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Abstract 

Nanocellulose, which refers to cellulose at the nanoscale, has been extensively employed for 

water treatment. It can be synthesized in diverse formats, such as colloidal powders that can be 

easily dispersed in water, films, membranes, nanosheets, hydrogels/aerogels, and three-

dimensional (3D) scaffolds. Their claimed activity is the elimination of water pollutants such 

as heavy metals, dyes, pesticides, pharmaceuticals, microbiological cells, and other pollutants 

from water systems. This article provides a concise overview of the latest advancements in 

water treatment utilizing nanocellulose-based materials. The study also incorporated a 

scientometric analysis of the topic. Cellulose-based compounds facilitate the elimination of 

water pollutants, while salts provide sophisticated techniques for water desalination. They are 

extensively utilized as substrates, adsorbents, and catalysts. These methods were used to 

remove pollutants, including adsorption, filtration, disinfection, coagulation/flocculation, 

chemical precipitation, sedimentation, Reverse Osmosis (RO), ultrafiltration (UF), 

nanofiltration (NF), electrofiltration (Electrodialysis), ion-exchange, chelation, catalysis, and 

photocatalysis. The conversion of cellulose into commercial goods facilitates the extensive 

utilization of nanocellulose-based materials as adsorbents and catalysts.  
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1. Introduction 

Water is essential for the living system, representing 71% of the Earth's mass. The amount of 

water in the universe is preserved. However, the pace of water consumption has been increasing 

at more than double the rate of the whole human population. Clean water has become the 

critical challenge of the 21st century due to the significant rise in water use and issues like water 

contamination, and the shortage of water. The recent statistics from the World Resources 

Institute (WRI, https://www.wri.org/freshwater) reveal that over 4 billion people face water 

stress conditions for at least a period of one month per year. WRI expected also that there will 

be an increase of up to 30% by 2050.  It reported also that 1% of global GDP could provide 

water security for all by 2030.  There is 25% of the global population lives in countries facing 

water stress. The Agenda 2030 explicitly includes clean water and sanitation as one of the 

Global Sustainable Development Goals (SDG #6). Wastewater analysis and treatment are an 

essential technology for fulfilling the fundamental requirements of human domestic and 

industrial water [1–8].  

Nanotechnology of particles with a size of 1-200 nm shows remarkable properties compared 

to bulk materials. Thus, nanomaterials were applied to several fields including energy [9], 

environmental [10–13], biotechnology [14], and biomedicine [15,16]. Among these 

applications, nanomaterials and advanced methods offered high technologies for water 

treatment [17–22].  There are several methods for treating wastewater including precipitation, 

coagulation, flocculation,  complexation, adsorption, filtration (membrane, filter, thin film), 

ion exchange, reverse osmosis, electrodialysis, electrocoagulation, catalysis (e.g., UV 

photolysis, photocatalysis, and advanced oxidation processes (AOPs))[23–26]. Several 

materials were reported for the water treatment including natural materials e.g., biobased 

materials [27], and synthetic materials e.g. metal-organic frameworks (MOFs)[28], polymers, 

zeolitic imidazolate frameworks (ZIFs)[1], covalent organic frameworks (COFs), metallic 
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nanoparticles, metal oxides, and metal chalcogenides. Among these materials, biopolymers are 

promising being biodegradable, biocompatible, cheap, available, and can be proceed using 

recent technologies into custom products.  

Nowadays, there is a substantial need to replace products obtained from fossil fuels with 

alternative materials that are capable of being biodegraded naturally and/or are derived from 

biological sources. Cellulose is a favorable alternative option for fossil fuels-derived materials. 

It can be also used for fuel production via biological methods [29–31].  Cellulose-based 

materials may solve challenges such as the accumulation of oil reserves, the contamination 

caused by plastic, and the release of carbon emissions, and offer a sustainable approach[32]. 

Thus, the production of cellulose is highly important. Several methods were reported for the 

production of nanocellulose including mechanical disintegration (e.g., refining, and 

homogenization via homogenizers and microfluidizers), 2,2,6,6-tetramethylpiperidine-N-oxyl 

(TEMPO)-mediated oxidation [33], enzymatic hydrolysis [34], extrusion for mechanical 

disintegration, periodate-chlorite oxidation, quaternization, sulfonation, and solvent-assisted 

methods for biochemical pretreatments, and fractionation procedures. Cellulose-based 

materials have been widely used for biomedicine [30], water treatment [35–37], and UV 

protection [38]. They offer sustainable purification technologies [39]. They are effective 

materials for membrane-based technologies with and without substrates [40]. 

This review examines the considerable potential of nanocellulose (NC) for eliminating 

contaminants in wastewater treatment. We explore the distinctive characteristics of NC, such 

as its elevated aspect ratio, extensive surface area, and functional groups including hydroxyl 

and carboxylic groups, which make it an exceptionally efficient adsorbent for diverse 

contaminants. The review assesses the effectiveness of NC in removing pollutants such as 

heavy metals, dyes, oils, and drugs from wastewater. We examine the applications of NC in 

both adsorption and membrane filtration, emphasizing its benefits such as biodegradability, 
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renewability, and cost-effectiveness in comparison to conventional techniques. In addition, the 

paper analyzes the progress of composites based on NC, in which NC is coupled with other 

materials to augment its ability to remove contaminants. We discuss the present obstacles and 

prospects for research, with a focus on the importance of improving the production processes 

of NC and investigating its potential for large-scale use in practical wastewater treatment 

applications. 

Figure 1 shows the scientometric analysis of cellulose applications in water treatment. There 

are exponential increments in the publications number over the year (Figure 1a). Cellulose 

was applied to several subjects including Materials Science, Environmental Science, Chemical 

Engineering, Chemistry, Engineering, Energy,  and others  (Figure 1b). The topic of cellulose 

and its applications in water treatment can be followed in several good journals as shown in 

Figure 1c. 
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Figure 1 Scientometric analysis of cellulose based on a) publications number, b) subjects, and 

c) sources. Data analysis was performed using the Scopus database for the words 

‘cellulose  AND  water treatment’. 

 

 

2. Chemical Structure of Cellulose 

Cellulose products have been crucial in the documentation and dissemination of human 

civilization from the time of the Egyptian papyri. Cellulose as a chemical raw material has been 

used for around 150 years. Cellulose is often regarded as the highest abundant polymer on 

Earth, comprising around 40-50% of the biomass. It is mostly conserved inside plants and 

microorganisms in their native environments. It can be generated in nature by photosynthesis. 

It has long been seen as a plentiful and sustainable green resource. 

Anselme Payen, a French scientist, made the initial discovery of cellulose in 1838 [41]. 

Originally, he employed the term "Cellulose" to denote the processed plant material that is now 

widely recognized as plant pulp. He asserted that cellulose exhibits a higher degree of 

compaction in comparison to starch. In addition, he stated that specific treatments have the 

potential to modify the consistency of cellulose. The enzymatic conversion was used to explore 

the differences in properties between cellulose and starch, which were related to the isomeric 

forms of both substances. In 1891, Schulze utilized the term "cellulose" in his research [42]. 

Hemicelluloses were coined by the German chemist Ernst Schulze in 1891 to refer to 

polysaccharides found in plant cells, which are composed of galactose, mannose, arabinose, or 

xylose. In 1813, the Swiss botanist Augustin Pyramus de Candolle introduced the term "lignin" 

to refer to the non-hydrolyzable component of wood. This term was later adopted by Franz 

Ferdinand Schulze in 1856 [42]. 

The determination of the cellulose structure may be attributed to the research conducted by 

Staudinger in 1920. These discoveries, in addition to Staudinger's investigations, signified the 
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identification of the polymeric state of these materials. Sponslor and Dore (1926) made notable 

contributions to the progress of the structural model of cellulose. The proposed original model 

was a chain model that depended on glucopyranose [43]. Scientists have determined that 

cellulose is composed of fibers in the nano or micro regimes that are present in wood, after 

doing thorough research and applying it in various industries. These achievements were the 

birth of polymer science. 

Cellulose is a pure semicrystalline organic polymer that consists of both ordered (crystalline) 

and disordered (amorphous) regions within the microfibril. The inherent level of crystallinity 

often falls between the 40-70% range and is contingent upon the source of cellulose and the 

technique used for separation. Cellulose consists of a straight long chain formed of β-D-

glucopyranose (glucose) molecules, which are joined together by 1,4-glycosidic bonds. It 

consists of a reducing end, a non-reducing end, and internal rings of thousands of glucose 

molecules. The structure of this chain exhibits a chair conformation. The hydroxyl groups in 

cellulose indicate its highly cohesive microfiber network structure, which is created by strong 

hydrogen bonds involving polyhydroxy groups. The hydrogen bonding phenomenon also 

enhances the cellulose's ability to withstand dissolving in typical solvents. 

Hemicellulose (HC) is the second most prevalent polysaccharide, comprising around 20-35% 

of lignocellulosic biomass. It is a complex, heterogenous, and branching polysaccharide. It 

consists of many carbohydrate repeating units including glucose, xylose, mannose, arabinose, 

galactose,  and others. The proportion of hemicellulose changes significantly depending on the 

source of lignocellulosic biomass. Due to its diverse sources, low molecular weight, and 

variable chemical composition, the commercialization potential of HC has not been adequately 

explored for value-added applications, unlike other natural polysaccharides. 
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The molecular size of cellulose can be determined using several methods such as Size exclusion 

chromatography (SEC). The SCE method evaluates the molecular weight distribution of 

dissolving pulp samples. The cellulose pulp is usually dissolved in a solvent system such as a 

mixture of dimethylacetamide (DMAc) and lithium chloride (LiCl). The water in the cellulose 

suspensions was extracted by solvent exchange using methanol and DMAc and then dissolved 

in DMAc/LiCl. The analysis of the molecular weight can be performed using pullulan for 

calibration purposes, and refractive index as a detector.  

The degree of polymerization (DP) varies depending on the origin of cellulose. The DP values 

for natural wood, cotton, and Valonia are 10,000, 20,000, and 44,000, respectively. The 

outcome might also vary based on the methodology used for segregation and refinement. As 

an example, DP may range from 200 to 500 in regenerated cellulose, and reach 1000 in 

bleached kraft pulps. DP can be evaluated using several empirical equations using intrinsic 

viscosity, η (mL/g). 

2.1.Surface modification 

Cellulose has several functional groups such as hydroxyl groups. Cellulose’s functional groups 

enabled hydrophilic properties [44]. The surface functional groups of cellulose enable 

modification with several molecules [45]. They can be also used to process the materials into 

aerogels and hydrogels. Cellulose hydrogels can be modified via physical (e.g., blending, 

addition of fillers, and incorporation) or chemical methods (e.g., crosslinking, and grafting) 

[46]. 

