, and water treatment (Kumari and Samadder, 2022; Manikandan and Lee, 2023). Heavy metal adsorption in soil and water settings is one use for graphene derived from agricultural waste. Oil-water separation, sensors to identify specific trace substances, and the production of fuel cells and supercapacitor electrode materials are also amongst the applications of graphene derived from agricultural waste (Li L. et al., 2024). Additionally, biomedical applications like bioimaging, biosensing, tissue engineering, medication delivery, and antibacterial agents have made use of graphene derived from biomass (Figure 11a) (Blessy Rebecca et al., 2022).
[image: Figure 11]FIGURE 11 | (a) Applications of biomass-derived graphene in different areas. Effect of (b) concentration and (c) dosage on the adsorption of dyes onto graphene sand hybrid prepared from low-quality dates syrup, and (d) adsorption mechanism onto the graphene sand hybrid (Khan et al., 2019).
Contaminants such as organic pollutants, and heavy metal ions pose a major threat to soil, water, and groundwater pollutants and it is essential to remove them. Because of their large surface area and strong pollutant interactions, which subsequently increase adsorption effectiveness, carbon composites generated from biomass showed a lot of promise (Bezazi et al., 2024). The carbon materials function as adsorbents to move ion pollutants in water from the liquid phase to the solid phase, following the theory of phase transition (Avornyo and Chrysikopoulos, 2024). The principal pollutants found in industrial effluents include different heavy metal ions, various dyes, insecticides, herbicides, and fungicides. These compounds are all carcinogenic, mutagenic, and non-biodegradable (Saini et al., 2024). The graphene obtained from date palms has been used to remove a variety of contaminants (both organic and inorganic) from contaminated water.
4.1 Organic pollutants removal
Dyes, antibiotics, and petroleum hydrocarbons are examples of organic contaminants that are extremely harmful to both human health and aquatic organism life. For instance, due to their strong coloring power, low biodegradability, and high carcinogenicity, organic dyes dumped straight into fresh water might alter human cells through the food chain and harm aquatic organisms' immune systems (Qu et al., 2023). However, antibiotics originating from factories, homes, hospital discharges, livestock farming, and runoff from agricultural and aquaculture locations can typically lead to the creation of antibiotic-resistant genes and bacteria, which is extremely dangerous for human health as well as the health of other living things (Fayaz et al., 2024). Graphene-based adsorbents have recently studied for the treatment of wastewater. Graphene is a graphite single-atomic layer with a unique two-dimensional (2D) structure that allows the adsorption process to occur on both sides of flake sheets (Azam et al., 2022; Rezania et al., 2022).
The graphene sand hybrid developed by (Khan et al., 2019) from low-quality dates syrup was investigated on a series of cationic and anionic dye solutions including methyl violet (MV), Congo red (CR), methylene blue (MB) and methyl orange (MO) with initial concentrations ranging from 5 to 200 mg/L using 25 mg of the adsorbent for 4 h. Figure 11b shows that graphene sand hybrid was able to remove more than 90% of MV and CR in the whole range of initial concentrations. However, the removal of MB and MO was only 75% and 57%, respectively at initial concentration 25 mg/L and as concentration increased, the removal percentage decreased. The effect of adsorbent dosage on the removal of CR and MV is shown in Figure 11c. It is clearly seen that increasing the dosage of graphene sand hybrid had negligible effect on MV adsorption. However, for CR, the removal percentage increased with the increase in adsorbent dosage and the highest removal efficiency of 93% was reported at a dose of 25 mg. Further increase in dosage above 25 mg showed no effect on removal efficiency, and this was attributed to the agglomeration of the adsorbent particles. Results showed that the graphene sand hybrid had a strong ability to adsorb MV dye and CR dye with adsorption capacities of 2,564 mg/g and 333 mg/g, respectively. The excellent adsorption performance of graphene sand hybrid was attributed to the fact that graphene’s layered interlamination is opened by wrapping it around sand, revealing the potent adsorption sites found in the interlayers. Moreover, the hydrophilic sand surface turns hydrophobic, negatively charged, and has π-electron conjugated structure when a hydrophobic graphene sheet with sp2 hybridized structure is present on it. The anionic graphene sand hybrid demonstrated high extraction efficiencies for cationic dye pollutants like MV because of its strongly negatively charged surface. In addition to electrostatic interaction, π-π bonding was also a significant factor in dye adsorption (Figure 11d). The Congo red dye adsorption capacity using graphene sand hybrid material is slightly higher than the adsorption capacity of Congo red dye using graphene synthesized from rubber seed shells (Nizam et al., 2022). According