The process of cationization of cellulose fibers entails introducing positive and negative 

charges to the cellulose employing electrophilic addition, affinity, or nucleus addition, which 

involves the introduction of certain groups or components to enhance the swelling of cellulose 

in water. Alternatively, the insertion of an identical charge may be used to induce repulsion 
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between the fibers, therefore diminishing the cohesiveness between them. Cellulose 

pretreatment improves the process of breaking down cellulose into smaller fibrils, while also 

introducing modified structures or groups with specific functions onto the surface of the 

cellulose. Consequently, the interactions among different components in the experiment create 

challenges in maintaining control, leading to subpar consistency in the cellulose nanofibers 

(CNFs). 

Cellulose exhibits good properties including unique optical characteristic features. In 1959, 

Marchessault et al. observed that nanocrystal suspensions exhibit birefringence after they reach 

a certain concentration threshold [47]. In 1992, Revol et al. revealed that nanocrystal cellulose 

(NCCs), formed by sulfuric acid hydrolysis, really exhibits a chiral nematic liquid-crystalline 

phase [48]. After this finding, several research focused on investigating the optical and liquid-

crystalline characteristics of cellulose suspensions. They reported the orientation of crystals 

when subjected to an external magnetic field [49] and a rotating magnetic field [50].  

3. Nanotechnology and Nanocellulose 

Nanotechnology, technology for particle sizes less than 200 nm, has made significant progress 

in various areas, such as water treatment [51–57]. Nanomaterials can be utilized in various 

techniques including chemical precipitation, ion exchange, adsorption, membrane separation, 

filtration, coagulation/flocculation, flotation, catalysis, and electrochemical-based processes. 

Cellulose-based materials show great promise among the vast array of nanomaterials. Cellulose 

possesses numerous benefits as it is a plentiful and non-toxic compound. The presence of 

functional groups in cellulose allows for systematic chemical modification using various 

methods and reagents [58]. It can be produced using additional biopolymers like chitosan 

[59,60], and inorganic nanoparticles [61–63], such as metal oxides [63]. It facilitates the 
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conversion of materials into marketable products, such as membranes [60], using sophisticated 

engineering processes [64]. 

Cellulose can be produced in nano-regime, denoted as nanocellulose (NC). There are several 

derivatives of nanocellulose including cellulose nanofibrils (CNF), cellulose nanocrystals 

(CNC), bacterial nanocellulose (BNC), enzymatic nanocellulose (ENC), and TEMPO-oxidized 

cellulose nanofibrils (TOCNF)[65,66]. The differences among these derivatives were 

summarized in Table 1 based on their size. The properties of the materials depend on several 

parameters including raw material sources, production methods, treatments, and modifications.  

Table 1 Summary of nanocellulose derivatives and their size. 

 

4. Production methods for nanocellulose 

Cellulose may be obtained from several sources, including hardwood and softwood from trees 

[67], fiber from seeds e.g., cotton and coir, fibers from plants e.g., flax, hemp, jute, and ramie, 

grasses e.g., bagasse and bamboo, marine organisms including tunicates, algae, fungi, 

crustaceans, and bacteria. Wood consists of around 40-50% cellulose by weight, with half of it 

being in nanocrystalline form and the other half in amorphous form. Plant cellulose is mostly 

located inside the cellular structures of plant fibers, namely in the cell walls. The formation of 

the cell wall occurs in a specific order, leading to varied chemical compositions and 

architectures.  

Name Diameter 

(nm) 

Length (µm) Aspect Ratio 

(L/D) 

Cellulose Nanofibrils (CNF) 2-20 100-1000 50-500 

Cellulose Nanocrystals (CNC) 5-20 100-500 20-50 

Bacterial Nanocellulose (BNC) 10-100 1-100 10-100 

Enzymatic Nanocellulose (ENC) 5-50 100-500 20-100 

TOCNF 2-10 100-1000 50-500 
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The cellulose raw materials used for the extraction of CNFs may be obtained from several 

sources including wood of trees, plant seed fibers (e.g., cotton fiber or lint, and kapok), plant 

bast fibers (e.g., hemp, flax, and abaca), and other herbs (e.g., bagasse, straw, and bamboo 

fiber). The average polymerization degree of wood cellulose is around 10,000, but that of 

cotton fiber is notably greater, at approximately 15,000. Conversely, the polymerization degree 

of herbal cellulose is lower. Bast fiber and herbaceous straw have fiber lengths of 120-180 mm,  

and 1-2 mm, respectively. The wood fiber length varies between about 3 and 5 mm. Seed fibers, 

like cotton, often have a cellulose content above 95%, which is the highest among all types of 

fibers. Wood fibers, on the other hand, include extra impurities such as lignin and ash. 

Softwoods possess a higher concentration of fibers and longer individual fiber strands in 

comparison to hardwoods. Cellulose is mostly present in fully developed plant cells inside 

unprocessed plant parts. Thick-walled plant cells, also known as fibers, are often used in the 

production process to reduce the occurrence of fiber fragments in CNF products. Generally, 

when the proportion of raw fiber materials used to produce CNFs is increased, it leads to the 

formation of thinner and more uniform individual fibers, decreased presence of random cells, 

and enhanced strength and fibrillation degree of the CNFs. As a result, nanofibers of 

exceptional quality are mostly made up of 100% cotton fibers. 

In 1870, the Hyatt Manufacturing Company conducted a procedure that included the reaction 

of cellulose with nitric acid to produce cellulose nitrate, which served as the foundation for the 

creation of celluloid, the first thermoplastic polymer material. The purification of cellulose 

from plant fibers entails chemical procedures such as alkali extraction and bleaching. There are 

several studies on the extraction of cellulose fibrils from plant fibers, but some unsolved 

challenges persist. The majority of the current techniques focused on cellulose extraction 

without substantial degradation. A further concern emerges from the scattering of cellulose 
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fibrils inside polymer matrices, especially in situations where they display hydrophobic 

characteristics.  

Nanocellulose refers to cellulose particles with dimensions ranging from 1 to 100 nm. 

Nanocellulose is produced from a natural cellulose polymer by a top-down method that 

includes mechanical or chemical breakdown, thanks to its structure and semicrystalline 

characteristics. It may be classified into three categories according to the manufacturing 

circumstances, which impact the dimensions, content, and qualities. The first classification 

comprises cellulose nanocrystals (CNC), nanocrystalline cellulose (NCC), cellulose 

nanowhisker (CNW), or cellulose whiskers. The second group is cellulose nanofibrils (CNF), 

which are also reported under other names such as nanofibrillated cellulose (NFC), 

microfibrillated cellulose (MFC), cellulose nanofibers, or nanofibrillated cellulose.  The third 

class of nanocellulose can be Bacterial cellulose (BC). To provide uniformity across the many 

types of nanocellulose, several technical committees and organizations, including ISO TC 6 

and TC 229, TAPPI, and CSA Z5100-14 were reported. This is necessary since there is a lack 

of consistency in the terminology used to describe cellulose nanoparticles. Nanocellulose may 

be classified into two main categories: 1) cellulose nanocrystals (CNCs), and 2) cellulose 

nanofibrils (CNFs). CNCs are created by acid treatment. While CNFs are mostly generated via 

mechanical disintegration. 

4.1.Acid Hydrolysis 

The process of defibrillation or breaking down cellulose with an acid, known as acid 

hydrolysis, was first documented in 1949 [68]. The acid hydrolysis of cellulose fibers in water 

was used to produce CNC [68]. Acid hydrolysis involves the infiltration of hydronium ions 

into the less structured portions of cellulose chains. This infiltration helps break down the 

glycosidic connections, leading to the release of distinct crystallites when mechanical 
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treatment, such as sonication, is applied. Several strong acids have shown successful 

decomposition of cellulose fibers, with hydrochloric and sulfuric acids being used for this 

objective. Furthermore, the use of phosphoric acid (H3PO4), hydrobromic acid (HBr), and nitric 

acid (HNO3) has been recorded in the manufacturing process of crystalline cellulose 

nanoparticles. Sulfuric acid is often used as a hydrolyzing agent due to its ability to react with 

surface hydroxyl groups via an esterification process, facilitating the grafting of anionic sulfate 

ester groups.  

concentrated sulfuric acid is often used to degrade the amorphous components of cellulose 

while maintaining the integrity of the crystalline segments. This process yields rod-shaped 

CNCs that possess sulfate functional groups on their surface. CNCs are often produced with a 

diameter that falls within the range of 3 to 35 nm and a length that ranges from 200 to 500 nm. 

Acid hydrolysis may greatly reduce the molecular weight of cellulose, leading to the formation 

of short, fibrous crystallites known as microcrystalline cellulose (MCC). Therefore, the 

reinforcing effect may be diminished as a result of acid hydrolysis. Challenges of acid 

hydrolysis can be solved using applied alkali treatment or use of a post-treatment procedure. 

4.2.Mechanical Method 

Mechanical methods can be used to disintegrate or delamination of cellulose fibers into 

nanocellulose. It can include several configurations high pressure homogenizer, 

microfluidizers, supergrinding, refiner-type treatments, combinations of beating/rubbing/ 

homogenization, high-shear refining, and cryogenic crushing. The mechanical method starts at 

ambient temperature (20-25 oC). Then, the temperature increases to 60-70 oC. A study reported 

that raising the temperature from 20 °C to 70–80 °C promotes homogeneity [69]. 

Cellulose nanofibrils (CNFs) were extracted from eucalyptus fiber in 1982 using a high-

pressure homogenizer. The approach included passing a diluted mixture of cellulosic wood 
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pulp fibers and water through a mechanical homogenizer, which creates microfibrillation by 

inducing a significant increase in pressure. The application of intense shearing forces during 

the treatment leads to the formation of densely intertwined networks of nanofibrils, including 

both crystalline and amorphous regions. These objects have a large ratio of length to width and 

may create gels in water that show a decrease in viscosity under shear stress and display the 

property of becoming less viscous over time. Cellulose fibers may be degraded under certain 

processing conditions to produce pliable CNFs. The cross-sectional dimensions of these CNFs 

range from around 5 nm, which are classified as elementary fibrils, to tens of nanometers, 

which correspond to individual microfibrils and their bundles. CNF typically have a diameter 

that falls within the range of 5 to 50 nanometers and a length of a few micrometers. The 

synthesized CNFs exhibited notable such as properties good biocompatibility, extraordinary 

mechanical properties, and excellent transparency. Unlike other types of nanocellulose fibers, 

CNFs can be easily produced. This approach has been the main focus of the industrial 

production of nanocellulose. 

MFC is often produced by subjecting wood pulps to high-pressure homogenization. Pulp is 

obtained by the chemical processing of wood. Sodium hydroxide and sodium sulfide are 

combined to generate kraft pulp, which mostly comprises cellulose fibers. Sulfite pulp is the 

term used to describe cellulose fibers that are produced by the pulping process using salts of 

sulfurous acid [70]. This kind of pulp has a greater quantity of by-products inside the cellulose 

fibers. The delamination process  can be expedited by the incorporation of hydrophilic 

polymers; such as carboxymethyl cellulose (CMC),  or hydroxypropyl cellulose (HPC). These 

polymers decreased the probability of blockage and enabled the use of higher pulp 

concentrations during homogenization. Usually, MFC has to undergo the homogenization 

process 5-10 times to get a gel-like texture. As a result, the energy usage is considerably high. 
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To facilitate the separation of nanofibrils during the mechanical disintegration process, several 

methods have developed as additional stages to create nanocellulose. Through the investigation 

of several pretreatment techniques; such as chemical treatments, nitro-oxidation method [71], 

TEMPO-mediated oxidation, carboxymethylation [72],  carboxylation [71],  sulphonation [73], 

quaternization [74], solvent-assisted pretreatments [75] including ionic liquid [76], acid 

hydrolysis, or enzymatic hydrolysis. These methods were applied to enhance mechanical 

disintegration.  

CNF has gained increased attractiveness as a material for commercial applications. However, 

continuous research is focused on improving the effectiveness of existing procedures and 

developing advanced methods that might enhance the production process or impart new 

properties to the CNF. The addition of charged groups to the pulp fibers has been well 

recognized as a means to improve the separation of the fiber walls. By introducing 

carboxymethyl groups, a completely separated carboxymethylated MFC can be achieved. To 

maximize pulp swelling, these groups should exist in the form of their sodium salts. Pulps that 

are more swollen have less cell-wall cohesiveness compared to less swollen pulps, making 

them more susceptible to delamination. Therefore, holocellulose pulps (a type of wood pulp 

that contains primarily cellulose), which consist of anionic polysaccharides, are more 

susceptible to delamination. Persulfate-oxidized cellulose was reported as a suitable cellulose 

precursor for MFC production. 

The mechanical method suffers several challenges. It included passing a diluted mixture of 

cellulosic wood pulp fibers and water through a mechanical homogenizer.  When a solution of 

cellulosic pulp fibers is homogenized, the technique is often repeated many times to enhance 

the level of fibrillation. A study reported that the disintegration was improved as the number 

of passes through the homogenizer increased, eventually reaching a total of 30 passes at a high 

pressure of 100 MPa [77]. Currently, a more effective method is used to disintegrate MFC 
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nanofibers. This procedure included using TEMPO oxidation as a preliminary step before 

mechanical treatment [33]. An increased number of passes directly correlates with an 

augmented energy need for disintegration. To promote disintegration, one may decrease the 

length of the fiber by mechanical cutting or weaken the fiber cell wall by subjecting it to acid 

hydrolysis before homogenization. Thus, concentrated solutions require several steps. The 

disintegrated cellulose requires further steps to increase the concentration. Functional groups 

such as carboxyl or carbonyl, are often introduced into wood or plant-derived cellulose during 

the production process. The use of several mechanical shearing steps enables the liberation of 

varying numbers of individual microfibrils [78].  

A study also documented the use of an enzyme-assisted mechanical technique to break down 

MFC [79]. This technique involves the use of endoglucanases or acid hydrolysis, together with 

mechanical shearing, to disintegrate MFC present in the cell wall of cellulosic wood fiber 

pulps. Enzymes were used to enhance the breakdown process, leading to MFC nanofibers with 

increased average molar mass and higher aspect ratio in comparison to nanofibers produced 

with acidic pretreatment [79]. The enzyme-assisted mechanical technique offers strong 

reinforcement in polymer nanocomposites [79]. 

4.3. Biological Methods 

Enzymatic disintegration and bacteria were used for the production of nanocellulose. Cellulose 

is resistant to breakdown by specific enzymes. Aerobic fungi, such as Trichoderma, 

Phanerochaete, and Aspergillus species, may decompose cellulose by releasing a mixture of 

hydrolytic enzymes that act autonomously yet collaborate. A cellulase enzyme set may have at 

least seven unique enzymes derived from different protein families. Nevertheless, a minimum 

of four distinct functional types of cellulases may be distinguished: Cellobiohydrolases, 

referred to as A- and B-type cellulases, can degrade cellulose with a high degree of crystallinity. 
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Conversely, endoglucanases, also known as C- and D-type cellulases, often need a certain 

degree of structural instability to degrade cellulose. The cooperative activity of 

cellobiohydrolases and endoglucanases produces substantial synergistic outcomes [80]. A pure 

form of C-type endoglucanase was reported as an environmentally sustainable pretreatment of 

wood pulp fibers that have a high cellulose content [79]. The goal was to improve the 

breakdown of MFC nanofibers. 

Bacterial cellulose (BC) is a kind of cellulose that is synthesized by bacteria in a liquid growth 

media containing a source of sugar [81]. The length of this operation ranges from a few days 

to a maximum of two weeks. Both BC  and  plant cellulose have similar chemical strcuture. 

However, it does not possess any functional groups other than hydroxyl. BC lacks additional 

polymers, such as lignin, hemicelluloses, or pectin, which makes it appropriate for biomedical 

applications. BC is produced in the form of helical strips that have dimensions ranging from 3 

to 4 nm in width and 70 to 140 nm in length, with a length that is more than 2 µm. The polymer 

has a polymerization degree that spans from 3000 to 9000 and demonstrates a crystallinity level 

between 80 and 90%. 

Bacterial nanocellulose (BNC) is synthesized by aerobic bacteria, namely acetic acid bacteria 

belonging to the Gluconacetobacter species, as a unique component of their biofilms. These 

bacteria are found everywhere in nature and play a role in breaking down sugars and plant 

polysaccharides via fermentation. The bacteria are cultivated in conventional liquid nutrient 

solutions, where BNC is produced as a polysaccharide at the boundary between the air and 

liquid phases. BNC is created using biotechnological assembly methods employing low-

molecular-weight carbon sources, namely D-glucose. This can be considered to bottom-up 

approach compared to a top-down procedure e.g., acid and mechanical approaches. The BNC 

hydrogel consists of a nanofiber network with a diameter ranging from 20 to 100 nm, and it 

contains a maximum of 99% water. It has a high level of cellulose purity, together with a 
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substantial weight-average molecular weight (Mwt.), a high degree of crystallinity, and 

exceptional mechanical stability. The fabrication approach enables the synthesis of cellulose 

by fermentation, namely in the domain of white biotechnology. Additionally, it allows for the 

manipulation of the morphology of the cellulose entities and the arrangement of the nanofiber 

network throughout the synthesizing process.  

5. Nanocellulose-based composites Cellulose 

The functional groups of cellulose can be modified via esterification, halogenation, 

etherification, sulfonation, acetylation, silylation, amination, sulfonation, phosphorylation, and 

oxidation.  The modification enables new functional groups for water removal [82]. Cellulose 

can be also combined with other materials via mixing or grinding to form homogenous or 

heterogeneous materials.  It can be blended with other materials including natural (e.g., 

biopolymers, and clays) or synthetic materials (polymers, metallic nanoparticles, metal oxides, 

two-dimensional (2D) nanoparticles, metal-organic frameworks (MOFs)). 

Cellulose/biopolymer composite was reported [83]. Chitosan/cellulose composite was reported 

[84]. Biopolymers such as chitosan improved cellulose’s properties such as hydrophilicity, 

non-toxicity, biodegradability, biocompatibility, and eco-friendliness. These properties 

enabled the high affordability of cellulose-based materials as suitable adsorbents. Biopolymers 

enabled several extra functional groups that improved interaction with other nanomaterials. 

The functional groups of the composite can be used to extract pollutants via several interactions 

including hydrogen bonding, and hydrophobic interactions.  Biopolymers such as alginate 

enable the processing of cellulose into beads [85]. 

Nanocomposite of biopolymers containing cellulose have some drawbacks such as limited 

surface area, and poor adsorption capacity. Biopolymers increase the swelling of cellulose 

materials when exposed to water. They also show a varying degree of shrinkage or expansion 
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in reaction to other solvents, such as organic solvents and salt solutions. They caused 

enlargement that may diminish the mechanical robustness and coherence of cellulose materials.  

Cellulose can be combined with other nanoparticles e.g., graphene oxide [86], graphitic carbon 

nitride (C3N4)  [87], metal-organic frameworks (MOFs)[88,89], zeolitic imidazolate 

frameworks (ZIFs) [5,90,91].  The synthesis of these composites depends on the type of the 

materials combined with cellulose and also on the intended applications For example, Graphitic 

carbon nitride (C3N4) nanosheets were produced on cellulose nanofiber surfaces using an 

environmentally benign salt melt method (Figure 2) [87].  

 

Figure 2 Schematic representation of the preparation of the CNF@C3N4 sorbent [87]. 

Copyright© 2023 The Authors. Published by American Chemical Society. This publication is 

licensed under CC-BY-NC-ND 4.0.  

 

6. Applications of nanocellulose for pollutant removal 

There are several methods for the removal of water pollutants as tabulated in Table 2.  Water 

treatment can involve a single process or multiple processes. Chemical precipitation is a 

traditional technique used to eliminate metal ions and anionic species. This technique entails 

the introduction of chemical reagents that interact with impurities and generate a solid 

substance that settles out of the solution. Therefore, the contaminants can be eliminated through 

https://doi.org/10.26434/chemrxiv-2024-r6p6t ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-r6p6t
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by-nc-nd/4.0/


19 
 

the process of decantation or filtration using a filter paper or membrane. Previous studies have 

identified cellulose as one of the precipitating agents used in the co-precipitation of metal ions, 

specifically Cd2+ ions [21] and Cu2+ ions [92]. The precipitates are typically filtered using a 

commercially available cellulose Whatman® filter paper. 

Coagulation or flocculation is a highly effective technique for water treatment. This technique 

is based on the introduction of a chemical coagulant, which leads to the neutralization of 

charged particles in water. As a result, the particles come together and settle down. The process 

involves the introduction of reagents, such as cellulose, aluminum chloride (AlCl3), and ferric 

chloride (FeCl3), which induce the coagulation of contaminants. This technique is applicable 

for the elimination of metals, suspended particles, and total dissolved solids (TDS). 

Nevertheless, its capability is restricted to the creation of a substantial quantity of alkaline 

sludge. The coagulant has the potential to generate secondary contaminants. Therefore, the 

utilization of biopolymers, such as cellulose, as a coagulant is interesting [93,94].  

Cellulose is a sustainable biomaterial that can be processed with minimal steps [95]. A study 

documented the use of CNC produced from sawdust as a coagulant for Ni2+ and Cd2+ ions  [96]. 

The adsorption capabilities for Ni2+ and Cd2+ ions were 956.6 mg/g and 2207 mg/g, 

respectively [96]. When treated with hexadecyltrimethylammonium bromide (HDTMA-Br), 

the performance of the substance is enhanced compared to a commercially available coagulant 

like R2T2 [95].  