to this study, functional groups like hydroxyl and carboxylic have a major impact on the process via which dye molecules connect with the graphene oxide surface through π-π interaction and electrostatic contact. Regardless, the adsorption equilibrium data of Congo red adsorption using both adsorbents were fitted by Langmuir model, while the kinetic data were fitted by the pseudo-second order kinetic model. Teow et al. (2020) created graphene shell composite, which was utilized to remove methylene blue (MB), utilizing oil palm kernel shell as the basis material and oil palm frond juice as the natural carbon source. They reported that after 20 h, the removal was more than 80% for a range of different initial concentrations. Although, this percentage is higher when compared to date palm-derived graphene sand hybrid, the contact time of 20 h is 5 times more than the contact time in the case of date palm-derived graphene sand hybrid which was only 4 h.
Graphene oxide produced from raw date seeds was utilized in the adsorption of the insoluble phenothiazine-derived dye. The adsorption capacity was 4.88 mg/g at optimum conditions of 11 mg/L initial dye concentration, pH 9, and contact time of 30 min (Al-Zahrani et al., 2022). On the other hand, the graphene glass hybrid prepared from the syrup of dates with low quality was utilized as a reactive substance in permeable barrier technology to treat groundwater contaminated with tetracycline (Graimed and Tark Abd Ali, 2022). The Langmuir model was used to fit the equilibrium data, the maximum adsorption capacity was determined to be 17.122 mg/g, and the kinetic data were fitted by the pseudo-second order kinetic model. Optimum adsorption conditions, equilibrium, kinetics, and thermodynamics of different organic pollutants using date palm-derived graphene materials are summarized in Table 9. To improve graphene’s potential for water treatment, a composite formed of graphene functionalized with ferrocene was produced using byproducts of palm tree as a carbon source (El-Maghrabi et al., 2022). In batch adsorption tests, several parameters such as pH (Figure 12a), time (Figure 12b), adsorbent dose (Figure 12c) and starting concentration (Figure 12d) were tested to determine the best conditions for removing PO4−3 from wastewater. The best adsorption capacity was found to be 58.93 mg/g when graphene produced from palm fibers was used at an initial concentration of 15 mg/L, pH = 3, dose of 10 mg, and contact duration of 60 min. The data derived from the pH effect confirmed that the phosphate ions adsorption mechanism is ion exchange (Figure 12e). This was ascribed to the rise in pH associated with an increase in hydroxyl ions, which lowered the removal % by competing with phosphate ions for the active sites on the graphene surface. Because the Langmuir model fits the adsorption process, this interpretation is also consistent with the results of the adsorption isotherm.
TABLE 9 | Optimum adsorption conditions, equilibrium, kinetics, and thermodynamics of different organic and inorganic pollutants using graphene materials derived from low-quality dates syrup.
[image: Table 9][image: Figure 12]FIGURE 12 | Effect of (a) pH, (b) time, (c) dose and (d) concentration on the adsorption of phosphate onto ferrocene-functionalized graphene prepared from palm fibres (F-G-F) and palm leaves (L-G-F), and (e) adsorption mechanism onto the ferrocene-functionalized graphene (El-Maghrabi et al., 2022).
Adsorbent materials must be able to be successfully regenerated and reused for several treatment cycles in order to be economically viable. The optimal adsorbent regeneration process should remove impurities and competing species such as dissolved organic matter and background ions, preserve the original surface functional groups and structure, and allow for additional adsorption-desorption cycles without requiring the replacement of media (Vakili et al., 2024). Through the use of several solvents, including acetone, HNO3, and NaOH, the reusability of graphene sand hybrid prepared from low-quality dates syrup was conducted. A 0.1 M NaOH was able to effectively desorb methyl violet where there was no discernible decrease in adsorption capacity even after three cycles (Figure 13a). When Congo red-adsorbed graphene sand hybrid was regenerated using acetone and NaOH, a similar pattern was observed (Figure 13b) (Khan et al., 2019). On the other, GO derived from date palm seeds which was used for the adsorption of phenothiazine-derived dye was regenerated through rinsing with deionized water and employed in the following adsorption experiment. 90% of the regenerated GO’s capacity was preserved after four adsorption cycles (Figure 13c) (Al-Zahrani et al., 2022). The reusability of ferrocene-functionalized graphene derived from palm fibres (F-G-F) and palm leaves (L-G-F) in the adsorption of phosphate were also investigated and results showed significant decrease in the removal percentage after four consecutive adsorption/desorption cycles (Figure 13d) (El-Maghrabi et al., 2022).