The adsorption process relies on the immobilization of pollutants (adsorbate) on the surface of 

solid materials (adsorbent). This process is widely used for the elimination of contaminants 

e.g., metal ions and dyes. The interactions can occur through two types of forces: 1) physical 

forces, e.g., electrostatic interaction, hydrogen bonds, and van der Waals forces; and 2) 

chemical forces e.g. ion exchange or complexation. The process of adsorption has various 
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benefits, including a high level of reversibility, which allows for the reuse of the adsorbent 

material utilizing desorption. Therefore, the pollutants can be repurposed and reevaluated as a 

viable source for chemical compounds. Adsorbents that possess a substantial surface area, 

porosity, and tiny particle size typically exhibit significant levels of adsorption efficiency. 

The adsorption of heavy metal ions on cellulose adsorbent can be achieved via ion-exchange 

materials, such as cellulose, depending on the replacement of heavy metal ions with harmless 

ions like sodium (Na+) or potassium (K+). This approach is exclusively employed for metal 

ions. Therefore, it is incapable of eliminating additional contaminants such as dyes or 

microorganisms. Moreover, the elevated levels of metal ions, such as sodium (Na+) and 

potassium (K+), in drinking water might have adverse effects on the ecological system and lead 

to neurological disorders. 

The separation of a mixture containing multiple liquids can be achieved through various 

methods, including funnel separation (which involves separating two liquids that do not mix), 

distillation (which relies on the evaporation of water into a vapor at different temperatures 

based on their boiling points), and pervaporation (a technique for separating liquid mixtures by 

partially vaporizing them through a membrane). A study described the use of Zeolite 13 

X/regenerated cellulosic membrane for separating a mixture of water–glycerol through 

pervaporation [97]. The membrane exhibited a flow of 65 g/m2·h and a selectivity of 1681 for 

a 90 wt.% glycerol aqueous solution. A cellulose membrane containing 20 wt.% of zeolite 13X 

exhibited superior selectivity in comparison to cellophane or the original cellulosic membrane 

[97].  

Organic contaminants can be eliminated using biological techniques. These methods are 

extensively employed on a large industrial level. They rely on the utilization of biological 

species e.g., bacteria, that can decompose organic molecules. These processes can be 
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categorized into aerobic (in the presence of oxygen) and anaerobic (in the absence of oxygen) 

activities. The technique is efficient in eliminating organic contaminants. Nevertheless, it is 

typically necessary to employ an additional treatment method, such as dissolved air flotation 

(DAF), to eliminate any residual substances that remain after the initial treatment, such as 

sedimentation. The process necessitates a significant amount of energy. Advanced technologies 

like the membrane aerated biofilm reactor (MABR) can save up to 90% of the energy needed 

for the aeration process, which is promising for the future.  

The advanced oxidation process (AOPs) has gained recognition as a prominent method for 

water treatment. They exhibit exceptional efficiency in eliminating contaminants that are 

derived from organic pollutants. The mechanism of these methods is based on the 

decomposition of organic pollutants into smaller fragments that have reduced detrimental 

effects. They may be utilized without generating any more garbage. The degradation process 

can occur through several mechanisms, such as photocatalysis reaction (using a catalyst and 

light source)[98], pyrolysis (using heat), ozonation (using ozone, O3), or ionization (using 

electrons). 

Nanocellulose-based materials are good adsorbents for water contaminants.  Water pollutants 

can be removed via enrichment in a surface of materials such as nanocellulose [99,100]. This 

process is defined as adsorption that can be performed via physical and chemical interaction 

leading to physisorption and chemosorption, respectively. The adsorption process can be 

performed via ion exchange or chemical complexation between pollutants and cellulose 

functional groups.  

Adsorption in general can be explained using several models used to understand how pollutants 

stick to adsorbent materials. These models are Langmuir, Freundlich, Dubinin-Radushkevich 

(D-R), Tampkin, Flory-Guggins, Hill, Frenkel-Halsey-Hill, Redlich-Peterson, Sips, Toth, 
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Koble-Corrigan, Khan, Radke-Prausnitz, and MacMilla-Teller. Few of these methods are the 

common models for adsorption. These models rely on various assumptions. For example, 

Langmuir assumes a single layer of pollutant molecules on a uniform surface with a limited 

number of binding sites. Freundlich is better suited for uneven surfaces where pollutants can 

form multiple layers. D-R helps determine the type of adsorption (physical or chemical) and 

the energy involved, considering a varied surface. Temkin assumes a gradual decrease in the 

energy released during adsorption. Flory-Huggins model indicates how favorable and 

spontaneous the adsorption process is. Hill considers how binding sites on a large molecule 

can influence each other. Redlich-Peterson (R-P) combines Langmuir and Freundlich, working 

across various concentrations and surface types. Sip model is useful for predicting adsorption 

on uneven surfaces at different pollutant concentrations. It behaves similarly to Freundlich at 

low concentrations and Langmuir at high concentrations. 
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Table 2 Methods and technologies used for water treatment. 
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7. Analytical Methods used for the assessment of pollutants removal 

Analytical methods are an important aspect of the evaluation of nanocellulose performance.  

There are a wide number of analytical methods that can be used to evaluate nanocellulose 

performance (Table 3). The selection of suitable analytical methods depends mainly on the 

pollutants under investigation. Analytes could be determined via different techniques. 

Analytical methods should offer qualitative and quantitative analysis to ensure high selectivity 

and good accuracy. Combining two or more analytical methods for the analysis of the same 

analyte i.e. pollutants is highly advised. The pollutant analysis should be performed over the 

removal techniques to provide a kinetic study of the contaminant's removal. The principles, 

advantages, and disadvantages of common analytical techniques are summarized in Table 3.  

Pollutants e.g., heavy metals can be quantitatively analyzed using several techniques such as 

atomic absorbance spectroscopy (AAS), inductively coupled plasma (ICP) connected with a 

detector of mass spectrometry (MS), or optical emission spectroscopy (OES). The metal ions 

concentration can be followed by the time of the process. The determination of metal ions 

removal using these techniques is a direct method. Because the metal ions are usually 

determined in water using  Equations 1-2. Thus,  direct analysis methods of the heavy metal 

ions onto the adsorbent are highly valuable. Energy dispersive X-ray (EDX) analysis using 

transmission electron microscopy (TEM) and scanning electron microscopy (SEM) can be used 

for the determination of heavy metal ions on the adsorbent materials.  It can be used for 

quantitative and qualitative analysis. Furthermore, it offers an elemental mapping that can 

evaluate the heavy metal distribution on the surface of the materials.  
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Adsorption capacity = 
(𝐶𝑖−𝐶𝑓)×𝑉

𝑚
                                 Equation 1 

Removal Efficiency (%) = 
𝐶𝑖−𝐶𝑓

𝐶𝑖
                               Equation 2 

Where,  Ci (mg/L) and Cf (mg/L) represent the concentration of before and after removal, 

respectively, V (L) is the solution volume, and m (g) is the mass of the cellulose-based 

materials. 

 

Microorganisms such as bacteria, algae, and others can be determined using optical density 

(OD600), plate counting methods, or gravimetrically. The microalgal dry weight after 

flocculation can quantified by gravimetric analysis, which involves filtering the sample using 

Whatman glass fiber filters and then drying (100-120 °C) until a consistent weight is achieved. 

Following a sedimentation period (30-60 mins), the suspension was then allowed to settle to 

calculate the concentration factor (CF) and the aggregated volume index (AVI). Both values 

are interrelated and convey information about the remaining water content of the particle phase. 

The CF was calculated by dividing the total volume of 50 mL by the volume of the particulate 

phase after 30 minutes of sedimentation. The AVI is a measurement of the volume in milliliters 

that is taken up by 1 gram of algal suspension in the particulate phase after it has settled. It can 

be calculated using the following formula (Equation 3): 

AVI (mL/g)  =  
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑒𝑡𝑡𝑙𝑒𝑑 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 (

𝑚𝐿

𝐿
)

𝑀𝑖𝑐𝑟𝑜𝑎𝑙𝑔𝑎𝑙 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡  (
𝑚𝑔

𝐿
)
 × 1000                 Equation 3
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Table 3 Analytical methods used for water analysis of pollutants removal. 

Method Principle Pollutant Type Advantages Disadvantages 

Spectrophotometry 

UV-Vis spectroscopy 

Measures light 

absorption by 

pollutants 

Inorganic & 

Organic (depending 

on chromophore) 

- Simple, rapid, and cost-effective  

- Broad range of applications 

- Limited sensitivity for some 

pollutants  

- Requires colored compounds or 

derivatization 

Atomic Absorption Spectroscopy 

(AAS) 

Measures light 

absorption by 

atomized elements Metals 

- Highly sensitive and specific  

- Quantitative analysis possible 

- Requires sample preparation (e.g., 

digestion)  

- Limited to elements with 

characteristic absorption lines 

Inductively Coupled Plasma 

Emission Spectroscopy (ICP-

OES) 

Measures light 

emission from excited 

atoms Metals 

- Highly sensitive and multi-elemental 

analysis - Wide detection range 

- Requires specialized equipment  

- Similar limitations as AAS 

Inductively Coupled Plasma 

Mass Spectrometry (ICP-MS) 

Measures mass-to-

charge ratio of 

ionized elements 

Metals and some 

non-metals 

- Ultra-high sensitivity and multi-

elemental analysis  

- Excellent detection limits 

- Very expensive instrumentation  

- Requires specialized expertise 

Ion Chromatography (IC) 

Separates ions based 

on size and charge 

using a mobile phase 

Inorganic anions & 

cations 

- Specific and sensitive for ionic species - 

Good separation capabilities 

- Limited to charged species 

 - Requires specific chromatography 

columns 

Gas Chromatography (GC) 

Separates volatile 

organic compounds 

(VOCs) based on 

boiling points 

Organic pollutants 

(VOCs) 

- High resolution and separation 

capabilities  

- Wide range of detectable VOCs 

- Requires sample pre-concentration 

for low-volatility compounds 

- Not suitable for non-volatile 

organics 

High-Performance Liquid 

Chromatography (HPLC) 

Separates organic 

compounds based on 

polarity using a 

mobile phase Organic pollutants  

- Versatile for diverse organic 

compounds - Good separation 

capabilities 

- More complex than GC  

- Requires specific columns and 

mobile phases 
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Mass Spectrometry (MS) 

Measures mass-to-

charge ratio of 

ionized molecules 

Organic and 

inorganic pollutants 

- Powerful tool for identification and 

confirmation 

 - High sensitivity for some pollutants 

- Requires hyphenation with 

separation techniques (e.g., GC-MS, 

HPLC-MS)  

- Complex data interpretation 

Electrochemical Methods 

Measures electrical 

properties of 

pollutants at an 

electrode 

Inorganic & 

Organic (depending 

on redox properties) 

- Sensitive and rapid for some pollutants 

- Can provide information on speciation 

- Limited applicability depending on 

pollutant properties  

- Requires specialized electrodes 

May not be suitable for complex 

matrices 

Biosensors 

Utilize biological 

components 

(enzymes, antibodies) 

for pollutant detection 

Specific organic and 

inorganic pollutants 

- Highly specific and sensitive to target 

pollutants  

- Potential for on-site and real-time 

analysis 

- Limited range of detectable 

pollutants  

- Requires careful maintenance and 

calibration 

May be susceptible to interferences 
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8. Applications of Nanocellulose for water treatment 

Nanocellulose is a suitable adsorbent for the removal of several pollutants [101] as shown in 

Table 4 including heavy metal ions [102,103], oils, and dyes [104]. The following sections 

summarize the removal of water pollutants via several procedures including adsorption, 

coagulation, and catalysis (Figure 3).  