[image: Figure 13]FIGURE 13 | Regeneration effect on the adsorption of (a) methyl violet and (b) Congo red on graphene sand hybrid derived from low-quality dates syrup, (c) phenothiazine-derived dye on GO derived from dates seeds (Al-Zahrani et al., 2022), (d) phosphate on ferrocene-functionalized graphene derived from palm fibres (F-G-F) and palm leaves (L-G-F) (El-Maghrabi et al., 2022). Effect of: (e, f) initial concentration, (g, h) pH on the adsorption of lead onto graphene glass hybrid prepared from low-quality dates syrup (Reproduced with permission from Graimed and Tark Abd Ali, 2022 ©Elsevier) and graphene sand hybrid prepared from low-quality dates syrup, respectively. Regeneration effect on the adsorption of (i) lead and (j) cadmium on graphene sand hybrid prepared from low-quality date syrup (Khan et al., 2019).
4.2 Inorganic pollutants removal
Inorganic pollutants have the potential to seriously harm both human health and the health of all living creatures. Inorganic pollutants, such as lead, mercury, arsenic, zinc, and other heavy metals, can have harmful impacts on the environment and public health if their concentration rises above the World Health Organization’s (WHO) recommended threshold (Al-Raad and Hanafiah, 2021). Overexposure of biological organisms to heavy metals can damage blood compositions, livers, kidneys, lungs, and other vital organs in addition to having certain negative impacts on mental and central nervous system functions (Yu et al., 2024). Graphene-coated sand prepared by (Abd Ali, 2019) - employing syrup made from dates with low quality - was used in a permeable reactor barrier for the removal of copper from contaminated groundwater. At pH = 5.5, 2 g of graphene-coated sand was able to remove the copper ions from 100 mL solutions with concentrations ranging from 5 to 100 mg/L with a maximum removal efficiency of 90%. It was observed that graphene-coated sand has the ability to remove the copper ions despite having a smaller surface area (175 m2/g) than other sorbents. The presence of graphene sheets on sand surfaces offers multiple active sites for adsorption and enables a high percentage of copper removal. Oil palm leaves were utilized to synthesize graphene oxide using the catalytic acid spray method by aqueous acid exfoliation of cellulose in the presence of Co silicate as a catalyst (Fathy et al., 2019). The produced graphene oxide was used as an adsorbent for copper ions and the optimum conditions were 2.22 g/L adsorbent dosage, initial pH of 6 and initial concentration of 259 mg/L. Optimum adsorption conditions, equilibrium, kinetics, and thermodynamics of different inorganic pollutants using date palm-derived graphene materials are summarized in Table 9. The graphene glass hybrid prepared by (Graimed and Tark Abd Ali, 2022) from the syrup of low-quality dates was also used as a reactive material in permeable barrier technology to treat groundwater contaminated with lead. The maximum adsorption capacity was found to be 38.639 mg/g.
On the other hand, the graphene sand hybrid material demonstrated exceptional adsorption capacity and regeneration ability for heavy metal pollutants. Lead ions and cadmium ions had adsorption capacities of 781, and 793 mg/g at 25°C, respectively. A comparative overview of the performance of different biomass graphene materials in the removal of different organic and inorganic pollutants is provided in Table 10. It was reported that only 10 mg of date palm-derived graphene sand hybrid was able to completely remove both Pb and Cd ions regardless of the initial metal concentration. While the removal of Cd ions remained constant regardless of the starting solution pH, the Pb adsorption increased with increasing pH which suggested that the ion-chelating negatively charged functional groups on the surface of date palm-derived graphene sand hybrid play a major role in the removal of heavy metals (Khan et al., 2019). A similar relationship with pH was also reported for the adsorption of Pb ions using date palm-derived graphene glass hybrid. The effect of initial concentration and pH on the adsorption process using graphene glass hybrid and graphene sand hybrid is shown in Figures 13e–h. The Pb adsorption capacity using date palm-derived graphene sand hybrid is almost 20 times the Pb adsorption capacity using date palm-derived graphene glass hybrid. This can be attributed to the fact that the surface area of the graphene sand hybrid is almost twice the surface area of the graphene glass hybrid. Regarding the regeneration of heavy metals-loaded graphene sand hybrid, using 0.1 M HNO3 resulted in less than 5% drop in the adsorption capacity after the third cycle, while using acetone resulted in less than 10% drop in the adsorption capacity after the third cycle (Figures 13i,j).
TABLE 10 | Comparison of the adsorption performance of biomass graphene materials for different pollutants.
[image: Table 10]5 ENVIRONMENTAL FATE AND ECONOMIC ASSESSMENT
5.1 Toxicity and environmental fate