 

Figure 3 Nanocellulose applications for removal of water pollutants. 
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8.1. Removal of heavy metal ions 

Heavy metals are hazardous and non-biodegradable pollutants that are commonly found in 

wastewater [2]. Various methods can be employed to eliminate heavy metal ions from 

wastewater, including adsorption, precipitation/sedimentation, coagulation/flocculation, and 

electrochemical treatment (such as electro-precipitation). Out of these technologies, the 

adsorption process shows promise because it is inexpensive and highly effective at removing 

substances, and the metals that are adsorbed can be utilized later if necessary. 

Cellulose-based materials have been shown as effective for adsorbing various metal ions, 

including radioactive (e.g.UO2
2+ [105]), carcinogenic (e.g. As3+) [106,107], bioinorganic ( 

e.g.Cu2+ [108]),  and toxic metal ions (e.g.Cd2+ [109], Cr6+ [110], Pb2+ [111,112], and Hg2+ 

[113]), Table 4. The functional groups present in cellulose materials have a significant impact 

on the adsorption of metal ions. TOCNF exhibited greater affinity for Cu2+ ions and dye 

molecules in comparison to CNC [114]. Similarly, it was noted that carboxylated CNCs had a 

greater capacity for metal adsorption compared to non-modified CNFs, which were produced 

through mechanical treatment [115]. Cellulose nanofibers (CNF) were treated with CMC 

(referred to as CNF-CMC) to enhance their ability to adsorb Ag+, Cu2+, Pb2+, and Hg2+ ions. 

This modification was done because CNF contains a significant amount of negatively charged 

groups, such as hydroxyl and carboxyl groups [116]. Cellulose materials, like MFC, can 

undergo grafting with methyl and phosphate functional groups to enhance their capacity for 

adsorbing metal ions [117]. The O-SO3
- functional group, which contains CNC and was 

changed with sulfuric acid during hydrolysis, showed a greater capacity for adsorbing Ag+ ions 

(34 mg/g) compared to CNF, which was produced through mechanical grinding (14 mg/g) 

[118]. Succinic anhydride was used to modify the hydroxyl group of CNC, resulting in SCNCs. 

This modification was done to enhance the adsorption capacity of SCNCs for Pb2+ and Cd2+ 

ions [119]. Sodium cyanide can be further changed by adding sodium bicarbonate (NaHCO3) 
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to make sodium cyanide salt, known as NaSCNCs. The sodium adsorbent, specifically 

NaSCNCs, exhibited greater adsorption capabilities in comparison to SCNCs.  

The surface of cellulose can be modified with a wide number of functional groups that enable 

good adsorption of heavy metal ions via mechanisms such as complexation and coordination 

(Figure 4)[120]. Carboxycellulose nanocelluloses were produced from untreated Australian 

spinifex grass using a nitro-oxidation method involving nitric acid and sodium nitrite [71]. It 

was denoted as nitro-oxidized cellulose nanofiber, NOCNF. The synthesized nanocelluloses 

have low crystallinity (50%), high surface charge (−68 mV), and hydrophilicity (static contact 

angle 38°). The NOCNF was discovered to be an efficient medium for the removal of Cd2+ 

ions from water. A dilute NOCNF suspension (0.20 wt.%) effectively eliminated Cd2+ ions 

throughout a wide concentration range of 50 to 5000 parts per million (ppm) within a short 

time of 5 minutes. According to the Langmuir isotherm model, the NOCNF material has a 

maximum capacity to remove Cd2+ ions of around 2550 mg/g. The NOCNF demonstrated the 

greatest level of removal effectiveness, reaching 84%, at a Cd2+ concentration of 250 ppm. 

NOCNF nanomaterials are efficient in removing Cd2+ ions from water [71]. 

 

Figure 4 Removal of heavy metals including PTEs, Potentially toxic elements; RNs, 

Radionuclides; PMs, precious metals. Figure reprinted from Ref. [120]. Copyright© 2024 

Elsevier B.V. 
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An adsorbent consisting of ion-imprinted polymer (MIP)-grafted nanocellulose (NC) was 

developed to address the significant risk posed by Pb2+ and Hg2+ in wastewater [121]. The 

study used medical cotton wool as the primary material to produce a nanocellulose suspension 

using acid-catalyzed hydrolysis using a mixture of sulfuric and hydrochloric acid. Carbonyl 

diimidazole (CDI) was used for its high reactivity to combine with acrylic acid (AA) to produce 

reactive intermediates. These intermediates then interacted with nanocellulose to AA-CDI-NC. 

To improve selectivity toward Pb2+ and Hg2+, the materials were modified with crown ether 

and thymine, respectively. The adsorption process was interpreted following the secondary 

kinetic model and Langmuir adsorption isotherm model [121]. 

Biopolymers/cellulose composites were intensively used for water treatment [27]. Rice wastes 

and polyethersulfone (PES) were used as starting materials for cellulose (CE) and its composite 

with sulfonated polyethersulfone (CE-SPES) [122]. The materials have been used for the 

extraction of Zn2+ ions from wastewater. The presence of a negative change of enthalpy (ΔH°)  

and change of entropy (ΔS°) values indicates that the adsorption of Zn2+ results in the release 

of heat and the arrangement of Zn2+ ions in a more ordered fashion on the adsorbent's surface. 

The negative free energy (ΔG°) and change of enthalpy (ΔH°) results indicate that the 

adsorption of Zn2+ is spontaneous and releases heat. Negative ΔS values suggest a high level 

of organization of Zn2+ ions on the surface of adsorbents. In summary, the results suggest that 

CE-SPES, with an adsorption energy of 0.86 kJ/mol, is superior to CE, which has an adsorption 

energy of 0.45 kJ/mol, in removing Zn2+ from liquid waste [122]. 

Nanocellulose/2D nanomaterials were used for heavy metal adsorption [123]. The synthesized 

material of CNF@C3N4 exhibited selective adsorption of Ni2+ and Cu2+ ions from samples of 

electroplating effluent  [87]. Fixating g-C3N4 onto solid substrates simplifies the manipulation 

of nanomaterial in a continuous process and reduces the loss of sorbent during column 

operations. The selective sorption of Cu2+  and Ni2+ is explained due to the soft–soft interaction 
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between the metal ions and the nitrogen groups present in the composite. A surface 

complexation inside the inner well explained the kinetics of interaction between the metal ions 

and CNF@C3N4. The method can be used for concentrating small amounts of metal ions in 

water samples, with a limit of detection and a limit of quantification of 0.06 μg/L and 0.20 

μg/L, respectively [87].  

Nanocellulose/MOF materials were reported for heavy metal adsorption. Composites of 

cellulose-MOFs (referred to as CelloMOF) have been extensively documented for their ability 

to adsorb metal ions [124]. A study described the use of a foam composed of MIL-100(Fe) and 

BC for the adsorption of As3+ ions. The foam had a maximum adsorption capacity of 4.81 mg/g 

[125]. Zinc oxide nanorods put onto a cotton fabric exhibited improved adsorption 

effectiveness due to the inclusion of MOF materials, specifically ZIF-8 [126]. The materials 

ZIF-8@ZnO@cotton and ZnO@cotton exhibited absorption efficiencies of 70% and 38%, 

respectively [126]. The significant adsorption effectiveness is mostly attributed to the extensive 

surface area of MOF materials. The adsorption of Pb2+ ions was achieved using magnetic 

cellulose nanocrystals (MCNC) and a Zn-based MOF [127]. The MCNC@Zn-MOF and 

MCNC exhibited adsorption capabilities of 558.6 and 92.2 mg/g, respectively [127]. Cellulose 

additionally enhances the adsorption capabilities of MOF compounds. A combination of ZIF-

8 and BC exhibited a 1.2-fold increase in adsorption capacity for Pb2+ ions compared to pure 

ZIF-8 [128]. Additionally, cellulose provides a material based on MOF with a structure that is 

both lightweight and permeable [129–131]. Cellulose-MOF materials can be fabricated as 

aerogels  [132–134], filter paper [135], substrate [136], membrane [137], and foams [138].  

Cellulose/MOFs are active materials for water treatment [139]. 

Metal ion adsorption using cellulose-metal oxide nanocomposites has been published. 

Nanocellulose extracted from rice husk and sugarcane was modified with iron oxide 

nanocomposites (NIONs) for the adsorption As3+ ions [140]. Fe2O3/CNs were synthesized 
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using the solvothermal method to achieve maximum adsorption of As3+ and As6+ ions [141]. 

At pH 7 and 3, the adsorption capacities were 13.866 mg/g and 15.712 mg/g, respectively 

[141]. Magnetic attapulgite/chitosan/BCNs were used for the adsorption of Pb2+, Cu2+, and Cr6+ 

[142]. These materials can be easily recovered using an external magnetic field and can be 

recycled multiple times with less than an 8% decrease in performance after five cycles of 

adsorption-desorption [142]. Magnetic nanoparticles offer advantages such as simple 

separation using an external magnetic field [143].  For adsorbing Ni2+ and Co2+ ions, a hybrid 

membrane made of cellulose membrane and Bi4O5Br2/BiOBr nanosheets was described [144]. 

Mixed materials of BiOBr (JCPDS-01-085-0862) and Bi4O5Br2 (JCPDS-37-0699) are present 

in the produced membrane [144]. The adsorption capabilities of Co2+ and Ni2+ were 28.7 and 

29.7 mg/g, respectively; with CM/Bi4O5Br2/BiOBr, the values were 37.3 and 30.2 mg/g, 

respectively [144]. A combination of cellulose and ZrO2 exhibited preferential adsorption 

toward Ni2+ [145]. The challenge of using metal oxide is the decomposition of the adsorbent 

under an acidic environment that is present mainly in water contaminated with heavy metals. 
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Table 4 Examples of pollutant removal using nanocellulose-based materials. 

Materials Prepared 

Methods 

Source Pollutants Techniques Conditions Capacity 

(mg/g) 

Efficiency (%) Ref. 