After being released, graphene materials eventually find their way into the environment, with the three most crucial systems being the air, soil, and water. Graphene materials will undergo a number of physical, chemical, and biological changes as a result of their interactions with various environmental media, such as ions, dissolved organic matter, UV light, and microbes. These changes will impact their biological impacts. The change of graphene materials in water, which primarily comprises colloidal behavior and chemical transformation brought on by sunlight, chemicals, and microbes, has drawn the greatest attention because the aquatic environment is the primary recipient of graphene (Ding et al., 2022).
According to earlier research, GO is cytotoxic to human red blood cells, mammalian cells, erythrocytes, and skin fibroblasts in a dose-and size-dependent manner. The toxicity of 50 μg/mL GO to human fibroblast cells was shown to be evident. Extensive research on the colloidal properties of graphene-related nanomaterials, which are crucial to their application, reactivity, destiny, transport, bioavailability, and toxicity, has been spurred by worries about the possible detrimental effects on human health, the environment, and the ecosystem (Gao et al., 2019). GO’s strong hydrophilicity and water mobility, which are among its greatest benefits, can easily become an ecological problem. According to earlier reports, elements belonging to the graphene family have a significant propensity to collect in living things' bodies and have an impact on the aquatic ecosystem’s food chain. Given its extensive interactions with aquatic creatures, GO is likely to exhibit similar behavior. Understanding GO’s possible harmful mechanism against aquatic creatures is crucial to addressing concerns about its ecotoxicity and fate in aquatic environments. However, there has not been much research done on how GO interacts with species in watery environments (Malina et al., 2020). Conversely, multiple studies have indicated that GQDs derived from various biomass sources exhibit reduced toxicity. This observation extended to GQDs synthesized from date palm leaves. Generally, GQDs are considered non-toxic, environmentally benign, and biologically inert materials when compared to GO (Saleem et al., 2023).
While date-palm graphene materials offer potential green chemistry-aligned and environmentally friendly solutions in terms of sustainable raw materials, green synthesis, and cost-efficiency, the extensive ongoing research and development aimed at fully realizing their potential in real-world applications by improving their characteristics to match those of conventional graphene may lead to increased toxicity. The physiochemical characteristics of graphene materials, such as size, shape, oxidation level, dispersion quality, and surface area, determine their toxicity (Goodwin et al., 2018; Koyyada and Orsu, 2020). For instance, (Taşdemir et al., 2023), studied the cytotoxic and genotoxic effects of two graphene materials with two different surface areas (150 and 750 m2/g) and proved that cell damage increased with higher surface area. It was observed that the developed date palm-derived graphene materials have surface areas that are significantly smaller than the conventional graphene, thus, their toxicity is expected to be far less than the conventional graphene. Therefore, the lower surface area of date palm graphene can provide a positive impact in enhancing its environmental fate. Regardless, the great adsorption capacity of graphene for persistent organic pollutants (POPs), can lead to Trojan horse effect which is a phenomena whereby organic contaminants accumulate on the nanomaterial’s surface as a result of this adsorption, potentially increasing their uptake by aquatic species and its negative impacts (González-Soto et al., 2023). Despite the lower surface area of date palm graphene materials compared to conventional ones, they exhibited superior adsorption capacities, particularly for organic pollutants, which may render them susceptible to developing a Trojan horse effect when released into aquatic environments. Graphene properties affecting its toxicity as well as possible interactions with various environmental media are presented in Figure 14.
[image: Figure 14]FIGURE 14 | Graphene materials’ toxicity and environmental fate.
An issue of great importance is the biodegradation of graphene materials. Even though graphene-based materials have been the subject of some research in this area, it is essential to describe the structural features of the various materials employed in each biodegradation study. Recent research has unequivocally demonstrated that immune cells are capable of carrying out the intracellular and extracellular destruction of GO. To better understand the potential dangers of long-term bio-persistence of such materials and to make them safer by design, more study is needed on the degradation of other graphene-based materials with defined features using pertinent in vitro and in vivo models (Fadeel et al., 2018). In summary, concerns about potential environmental costs arise from the increasing use of graphene-based products. To detect possible repercussions, assessing the life cycle environmental impacts of applications from current and anticipated graphene technology advancements is necessary. However, environmental impact assessment models have not been developed. Therefore, the environmental fate of biomass-derived graphene and its applications during usage and final disposal stages should receive more attention from researchers (Li X. et al., 2023).