NOCNF Acid 

Hydrolysis 

Grass from 

Australia, 

named104 

spinifex 

Cd2+ Adsorption Cd2+ concentration of 

250 ppm, 25 oC 

2,550  84 [71] 

CNF@C3N4 Salt melt 

approach 

Commercial Ni2+ and Cu2+ Separation Adsorbent, 500 mg; 

pH of 6.0, 100 mL of 

the solution 

containing metal ions 

340 

385 

99.5  

99.2 

[87] 

MIP-NC Acid 

Hydrolysis 

Reversed-

phase 

microemulsion 

method 

Cotton wool Pb2+ 

Hg2+ 

Adsorption pH 6,  27.55  161.31   [121] 

CE-SPES Base and acid 

extraction 

Stirring 

Rice waste Zn2+ Adsorption Adsorbent, 0.02 g, pH 

= 5; 30 min, 

T =  30 °C for SPES; 

and Zn2+ 

concentration 

= 2 ppm 

5.96 80.4- 96.08 [122] 

Cellulose 

methacrylate 

hydrogels 

Extraction 

self-

crosslinking 

thiol-ene click 

chemistry 

Wood Dyes; methyl 

blue and 

methylene blue  

Adsorption Hydrogel, 20 mg; 

Dye, 1000 mg·L−1; 

25 °C  

934.63 mg·g−1 

706.64 mg·g−1 

98.15% to 

90.90% 

[146] 
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Ag/lignin/cellulose  Freezing-

thawing 

process 

Commercial dyes, 

pollutants, and 

antibiotics 

Catalytic 

reduction 

2 mM NaBH4 

(75 mg) or 100 mg of 

studied aerogels, 

25 mg/L MB solution, 

30 min 

 99.8-99.9% [147] 

MCNC Hydrothermal Commercial DOX Adsorption 0.1 g of samples, 

100 mL of DOX 

solution (20 mg/L) at 

pH 7, 3 h at 300 rpm 

shaking 

61.2 mg/m2 70 [148] 

Sr/Alg/CMC/GO/TiO2 

 

Hummers 

method 

freeze drying 

processes 

Cross-linking 

Commercial Dye, congo red Photocatalysis 1.2 g/L of 

photocatalyst, 30 mL 

of aqueous solution of 

CR dye (30 mg/L), for 

2 min and stirred for 

30 min under dark 

conditions, 900 W/m2 

98% 240 [149] 

CNC cotton pulp Acid 

hydrolysis 

L = 90 ± 10 nm, 

diameter, 

D = 8 ± 1 nm 

and zeta 

potential of 

51.5 ± 0.8 mV 

Bacteria Pseudomanas 

aeruginosa 

Flocculation P. aeruginosa 

suspension, 

1.0 × 108 cells/ml 

in 10 mM NaCl 

solution, bacteria 

to CNC ratios of 

1:100,000, 24h 

[150] 

Imidazolyl CNCs Cotton wool Acid 

hydrolysis 

DS, 0.06; pH 

adjusted to 10.8 

using sodium 

carbonate (ζ = 

−16.1 ± 1.3 

mV). pH = 5.7 

and ζ = 9.9 ± 0.8 

mV 

microalgae Chlorella Vulgaris Flocculation 200 mg L−1 dose, 

2–3% CO2, 

biomass 

concentration of 

0.35 g L−1 

[151] 
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8.2.Removal Anionic Species 

Water pollution caused by anionic species, including fluoride (F-), sulfate (SO4
2-), nitrate (NO3

-

), nitrite (NO2
-), and phosphate (PO4

3-), has negative impacts on human health. Anionic species, 

such as F-, pose a significant risk due to their ability to penetrate human skin and dissolve bone 

and teeth. They have the capability to transform hydroxyapatite (Ca10(PO4)6(OH)2) into 

fluorapatite (Ca5(PO4)3F). The rules set by the World Health Organization (WHO) specify that 

the maximum permissible level of fluoride ions in daily drinking water should not exceed 1.5 

parts per million (ppm). Consuming water with high levels of sulfate ions (> 600 ppm) can 

have a laxative effect. Anionic contaminants, such as sulfate, nitrate, nitrite, and phosphate 

ions, are highly soluble in water, making their removal a challenging process.  

Anionic contaminants in water can be eliminated using various techniques such as precipitation 

and adsorption. The utilization of anionic adsorbents, like cellulose, leads to ineffective 

adsorption of anionic species. Therefore, cationic cellulose is extensively utilized for the 

adsorption of anionic contaminants. It can efficiently absorb anions such as nitrate and fluoride.  

A study found that the ability of quaternized cellulose nanofibrils to adsorb anionic dyes was 

enhanced when the amount of trimethylammonium chloride (TMAC) on the cellulose 

nanofibrils increased [152]. Positively charged quaternary ammonium groups (QCNF) were 

incorporated into cellulose nanofibers derived from waste pulp remnants [153]. The synthesis 

procedure consisted of the conversion of the pulp into ether by employing glycidyl 

trimethylammonium chloride, followed by the process of mechanical method. The substance 

that was created had a cationic charge concentration of 1.2 millimoles per gram. The QCNF 

material exhibited preferential adsorption for multivalent ions such as PO4
3− and SO4

2−, as 

opposed to monovalent ions like F− and NO3
− [153].  
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Cerium oxide (CeO2) nanoparticles were synthesized within a biomass-recyclable cellulose 

membrane (BCCM) to adsorb fluoride from industrial effluent [154]. The BCCM exhibited an 

adsorption capacity of 48.0 mg/g for fluoride ions. The membrane had superior adsorption 

capability in comparison to cellulose/hydroxyapatite (Hap) [155]. GO/CNFs/ZrO2 refers to 

self-assembled peptide nanofibers (PNFs) that have been manufactured using a 

biomineralization approach. These nanofibers, known as GO/PNF/CNF-ZrO2, are specifically 

designed for the adsorption of F- ions [156]. The membrane exhibited a selectivity of 95.39%, 

achieving maximum adsorption of 11.63 mg/g. The adsorption capacity of the biohybrid 

membrane increases proportionally with the amount of ZrO2 present [156]. The material 

demonstrates a high level of sustainability based on the Overall Sustainability Footprint (OSF) 

technique, which takes into account performance, cost, and environmental impact. It has an 

OSF value of 83%, which is higher than other materials [156].  

A study reported the use of CMC/citric acid (CA) aerogel for the removal of anionic 

contaminants such as nitrate, nitrite, and phosphate [157]. The aerogels demonstrated a notable 

specific surface area along with substantial porosity, resulting in a low density. Their 

adsorption capability for nitrite (NO2
-), nitrate (NO3

-), and phosphate (PO4
3-) was demonstrated 

to be 79.65, 73.04, and 98.18 ppm, respectively [110]. Cellulose-based adsorbents are effective 

materials for fluoride ion removal [158]. 

The kinetic properties of boron adsorption on microcrystalline cellulose, lignin, and polymeric 

resin were compared [159]. Borate anions chemically bond with the neighboring diols in the 

glucopyranoside units of cellulose to form stable boron chelate complexes. Unlike cellulose, 

lignin shows no chelate complexes due to the lower concentration of cis-vicinal diols. The rates 

of formation and the stability of these chelate complexes are highly influenced by nanoscale 

features, as well as reaction circumstances such as pH and the concentration of the sorbate and 

sorbent [159].  
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Because of their negative charge, cellulose adsorption for anionic species is low and should be 

improved. For instance, MCC showed a boron adsorption capacity of 1.3-3.0 mg/g, which is 

lower than the boron adsorption capacity of Amberlite IRA 743, a polystyrene-based resin, 

which is around 17.2 mg/g [159]. 

8.3.Desalination: Salts Rejection 

Cellulose-based materials were reported for desalination. They were used for thin film 

composite (TFC) of polyamide membranes. Cellulose-based membranes can be prepared using 

interfacial polymerization of reactive monomers (Figure 5) [160]. A complexation of amine 

monomers with CNC and their subsequent deposition on a substrate for the polymerization 

reaction to change the polymerization process and create a nanocomposite membrane structure 

with interlayered-thin films (i-TFN). This technique may enhance the efficiency of amine 

loading and distribution for the interfacial polymerization reaction. Additionally, CNC with 

desirable functional groups can restrict the release and diffusion of the amine monomer. As a 

consequence, a crumpled membrane structure is formed, while maintaining a continuous 

polymer network. The membrane was investigated for salt rejections of MgCl2, MgSO4, NaCl, 

LiCl, and Na2SO4. The salt rejections can be ordered in the sequence of MgCl2 > MgSO4 > 

NaCl > LiCl > Na2SO4. The authors interpreted the order due to the combined effects of 

Donnan exclusion and steric hindrance [160]. The improved membrane exhibited a water 

permeance that was 3 times greater than the pristine membrane, while maintaining the same 

level of salt rejection performance [160]. Nevertheless, the balance between the capacity of 

TFC membranes to allow substances to pass through and their ability to selectively separate 

different substances hinders any more improvements in separation efficiency. Cellulose-based 

materials can be used to solve these challenges and enable high performance.  
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Figure 5 Preparation of PEI/CNC membrane and their salts rejection mechanism. Figure 

reprinted with permission from Ref. [160]. Copyright © 2023 Elsevier B.V. 

 

 

8.4.Removal Organic-based Pollutants: Adsorption and Catalysis 

Cellulose modification enabled high dye adsorption. The cellulose methacrylate organogels 

were prepared via self-crosslinking and thiol-ene click chemistry [161]. The cellulose 

hydrogels exhibit high adsorption capacity for cationic and anionic dyes. The adsorption 

process depends on the presence of carboxyl or amine groups that were grafted onto the 

hydrogels. It was described by a Langmuir isotherm and a pseudo-second-order kinetic model 

[146]. A crosslinking strategy was used to prepare a cellulose-based aerogel adsorbent (CPB) 

for both static and dynamic dye removal [162]. The process involved the fabrication of 

cellulose acetoacetate (CAA) and β-cyclodextrin acetoacetate (β-CDAA) through a 

transesterification process. The polymer chains were then crosslinked using polyethyleneimine 

(PEI) through the formation of dynamic enamine bonds. The three-dimensional (3D) network 

structures were obtained using freeze-dried. The prepared hydrogel was evaluated for methyl 

orange (MO) adsorption offering an adsorption capacity of 1013.11 mg/g. It possesses a high 

positive charge on its surface offering high selectiveity toward anionic dyes from ternary mixed 

systems [162]. 
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Electrospun fibers made of cellulose acetate (CA) and CNC, with varying weight percentages 

of CA: CNC [163], demonstrated rejection efficacy 20-56% for particles (size of 0.5 to 2.0 μm) 

and 80-99% for dyes [163]. Membranes composed of cellulose and other additives such as 

CNC, TOCNF, or CNC-g-PCysMA were developed to adsorb organic dyes including 

rhodamine B (RhB) and methylene blue (MB) [82]. The membranes were produced using a 

sheet forming called Rapid-Köthen (Figure 6). Their flux ranged from 3417 to 11,742 

L/h•m2•bar-1, demonstrating a high level of performance. MB can be removed using 

adsorption, with CNC, CNC-g-PCysMA, and TOCNF exhibiting adsorption efficiencies of 

26%, 21%, and 35% respectively (Figure 6). In addition, they can catalyze the process of dye 

decolorization through hydrogenation with the aid of sodium borohydride (NaBH4). The 

membrane exhibits a decolorization efficacy of 100% towards RhB [82]. Nevertheless, this 

process can be reversed because the dye is not completely degraded (Figure 6). Cellulose 

underwent modification using several polymers, including polypiperazine [164] and 

hydrolyzed polyacrylamide (HPAM), which effectively facilitated the removal of MB [165]. 