5.2 Economic assessment
Compared to the other nanomaterials, graphene production is higher, and it is predicted to keep increasing as the costly processes currently employed to produce graphene are improved. Accordingly, it is anticipated that by 2027, 3,800 tons of graphene will be produced, valued at $300 million (González-Soto et al., 2023). The process of producing graphene is costly, and complicated. However, the utilization of far less costly biomass as a carbon source has solved this problem. A variety of biomass sources can be effectively used to produce graphene and nanoporous carbons. Additionally, controlling the textural characteristics and the kind and amount of functional groups on the surface is made possible by thorough research into the synthesis parameters of carbons from biomass wastes (Urzúa et al., 2024).
The process of large-scale production involves many economic considerations, including the need to obtain large quantities of starting materials at low cost. The source of graphite is a crucial factor because it will impact not only the operation’s cost but also the quality of the final product and the necessary subsequent processing steps (Lowe et al., 2016). Locally available biomass sources can provide a low-cost and eco-friendly raw material for graphene production. Research studies employing date palm components for the synthesis of graphene materials exhibit a limitation of not studying the cost-effectiveness in comparison to conventional graphene materials. However, the cost analysis of graphene synthesis from other biomass sources can be considered a representative initial cost estimation for the production of date palm graphene materials. Nevertheless, the pretreatment required for the biomass raw material may vary depending on the type of biomass source.
Detailed cost analysis for large scale production was provided for graphene production from populus wood biomass following carbonization and activation processes where it was estimated that the production cost of each 1 kg of graphene is almost $25 (Ekhlasi et al., 2018). Commercial graphene exhibited higher prices ranging from $30 to $120 per kg (Ban et al., 2024). For graphene production from populus wood biomass with guaranteed viability, the cost analysis considered an underestimated yield of 17%, 300 days a year, and a staff of five employees each shift for 24 h a day. According to the results, 1 kg of graphene required an average of 81 MJ of energy to generate. About 5.25, 6.13, and 40% of energy is used in the crushing of biomass residue, ball milling of the crushed biomass to a fine powder, and carbonization of the powdered populus wood, respectively. Furthermore, 0.033 kg of N2 is needed for each 1 kg of populus wood, and about 12 kg of HCl (10 wt. %) and 5.6 kg of KOH are needed for every 1 kg of graphene sample that is produced.
Regarding GO costs, it was revealed that the total cost of synthesizing GO on a laboratory scale from 3 g of graphite flakes and 3 g of graphite from nettle (Urtica dioica L.) was estimated to be $4.57 $ and $5.60 per gram, respectively, producing 5.5 and 4 g of products (Tondro et al., 2021). By synthesizing high-purity graphite with a carbon concentration of >99.9% from easily accessible lignocellulosic biomass, including nettle (Urtica dioica L.), the production yield of GO from nettle can be further enhanced. However, the filtration methods', significant energy consumption and acid release in wastewater have raised serious environmental concerns. On the other hand, the cost for producing 0.3 g of GO obtained from corncob was found to be $25.20. In the synthesis of GO from corncob, cellulose was initially isolated and subsequently utilized for graphite synthesis. The extraction of cellulose necessitated additional chemical reagents such as NaOH and NaClO2, which incurred additional costs. Therefore, extra costs may be applied to GO produced from date palm seeds as it initially required the extraction of lignin. Concerning the commercial GO, (Donato et al., 2023), reported the absence of standardization in GO’s pricing as well as the lack of information regarding the synthesis methodology employed by the majority of GO producers. A comparative analysis of 34 distinct commercially available GO samples from 25 companies across 11 countries revealed prices ranging from $0.40 to $2,300 per gram. This substantial price variation presents a significant challenge in conducting meaningful comparative cost-efficiency analyses between commercial and biomass-derived graphene.