CaCO3 nanoparticles, known as pore-forming agents or porogens, can be incorporated into the 

cellulose/MFC composites during their development. These nanoparticles can then be 

eliminated under acidic circumstances following the production of the MCMFCs composite, 

allowing for precise control over the porosity  [166]. 

.  
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Figure 6 Cellulose membranes for the adsorption of organic dyes, RhB, and MB. Figure 

reprinted from Ref. [82]. This Open Access Article is licensed under a Creative Commons 

Attribution-NonCommercial 3.0 Unported Licence. 

 

Nanocellulose is suitable to support for catalysts [167]. A composite of AgNPs/lignin/cellulose 

was prepared via the chemical reduction of silver ions (Ag+) [147]. The reduction process 

produced metallic silver nanoparticles with a size smaller than 40 nm [147]. The Ag/lignin 

nanoparticles were physically interconnected inside the cellulose hydrogel and then subjected 

to freeze-drying to provide the Ag/lignin nanoparticle-loaded cellulose aerogel.  The hydrogels 

were used for water treatment by removing pollutants such as dyes, drugs, and antibiotics. The 

degradation was achieved using in-situ generated hydrogen via the hydrolysis of NaBH4 and 

natural sunshine radiation. The catalytic process enabled the removal of 99.8%, 99.9%, 99.9%, 

99.5%, and 99.8% for methylene blue,   methyl orange, rhodamine B, 4-nitrophenol, and 

doxycycline hyclate, respectively [147]. The intrinsic cytotoxicity of nanoparticles such as 

silver nanoparticles should be considered whenapply for water treatment.  

Metallic oxide nanoparticles modified cellulose-based materials were reported for the removal 

of organic pollutants including pharmaceuticals, drugs, and dyes. A magnetic cellulose 

nanocrystal (MCNC) was synthesized from microcrystalline cellulose (MCC) using a one-pot 

hydrothermal method [148]. The synthesis included the addition of chemical reagents such as 

the presence of FeCl3, FeCl2, urea, and hydrochloric acid in the presence of cellulose materials. 
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MCNC was modified via post-treatment procedure using chloroacetic acid (CAA), 

chlorosulfonic acid (CSA), or iodobenzene (IB).  MCNC enhanced the adsorption efficiency 

of doxycycline hyclate (DOX) [148]. 

A 3D cross-linked porous structure for an amino-functionalized BC/Ti3C2Tx MXene 

(ABC/MX) composite was reported for metal and dye removal [168]. The successful insertion 

of amino groups not only increases the active sites accessible for adsorption but also improves 

the interfacial contacts between BC and Ti3C2Tx. The findings demonstrate the remarkable 

removal effectiveness of the ABC/MX composite, with maximal adsorption capacities of 200.7 

and 1103.7 mg/g for Cr(VI) and Congo red (CR), respectively.  The composite offered several 

active sites that enabled chelation, hydrogen bonding, reduction reactions, and electrostatic 

interactions with water pollutants [168]. The incorporation of MXene and cellulose addresses 

the inadequate mechanical characteristics of pure MXene and enhances the performance of 

composite materials. MXene/cellulose composites offered high mechanical, stability, and 

electrical properties. A review was published for MXene/cellulose composites in Ref. [169]. It 

also offers a comprehensive description of their various applications, such as electromagnetic 

shielding, intelligent electronics, energy storage, and water treatment [169]. 

Metallic oxide-modified cellulose materials are effective catalysts for organic pollutant 

removal. A flexible and recyclable cellulose-based membrane was reported for removing 

organic pollutants such as dyes [170]. It was synthesized using a combination of silica-coated 

BC scaffolds and titania [170]. The BC scaffolds have both macroscopic and nanometric 

internal pores, making them suitable as functional supports. By incorporating silica and titania, 

the resulting hybrid organic-inorganic aerogel membranes are self-standing, porous, and 

capable of effectively removing organic pollutants through photo-assisted processes [170]. The 

hybrid aerogels were synthesized by sequentially depositing a SiO2 layer over BC, then coating 

the resulting BC@SiO2 membranes with a porous titania aerogel overlayer. This process 
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involved epoxide-driven gelation, hydrothermal crystallization, and subsequent supercritical 

drying, resulting in a high surface area. The BC@SiO2-TiO2 hybrid aerogel exhibited 

significantly enhanced photocatalytic activity, achieving up to 12 times quicker elimination of 

methylene blue dye from aqueous solution compared to bare BC/TiO2 aerogels [170]. The 

degradation of congo red (CR) dye using direct sunshine was also reported using a 

nanocomposite material consisting of Sr2+-crosslinked alginate/carboxymethyl cellulose 

(Alg/CMC) with included TiO2 nanoparticles and graphene oxide (GO) [149]. 

Sr/Alg/CMC/GO/TiO2 offered a higher degradation efficiency of 98% compared to the 

Sr/Alg/CMC/TiO2, Sr/Alg/CMC, and bare TiO2  photocatalysts,  with efficiencies of 70%, 

60%, and 62%, respectively [149].  

Metal chalcogenides were impregnated into cellulose materials. A straightforward 

impregnation–precipitation method was used to create the CdS/mixed cellulose composite 

membrane (CdS/MCM) [171]. MCM prevents the aggregation of CdS nanoparticles without 

obstructing the membrane channels. It also enhanced the catalytic performance of CdS offering 

higher photocatalytic properties than CdS powder. CdS/MCM offered 96% degradation 

efficiency of potassium butyl xanthate, potassium amyl xanthate, and sodium ethyl xanthate 

[171]. Copper sulfide (CuS)/cellulose composite was reported for solar steam evaporator [172]. 

CuS was located at the top surface of the composite hydrogel and developed a heating zone 

under simulated solar light. The composite offered an evaporation rate and solar-to-vapor 

efficiency of 2.2 kg/m2·h and 87%, respectively, under one sun irradiation. It showed high 

stability under radiation for 48 hours with an evaporation rate of 2.1 kg/m2·h. It demonstrated 

a 95% and 92% efficient photocatalytic degradation of methylene blue and rhodamine B, 

respectively [172]. 

Cellulose-enabled processing MOF powders into micro/mesoporous crystalline structures 

(Figure 7) [173]. Fibrous MOF aerogels were created by synthesizing MOF crystals on 
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TEMPO-cellulose nanofibrils via the three-dimensional coordination of metal nodes and 

organic linkers. The synthesis procedure offered aerogel with macroscopic shapeability and 

extrinsic hierarchical porosity (99%) with low density (0.1 g/cm3). Cellulose nanofibrils 

provided both external porosities and mechanical flexibility to the resulting MOF aerogels. 

Additionally, they altered the equilibrium between nucleation and growth, leading to the 

synthesis of smaller MOF crystals and reducing the likelihood of aggregation.  The aerogel can 

be used for dye adsorption [173].  

 

Figure 7 The synthesis of MOF aerogels with the template of CNFs. Figure reprinted with 

permission from Ref. [173]. Copyright© 2018 American Chemical Society. 

 

Nanocellulose using TOCNF enabled processing of MOF material such as ZIF-8 via three-

dimensional (3D) printing (Figure 8) [88]. The procedure is a free-binder method for 3D 

printing of CelloZIF-8 materials. It offered a high loading of 67.5 wt.% of ZIF-8. It can be used 

for 3D printing of hierarchical porous. The printing structures were applied as adsorbents for 

dye, and metal ions. They were also applied as catalysts for the degradation of organic dyes 

offering high adsorption capacity (8–328 mg/g) and degradation efficiencies (>99%) within 

10 min [88]. A membrane of cellulose acetate (CA)/ZIF-8 was also reported for nanofiltration 

of bovine serum albumin and dye removal [174]. Data analysis showed flux recovery ratio 
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values of 85 % and 90% for the bare CA and CA/ZIF-8 membranes, respectively. The dye 

removal efficiency was 97.7 % for Reactive Black 5 dye [174]. A bead adsorbent was reported 

using regenerated cellulose hydrogel and activated carbon based on ZIF-8 (AC-ZIF-8) was 

combined to create a bead-type adsorbent [175]. Large-surface area AC-ZIF-8 particles were 

produced by carbonization and chemical activation using KOH. Using cellulose 

dissolution/regeneration, the AC-ZIF-8 powders were effectively immobilized in hydrophilic 

cellulose hydrogel beads. AC-ZIF-8/cellulose hydrogel (AC-ZIF-8/CH) composite beads have 

an adsorption capacity of 565.13 mg/g for Rhodamine B [175]. Furthermore, the AC-ZIF-8/CH 

beads worked well with a variety of dyes and across a wide pH and temperature range [175].  

 

Figure 8 3D printing of CelloZIF-8. Figure reprinted with permission from Ref. [88]. Open 

Access.  

Quaternizated porous cellulose beads were reported via modification with 

glycidyltrimethylammonium chloride [176]. The beads were investigated for removing humic 

acid (HA) from water [176]. The adsorption process of humic acid followed the pseudo-
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second-order kinetic model and showed a stronger correlation with the Langmuir isotherm 

model. This indicates that the adsorption of HA occurs through the electrostatic interaction 

between a quaternary ammonium group and a dissociated carboxy group of an HA molecule 

[176]. 

Water pollutants can be removed using flocculants that induce the aggregation of suspended 

particles, resulting in the formation of bigger flocs. Subsequently, these clusters are more 

readily eliminated from the water via the processes of sedimentation or filtering. Typically, 

natural polymer-based flocculants may be divided into two types; 1) semi-natural such as 

polyacrylamide-grafted hydroxypropyl methyl cellulose, and 2) dicarboxylic acid 

nanocellulose. Bio-based flocculants such as cellulose have several advantages such as 

biodegradability, a large specific surface area, and diameters in the nanoscale domain.  

8.5.Bacteria Removal from wastewater 

Numerous research has concentrated on altering the physical and chemical structure to enhance 

the qualities of nanocellulose. CNCs were reported to flocculate Gram-negative bacteria, 

namely Pseudomonas aeruginosa PAO1, with an average length of 1.2 μm and a width of 0.2 

μm and zeta potential of -29.84 ± 0.6 mV [150]. A rod-shaped CNC was investigated with a 

length (L) of 90 ± 10 nm, diameter (D) of 8 ±1 nm, and zeta potential of 51.5 ± 0.8 mV. The 

phenomenon of bacterial flocculation occurred when the concentration of CNC was below 

0.1%, which can be attributed to the depletion effect. The rod-shaped nanoparticles of CNC 

were highly efficient in causing the aggregation of bacteria of colloidal size through depletion 

flocculation. Additionally, the authors observed that the separation of bacteria into distinct 

phases can occur even at extremely low concentrations of rodlike CNC particles [150]. 