On the other hand, non-conventional synthesis methods showed promising results in decreasing graphene production costs. Using coal as a carbon source, flash Joule heating costs $130 to $135 per ton which is equivalent to only $0.13–$0.135 per kg. It can handle a variety of waste materials without the need for solvents or catalysts, and it only produces roughly 10 kg of carbon dioxide for every kg of graphene, as opposed to 400–500 kg released from conventional synthesis (Hosny et al., 2025). Although flash Joule heating has not been employed in the synthesis of graphene from date palm, it can provide a scalable and economical approach compared to conventional synthesis methods. In another research, GO produced from banana peel employing microwave pyrolysis method was found to be $14 less expensive than the market price for producing 1 kg of GO (Allende et al., 2024b). Therefore, it is advisable to explore alternative synthesis methods, such as flash Joule heating and microwave-assisted pyrolysis, in the field of date palm graphene synthesis. Furthermore, a comparative cost analysis of date palm graphene in relation to conventional graphene is necessary, as the majority of studies on biomass-derived graphene focus primarily on synthesis and characterization, neglecting cost analysis and life cycle assessment, despite these being crucial factors for practical applications.
6 CONCLUSIONS AND FUTURE PROSPECTS
Date palm trees are one of the trees that produce significant amounts of waste annually. This waste is usually burned; although it is carbon-rich and can be converted into valuable products. This novel review paper has comprehensively summarized the advances in the synthesis and reduction of graphene materials using different types of date palm waste. Different types of date palm waste such as seeds, leaves and low-quality dates were utilized in different studies to produce graphene materials. Although graphene materials produced from low-quality dates had low surface area when compared to conventional graphene; they showed an exceptional performance in the removal of some pollutants from contaminated water. Date palm fruit was also used to prepare extracts to serve as a green reducing agent for graphene oxide. Although this extract can avoid the usage of harmful and expensive chemicals; this trend does not solve the environmental issue of date palm waste as the fruit part is consumed by humans and is considered an important source of nutrients. Therefore, the applicability of spoiled date fruit or other parts of the date palm tree which are considered as a waste in graphene reduction should be investigated. The research of date palm-derived graphene is still in its early stages. However, the urgent need to find sustainable routes for graphene production will lead to growth in this new aspect of research. Several challenges and future research directions are pointed out below for date palm-derived graphene materials and shown in Figure 15 to help researchers in advancing more novel synthesis routes and diverse applications.
[image: Figure 15]FIGURE 15 | Summary of the current and recommended future prospectives in the synthesis and applications of date palm-derived graphene materials.
There is a challenge related to the systematic collection and classification of the raw material itself which is the date palm waste. Although this waste is abundantly available; it is very important to have a standard specification for the collected raw material. The pre-treatment of the collected waste is also important because agricultural wastes in general contain unwanted impurities. Regarding the synthesis methods, only pyrolysis and hydrothermal techniques have been investigated in the production of graphene from date palm waste. Thus, other synthesis methods such as molten salt, liquid-phase exfoliation and flash Joule heating should be investigated, and the quality of graphene produced from each method should be compared. Additionally, the synthesis conditions need to be optimized to get a stable and reproducible product which is required for the control of the structure and properties.
Date palm-derived graphene materials have immense possibilities for applications in different areas. For instance, the graphene-like material derived from date palm seeds demonstrated porous structure and high surface area, which make it a good candidate in applications where porous structure and high surface area are required. Furthermore, the GQD prepared from date palm leaves showed biocompatibility with minimum probability of cellular toxicity which gives them a great potential for biomedicine applications. Finally, the production of composites consisting of date palm graphene along with conventional graphene or other chemically produced materials should also be investigated. Such composite can have excellent characteristics and performance in different applications as well as lower production costs and more environment-friendly synthesis procedures. Finally, although date palm components offer potential environmentally sustainable and cost-effective starting materials for the production of graphene materials aligned with green chemistry principles, life cycle assessment and detailed comparative cost analysis remain critical factors for large-scale production that require further investigation by researchers to fully realize the potential of date palm-derived graphene materials in practical applications.
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Green tea extract 1. Green tea extract was added to GO. Electrochemical detection of sunset 6h Vatandost et al.
2. The mixture was refluxed, and the rGO yellow in food products (2020
gradually precipitated.