The performance of cellulose to remove microorganisms was improved using several methods 

including a) cellulose modifications; 2) improvement experimental conditions; The 
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incorporation of cationic pyridinium [177] and imidazole [151] functional groups via CNCs 

grafting improved the performance compared to conventional polymer flocculants in terms of 

their ability to efficiently flocculate negatively charged microalgal cells. The use of gases such 

as CO2 can be used to control the flocculation of microalgae using CNCs [151]. 

An imidazole-grafting CNC, imidazolyl cellulose nanocrystals,  was reported with a degree of 

substitution (DS,  number of hydroxyls modified per anhydro-glucose-unit)) of 0.06 via a one-

pot procedure [151]. The prepared nanocrystals exhibited a surface charge that was responsive 

to changes in pH. Specifically, the surface charge was positive when the pH was below 6 and 

negative when the pH was above 7. The flocculation potential of the material was evaluated 

for Chlorella vulgaris utilizing CO2 as a flocculation inducer. A flocculation effectiveness of 

up to 90% was attained with a dosage of 200 mg/L.  The materials can be used for developing 

reversible flocculation systems [151]. 

8.6.Nanocellulose for oil removal 

Cellulose-based membranes are widely used for oil removal [178]. A membrane composite of 

CNF was reported containing pulp, cerium oxide (CeO2 nanoparticles, and stearic acid (STA), 

denoted as Pulp/CNF-CeO2-STA [179]. The synthesis procedure offered straightforward steps 

including the coating method. The prepared membrane offered high superwetting ability (water 

contact angle of 166 ± 2°) for oil-water separation application. Pulp/CNF-CeO2-STA 

membrane showed a high separation efficiency of 88%. It can be used for a high throughput of 

73 L/m2·h. It can be also applied for photocatalytic degradation offering a dye removal 

efficiency of 94% in water. The membrane exhibited good antimicrobial activity and offered 

the potential to serve as anti-bioadhesive material against Chlorella [179]. 

The combination of polyethersulfone (PES), cellulose acetate (CA), and 4A zeolite was used 

to create asymmetric membranes via the phase inversion technique [180].  These membranes 
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were then tested for their effectiveness in treating oily wastewater. Kerosene was selected as a 

representative example of a polluting oil. The membranes were evaluated based on their water 

permeation, oil permeation flux, oil rejection, flux recovery ratio, and relative flux decrease. 

The ZPC membranes exhibited superior performance compared to the other membranes that 

were manufactured. The addition of 4A zeolite nanoparticles at a concentration of 0.5 wt.% to 

the PES/CA blended membrane resulted in a substantial improvement in microfiltration 

performance and a reduction in the contact angle of the P membrane in the range of 70°-29.8°. 

An investigation was conducted to examine the impact of operational factors, including 

transmembrane pressure (ranging from 1 to 4 bar), feed temperature (ranging from 25 to 50 

ºC), and concentration of oil feed solution (250 to 1000 mg/L), on the permeation flux and oil 

rejection of a PES/CA blended membrane that contains 0.5 wt.% 4A zeolite (0.5 wt.%ZPC). 

The membrane with a composition of 0.5%ZPC demonstrated enhanced porosity of 87.7%. It 

achieved the greatest pure water flux value,  oil permeation flux, maximum oil rejection, and 

flux recovery ratio of 91.1 L/m2·h, 75.55 L/m2.h, 98.8%, and 97.7%, respectively. The 

permeation flux provided by the 0.5%ZPC membrane was enhanced 8-fold compared to the P 

membrane. The membranes exhibited good re-usability for the long-lasting measurements 

[180]. 

9. Key parameters affecting Adsorption 

9.1.Functional groups 

Chemical modification of cellulose with suitable functional groups enabled selective 

adsorption of anionic and cationic dyes [161]. The presence of vicinal hydroxyl groups enabled 

selective adsorption of anionic species such as boron. The cis diols offered the formation of 

borates chelates. Xylan hemicellulose-based hydrogels were reported for the removal of metal 

ions contaminants, including Cd2+, Cu2+, and Pb2+, from an aqueous solution [181]. It was 

extracted from bleached kraft pulp of eucalyptus and then modified with functional sulfonic 
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acid groups and sulfonate groups. The hydrogels exhibit a high ability to adsorb metal ions 

with a loading of 30-50% of xylan. Metal adsorption depends on the functional groups and the 

heavy metal ions [181]. 

9.2.Chemical compositions 

The presence of a silica layer between BC and the titania photocatalyst significantly affects the 

structure and composition of the hybrid aerogel membranes. This results in increased loading 

of TiO2 and the development of aerogel materials that are stable under photochemical 

conditions. These materials also have a larger surface area and pore volume, leading to higher 

photocatalytic activity [170]. 

9.3.Synthesis procedure 

The synthesis procedure affects the final products' properties and their performance [182].  A 

study was reported to investigate the effect of the preparation conditions for cellulose acetate 

membranes [183]. It reported the fabrication procedure using the phase inversion method. The 

authors investigated different conditions such as the speeds of film casting and the thicknesses 

of the membranes. They changed the fabrication procedure via a coagulation bath and the 

addition of additives such as surfactant [183]. The synthesis conditions enabled membranes 

with a porosity ranging from 66 to 80% and an average pore size ranging from 0.017 to 0.060 

µm. It affects the dye adsorption performance.  

Treatment of membrane-based materials via pre and post-synthetic procedures enabled high 

performance. Plasma treatment improved the performance of cellulose-based materials. Argon 

plasma treatment of cellulose nitrate membrane showed high permeate flux with a higher 

rejection rate [184]. The membranes have enlarged pores in size and area. The hydrophobic 

recovery for plasma-treated membranes was shown to be considerable after seven days of aging 

[184]. 
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9.4.The solution’s pH values 

The pH of the solution is a crucial factor in the adsorption process. The wastewater typically 

exhibits an acidic pH. Cellulose can serve as an efficient adsorbent, particularly when 

compared to other adsorption methods that exhibit instability in acidic environments. The 

adsorption of metals onto cellulose nanofibers typically occurs within a pH range of 3 to 7. To 

prevent the formation of metal ions as hydroxides or oxides, it is generally advisable to avoid 

pH values that are above 7, which are considered basic.  

10. Mechanism of Water pollutants 

The chemical structure of cellulose offers an abundant amount of hydroxyl groups that may 

undergo chemical modifications to increase reactivity, binding capabilities, and mechanical 

durability. 

The mechanism depends on several parameters including pollutant concentrations. The 

findings indicated that when Cd2+ concentrations were below 500 ppm, the primary 

remediation process included the interaction between carboxylate groups on the NOCNF 

surface and Cd2+ ions (Figure 9) [71]. Additionally, Cd2+ ions served as a cross-linking agent, 

causing the NOCNF solution to form a gel-like substance. At concentrations of Cd2+ over 1000 

ppm, the primary mechanism for remediation was the formation of Cd(OH)2 nanocrystals via 

the process of mineralization. This was confirmed by the use of transmission electron 

microscopy (TEM) and wide-angle X-ray (WAXD) techniques [71]. 
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Figure 9 SEM images of Carboxylated nanofibers (NOCNF) extracted from spinifex using a 

nitro-oxidation approach were efficient in removing cadmium(II) from the water via adsorption 

and mineralization. Figure reprinted with permission from Ref. [71]. Copyright© 2018, 

American Chemical Society. 

 

The presence of heteroatom sites such as nitrogen in the nanocellulose nanocomposite enabled 

interaction with the heavy metals. For instance, CNF/C3N4 offered nitrogen functional groups 

that enabled selective adsorption of Cu2+ and Ni2+ predominantly arising from the soft–soft 

interaction between metal ions and nitrogen functional groups [87]. 

11. Advantages and Challenges 

Nanocellulose can be produced via several sources including biomass waste [185]. However, 

commercializing CNFs remains a significant problem. Other factors hinder the industrial 

production of CNFs. CNFs are primarily generated by the use of high-pressure homogenizers, 

high-energy ball mills (mechanical chemistry), microfluidizers, and ultra-low temperature 

crushing. Because CNFs are quite long and have large diameters, they possess a high specific 

surface area. This results in the creation of hydrogen bonds between the hydroxyl groups on 

the surface and the fibers, leading to the development of dense clumps that are difficult to 

separate. Relying only on mechanical power to cut and separate the fibers leads to substantial 

energy consumption. Moreover, the rapid and powerful heat generated during mechanical 

grinding directly affects the crystal structure of CNFs, resulting in the disruption of their 

network structure and modifying the gel behavior of the nanofibrils. Moreover, the cellulose 
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fibrillation process necessitates being conducted in a liquid media. After the CNFs are dried, 

the fibers undergo irreversible hydrogen bonding, leading to a process called keratinization 

[186]. Consequently, CNF products are mostly present as aqueous dispersions including small 

amounts of solid material. This necessitates a substantial allocation of storage capacity and 

results in elevated transportation expenses. To streamline the generation of CNFs, reduce the 

energy consumption associated with the procedure, and provide CNFs with a certain functional 

arrangement, a "two-step method" may be used for nanofibril manufacturing. This method 

entails an initial pre-treatment of cellulose, followed by a meticulous mechanical process to 

extract the nanofibrils by removing the microfibril structure of cellulose. There are three main 

steps involved in the preprocessing of cellulose. (i) Cellulase hydrolysis is employed to break 

down and separate the fibers, making it easier to mechanically separate them further; (ii) 

Cellulose can be chemically altered by utilizing coupling agents (such as lauric acid, malic 

acid, etc.) to replace the hydroxyl groups on the cellulose surface or by interacting with 

hydroxyl groups to reduce the hydroxyl content on the cellulose surface. This alteration results 

in a decrease in the inter-cellulose and fiber content. The existence of hydrogen bonds and the 

inherent strength of the element aid in the disintegration of the fibers. Additionally, the 

hydroxyl groups on the surface of cellulose may be chemically modified by using an oxidant 

to convert them into aldehyde groups or carboxyl groups. 

Nanocellulose can be modified with other materials including inorganic nanoparticles [187]. 

Nanocellulose can be proceeded into commercial and custom-design products using several 

methods such as electrospinning [185], and 3D printing [90]. They can be fabricated into 

hydrogels, aerogels [188], and 3D structures or objects [90]. Thus, cellulose-based materials 

are good for filter fabrications [188]. 

12. Conclusions 
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This review explores the exciting potential of cellulose and its derivatives for removing 

wastewater pollutants. We discussed methods for the production and processing of 

nanocellulose. The focus then shifts to the power of cellulose-based materials like adsorbents, 

membranes, and aerogels in pollutant removal. Nanocellulose-based materials were reported 

as effective materials for removing pollutants like dyes, drugs, heavy metals, and bacteria cells. 

The removal process should include the science behind this removal process, including factors 

like kinetics and thermodynamics. Nanocellulose offers several advantages such as high 

abundance, low environmental impact, and cost-effectiveness. Overall, this review paints a 

promising picture for the future of sustainable wastewater treatment using nanocellulose-based 

materials. 
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