3. The product was centrifuged and dried in an
oven overnight.

Sugarcane bagasse 1. Sugarcane bagasse was dried in an oven, Adsorption of methyl blue dye 2h Gan et al. (2019)
Caesalpinia sappan L. ground into fine particles and sulfuric acid  Cyclic voltammetric study showed good 6h Destiarti et al.
was added into the bagasse solution at 60°C. electrochemical properties (2024)

2. The obtained solution was added into GO
dispersion, followed by stirring and reaction
for 2 h.

3. The resulting dispersion was centrifuged and
washed with water.

1. C. sappan was extracted by maceration using
96% ethanol.

2. The extract was mixed with GO, sonicated,
transferred into a hydrothermal autoclave
and heated in an oven.

3. The 1GO was separated by centrifugation and
the residue was washed and finally dried in an

oven.

Palm oil leaves 1. Grinded and dried palm oil leave was added | Electrochemical studies concluded a 3h Amir Faiz et al.
into distilled water, heated using magnetic  better voltage-current response of rGO (2020)
stirrer at 70°C for 30 min and at room in comparison to GO

temperature for 3 h.

2. The solution was centrifuged and mixed with
GO solution.

3. The suspension was refluxed at 100°C for 3 h,
centrifuged and dried in the oven for 24 h.

Date palm fruit 1. Na;MoO, Zn (NO5)z, and graphene oxide Anticancer activity and 4h Ahamed et al.
was added to date palm extract. cytocompatibility (2022)
. After stirring, the reaction mixture was heated
in a water bath at 60°C and then dried at
120C.
. The resulting precipitates was heated to 500°C
for 1 h.

N

w

Date palm fruit 1. Copper sulfate solution was added to Antibacterial and cytotosic 1h Athinarayanan
graphene oxide solution while stirring. performance etal. (2018)
2. After adding date palm syrup, the reaction
mixture was incubated at 85°C for 1 h while
stirring.
3. After cooling to room temperature, the
obtained precipitate was centrifuged, washed,
and dried in an oven.

Date palm (Phoenix dactylifera L), | 1. The four plants were washed, dried at room 2h Ousaleh et al.

Cannabis Sativa L, Citrus lemon L, | temperature, and crushed into fine powder. (2020)
and Punica granatum L 2. The powder was added to a solution of

methanol/water, extracted using microwave-
assisted and the extracts were filtered.

3.GO powder was dispersed in distilled water,
maintained under ultrasonic and natural
extract solution was added.

4. The solution was agitated, centrifuged, and
washed.
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